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Abstract
Controlling the regioselectivity of ambident nucleophiles towards electrophilic functionalisation is
a perennial problem in heterocyclic chemistry. The N-alkylation of triazoles poses a particular
challenge in this regard: complex mixtures of regioisomers often arise under typical conditions,
and the intrinsic regioselectivity is unswayed by solvent effects, by temperature, and even by the
structure of alkylating agent itself. To address this challenge, a new organocatalytic strategy for
the regioselective N-alkylation of triazole anions – protective phase-transfer catalysis – has been
developed following mechanistically guided discovery and optimisation, informed by in situ 1H
NMR reaction monitoring, X-ray crystallographic analysis, 1H DOSY NMR, and electronic
structure calculations. Central to this new strategy is an amidinium or guanidinium receptor, which
serves both as a strongly coordinating phase-transfer catalyst and a non-covalent protecting
group. Intimate ion pairs formed in solution between triazole anions and the catalytic receptor
retain the overall reactivity of liberated triazole anions but, by virtue of regioselective hydrogen
bonding, exhibit N-alkylation selectivities that are completely inverted (1,2,4-triazole) or
substantially enhanced (1,2,3-triazole) compared to the parent anions (rr up to 99:1).
Whilst the alkylation of azoles typically proceeds irreversibly, acylation is often reversible. Such
behaviour lends azole anions naturally to acyl transfer catalysis, especially in the electrophilic
activation of weak acyl donors that are inert towards prevailing aprotic Lewis bases. Despite initial
reports of remarkable catalytic aptitude, the mechanistic basis of azole-catalysed acyl transfer
has nevertheless been almost completely neglected. Azole anions have been presumed to
operate much like privileged aprotic Lewis bases – epitomised by DMAP and other N’,N’dialkylaminopyridines – yet the two regimes differ in fundamental respects, mechanistic nuances
abound, and detailed studies are virtually non-existent in the literature. Using extensive reaction
monitoring by in situ and stopped-flow 1H and

19F

NMR spectroscopy, steady-state kinetic

analysis and numerical kinetic simulations, variable-temperature NMR, isotopic labelling, 1H
DOSY NMR and electronic structure calculations, a holistic mechanism for acyl transfer catalysis
with azole anions has been assembled using the catalytic aminolysis of p-fluorophenyl acetate as
a prototypical system. The global kinetics of aminolysis have been elucidated under four distinct
sets of conditions, and the key elementary steps underpinning catalysis deconvoluted by a full
gamut of intermediate studies, transition state probes (LFERs,

12C/13C

and

14N/15N

KIEs, Eyring

analyses), and free energy calculations. All evidence points to a single overarching mechanism
based on Lewis base n-π* catalysis, yet even within this common mechanistic framework a
diverse array of kinetic regimes can emerge. Seemingly trivial changes to the solvent, auxiliary
base, and azole can elicit profound changes in the temporal evolution, thermal sensitivity, and
inhibition of catalytic acyl transfer – mechanistic insights that are likely to have broad ramifications
for acylative kinetic resolutions, and for azole-mediated organocatalysis at large.
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Lay Summary
Azoles are amongst the simplest cyclic molecules in existence, and frequently incorporated into
agrochemical fungicides and antifungal medications. Azoles that can readily lose a proton –
generating azole anions – are highly reactive, a fact that is often leveraged to synthesise
agrochemicals or pharmaceuticals in the first place. However, by virtue of their structure, many
azole anions exhibit a natural tendency to react non-discriminately with certain molecules –
namely, alkylating agents – generating complex mixtures of multiple products when given the
chance. Whilst this diversity may sound useful, it is more often than not a significant problem.
Amongst the various classes of azole, triazole anions – five-membered cycles comprising three
reactive nitrogen atoms – pose a perennial challenge. Conventional interventions that work well
in taming analogously troublesome molecules (ambident nucleophiles) fail almost universally
when it comes to the alkylation of triazole anions, necessitating laborious, inefficient, and timeconsuming synthetic detours for those who seek one product alone. The first half of this thesis
details the discovery, optimisation, and application of a new strategy that circumvents these
detours. In this new regime, triazole anions are tamed by an independent catalyst that sticks to
them in such a way as to preclude reactivity at all but one site; as soon as the anion has reacted,
the catalyst departs of its own accord, unscathed and free to intercept the next anion. To allow
the catalyst to be used in very small quantities, the reaction of unbound triazole anions is kept in
check by using anion sources that are insoluble under the reaction conditions, with only the
catalyst itself capable of bringing them into solution. This all happens simultaneously, in one flask,
and without manual intervention, providing a valuable new methodology in organic synthesis.
Whilst the promiscuous reactivity of azole anions is evidently problematic in some cases, it tends
only to be a major issue for irreversible reactions, such as those with alkylating agents.
Fortunately, with other reaction partners – so-called acylating agents – azole anions exhibit a
remarkable ability to form new bonds in one step and forgo them in another, making them useful
as catalysts in their own right. Whilst other organic molecules are known to catalyse similar
transformations – generally, acyl transfer reactions – they are eclipsed by azole anions in
demanding cases. Azole anions are presumed to behave fundamentally like these other catalysts,
but there is an almost complete dearth of direct studies attesting to this. The second half of this
thesis details efforts undertaken to establish a holistic picture of exactly how azole anions catalyse
acyl transfers – how catalytic efficiency varies across different solvents, temperatures, and azoles
– and why they appear to be almost singularly effective with certain acylating agents. Contrary to
simplistic depictions in the literature, what emerges is a highly nuanced picture: there is no onesize-fits-all approach when it comes to using azole anions as catalysts, standard benchmarks for
assessing catalytic aptitudes of azoles should be used with caution, and changes to reaction
conditions do not always have the effect that might be anticipated.
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Chapter 1

1. Introduction

1.1. Catalytic Control of Azole Anions
1.1.1. Preamble
Controlling selectivity in chemical reactions is of fundamental significance in synthetic organic
chemistry.1 Transformations that are chemoselective involve the preferential reaction of one
functional group in a substrate over another; those that are regioselective afford a major product
of one specific connectivity or substitution pattern; those that are diastereoselective distinguish
between stereoisomeric products that are unrelated by a mirror plane or axial symmetry; and
those that are enantioselective promote the preferential formation of a single enantiomer over its
mirror image.
In recent years the intensifying pursuit of stereochemically enriched compounds has propelled
research

into

enantioselective

transition

metal-catalysed,2-29

photocatalytic30-34

and

organocatalytic35-49 transformations, or sophisticated synergies thereof. 50-61 Exquisite strategies
for catalytic enantioinduction continue to emerge in many arenas of organic chemistry on a daily
basis, enabled by catalysts of ever-increasing sophistication and structural complexity. Indeed,
the focus on the discovery and rational design of enantioselective catalysts over the past two
decades has been unrelenting, with enantioselective catalysis frequently regarded as the pinnacle
of achievement in synthetic organic chemistry. Recently, however, it has been noted that the
intensity of this focus serves to disguise perennial problems in organic chemistry surrounding the
catalytic manipulation of chemoselectivity and regioselectivity.62 As highlighted by Bode,62 some
of the most challenging outstanding problems in this area concern surprisingly simple molecules
and ostensibly trivial reactions (Scheme 1.1).

Scheme 1.1: Selective transformations currently lacking general catalytic solutions; in most cases such transformations
will depend upon classic protection-deprotection strategies, or else involve some kind of substrate-controlled bias. The
first two transformations involve chemoselectivity; for the purposes of this work, the latter is regarded as a regioselective
process.
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There are several reasons that could explain why some strikingly simple transformations, such
as those above, still lack direct catalytic solutions. One view might be that there is simply no point
in developing direct strategies for reactions this simple; after all, in many cases it seems probable
there will exist some indirect, non-catalytic method for achieving the same overall transformation,
likely involving covalent protection/deprotection protocols. Whilst such stepwise routes often exist,
they frequently suffer from poor atom economies and cumulative yield losses, generating
significant quantities of waste. Many such strategies also curtail the scope of the parent reaction.
Another view is that controlling the chemo- or regioselectivity of a chemical reaction (and also
diastereoselectivity) by catalytic means poses a more profound challenge than enantioinduction,
especially when attempting to override the innate chemo- or regioselectivity of a transformation
(Figure 1.1). There are many arguments that support this view. Most are underpinned by the idea
that the competing products in enantioselective catalysis are inherently degenerate, whereas
those in chemo- or regioselective catalysis are almost invariably non-degenerate:
Background selectivity: In many catalytic transformations the primary catalysed
pathway will compete with an uncatalyzed background reaction, which would otherwise
proceed normally in the absence of the catalyst. In such cases the observed product
selectivity will depend upon the intrinsic selectivities of the catalysed and uncatalyzed
routes, and their relative efficiencies. In the case of enantioselective catalysis, even if the
background reaction is highly efficient it can only ever be unselective (i.e., afford a
racemate); this is the worst-case scenario. In contrast, attempts at chemo- or
regioselective catalysis can be met with severe background reactions that are not only
unselective, but actively counter selective; in such a scenario even modest background
processes can sabotage product selectivity quite dramatically. Thus, it stands to reason
that higher relative catalytic activities may be required to achieve comparable levels of
selectivity in chemo-/regioselective catalysis than in enantioselective catalysis.
Disparate reaction pathways: Under the conditions of enantioselective catalysis the two
product enantiomers are typically formed via highly similar reaction pathways, with the
key bond breaking or bond forming processes remaining fundamentally identical between
the two products. Enantioselectivity is then elicited not by profound changes in
mechanism, but by subtle modulations in the relative stabilities of key diastereomeric
transition states. The high level of degeneracy between the two product-forming routes
means enantioselective catalysts are very amenable to rational design, as: (i) structureselectivity relationships can often be devised by focusing on a single, selectivitydetermining elementary step, even for complex reaction pathways; and (ii) ab initio
predictions of enantioselectivity by computation, benefit significantly from systematic
error cancellations, increasing their accuracy and thereby utility in catalyst design.

-3-

Figure 1.1: Enantioselective catalysis vs chemo/regioselective catalysis. Diastereoselective catalysis may also suffer
from counter-selective background reactions and significant differentials in product stability, but the competing transition
states will generally have a higher degree of similarity compared to chemo/regioselective catalysis.

-4-

Chemo- and regioselective catalytic manifolds are often more complicated, and
accordingly less amenable to rational design. Even if competing pathways involve
nominally equivalent kinetics, they might traverse quite disparate rate-determining
transition states; this often complicates attempts to rationally design chemo- and
regioselective catalysts, whilst also increasing the threshold of accuracy required to make
reliable computational predictions.
Thermodynamic non-degeneracy: Under the archetypal conditions of enantioselective
catalysis there is no thermodynamic driving force for enantioselectivity in either direction.
As such, the balance between diastereomeric transition states is often very easily tipped
by fairly modest non-covalent interactions – both attractive and repulsive – between the
substrate and catalyst. There are innumerable factors that affect the strength of noncovalent interactions, providing ample opportunities – alongside many challenges – for
tuning enantioselective catalysts.63 In contrast, in many cases of chemo- or regioselective
catalysis the selectivity will be governed to some extent or another by the relative
thermodynamic stabilities of the products; this will often, in turn, be strongly influenced by
the intrinsic strengths of the key covalent bonds being cleaved and formed in a process.
Even under a kinetically controlled regime, catalytically diverting a reaction away from a
product that is strongly thermodynamically favoured can pose a significant challenge.
Many elementary chemical reactions exhibit strong innate regioselectivity, making catalytic
interventions difficult. The direct functionalisation of ambident nucleophiles64 represents one such
battleground (vide infra). In particular, controlling the regioselectivity of ambident heterocycles
towards simple electrophiles remains a perennial problem in organic chemistry (e.g., Scheme
1.1), and one that continues to plague synthetic laboratories across the pharmaceutical and
agrochemical industries. As highlighted by Bode62 in his seminal review (Scheme 1.1), there
currently exists no catalytic method for the regioselective alkylation of even elementary ambident
azoles: direct alkylations of substituted imidazoles – and other azoles (substituted pyrazoles,
triazoles etc.) – invariably lead to mixtures of regioisomers, and matters escalate quite
considerably for complex molecules adorned with multiple N-heterocycles. This apparently trivial
problem is in fact widespread and longstanding, to the point that the development of a general
solution has been hailed, alongside regioselective late-stage fluorination and site-selective C–H
activation, as one of five outstanding targets for reaction development in the pharmaceutical
industry.65,66
The first section of this thesis documents the discovery, development, underlying mechanism and
scope of a novel catalytic strategy for controlling the ambident reactivity of triazole anions towards
alkylation, and suggests ways in which analogous approaches might be deployed to tame the
reactivity of ambident heterocycles more generally.

-5-

1.1.2. Ambident Nucleophilicity
Ambident nucleophiles
Ambident nucleophiles are anionic or neutral molecules possessing multiple, conjugated reactive
centres that are susceptible to electrophilic attack. 67,68 In the strictest sense (IUPAC), the
competing nucleophilic sites should be strongly interacting and distinguishable, such that the
reaction of one site precludes or otherwise strongly inhibits reactivity at any other site; the intimate
conjugation of the nucleophilic sites distinguishes ambident nucleophiles from molecules that
simply possess multiple but otherwise non-interacting nucleophilic positions (e.g., vic-diamines).
In general, for any ambident nucleophile it should be possible to conceive resonance structures
in which all the nucleophilic sites bear a lone pair of electrons; this includes nucleophiles that are
well-described by a single Lewis structure in which all the competing sites bear lone pairs
simultaneously (Figure 1.2). As the competing sites are intimately conjugated in ambident
nucleophiles, reactions that preferentially favour functionalisation at one site over another may be
regarded as being regioselective rather than chemo- or site-selective.
Almost all ambident nucleophiles exhibit some degree of π-conjugation. Classic examples include
archetypal anions such as cyanide69-73 (-CN), nitrite74-84 (-NO2), thiocyanate85-92 (-SCN) and
cyanate93, 94 (-OCN) (Figure 1.2), many of which have been extensively studied over the last
century. Among commonly encountered organic ambident nucleophiles are enamines 95-101, amide
and imide anions,102-104 oxime anions,105 various stabilised carbanions (e.g., enolates,106-127
nitronates,79,

126, 128-133)

and heterosubstituted arenes (aryl oxides,134-149 anilines150-156). Whilst

ambident nucleophiles comprising first-row elements have received the most detailed attention,
heavier congeners exhibit, or would be expected to exhibit, analogous behaviour; ambident
nucleophiles comprising heavier elements that have been studied explicitly include sulfinate 157-159
and sulfenate anions,160,

161

stabilised phosphonium ylides,162 thiohydroxamates,163

and

silenolates,164 as well as the archetypal thiocyanate85-92 and phosphaethynolate165 anions.
Although no such distinction appears to have been made explicitly in the past, ambident
nucleophiles in which all the competing nucleophilic sites have the same elemental identity might
be called homoambident, or otherwise heteroambident if the nucleophilic sites have different
elemental identities.
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Figure 1.2: Selected ambident nucleophiles from the literature. Sulfenate anions also exhibit nucleophilicity at the sulfur
atom, and may thus react to form three distinct products.161 Symmetry-equivalent sites in the parent anions of azoles and
phenolates can be rendered inequivalent by C-substitution, but these are omitted for clarity.
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1.1.3. Theories of Ambident Nucleophilicity
Preamble
Although the principle of ambident nucleophilicity was encountered more than 150 years ago, 166
research into the reactivity of ambident nucleophiles remained dominated by empiricism and a
posteriori rationalisations until the 1960’s. Early models proposed to rationalise the ambident
reactivity of one class of nucleophile were often rendered useless when challenged with other
classes, and no convincing theory had been advanced to account satisfactorily for the
complementary role of the electrophile. Kornblum’s rule, which stipulates that “increasing
carbocation character of the transition state favours attack at the more electronegative atom” in
the alkylation of ambident anions,74-76 is characteristic of the prevailing approach in this era.
Despite the absence of any unifying theory of ambident reactivity, these early studies
nevertheless produced a range of incisive observations about ambident nucleophilicity, largely
within the context of polar alkylations.74-77, 105, 106, 128, 129, 134-136, 138-140, 148, 149, 167, 168 Adkins and coworkers, for example, were amongst the first to identify a systematic relationship between
selectivity and electrophile structure,169 whilst Ingold170 and Curtin,134 amongst others, reported
early on that ion-pairing between ambident anions and countercations could have a profound
effect on the selectivity of ambident anions towards alkylating agents. The effect of the reaction
medium, though apparently neglected in the very earliest studies,74-76, 169 was recognised as
pivotal in later years, leading to concepts such as selective solvation 106, 136, 139, 140 that remain
pertinent to this day.
Systematic studies on the arylation of ambident nucleophiles appeared prominently in the 1970s,
extending earlier work on polar alkylations. Ambident nucleophiles studied in the context of these
reactions

include

cyanide,70

thiocyanate,90,

91

nitrite,80-82

enolates,115

pyrroles,171,

172

phenoxides141-146 and anilines.150-155 Whilst many of the factors that control the selectivity of
ambident nucleophiles towards alkylating agents – ion-pairing, selective solvation and electronic
effects – also wield significant influence in arylation, extensive work by Parker, 81, 82, 90, 91 and by
Buncel,121, 141-146, 151, 153, 161 showed that the arylation of ambident nucleophiles could proceed via
far more multifaceted mechanisms, leading to complex patterns of selectivity. Reversibility and
alternative mechanisms for product equilibration are frequently encountered in these
transformations, and in such cases the distinction between thermodynamic and kinetic control173
is of profound importance.
Attempts to devise a unifying theory of ambident reactivity began to emerge between 1960 and
1970. Many of the principles described during these years – from Pearson’s Hard-Soft Acid-Base
(HSAB) theory,174-180 to Klopman and Salem’s Perturbation Molecular Orbital (PMO) theory 181-184
and Fukui’s Frontier Molecular Orbital (FMO) variant185-187 – continue to wield significant influence
in organic chemistry, whilst other ideas disseminated around the same time, such as Gompper
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and Wagner’s concept of allopolarisation188, 189 and Rice and Teller’s principle of least nuclear
motion (PLNM),190,

191, 192

have been largely abandoned. The advent of Kohn-Sham density

functional theory (DFT) in 1965,193,

194

and its proliferation in computational chemistry as a

conceptual tool,180, 195-207 has since been used to place the qualitative concepts of HSAB theory
on a more quantitative footing. Direct applications of conceptual DFT to ambident reactivity have
been made on several occasions,207-210 but its success on this front has been muted.
In 2011 Herbert Mayr published a blistering critique of Pearson’s HSAB principle and the
associated perturbative treatments of chemical reactivity (PMO, FMO) on which this principle is
ultimately based.64 He justified this assault with exhaustive kinetic investigations into vast swathes
of ambident nucleophiles73, 83, 92, 94, 104, 159, 211 – studies that have since been extended147, 162, 212,
213

– showing that the predictions of ambident reactivity made in accordance with Pearson’s HSAB

principle were essentially no more accurate than random guesswork. Using his own extensive
scales of nucleophilicity and electrophilicity,214 Mayr demonstrated that regioselectivities
observed in the reactions of ambident nucleophiles with electrophiles of limiting reactivity – either
very reactive, or very stable – often diverged from the selectivities observed for their reactions
with electrophiles of intermediate reactivity. These disparities were shown to arise not because
of gradual differences in the hardness or softness of the electrophile, but because of transitions
between kinetically and thermodynamically controlled regimes, and non-statistical selectivities
arising with highly reactive nucleophile/electrophile pairs.

Modern Theory of Ambident Nucleophiles
On the basis of previous work by Brauman215, 216 on methyl-transfer reactions in the gas-phase,
and work by Albery217 on analogous reactions in the solution-phase, Mayr has recently advanced
Marcus theory218, 219 as a replacement for Pearson’s HSAB theory and a general framework for
rationalising ambident reactivity under activation-controlled regimes.220 Originally conceived as a
theory for outer electron-transfer reactions, Marcus theory in fact provides a general framework
for describing many classes of elementary atom-transfer reactions, including acid-base,221, 222
hydride transfer,223 nucleophilic (SN2) substitution216, 217, 224-227 and nucleophilic addition reactions.
From a general perspective, Marcus theory rests on the premise that the free energy surface of
an elementary chemical reaction can be described by a pair of intersecting parabolas: one
describing the free energy of the reactant, and another the product (Figure 1.3). The nature of
the reaction coordinate depends upon the reaction class. In the case of nucleophilic substitution
(SN2) reactions – the simplest regime for probing the kinetically-controlled reactivity of ambident
nucleophiles – the two parabolas reflect the stretching modes of the bonds that undergo formation
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and cleavage, and the point at which the two parabolas intersect defines the transition state of
the reaction.

Figure 1.3: Schematic depiction of Marcus theory for: (i) an identity group transfer reaction, in which the nucleophile and
leaving group are the same; and (ii) a non-identity group transfer reaction, in which the nucleophile and leaving group
are different. See the main text for definitions of ΔrGonn, Δ‡Gnn, ΔrGonl and Δ‡Gnl.

The analysis is simplest for identity substitution reactions, in which the nucleophile and leaving
group are one and the same. In such a reaction the free energy of reaction Δ rGonn = 0, and the
free energy barrier Δ‡Gnn is purely kinetic in origin; there is no thermodynamic driving force. For
non-identity substitution reactions, however, the free energy of reaction ΔrGonl ≠ 0 and the free
energy barrier Δ‡Gnl has both kinetic and thermodynamic contributions: the relative
thermodynamic stability of the product is intimately intertwined with that of the transition state. At
its heart, Marcus theory provides a way of decoupling these kinetic and thermodynamic
contributions. To achieve this decoupling, Marcus proposed that the intrinsic kinetic barrier Δ‡Gonl
of a non-identity group-transfer reaction may be approximated as the average of the free energy
barriers of the two corresponding identity reactions, Δ ‡Gonn and Δ‡Goll, such that:
1
𝑜
Δ‡ 𝐺𝑛𝑙
= (Δ‡ 𝐺𝑛𝑛 + Δ‡ 𝐺𝑙𝑙 )
2

(1.1)

He went on to demonstrate that the overall Gibbs free energy of activation Δ‡Gnl for an atomtransfer reaction is related to the intrinsic barrier Δ‡Gonl and the free energy of reaction ΔrGonl in
accordance with:a
𝑜 2
(Δ𝑟 𝐺𝑛𝑙
)
1
𝑜
𝑜
Δ‡ 𝐺𝑛𝑙 = Δ‡ 𝐺𝑛𝑙
+ Δ𝑟 𝐺𝑛𝑙
+
‡
𝑜
2
16Δ 𝐺𝑛𝑙

(1.2)

Throughout this thesis, thermodynamic functions (i.e., Δ‡G, Δ‡H, Δ‡S; ΔGr, ΔHr, ΔSr) pertain to solutionphase standard state (1 mol dm-3) quantities unless otherwise stated.
a
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The sensitivity of the free energy of activation Δ‡Gnl towards the free energy of reaction ΔrGonl and
intrinsic kinetic barrier Δ‡Gonl, denoted αnl and βnl, respectively, may be obtained from:
𝑜
𝑜
) + 𝛽𝑛𝑙 𝑑(Δ‡ 𝐺𝑛𝑙
)
𝑑(Δ‡ 𝐺𝑛𝑙 ) = 𝛼𝑛𝑙 𝑑(Δ𝑟 𝐺𝑛𝑙

𝛼𝑛𝑙 = (

𝑜
∂Δ‡ 𝐺𝑛𝑙
1
Δ𝑟 𝐺𝑛𝑙
= (1 + ‡ 𝑜 )
𝑜)
∂Δ𝑟 𝐺𝑛𝑙 Δ‡𝐺 𝑜
2
4Δ 𝐺𝑛𝑙

(1.3)
(1.4)

𝑛𝑙

𝛽𝑛𝑙 = (

∂Δ‡ 𝐺𝑛𝑙
𝑜)
∂Δ‡ 𝐺𝑛𝑙
Δ

2

=1−(
𝑜
𝑟 𝐺𝑛𝑙

𝑜
Δ𝑟 𝐺𝑛𝑙
𝑜 ) = 4𝛼𝑛𝑙 (1 − 𝛼𝑛𝑙 )
‡
4Δ 𝐺𝑛𝑙

(1.5)

The first derivative, αnl, serves as a quantitative expression of the Hammond postulate and
thereby as a numerical measure of the lateness of the transition state. For identity reactions,
ΔrGonl = 0 and αnl = 0.5; this defines a symmetrical transition state. When Δ rGonl < 0 the reaction
is exergonic, αnl < 0.5 and the transition state more closely resembles the reactants; when ΔrGonl
> 0 the reaction is endergonic, αnl > 0.5 and the transition state has a structure closer to the
products. For virtually all atom-transfer reactions 0 < αnl < 1, such that the free energy of activation
Δ‡Gnl increases as the relative stability of the products decreases. It can further be seen that the
dependence of Δ‡Gnl on Δ‡Gonl varies quadratically with αnl: the free energy barrier Δ‡Gnl is most
sensitive to changes in Δ‡Gonl for symmetrical transition states – that is, when αnl = 0.5 – and
negligibly sensitive in the limits αnl → 0 and αnl → 1.
Using quantum chemical calculations [G3(+) and MP2], Mayr applied Marcus theory in a
quantitative fashion to a series of methyl transfer reactions involving prototypical ambident
nucleophiles (cyanide, cyanate, thiocyanate, nitrite, enolates). 64, 220 Marcus theory was able to
reproduce directly computed reaction barriers with excellent accuracy, suggesting that the theory
provides a very satisfactory description of ambident reactivity, at least for prototypical
nucleophiles. Realising, however, that Marcus theory also had to provide qualitative
rationalisations that were helpful and intuitive, Mayr then went on to use these calculations to
devise some general principles of ambident reactivity: (i) for a given electrophile, the intrinsic free
energy barrier Δ‡Gonl decreases as the donor atom of the nucleophile moves across a period; (ii)
there is little change in the intrinsic free energy barrier Δ‡Gonl down a group; (iii) these trends in
intrinsic free energy barriers can be obtained by applying the principle of least nuclear motion
(PLNM), whereby the pathway that involves the least change in the nuclear geometry of the
nucleophile will be intrinsically favoured; (iv) thermodynamically disfavoured products can still be
preferentially generated under kinetic control, but their formation must be intrinsically favoured;
and (v) kinetically favoured products are not necessarily intrinsically favoured.
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Diffusion vs activation control
The ambident reactivity of the cyanide anion69-73, 228 demonstrates some of the flaws inherent in
Pearson’s HSAB theory, and the importance of distinguishing activation-controlled selectivity from
selectivities that arise in diffusion-controlled reactions (Figure 1.4).
Cursory examinations of the regioselectivity of cyanide towards alkylation might suggest that
softer alkylating agents favour C-alkylation and harder agents N-alkylation, in accordance with
the prediction of HSAB theory and Kornblum’s rule. Reactions of [ nBu4N+][CN-] 1 with variously
substituted triarylmethyl halides (2a-c) in MeCN, for example, afford mixtures of cyanide (Calkylation; 3) and isocyanide (N-alkylation; 4) products, with the proportion of isocyanide 4
increasing with electron-withdrawing aryl substituents; reactions of the same triarylmethyl halides
2 with [nBu4N+][Ag(CN)2-] 5, in contrast, afford the isocyanide 4 exclusively.73 The increasing
proportion of N-alkylation in the former would conventionally be interpreted in terms of “increasing
carbocation character” in the transition state, whilst exclusive isocyanide formation with
[nBu4N+][Ag(CN)2-] 5 is often framed as a consequence of halide abstraction by Ag +, and its effect
on the “carbocation character” of the transition state. Such rationales, however, do not stand up
to closer scrutiny. That the very “hardest” of alkylating agents – methyl triflate 6 and
trimethyloxonium tetrafluoroborate 7 – afford the cyanide (C-alkylation; 8) exclusively when
subjected to 1 is perhaps the striking contradiction of HSAB theory. The nucleophilic substitution
reactions of 2-methylthio-3-halobutanes (9-s; 9-a) with NaCN and AgCN provide further proof of
the deficiency of HSAB theory: NaCN leads exclusively to the cyanides (10-s; 10-a), and AgCN
to the isocyanides (11-s; 11-a), but – crucially – the stereochemical outcome is unaffected by the
metal countercation (e.g., 9s → 10/11-s).71 For both diastereomers of 2-methylthio-3bromobutane 9 the stereochemical configuration is fully retained, indicative of neighbouring group
participation by the SMe group and the intermediacy of an episulfonium cation (12, 12-m); that
such a cation is devoid of a coordination site for Ag+, and yet still affords the isocyanide
exclusively, requires that selectivity be controlled by coordination to the cyanide anion itself.
This dichotomy was explored by Mayr in systematic studies of the cyanide anion with various
benzhydrylium ions (13a-e). The reactions of weakly and moderately electrophilic benzhydrylium
ions with [nBu4N+][CN-] 1 in MeCN afforded the cyanide 14 – the C-alkylated product – exclusively,
and correlations between the rate of cyanation and the electrophilicity of the alkylating partner (E)
were highly linear. Extrapolation of this linear correlation allowed Mayr to estimate an
electrophilicity threshold for the onset of diffusion control, and this led to the conclusion that mixed
C- and N-alkylation with triarylmethyl halides 2 – at least those devoid of strongly electrondonating amino substituents (2a-c) – only occurs because the reactions of the corresponding
triarylmethyl cations 15a-c with cyanide lie significantly above this threshold.
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Figure 1.4: Dichotomous ambident reactivity of the cyanide anion, and structure-reactivity relationships for the reaction
of cyanide with various benzhydrylium ions.
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Although regioselectivity in ambident nucleophiles is ultimately determined by intramolecular
competition, such fast reactions necessarily proceed via very small activation barriers, and
statistical predictions of selectivity inevitably break down.
C-alkylation of free cyanide is thus thermodynamically and kinetically favoured in all cases,
irrespective of the hardness or softness of the electrophile, with isocyanide formation arising only
for reactions that proceed under diffusion control or else with metal countercations (e.g., Ag+) that
tightly, and selectively, coordinate the carbon centre. The strength of such interactions, in itself,
may be predicted qualitatively within the framework of HSAB theory, but for the reactions of free
cyanide with alkylating agents it is irrelevant.

Intrinsic barriers vs thermodynamics
The ambident reactivity of pyridones is more nuanced, and complex alkylation selectivities are
often observed because of competing intrinsic and thermodynamic preferences (Figure 1.5).
Apparent evidence in support of HSAB theory arises in the form of regioselectivity trends in the
reaction of the 2-pyridone anion 16 with alkyl halides in DMF. Methyl iodide – perhaps the
archetype of a “soft” electrophile amongst alkylating agents – affords almost exclusive Nalkylation 17, as predicted for the “softer” of the two nucleophilic sites, but increasing substitution
of the alkylating group – from ethyl iodide, to isopropyl iodide, to trityl chloride – gradually inverts
this selectivity, with tritylation affording the alkoxypyridine

18 almost exclusively.211

Conventionally, this trend would be rationalised by invoking a switch in mechanism from SN2 to
methyl iodide to SN1 for trityl chloride, with some nebulous interpolation for the intermediate
alkylating agents; typically, either one invokes a regime in which S N1 and SN2 mechanisms
proceed in parallel,229 or else a continuum of SN2 transition states with increasing “carbocation
character”.
Mayr has shown that such rationalisations are, in fact, inherently flawed, at least from the
perspective of ambident selectivity (Figure 1.5). Reactions of the 2-pyridone anion 16 with
moderately electrophilic benzhydrylium ions (e.g., 13b) and quinone methides (e.g., 19) – all
sharing identical steric profiles about the reactive centre – were shown to afford exclusive Nalkylation (17’), whilst competing O-alkylation (18’) was detected only for the most electrophilic
benzhydrylium ions (e.g., 13f, 13g). Correlations between alkylation rates and the
electrophilicities of the (moderate) benzhydrylium ions were highly linear, and as for cyanide this
enabled an extrapolative estimate of an electrophilicity threshold for diffusion-control; the
diphenylmethyl cation 13g, and the other benzhydrylium ions that afforded mix N- and Oalkylation, were all found to be above this limit, consistent with the mixed selectivities observed
with cyanide.
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Figure 1.5: Dichotomous ambident reactivity of 2-pyridone and 4-pyridone anions, and origin of complex selectivities.

Reactions of the 2-pyridone anion 16 with weakly electrophilic benzhydrylium ions (e.g., 13b) and
quinone methides (e.g., 19) were shown to be reversible, with exclusive N-alkylation observed in
all cases; tritylation, in contrast, led exclusively to O-alkylation, but the addition of Lewis acids
resulted in spontaneous isomerisation to the amide. On this basis, Mayr concluded that Nalkylation is thermodynamically favoured for all electrophiles in the case of 2-pyridone, and in that
way competing O-alkylation with bulkier electrophiles (e.g., trityl chloride, isopropyl iodide) can
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only arise if O-alkylation is intrinsically favoured with similar generality. The trend in Figure 1.6 is
then not a function of “carbocation character”, or hardness/softness, but of sterically-imposed
reductions in the thermodynamic stability of the amide relative to the alkoxypyridine.
Reactions of the 4-pyridone anion 20 with weakly electrophilic benzhydrylium ions (e.g., 13b), as
for the 2-pyridone anion 16, led to exclusive N-alkylation (21); curiously, however, reactions with
highly reactive benzhydrylium ions – putatively under diffusion control – resulted in exclusive Oalkylation (22), an observation for which no explanation was forthcoming.

1.1.4. Catalytic Control of Ambident Nucleophiles?
Our understanding of ambident reactivity has advanced immeasurably since the emergence of
Kornblum’s rule. The timely intervention by Mayr,64, 220 coupled with extraordinary progress in
computational organic chemistry,230-234 have perhaps been the most significant developments in
recent years, enabling not only conceptual rationalisations of ambident reactivity on a broad front
but also, increasingly, a priori predictions of selectivity.
Nevertheless, profound challenges remain. Perhaps the most significant amongst these is the
development of general strategies for manipulating – and overriding – the innate selectivity of
ambident nucleophiles. Since the days of Kornblum, and indeed long before, it has been known
that the selectivity of certain ambident nucleophiles towards electrophilic functionalisation can be
manipulated by modulating routine reaction conditions – including solvents, additives,
temperature, and concentrations – and the optimisation of such conditions, increasingly within the
purview of automation, is now undertaken as a matter of course in synthetic chemistry. However,
not all ambident nucleophiles are likely to be amenable to general control by these sorts of
optimisations – especially those in which the competing nucleophilic sites are intrinsically difficult
to differentiate. Enhancing – or, more usefully, overriding – the innate selectivity of such ambident
nucleophiles is likely to require more deliberate interventions, and in this respect the prospect of
catalytic control is particularly appealing.
The regioselective alkylation of complex N-heterocyclic frameworks66 epitomises the challenge
posed by such ambident nucleophiles, and in this respect the selective alkylation of each of the
six nitrogens in hypothetical substrate 24 should be viewed on par with single site-selective
epoxidations of complex polyolefins such as 23, entertained as a holy grail of selective catalysis
by Sharpless in his Nobel lecture nearly two decades ago (Scheme 1.2).235 Exquisitely intricate
catalysts have been developed to tackle the latter challenge – notable among which are the
biomimetic catalysts of Miller236 – but analogous attempts to effect catalytic control of ambident
nucleophiles have yet to emerge.
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Scheme 1.2: From one holy grail to the next: catalytic site-selective epoxidations of polyolefins and alkylations of complex
N-heterocyclic frameworks.

Whilst general catalytic strategies for controlling troublesome ambident nucleophiles are virtually
non-existent, the problem has at least gained recognition in the last few years, especially in the
context of ambident heterocycles (Scheme 1.3).237-241 Desai and Taylor, for example, have
recently reported a methodology for the regioselective ring opening of various epoxy alcohols 25
with ambident azoles.240 Regioselective epoxide opening – or, conversely and more pertinently,
N-alkylation – was found to be contingent upon the presence of a diarylboronic acid catalyst 26,
and for certain azoles (e.g., benzotriazole, 1,2,3-triazole) the N-regioselectivity was atypically
high; other azoles (e.g., 1,2,4-triazole) afforded unremarkable mixtures of N-regioisomers, as
expected, but high C-selectivity in the epoxide opening itself was retained across the board.
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Scheme 1.3:
selectivities.

State-of-the-art catalytic methodologies that enable the alkylation of ambident azoles with atypical

A catalyst tethering mechanism, predicated on the formation of a borinic acid and subsequent
Lewis adduct formation with the incoming azole, was advanced to explain these atypical Nregioselectivities, but no explanation of the poor selectivity for 1,2,4-triazole was forthcoming.
Epoxide opening with lanthanum(III) trifluoromethansulfonate instead of 26 suppressed the Cselectivity significantly, consistent with a tethering mechanism, but apparently did not have the
same deleterious effect on the N-selectivity, suggesting – again, contrary to the conclusions of
the paper – that the catalyst itself in fact imparts little influence on the ambident reactivity of the
azoles.
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Regiodivergent methodologies for the catalytic alkylation of ambident azoles include those
reported very recently by Stahl and Chen (Scheme 1.3). Stahl reported that C – N cross-coupling
between asymmetric C-substituted pyrazoles 27 and substrates bearing benzylic C – H bonds 28
could be catalysed by copper(I) chloride (CuCl) under putative radical-polar crossover
conditions,242 using NFSI as an oxidant and diisopropylphosphite as a sub-stoichiometric
additive.239 Crucially, it was found that the N-regioselectivity could be switched by choice of an
appropriate co-catalytic additive: TBAB favoured N2 benzylation (29), whilst TMSOTf resulted in
an inverted preference for the N1 benzylated isomer (30). The apparent control of ambident
reactivity was shown in fact to be the result of a switch from kinetic to thermodynamic control,
with the independent addition of TMSOTf to the N-2 product 29 inducing spontaneous
regioisomerisation to 30, even in the absence of Cu; no such isomerisation was observed
following the addition of TBAB to the N-1 alkylated product 30. Isomerisation, it was suggested,
proceeded via product trimethylsilylation, C – N bond cleavage, and recombination, consistent
with the stability of α-substituted benzyl cations.
The palladium-catalysed isoprenylation of various indazoles (31; Scheme 1.3), reported recently
by Chen, is reportedly subject to similar additive-controlled regioselectivity.241 In the presence of
co-catalytic triethylborane (BEt3), high selectivity for N1-isoprenylation (> 14:1 N1:N2; 32) was
generally observed under optimised conditions; converse N-selectivity (33), but analogous Cselectivity (C3), was observed when the borane was replaced with the phosphoric acid
(tBuO)2PO2H (N2:N1 > 8 :1). Regioselective Lewis adduct formation between the N-2 site of
indazole and BEt3 was suggested as a reason for differing selectivities, but other changes to the
reaction conditions – primarily to the solvent (DCM or iPrOH) – precludes a direct comparison.
Despite ambident nucleophilicity featuring prominently in each of these state-of-the-art reports, it
is not clear that genuine catalytic control of alkylative selectivity prevails in any of them. Control
over selectivity instead appears contingent either upon the covalent prefunctionalisation of the
nucleophile by a co-additive, with alkylation of the adduct then proceeding under kinetic control,
or else upon the creation of a facile pathway for product equilibration. Although this is not in itself
a problem, strategies for ambident control predicated explicitly on catalytic differentiation ought
to provide more synthetic flexibility. Elegant work from the groups of Phipps 243, 244 and Miller236,
245

suggests that perennial challenges of regioselectivity can be met by harnessing catalysts that

engage troublesome substrates by virtue of non-covalent interactions, but no comparable
strategies for controlling ambident nucleophiles – and ambident azoles in particular – appear to
exist. The development of such a strategy motivates the work detailed in the first half of this thesis.

- 19 -

1.2. Acylative Lewis Base (n-π*) Catalysis
1.2.1. Preamble
Acyl group transfers are ubiquitous transformations in organic chemistry and biochemistry. They
are typically framed in terms of the reaction between an electrophilic acyl donor, or acylating agent
(RCOX), and a nucleophilic acyl acceptor (Nu-, NuH). Acylation of the nucleophile (RCONu) is
accompanied by the extrusion of a nucleofuge (X-, XH), and as such may equivalently be regarded
as a Nu-to-X acyl transfer (Scheme 1.4). The efficiency of direct Nu-to-X acyl transfer is critically
dependent upon the reactivities of both the acylating agent and the nucleophile. Generally, no
problems are encountered in acylating weak nucleophiles with highly electrophilic acylating
agents, or vice versa.

Scheme 1.4: Simplified scheme for the common modes of catalysis of acyl transfer reactions. Several microscopically
distinct but kinetically indistinguishable pathways for Brønsted acid/base catalysis can often be proposed.

Problems arise, however, when the acyl donor is weakly electrophilic and the acyl acceptor is
weakly nucleophilic: even though acyl transfer may be thermodynamically feasible in such cases,
the rates of transfer are often prohibitively sluggish to be of practical utility. Fortunately, there are
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many modes of catalysis that can be engaged to accelerate intrinsically slow acyl-transfers, first
detailed in the timeless review of Bender.246 The core modes of acyl transfer catalysis are most
broadly classified according to the behaviour of the catalyst during turnover – typically, whether it
behaves as a Brønsted acid, Brønsted base, Lewis acid or Lewis base – although such
classifications do not always do justice to the mechanistic intricacy of acyl transfer catalysis in
modern chemistry. Even simple organic molecules can feasibly promote acyl transfer by several
different modes of catalysis – by, e.g., serving as both a general Brønsted base and Lewis base
– leading to mechanisms that can be multifaceted and nuanced.
Modern studies of acyl transfer catalysis look rather different to those of the era of Bender and
Jencks. In organic chemistry, fundamental mechanistic investigations have largely given way to
a prevailing focus on the design and synthesis of chiral catalysts – both organic247-251 and
biomimetic

252, 253

– that promote enantioselective acylations, typically under the guise of kinetic

resolutions or desymmetrisations. Many such methodologies devised over the last two decades
have sought to harness Lewis base (n-π*) catalysisb – commonly but inappropriately termed
nucleophilic catalysis254 – to facilitate acyl transfer (Scheme 1.4), with the efficient formation of a
discrete chiral acylated intermediate key to achieving enantiodifferentiation (vide infra). Indeed,
acylative methodologies predicated on this mode of catalysis have been remarkably successful
in the context of weakly nucleophilic acyl acceptors, such as sec-alcohols,248, 250, 255 for which
synthetic organocatalysts are often capable of competing with highly tuned biocatalysts.
As for enzymatic acyl transfers,256-258 problems of substrate generality nevertheless remain a
prominent problem for those seeking to apply acylative Lewis base n-π* catalysis to
enantioselective synthesis. In contrast to a sprawling array of methodologies for catalysing acyl
transfers to prochiral alcohols, the options narrow considerably for strongly nucleophilic acyl
acceptors – primary amines being the prime example – for which unchecked background
reactivity is often a significant issue. The design of Lewis base n-π* catalysts capable of
outcompeting such powerful nucleophiles has apparently proved so challenging that even stateof-the-art strategies, such as those developed by Seidel259-264 and Bode,251, 265-268 remain flawed
in key respects, usually either relating to mediocre selectivities, impractical reaction conditions,
or inconveniently narrow substrate scopes.

1.2.2. General mechanistic principles
The mechanistic framework of acylative Lewis base n-π* catalysis is a conceptually simple one,
and commonly condensed into two nominally concerted steps (Figure 1.6A). In the first of these
Despite widespread use, the term “nucleophilic catalysis” has been strongly discouraged by Denmark;254
an alternative classification of Lewis base catalysis, based on the initial frontier orbital interaction between
the catalyst lone pair (n) and vacant substrate orbital (n-π*, n-σ*, n-n*), is therefore adopted in this thesis.
b
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steps, the catalyst (LB) – typically, but certainly not necessarily, an aprotic, neutral Lewis base –
undergoes addition to the acyl donor (RCOX), expelling the nucleofuge (X -) and leading to the
formation (k1) of an acylated intermediate (RCOLB+); the interception of the acylated intermediate
by the acyl acceptor (Nu-) in turn leads to the final acylated product, and to the release of the free
catalyst (k2). Alternatively, the acylated intermediate can also be intercepted by the nucleofuge
itself (k-1), reforming the original acyl donor and, again, liberating the Lewis base (Figure 1.6). In
qualitative terms, catalysis is predicated on the electrophilic activation of the acyl donor: the
catalyst must be more nucleophilic than the acyl acceptor, but also a more competent nucleofuge
than X-. In this simplistic picture, the steady-state rate of catalytic product evolution for a given
total catalyst concentration ([LB]T) is:
𝑣𝑐𝑎𝑡 =

𝑘1 𝑘2 [RCOX][Nu− ][LB]T
𝐾1 𝑘2 [RCOX][Nu− ][LB]T
=
−
−
𝑘1 [RCOX] + 𝑘−1 [X ] + 𝑘2 [Nu ] 𝐾 [RCOX] + [X − ] + ( 𝑘2 ) [Nu− ]
1
𝑘−1

(1.6)

where K1 = k1/k-1 is essentially a measure of the Lewis basicity of the catalyst, (k2/k-1) reflects the
partitioning of the acylated intermediate, and k2 the reactivity of the acylated intermediate towards
the acyl acceptor (Nu-). For a given acyl donor and acceptor, the nucleophilicity of the catalyst will
govern the forward rate of the pre-equilibrium (k1), whilst both k-1 and k2 will depend – often
differentially – upon the nucleofugality of the catalyst. In general, the catalyst may exist
predominantly as the free Lewis base LB or acylated adduct RCOLB +, or else the two species
might exist in comparable concentrations during turnover, with the steady-state concentrations of
the two states equal to:
[RCOLB + ] =

[LB] =

𝑘1 [RCOX][LB]T
𝑘1 [RCOX] + 𝑘−1 [X − ] + 𝑘2 [Nu− ]

𝑘−1 [X − ] + 𝑘2 [Nu− ]
𝑘1 [RCOX] + 𝑘−1 [X − ] + 𝑘2 [Nu− ]

(1.7)

(1.8)

In general, the acyl acceptor (Nu-) will undergo some degree of background reaction with the acyl
donor directly (k0), such that the overall rate of product evolution will be:
𝐾1 𝑘2 [LB]T

𝑣=(

𝐾1 [RCOX] +

[X − ]

𝑘
+ ( 2 ) [Nu− ]
𝑘−1

+ 𝑘0 ) [RCOX][Nu− ]

(1.9)

Within the simplified framework of Figure 1.6A, three limiting kinetic regimes are possible. If the
catalyst is overwhelmingly nucleophilic relative to the acyl acceptor Nu - and also a powerful Lewis
base, such that k1[RCOX] >> k2[Nu-] + k-1[X-], the catalyst will exist almost exclusively as the
acylated adduct, and the catalytic rate of product evolution will develop a zeroth order
dependence on the acyl donor.
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Figure 1.6: Kinetically minimal mechanisms for acyl transfer catalysis by a neutral aprotic Lewis base (LB). (A) Acyl
transfer to an anionic acyl acceptor (Nu-) with minimal ion-pairing. (B) Acyl transfer to an anionic acyl acceptor with an
ion-paired acylated intermediate. (C) Acyl transfer to a neutral, protic acyl acceptor (NuH) with an ion-paired acylated
intermediate and no auxiliary base. (D) Acyl transfer to a neutral, protic acyl acceptor with an ion-paired acylated
intermediate and a neutral auxiliary base (B).

Both the nucleophilicity and Lewis basicity of the catalyst are rendered kinetically irrelevant under
such a saturation regime – insofar as neither k1 nor K1 feature in the overall rate equation – with
the rate of turnover controlled exclusively by the reactivity of the acylated intermediate towards
the acyl acceptor (k2). Under this saturation regime, the overall rate of product evolution v will be:
𝑣 ≈ (𝑘2 [LB]T + 𝑘0 [RCOX])[Nu− ]

(1.10)

If the catalyst is weakly nucleophilic and the nucleofuge is a considerably more potent nucleophile
than the acyl acceptor – that is, if the catalyst is a weak Lewis base – then k-1[X-] >> k1[RCOX] +
k2[Nu-]; in this case a rapid pre-equilibrium is established between the free catalyst (LB) and
acylated intermediate (RCOLB+), with the former dominating the catalyst speciation. Under such
a regime the Lewis basicity (K1) of the catalyst, and reactivity of the acylated intermediate (k2),
are both kinetically significant, but not, per se, the nucleophilicity of the catalyst (i.e., only the ratio
k1/k-1 – but not the individual values – is significant if the pre-equilibrium is rapid). For this limiting
regime the catalytic pathway will also suffer significantly from product inhibition, leading to
potentially profound depreciations in efficiency at higher conversions.
𝑣≈(

𝐾1 𝑘2 [LB]T
+ 𝑘0 ) [RCOX][Nu− ]
[X − ]

(1.11)
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The third, and final, limiting regime arises when the acyl acceptor is powerfully nucleophilic, such
that k2[Nu-] >> k-1[X-] + k1[RCOX]. In this case the catalyst will exist almost exclusively as the free
Lewis base, the formation of the intermediate will be rate-determining, and the catalytic rate of
product evolution will develop a zeroth order dependence on the acyl acceptor Nu -; only the
nucleophilicity of the catalyst will be kinetically significant under such a regime:
𝑣 ≈ (𝑘1 [LB]T + 𝑘0 [Nu− ])[RCOX]

(1.12)

Despite its conceptual simplicity, there are several subtleties afoot in this picture. The first subtlety
pertains to the charge state of the Lewis base catalyst; in principle, it may be either neutral or
anionic, but in practise the overwhelming majority of literature reports on acylative Lewis base nπ* catalysis pertain to neutral catalysts.269-271 The acylation of such catalysts leads, necessarily,
to acylated intermediates that are cationic, and in apolar media this favours the formation of tight
ion-pairs (i.e., [RCOLB+X-]). Kinetically, this leads to a modified regime (Figure 1.6B) in which the
reaction of the liberated nucleofuge (X-) with the acylated intermediate occurs in quasiunimolecular fashion, such that:
𝑣𝑐𝑎𝑡 =

𝑘 ′1 𝑘 ′ 2 [RCOX][Nu− ][LB]T
𝑘 ′1 [RCOX] + 𝑘 ′ −1 + 𝑘 ′ 2 [Nu− ]

(1.13)

Another subtlety is that typical acyl acceptors – often alcohols and amines – are protic species
(i.e., NuH rather than Nu-), such that the nucleofuge is formally expelled as a neutral, protic
species (XH). For this reason, the Brønsted basicity of the free catalyst LB relative to that of X influences whether a terminal, or auxiliary, base will be required to achieve turnover. If the catalyst
is sufficiently basic to deprotonate XH, prototropic inhibition will arise (Figure 1.6C) and the rate
of turnover will be suppressed according to:
𝑣𝑐𝑎𝑡 =

𝐾𝑃𝑇

𝑘′

[LB][XH]
𝐾𝑃𝑇 𝑘 ′1 𝑘 ′ 2𝐻 [RCOX][NuH][LB]T
, 𝐾𝑃𝑇 =
′
′
[LBH + X − ]
1 [RCOX] + (𝑘 −1 + 𝑘 2𝐻 [NuH])(𝐾𝑃𝑇 + [XH])

(1.14)

The addition of an auxiliary base (B) to the system can prevent inhibition by reducing the
concentration of the protonated nucleofuge, XH (Figure 1.6D), but it can also perturb the system
in other ways. The addition of a sufficiently strong auxiliary base may establish a pre-equilibrium
between the protonated and anionic forms of the acyl acceptor, with the latter considerably more
nucleophilic; alternatively, for weakly acidic acyl acceptors, the addition of auxiliary base may
promote the reaction of the acyl acceptor with the intermediate by Brønsted base catalysis.
Several microscopic mechanisms for such catalysis may be proposed. 246,272
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1.2.3. The DMAP Paradigm
4-Aminopyridines
Myriad classes of Lewis bases have been reported to be effective acyl transfer catalysts. Few,
however, rival the prominence of the 4-aminopyridines, and the archetype of this class: DMAP (4dimethylaminopyridine; 34-NMe2). First reported as a potent acylation catalyst by Litvinenko and
Kirichenko in 1967 and Steglich and Hofle in 1969,273 DMAP and its derivatives (e.g. 4‐
pyrrolidinopyridine, PPY; 35) have since become established as the de facto organocatalysts for
acyl group transfers. DMAP itself is highly effective, for example, in catalysing the acylation of
various deactivated acyl acceptors – including sterically hindered phenols and secondary
alcohols, tertiary alcohols, and anilines – and in promoting the rearrangement of O-acylated
azlactones (Steglich rearrangements; Scheme 1.5).269-271, 274 Acid anhydrides and acyl halides
are used almost universally as acylating agents in bimolecular DMAP-catalysed acylations; less
reactive carboxylic acid derivatives (e.g. unactivated esters) are usually ineffective, and highly
active acyl acceptors (e.g., primary amines) usually react efficiently without the need for catalytic
intervention.273-276
Interest in this mode of Lewis base catalysis was greatly sensitised by the development of the
first chiral DMAP derivatives, and their application to enantioselective acyl transfers, by Fu and
Vedejs around the turn of the millennium (vide infra).277, 278 Since then, swathes of approaches to
catalytic enantioselective acylations have been conceived,248-250, 279-281 yet the proportion of these
that still feature the 4-aminopyridyl core in pride of place is striking. Indeed, few organocatalysts
in synthetic organic chemistry can lay claim to such enduring prominence.

Brønsted base or Lewis base n-π* catalysis?
Amongst the first detailed mechanistic studies on acyl transfers catalysed by pyridine (34-H) were
those undertaken by Jencks and Fersht, more than five decades ago. 282-284 These studies were
concerned with acyl transfers undertaken in buffered aqueous solution (Figure 1.7), including the
pyridine-catalysed hydrolysis of acetic anhydride 38 and its aminolysis with p-methylaniline
(toluidine; 36-Me) and p-methoxyaniline (anisidine; 36-OMe); analogous processes catalysed by
variously substituted pyridines, including 4-methylpyridine (34-Me), 3,4-lutidine (34-Me2), and 4methoxypyridine (34-OMe) – the latter being a close analogue of DMAP (34-NMe2) – were also
studied.
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Scheme 1.5: Archetypal DMAP reactivity in acyl transfer catalysis, and general structure-reactivity trends for the DMAPcatalysed acylation of alcohols with acid anhydrides and tertiary amine auxiliary bases (e.g. NEt3) in apolar media (e.g.,
CH2Cl2, PhMe, CDCl3).

Various experiments undertaken as part of these studies provided compelling evidence for the
common intermediacy of an acylated pyridinium ion in 37 each of these reactions, supporting the
idea that pyridines 34 can readily catalyse acyl transfers from acid anhydrides by Lewis base nπ* catalysis. Stopped-flow spectrophotometric (UV-vis) monitoring of pyridine-catalysed
hydrolysis led to the direct detection of a reactive intermediate with a spectroscopic signature
indicative of an acylated pyridinium ion; the full temporal evolution of this intermediate, including
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its formation and decay, was monitored over the period of several hundred milliseconds,
consistent with previous estimates of the lifetime of N-acetyl pyridinium 37-H in aqueous
solution.282, 283 Furthermore, increasing pyridine concentrations led to concomitant increases in
both the rate of formation and maximum population of this intermediate, as did switching to more
basic substituted pyridines (i.e., 4-methoxypyridine, 34-OMe). This information, combined with
previous observations that pyridine-catalysed hydrolysis proceeds several orders of magnitude
faster than general base-catalysed hydrolysis with acetate,285 that acetate inhibits pyridinecatalysed hydrolysis,286 and that pyridine catalyses the exchange of isotopically labelled acetate
into acetic anhydride,287 is consistent with a stepwise mechanism of hydrolysis proceeding via Nacetyl pyridinium 37-H.
That N-acylated pyridinium ions 37 should be general intermediates for pyridine-catalysed acyl
transfers at large was demonstrated by comparative studies of pyridine-catalysed aminolysis with
acid anhydrides.283 In contrast to hydrolysis, where the rates of formation and hydrolysis of Nacetyl pyridinium 37-H were shown to be highly comparable, the formation of 37-H was shown to
be fully rate-determining in pyridine-catalysed aminolysis. Neither the concentration nor the
substitution (36-Me, 36-OMe) of the aniline influenced the overall rate of aminolysis, providing
direct kinetic evidence of a reactive intermediate that is rapidly intercepted in a subsequent step;
that this intermediate should be N-acetyl pyridinium 37-H was demonstrated by the equal
magnitudes of the rate constants for pyridine-catalysed aminolysis and bimolecular formation of
37-H.
Amongst the innumerable other conclusions reached by Jencks in these studies, two findings are
particularly pertinent to DMAP-catalysed acylations.282-284 The first of these was the observation
that the stabilities of N-acylated pyridinium ions 37 are exceptionally sensitive to substituent
perturbations. In general, changes to aryl substituents influence the stabilities of N-acylated
pyridinium ions more than the protonated pyridiniums (β = 1.6); the exact nature of the relationship
between the Lewis basicity and Bronsted basicity of substituted pyridines, however, was shown
to be nuanced. Whilst the stabilities of the N-acetylated adducts and conjugate acids of pyridine,
4-methylpyiridine and 3,4-lutidine exhibited a linear relationship, N-acetyl-4-methoxypyridinium
37-OMe – a close analogue of the adduct (37-NMe2) derived from DMAP itself – was found to be
disproportionately stable, a consequence of π-donation from the methoxy substituent to the π*
orbital of the carbonyl group. Analogous deviations were observed kinetically, with N-acetyl-4methoxypyridinium 37-OMe exhibiting comparably enhanced stability towards hydrolytic
cleavage. The second finding was the fact that the hydrolysis of N-acetyl pyridinium – and
therefore, presumably, its reactions with other O-centered nucleophiles – may itself be subject to
Brønsted base catalysis by any number of pathways, including by the corresponding pyridine 34
and the nucleofuge liberated from the acyl donor (i.e., acetate).
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Figure 1.7: Mechanisms, catalytic kinetics, thermodynamic relationships, and the role of π-donating substituents for the
pyridine-catalysed hydrolysis and aminolysis of acetic anhydride with anilines in buffered aqueous solution.
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Mechanistic features in aprotic media
Though these studies provided compelling evidence that electron-rich pyridines often catalyse
acyl transfers by Lewis base n-π* catalysis in aqueous solution, the mechanistic conclusions of
Jencks,282-284 and others,285-287 need not hold in aprotic media. As the vast majority of pyridinecatalysed acylations are undertaken in such media, typically in the context of organic synthesis,
more recent attempts to probe the underlying mechanism have sought to do so using nonaqueous solvents and more synthetically relevant reaction conditions, 274 with a prevailing focus
on weakly polar solvents (e.g., CH2Cl2) and DMAP itself. Though often lacking the sophistication
of the kinetic investigations by Jencks and co-workers, a range of these studies have nevertheless
highlighted an interesting interplay between the phenomenological catalytic activity of DMAP and
the conditions under which acylation is conducted.269, 270, 288, 289
The substitution pattern of DMAP, the nucleofuge in the acyl donor, the nature of the reaction
medium, the strength and solubility of the auxiliary base, and whether such a base is present at
all, all appear to play significant roles under synthetically pertinent conditions. 274 Salient
observations from these studies include the findings that: (i) 2-aminopyridines exhibit profoundly
poorer catalytic activities than their 4-substituted analogues, despite having comparable
basicities;273, 275, 276 (ii) tertiary amines of similar basicity to 4-DMAP display minimal catalytic
activity;270 (iii) auxiliary bases, added in stoichiometric quantities alongside catalytic 4-DMAP, are
not always required for substrate conversion, but typically accelerate acyl transfer; (iv) acyl
chlorides give lower reaction rates than the analogous but otherwise less electrophilic acid
anhydrides in the absence of an auxiliary base,275 and in the presence of certain auxiliary bases
(NEt3; pyridine); (v) in the presence of other auxiliary bases (K2CO3), the former trend is reversed;
and (vi) the catalytic activity of DMAP towards acylation is greatest in apolar solvents (e.g.
hexane, CCl4, PhMe), moderate in solvents of modest polarity (e.g. Et2O, CH2Cl2), but almost
completely suppressed in the most polar aprotic solvents (e.g. CH 3CN, DMSO, DMF).
Despite this raft of empirical findings, it appears only one significant kinetic study of DMAP
catalysis under reasonably representative synthetic conditions (CH2Cl2, rt, < 10 mol% DMAP) has
been reported to date.270 In this report, Zipse established that the rate of acetylation of
cyclohexanol (CyOH; 38) with Ac2O is first order in CyOH, Ac2O and DMAP (34-H), and zero
order in NEt3, provided the latter was present in superstoichiometric quantities. With significant
assistance from KS-DFT computations, he went on to propose a mechanism that has now
seemingly been universally adopted by organic chemists (Figure 1.8).
In accordance with the classic work of Jencks and Fersht,282-284 Zipse concluded that DMAP
accelerates acyl transfer primarily by Lewis base (n-π*) catalysis, with the N-acylated pyridinium
ion 37-NMe2 formed as the crucial intermediate; as the kinetics of acetylation were monitored in
a weakly polar aprotic medium (CH2Cl2) – rather than aqueous solutions of high ionic strength, as
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employed by Jencks – Zipse proposed that 37-NMe2 should exist overwhelmingly as a tight ionpair under typical synthetic conditions (i.e., [37-NMe2.AcO]) To account for the first-order
dependence of the reaction evolution on DMAP, and the zeroth-order dependence on NEt3, it was
posited that the acetate counteranion – the nucleofuge initially expelled from the acyl donor –
promotes nucleophilic addition of the alcohol to the acyl pyridinium intermediate by serving as a
Brønsted base catalyst (39-TS); the first-order dependence on CyOH 38 is then only consistent
with a mechanism in which the acyl pyridinium ion pair [37-NMe2.AcO] is in rapid pre-equilibrium
with free DMAP 34-NMe2, and acylation of 38 rate-determining. The absence of any detectable
accumulation of the N-acetyl pyridinium salt [37-NMe2.AcO] during turnover,

276, 288, 290

and the

apparently ideal first-order dependence on Ac2O, without signs of saturation, implicate a preequilibrium that is thermodynamically unfavourable, consistent with the weak ionising strength of
CH2Cl2 and previous stoichiometric studies.276, 288, 290 The idea of an ion-paired intermediate in
rapid pre-equilibrium with free DMAP is consistent with the reaction orders delineated by Zipse,
for under such a regime k’-1 >> k’1[Ac2O] + k’2H[38] and:
𝑣𝑐𝑎𝑡 =

𝑘 ′1 𝑘 ′ 2𝐻 [Ac2 O][𝟑𝟖][DMAP]T
≈ 𝑘𝑐𝑎𝑡 [Ac2 O][𝟑𝟖][DMAP]T , 𝑘𝑐𝑎𝑡 = 𝐾 ′1 𝑘 ′ 2𝐻
𝑘 ′1 [Ac2 O] + 𝑘 ′ −1 + 𝑘 ′ 2𝐻 [𝟑𝟖]

(1.15)

The zeroth-order dependence on NEt3 (pKaH(H2O) = 10.8) – and its elevated basicity relative to
DMAP (pKaH(H2O) = 9.7) – also appears to discount both general-base catalysis by DMAP and
base-mediated elimination of 37-NMe2. Although no temperature dependence studies were
undertaken, broadly (if not directly) comparable measurements in the PPY(35)-catalysed
isobutyrylation of 1-(1-naphthyl)ethanol291 (40) afforded activation parameters indicative of a
highly associative rate-determining transition state (Δ‡H = 13 kJ mol-1, Δ‡S = -240 kJ mol-1), as
required of the proposed mechanism and observed for analogous (formally) termolecular
processes in aprotic media.292-294
This mechanism appears qualitatively consistent with many of the empirical observations made
by other researchers (vide supra). By invoking general-base catalysis by the counteranion, for
example, it appears to explain the superior reactivity of acid anhydrides over acyl chlorides, 276
and the putatively absent reactivity of N-acylated pyridinium salts with non-basic counteranions
(Cl-, OTs-, BF4-) towards tBuOH in various aprotic media (MeCN, EtOAc and CHCl3).295 It also
explains why substoichiometric loadings of NEt3 lead to product inhibition, as the formal evolution
of acetic acid leads to the formation of the protonated pyridinium salt [42-NMe2.AcO]. Although it
has also been claimed that this mechanism explains the enhanced phenomenological activity of
DMAP in even less polar solvents275 – i.e., CHCl3, CCl4 and hexane – it is not clear why the
enhanced thermodynamic impetus for charge neutralisation in the turnover-limiting step should
offset the deleterious impact that low polarity solvents have on the thermodynamic stability, and
therefore steady-state population, of the acyl-pyridinium intermediate in the first place.
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Figure 1.8: Proposed mechanism and experimental rate law for the DMAP-catalysed acetylation of cyclohexanol 38 with
acetic anhydride and NEt3 in CH2Cl2, and activation parameters for the comparable PPY-catalysed isobutyrylation of 1(1-naphthyl)ethanol 40 in PhMe. For DMAP-catalysed acetylation the order in each component was determined under
pseudo first-order conditions, using either limiting 38 or acetic anhydride; under typical preparative conditions, DMAPcatalysed acetylation evolves according to pseudo second-order kinetics. For PPY-catalysed isobutyrylation, activation
parameters were calculated (erroneously?) from the pseudo second-order rate coefficient (kcat).

This mechanism fails in other respects, however, yet discussions of these deficiencies are rather
scarcer in the literature269. At least under model conditions in CH2Cl2, auxiliary NEt3 appears to
be kinetically insignificant when present in excess,270 suggesting that it completely prevents
prototropic inhibition of DMAP and plays no part in the rate-determining transition state. Under
such a mechanism, exchanging NEt3 for bases of comparable or greater strength ought to have
no effect on the rate of turnover – yet this prediction is apparently contradicted by experiment, 269
with even subtle perturbations to the base – from, for example, NEt3 to N(iPr)2Et – leading to
material changes in catalytic efficiency.296 Although previous reviews269, 271 have speculated on
the role of ketene formation by base-mediated eliminations of N-acylated pyridinium salts, and on
the differential solubilities of organic salts in apolar media, systematic studies on this front remain
elusive to this day.
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Extending the DMAP Paradigm
Since the discovery of DMAP (34-NMe2) and its first-generation analogues (PPY; 35),273 various
other Lewis bases have been tailored to acyl transfer catalysis. The overwhelming majority of
these bases can be broadly categorised into one of four groups, including: (i) close analogues of
4-DMAP, synthesised via systematic modifications of the core 4-aminopyridyl unit (e.g., 35-56);271,
297-303

(ii) other N-centered Lewis bases (amidines,304-306 guanidines, isothioureas,307-312

dihydroimidazoles,313-315 N-alkyl imidazoles,316-318 vic-diamines); (iii) phosphines;293, 319 and (iv) Nheterocyclic carbenes (NHCs).320,

321

Only a few, miscellaneous catalysts fall outside these

classifications (Figure 1.9).

Figure 1.9: Selected achiral DMAP analogues synthesised from 1969 – 2021, and general structures of other privileged
aprotic Lewis bases used in acyl transfer catalysis.
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Innumerable attempts to improve the catalytic proficiency of DMAP by incremental
functionalisation have been made (Figure 1.9). Zipse, for example, has reported several attempts
to enhance the catalytic activity of the DMAP core by Lewis basicity enhancement, including
through conformational fixation (e.g., 43, 44),297 increased amino-substitution (e.g., 47-49; 51),298,
299, 301

and, recently, by ionisation (55);303 parallel efforts have been reported by Han and co-

workers (45-46).322, 323 Whilst these endeavours have been rewarded with modest improvements
in catalytic activity, the application of such catalysts

has generally been precluded by the

considerable synthetic effort required in their preparation and purification. 271 Other examples of
incremental modification include functionalisation of the pyridyl nitrogen itself (via, e.g., Noxidation324; 52), manipulations to the aromatic framework (53)325 and, more recently, the
incorporation of p-iminophosphorano substituents (56).326 Despite extensive and protracted
attempts to optimise the DMAP core, however, even the latest analogues (54-56) exhibit catalytic
activities that are not dissimilar to PPY (35),273 reported over half a century ago; the catalytic
activity of 9-azajulolidine 43, developed by Zipse and co-workers in 2003 and itself only marginally
superior to PPY 35,297 remains largely326, 327 unsurpassed to this day.
As a consequence of detailed studies by Zipse and Mayr, the nucleophilicities and Lewis basicities
of many DMAP analogues have been systematically characterised by both experiment and
theory. Using benzhydrylium ions 13 as model electrophiles, nucleophilicity parameters (N) have
been determined for a total of 11 aminopyridines in MeCN (Figure 1.10).300,

301, 328

Both

conformational fixation and annelation lead to significant increases in the intrinsic nucleophilicity
of DMAP, but the differential effects on Lewis basicity (K2, Figure 1.11) are more nuanced.

Figure 1.10: Nucleophilicity parameters for a range of aminopyridines in MeCN at 20 °C. Parameters determined by the
reaction of each aminopyridine with a series of benzhydrylium ions as reference electrophiles.
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Figure 1.11: Experimentally measured bimolecular rate constants (k2) and equilibrium constants (K2) for the reaction of
various aminopyridines with reference benzhydrylium ion 13b in MeCN, and schematic comparison of experimental
nucleophilicity parameters with computed acetylation enthalpies in CHCl 3 (MP2/6-31+G(2d,p)/ IEFPCM(CHCl3)//B98/631G(d)) for selected aminopyridines. Comparative data not available for all aminopyridines in Figure 1.10.
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Acetylated 3,4,5-triaminopyridine 61, for example, is comparably nucleophilic to DMAP yet almost
two orders of magnitude weaker as a Lewis base (Figure 1.11); a similar disparity, although
weaker, is observed for benzoylated 3,4,5-triaminopyridine 59, consistent with the differential
effect of π-π* conjugation on nucleophilicity and nucleofugality. Analogous but otherwise
predictable disparities arise in the correlation of experimental nucleophilicity parameters with
theoretical acetylation enthalpies (ΔHAcT),289 with the latter reflecting the stability of a given Nacetylated pyridinium relative to the parent N-acetyl pyridinium cation itself.
Disconcertingly, however, these substantial enhancements in nucleophilicity and Lewis basicity
have failed to elicit similarly profound improvements in the catalytic aptitudes of the
aminopyridines. N-Benzylated 3,4,5-triaminopyridine 51 (ΔHAcT = -98 kJ mol-1, N = 17.7, t1/2 = 65
min), for example, is demonstrably more Lewis basic, and nucleophilic, than either DMAP 34NMe2 (ΔHAcT = -61 kJ mol-1, N = 15.5, t1/2 = 151 min) and PPY 35 (ΔHAcT = -68 kJ mol-1, N = 14.9,
t1/2 = 69 min) – and significantly so (Figure 1.11) – yet under benchmarked catalytic conditions
(with 63, Ac2O and NEt3 in CH2Cl2; Figure 1.12) it displays only a modest activity enhancement
over DMAP, and virtually no improvement over PPY. Similar discrepancies abound amongst the
3,4-diaminopyridines and 3,4,5-triaminopyridines. From a catalytic perspective, 9-azajulolidine 43
(ΔHAcT = -82 kJ mol-1, N = 15.6, t1/2 = 15 min) is the most active of the N-alkylaminopyridines, at
least under benchmarked acylation conditions, although p-iminophosphorano substituted
pyridines (e.g., 65, 66) have very recently been shown to be moderately superior (Figure 1.12).326
That 9-azajulolidine 43 (ΔHAcT = -82 kJ mol-1, N = 15.6), of intermediate character, surpasses
aminopyridines of both weaker (DMAP, PPY) and stronger Lewis basicity under benchmarked
catalytic conditions has given rise to speculation that the acetyl pyridinium salts formed from very
strongly Lewis basic 3,4,5-triaminopyridines (e.g., 49, 51, 62) are “overstabilised”.301 This is a
qualitatively satisfying explanation, but one that is imprecise from a kinetic perspective.
Overstabilisation implies a fundamental shift in the underlying catalyst speciation, and such a shift
ought to have kinetic repercussions; no evidence of any mechanistic switch, however, has been
reported for the neutral aminopyridines. Acylation under benchmarked catalytic conditions
purportedly evolves according to pseudo second-order kinetics, irrespective of the identity of the
aminopyridine,271, 289, 296, 297, 299, 301 such that:
𝑣𝑐𝑎𝑡 = 𝑘𝑐𝑎𝑡 [Ac2 O][ROH],

′ [Cat]
𝑘𝑐𝑎𝑡 = 𝑘𝑐𝑎𝑡
T

Kinetics of this form are consistent with a rapid pre-equilibrium between an N-acylated pyridinium
acetate ion pair and free pyridine, with turnover limiting alcoholysis of the intermediate, and within
this regime one would expect increasing the Lewis basicity of the catalyst to have an overall
favourable effect on the rate of turnover. Any thermodynamic stabilisation of the intermediate –
brought about by, e.g., conformational fixation or annelation – ought to increase the steady state
concentration of the pyridinium salt, and conventionally this stabilisation would more than offset
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any concomitant reduction in the rate of its alcoholysis. Eventually, one might expect the Nacylated pyridinium salt to become more stable than the free pyridine, but in this limit the rate of
product evolution would be expected to saturate in the acyl donor (Ac 2O), with a
phenomenological outcome of pseudo first-order kinetics (Figure 1.6). No such transition in
kinetic regime has been detected, however, even for the most basic aminopyridines, and as such
it remains unclear why the ultra-nucleophilic 3,4,5-triaminopyridines301 should exhibit such
underwhelming performance under catalytic conditions.

Figure 1.12: A common catalytic benchmark used for ranking the catalytic competence of aminopyridines and other
aprotic Lewis bases as acyl transfer catalysts. For all neutral aminopyridines, acylation evolves according to a pseudo
second-order rate law, with the half-life t1/2 formally related to the pseudo bimolecular rate constant k2 by t1/2 = (1/k2[ROH]0).
ln(3/2).
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Figure 1.13: A comparison of catalytic activity (t1/2, Figure 1.12) and Lewis basicity (ΔHAcT) for a range of aminopyridines
in CHCl3. Acylation enthalpies computed at the MP2/6-31+G(2d,p)/ IEFPCM(CHCl3)//B98/6-31G(d) level. Data taken from
the literature.301 Data points in red pertain to shown structures; structures not shown for faded data points.

Beyond N-alkylpyridines
Birman has pioneered much of the work on the use of alternative N-centered Lewis bases in acyltransfer catalysis. Seeking new strategies for asymmetric acyl transfer catalysis, he first reported
the use of chiral amidines for the kinetic resolution of chiral sec-alcohols in 2004,313-315 and the
use of chiral isothioureas for the same purpose two years later.308 Later studies further developed
the ideas laid out in these seminal publications.309
During this program of work, the catalytic proficiency of achiral, bicyclic amidines and isothioureas
towards acyl transfer was shown to be strongly dependent upon the ring size (Figure 1.14),305
and within a common bicyclic framework isothioureas invariably display superior catalytic
activities over the corresponding amidines.329 The effects of ring size amongst the various bicyclic
frameworks are apparently quite subtle, with catalytic competency depending on the sizes of both
the nucleophilic and fused rings in a somewhat unintuitive manner. Six-membered nucleophilic
rings (e.g, DHPB 78, THTB 79, DBN 81) appear at a significant advantage over five-membered
rings (e.g., 85, 86), for example, but only when the fused ring is itself five-membered; the effect
vanishes when the fused ring becomes six-membered.305 Under benchmarked catalytic
conditions, the most competent isothioureas (DHPB 78, THTB 79) exhibit comparable activities
to DMAP; the exact trends appear to be modulated by both the global concentrations of the
reaction and the catalyst loading, yet another interesting but underexplored facet of Lewis base
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catalysed acyl transfers.305 As for the aminopyridines, attempts to correlate catalytic competency
with nucleophilicity/Lewis basicity parameters have been met with what might be described, at
best, as mixed success (Figure 1.15).329

Figure 1.14: Birman’s benchmark reaction for comparing the catalytic aptitudes of aprotic Lewis bases in acyl transfer
catalysis. Modified concentrations were used to distinguish the most active catalysts.

Although the scarcity of detailed kinetic studies for such an emblematic mode of organocatalysis
is striking, the original contribution of Zipse on achiral DMAP catalysis, 270 and isolated studies by
Smith,330 Rychnovsky331 and Dinér332 on acylative kinetic resolutions, support the idea that
isothioureas and aminopyridines – and, by inference, amidines, N-alkyl imidazoles, and
phosphines293 – catalyse acyl transfer by a common mechanism in weakly polar aprotic media.
Amongst the small selection of studies that have looked closely, pseudo bimolecular kinetics –
with an underlying first order dependence on catalyst – are almost ubiquitous, whilst product
inhibition is almost universally absent; such features narrow the range of mechanistic possibilities
considerably, requiring not only a rapid pre-equilibrium between the free Lewis base and the
(cationic) N-acylated adduct but also the existence of that adduct as a tight-ion pair. Minor
deviations from idealised reaction orders have been reported in several cases, 330, 332 and duly
interpreted in terms of mixed catalyst speciation, yet confirmed spectroscopic detections of Nacylated adducts during turnover appear to be vanishingly scarce, even when the global kinetics
implicate the detectable accumulation of such species. Full kinetic deconvolutions à la Jencks282284

are rarer still, as are documented attempts to experimentally probe key transition states under

catalytic conditions.291, 293
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Figure 1.15: Structure-activity relationships for amidine and isothiourea catalysts in the acetylation of α-methylbenzyl
alcohol 76 with acetic anhydride and diisopropylethyl amine in CHCl 3 (Figure 1.14), correlation of catalytic activity (t1/2)
with nucleophilicity parameters (CH2Cl2) for a subset of five isothioureas, and comparison of bimolecular rate constants
and equilibrium constants for the reaction of class-leading isothioureas and DMAP with reference benzhydrylium ion 13c
in CH2Cl2.
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Given that all these Lewis bases are electrostatically neutral and aprotic, and predominantly
universally N-centered nucleophiles, such mechanistic homogeneity is not in itself surprising. That
they exhibit comparable phenomenological activities, activate the same acyl donors, and
outcompete the same acyl acceptors – all under similar conditions – also suggests a common
mechanism. This homogeneity, however, begs several important questions. Why, with an
apparently trivial mechanism, have systematic attempts to improve catalytic activity by Lewis
basicity enhancement largely been met with failure? And why have organic chemists cleaved to
neutral aprotic Lewis bases?

1.2.4. Beyond the DMAP Paradigm
In many ways, organic chemistry has moved on profoundly from DMAP. In the field of
enantioselective acyl transfer catalysis,247-250 chiral isothioureas are often capable of matching or
surpassing chiral DMAP analogues,247,

333-336

especially in the kinetic resolution and

desymmetrisation of alcohols, whilst biomimetic Lewis base catalysts, often under the guise of
oligopeptide-based N-alkylimidazoles,252, 253, 318, 337-342 provide systematic access to an essentially
unlimited array of elaborate chiral scaffolds. Beyond enantioselective synthesis, the development
of artificial enzymes capable of catalysing broad arrays of acyl group transfers has gained
significant momentum, with catalysis often mediated by thioester formation. 256, 258
Despite this progress, the underlying activity of DMAP in acyl transfer catalysis remains almost
as influential as ever.271 Contemporary methodologies for the most challenging of kinetic
resolutions still depend on DMAP or close analogues thereof,259-264 and even to this day
researchers cleave to the 4-aminopyridinyl core in search of novel catalophores for acyl
transfer.303, 326 Considering that DMAP was first developed more than half a century ago, attempts
to enhance its activity since have been roundly disappointing.296, 297, 299-301, 322, 323 Particularly in
recent years, it appears that the challenge of catalytically activating ever more inert acyl donors
(e.g. unactivated esters) – the idea at the very heart of acyl transfer catalysis – has been sidelined amidst the quest for enantioinduction at any cost. The vast majority of modern acyl transfer
catalysts ultimately remain subject to the same reactivity limitations as DMAP with respect to the
acyl donor, and almost all have been designed to follow, at least in theory, the same mechanistic
template.
This lack of progress is important because the catalytic activation of weakly electrophilic acyl
donors likely holds the key to solving some of the outstanding problems in Lewis base acyl
transfer catalysis. One such problem is the development of a simple, practical, and widely
applicable approach to the kinetic resolution of highly nucleophilic acyl acceptors (e.g., primary
amines). Outcompeting such nucleophiles under the DMAP regime, though possible, continues
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to pose a severe challenge for several reasons. 259,

262-264

To achieve high levels of

enantioselectivity with highly nucleophilic acyl acceptors the catalyst itself must possess some
unique characteristics: it must be exceptionally nucleophilic, in order to outcompete direct,
uncatalysed acylation, yet it must also be a sufficiently competent nucleofuge so as to not undergo
irreversible acylation itself. Neutral Lewis bases have proven largely incapable of providing such
a combination of properties, and contemporary strategies that insist on adopting such bases are
either highly elaborate, deeply impractical, or limited in scope.262, 263, 343, 344
Nevertheless, in the last few years a select few research groups have begun to venture beyond
the DMAP paradigm in pursuit of new approaches to acyl transfer catalysis. Bode and Rovis have
approached the problem, rather ingeniously, from the perspective of the acyl donor. Instead of
relying upon the use of typical carboxylic acid derivatives as acyl donors (acyl halides, acid
anhydrides), they have proposed a strategy for the catalytic acylation of amines with α-reducible
aldehydes, in a formal H-to-N acyl transfer.321,

345, 346

To achieve this transformation a dual

catalytic system, including an NHC (e.g., 92) and second, heteronucleophilic Lewis base (e.g.
1H-1,2,4-triazole, 98), is needed; in the absence of the NHC or Lewis base co-catalyst, near
exclusive imine formation is observed. Contrary to the DMAP paradigm, the mechanism of this
transformation is thought to depend upon the successive formation of two acylated intermediates.
The first key intermediate is proposed to be an acylazolium salt 97,267 generated via the
nucleophilic addition of the NHC catalyst to the aldehyde and subsequent α-reduction (94, 95,
96). Acylazolium salts 97, however, react slowly with amines,347 so the role of the second Lewis
base catalyst is to intercept the acylazolium to generate a second, more reactive acylated
intermediate (e.g., 100), which then engages the amine in a final acyl transfer. Interestingly, this
second acylated intermediate 100 is proposed to be a neutral species. A range of aldehydes have
been tailored as acyl donors, although all must carry reducible α-substituents; examples of typical
substrates include electron-poor formyl cyclopropanes, α-chloroaldehydes and enals. Bode later
proposed α’-hydroxyenones (e.g., 90) as acyl donors in order to avoid the mitigate background
imine formation (Figure 1.16).265
Focusing instead on the electrostatic properties of the Lewis base catalyst, Ooi has reported the
use of zwitterionic betaine catalysts 101 in the asymmetric Steglich rearrangement
(intramolecular O-to-C acyl transfer).348 The nucleophilic phenoxide moiety in these catalysts is
formally anionic, and so benefits from a significant enhancement in intrinsic nucleophilicity relative
to neutral Lewis bases; the putative O-acylated intermediate is formally cationic, but the charge
is localised at a site remote from the acyl group itself. With the exception of one example citing
the use of phosphonium ylides,349 however, it seems zwitterionic catalysts have not yet been
broadly extended to bimolecular acylations.
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Figure 1.16: Beyond the DMAP paradigm. (A) General scheme and posited mechanism for the catalytic acylation of
amines using α-hydroxyenones and two classes of organocatalyst (N-heterocyclic carbene 94 and 1,2,4-triazole). (B)
Examples of zwitterionic (99) and anionic (55, 100) Lewis bases used to catalyse acyl transfers in aprotic media, including
azole anions.
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Perhaps the simplest approach to improve activity in acyl transfer catalysis would be to use fully
anionic Lewis bases as catalysts; such bases would, after all, be expected to be considerably
more nucleophilic than their conjugate acids and many of the archetypal aprotic Lewis base
catalysts.350 Despite its simplicity, however, this idea appears to have been widely neglected in
the literature, presumably as a result of the dogmatic assumption that neutral acylated
intermediates will always be insufficiently electrophilic to react with common acyl acceptors (e.g.
alcohols, amines). Scattered examples of Lewis base catalysis by pyridone 351 and fluoride
anions352,
(102)354

353

have been reported in the past, and recently efforts to exploit tropolonate salts

and anionic DMAP analogues (103)303 have also been documented.

The most interesting report on this subject was that published by Birman in 2009. 355 In this report
Birman demonstrated that azole anions in general – and triazole anions in particular – were highly
effective in catalysing the aminolysis of esters, under conditions where virtually all other classes
of neutral Lewis bases afford minimal activity. Particularly striking was the finding that triazole
anions were capable of activating very weakly electrophilic esters (i.e. methyl benzoate, phenyl
acetate), which otherwise undergo extremely sluggish direct aminolysis with even highly
nucleophilic amines. Despite the exceptional potential of this methodology, efficient
enantioselective variants – e.g. for the kinetic resolution of highly nucleophilic amines – have still
yet to emerge, despite the efforts of several eminent researchers in the field. 266, 356 The reasons
for this failure appear not to be understood, and it is this lack of understanding – the general
dearth of holistic kinetic studies of acyl transfer catalysis at large – that motivates the work
reported in the second half of this thesis.
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2.1. Background
2.1.1. Ambident Heterocycles
Ambident nucleophilicity is ubiquitous in heterocyclic chemistry, and the source of many perennial
regioselectivity problems in the field (vide infra). Pyrrole,1-3 imidazole,4,

5

triazole6-11 and

pyridone12-15 anions are model examples of heterocyclic ambident nucleophiles (Figure 1.2), yet
there exists a vast array of conjugated heterocycles beyond these that also display ambident
nucleophilicity. Examples that have been specifically discussed in the literature through the lens
of ambident reactivity include indoles,16 benzimidazoles,17-20 azaindoles,21 diazaindenes,21 4hydroxyquinol-2-ones,22 4-hydroxypyrimidines,23 and various modified nucleobases or analogues
thereof.24-29
In many ways, heterocycles present an altogether greater synthetic challenge to regioselective
alkylation than prototypical ambident nucleophiles (e.g., cyanide, enolates, amides etc.) for
various reasons (Scheme 2.1), including but not limited to:
Polydenticity: Contrary to many of the prototypical ambident nucleophiles, it is not uncommon
for ambident heterocycles to comprise more than two competing nucleophilic centres in
conjugation. In this way many nucleophilic heterocycles are not merely ambident, but polydent,
and with so many potential nucleophilic sites in competition it is often challenging to selectively
promote the reactivity of just one position. Neither is polydenticity confined to large or obscure
motifs: 4-hydroxypyrimidines 103, for example, are very simple, six-membered heterocycles, yet
readily form mixtures of three distinct regioisomers (104-O, 104-N2, 104-N4) under standard
alkylation conditions.23, 30 Many compounds of pharmaceutical and agrochemical interest pose
the additional challenge of needing to distinguish between several ambident heterocycles in one
molecule; thus, even if a strategy is successfully devised for controlling one particular heterocyclic
moiety in isolation, there is no guarantee it will have the desired effect in more complex
frameworks.
Nitrogen everywhere: Many practical interventions for controlling ambident nucleophiles depend
upon the optimisation of key reaction conditions, including temperature, solvent, and
countercations (for anionic nucleophiles). These interventions often work by tuning the extent of
ion-pairing and the degree of selective solvation. Such interventions will have the greatest effect
on selectivity when the competing nucleophilic sites are obviously distinguishable, and the
pathways leading to each of the products traverse disparate transition states. This is most
commonly the case when the competing nucleophilic

centres

have

very different

electronegativities (e.g. enolates, O vs C; cyanide, C vs N, amides, N vs C). An unavoidable
problem with many heterocycles is that their nucleophilicity is often dominated by a single element
– nitrogen – so that any attempts to intervene with changes to solvent, temperature and or
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concentration tend to perturb the reactivities of all sites similarly, leading to marginal changes in
regioselectivity. Ion-pairing and solvation in nitrogen-rich heterocycles are likely to be
indiscriminate, and the intrinsic reactivities (cf. Marcus theory) of the competing sites are likely to
be very similar. In C-substituted triazoles (105), for example, electrophilic N-functionalisation can
in principle occur at one of three highly analogous positions (106-N1, 106-N4, 106-N2), which are
nevertheless formally symmetry inequivalent – and this is a simple heterocycle.

Scheme 2.1: Key challenges posed by ambident heterocycles in regioselective alkylations.

Charge-dependent selectivity: Many heterocycles exhibit ambident nucleophilicity in more than
one charge state, and this introduces several complications when attempting to control
regioselectivity. In general, anionic states of ambident N-heterocycles are several orders more
reactive than their conjugate acids in polar aprotic solution, 29 and as such mono-functionalisation
under basic conditions generally proceeds fairly cleanly. In many cases, however, it is difficult to
preclude completely the formation of doubly functionalised, quaternary salts, depending upon the
nature of the heterocycle and the identity of the newly introduced substituent. Naturally, even if
the initial selectivity is high, the formation of such a salt will sabotage the overall yield of the
desired, monofunctionalised product. Moreover, in certain scenarios a change in the charge state
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of an ambident heterocycle can completely invert its reactivity, leading to complex behaviour. The
purine nucleobase adenine (107, 109) provides an excellent example of this phenomenon: under
basic conditions (109) the alkylation of the imidazole nitrogen N-9 (110-N9) is overwhelmingly
favoured,26,

27

yet under neutral conditions (107) alkylation of the pyrimidine nitrogen N-3

predominates (108-N3);25 in both cases, minor quantities of other regioisomers inevitably also
arise, in quantities that depend upon the nature of the alkylating agent and reaction medium.

2.1.2. Triazole alkylations
1,2,3- and 1,2,4-Triazole
Triazoles are five-membered, unsaturated heterocycles comprised of three nitrogen atoms and
two carbon atoms. The parent triazoles have two distinct regioisomers – 1,2,3-triazole (1,2,3TrzH, 111) and 1,2,4-triazole (1,2,4-TrzH, 98) – both of which are exclusively synthetic in origin.
Each of these regioisomers can exist as one of two tautomers (Scheme 2.2): 1H-1,2,3-triazole
(111-N1) or 2-H-1,2,3-triazole (111-N2), and 1H-1,2,4-triazole (98-N1) or 4H-1,2,4-triazole (98N4). In the gas phase the 2H-1,2,3-triazole and 1H-1,2,4-triazole tautomers are overwhelmingly
favoured.31 In aqueous solution both 1H-1,2,3-triazole and 2-H-1,2,3-triazole coexist in
appreciable quantities, whereas 1H-1,2,4-triazole remains the predominant tautomeric form.31-40

Scheme 2.2: Tautomerism of 1,2,4-triazole (1,2,4-TrzH) and 1,2,3-triazole (1,2,3-TrzH), and mesomerism of the
corresponding triazolate anions (1,2,4-Trz, 99; 1,2,3-Trz, 112).

Despite their complete absence from natural products, N-substituted triazoles are widely
deployed as pharmaceutical and agrochemical agents. N-substituted 1,2,4-triazoles, in particular,
are used extensively as broad-spectrum fungicides for both the protection of agricultural crops 41
and the treatment of fungal infections in humans (Figure 2.1).42, 43 The antifungal activity of these
compounds is ascribed to their inhibition of fungal lanosterol 14-demethylase,41, 43 a cytochrome
P450 enzyme (CPY51) critical to the production of ergosterol in fungi. N-substituted triazoles
have also found applications as herbicides, as antiviral and antibacterial agents, and as
pharmaceutical treatments for a range of other medical conditions, 44 including breast cancer,
diabetes, insomnia and epilepsy.
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Figure 2.1: Common triazole-based agrochemical fungicides, clinical antifungals, and other pharmaceutical
compounds.41, 45
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Alkylation selectivities
Many of these N-substituted triazoles are prepared industrially via the direct alkylation of the
parent triazole, typically under basic conditions. Despite its apparent simplicity, there are two
profound problems associated with this approach: (i) mono-alkylation almost invariably proceeds
with less than ideal regioselectivity, affording mixtures of regioisomers; and (ii) product alkylation,
leading to the formation of doubly-alkylated triazolium salts, is often kinetically competitive with
mono-alkylation, especially under phase-transfer conditions. These selectivity issues become
particularly acute when other factors dictate that alkylation should be carried out at a late stage
in a synthesis, using a highly valuable, pre-embellished alkylating agent. In such cases it is likely
that significant resources have already been committed to the synthesis of the alkylating agent,
so the formation of even minor quantities of the incorrect regioisomer and/or doubly alkylated
salts can be very costly. Both mono- and di-alkylation proceed irreversibly under typical
conditions, precluding access to thermodynamically controlled selectivity.
Under basic conditions, the prevailing nucleophilic species during alkylation are typically the
triazole anions (99, 112; Scheme 2.2). These anions are highly conjugated, strongly nucleophilic
at nitrogen, and several orders of magnitude more nucleophilic than the corresponding conjugate
acids (98, 111) at a given position.29 Critically, the parent anions 99 and 112 are ambident
nucleophiles: in each of the anions, two of the nitrogen atoms (112: N1, N3; 99: N1, N2) are
rendered equivalent by symmetry, whilst the third (112: N2; 99: N4) is distinct; carbon substitution
eliminates symmetry completely, leading to three competing nucleophilic sites.
Controlling the selectivity of ambident nucleophiles towards alkylating agents is inherently difficult;
triazole anions, however, pose a unique challenge, especially for such simple molecules. Detailed
investigations reported by the Process Chemistry group at Merck two decades ago9 revealed that
the ambident reactivity of 1,2,4-triazole 98 towards classic alkylation is exceptionally insensitive
to essentially every facet of common reaction conditions (Scheme 2.3). Changes to the solvent,
base, temperature, nucleofuge – and even the degree of substitution in the alkylating agent –
were observed to have minimal effects on the observed regioselectivity (N1/N4), with both
isomers of the alkylated product typically being generated in appreciable quantities (typically 9:1,
N1:N4). Most striking of their observations was the insensitivity of selectivity towards the base:
almost identical selectivities (86:14 to 92:8) were observed for neutral organic bases (DBU, TMG)
and inorganic salts (M+X-), and amongst inorganic bases no significant changes were observed
following changes to the basic anion (X- = H-, OH-, CO32-) or the metal countercation (Li+, Na+, K+,
Cs+). Unable to make any progress through traditional optimisation routines, the process chemists
at Merck moved on. Other reports from the literature suggest that a similar problem is inherent in
the reactivity of the 1,2,3-triazole anion.10, 46
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Scheme 2.3: Selectivity of 1,2,4-triazole towards direct alkylation under basic conditions. 9

Higher or inverted selectivities for the alkylation of triazoles almost invariably requires some form
of covalent pre-functionalisation; this may take the form of covalent protecting groups, directing
groups, or else the installation of C-substituents that modulate N-selectivity (Scheme 2.4). An
early covalent protecting strategy, proposed by Olofson in 1970, 7 exploits the fact that acylations
of azoles, unlike alkylation, often proceed under thermodynamic control. Consequently, the
acylation of 1,2,4-triazole occurs exclusively at the N-1 site, and alkylation of the resulting acylated
adduct 113 is wholly selective for the N-4 position; alcoholytic deacylation of the alkylated
triazolium salt 114 is facile, in turn enabling access to the neutral N-4 alkylated triazole 115 after
deprotection. However, as with many protecting strategies, the Achilles’ heel of this approach is
nucleophilic deactivation: N-acylation annihilates the nucleophilicity of the triazole ring,
necessitating exceptionally potent oxonium or carboxonium alkylating agents (e.g., [Me 3O+][BF4]), and this cripples the scope of the alkylation. The susceptibility of the N-acylated precursor 113
to hydrolytic cleavage adds to these difficulties.
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Converse selectivity, as reported by Astleford and co-workers,8 can be achieved by the N-1
alkylation of 4-N-amino-1,2,4-triazole (116) under neutral conditions, to afford 117, followed by
deaminative diazotisation (Scheme 2.4). 116 is commercially available, and unlike N-acylated
1,2,4-triazole 113 the presence of the 4-amino protecting group does not completely neuter the
reactivity of the N-1 position. High yields of 1-N-alkyl-1,2,4-triazoles 118 can be obtained with
classic halide-based alkylating agents, including unactivated alkyl chlorides, although harsh
conditions are required for the reaction (iPrOH, reflux) and deprotection (NaNO2, HCl).
Gaspirini and co-workers have demonstrated that exclusive N-1 selectivity can also be achieved
by using 1-N-trimethylsilyl-1,2,4-triazole (119) as a masked precursor of the anion 99;47, 48 in
contrast to 116, the TMS substituent instead acts as a directing group for the adjacent,
unprotected nitrogen (N-2), rather than a protecting group per se (Scheme 2.4). Ohta and coworkers46 have extended this idea to the synthesis of 1-N-alkyl-1,2,3-triazoles 121 from 120,
seemingly benefiting from the finding that N-silylation of 1,2,3-triazole proceeds with high N-2
selectivity. As expected, N-silylated triazoles 119 and 120 suffer from significant nucleophilic
deactivation, necessitating harsh alkylation conditions. Using a different strategy, Wang and coworkers10 have used C-substitution to bias the selectivity of 1,2,3-triazole towards alkylation.
Atypically high N-2-selectivities were observed, for example, in the alkylation of 4-bromo-5trimethylsilyl-1,2,3-triazole 122, a finding the authors ascribe to a vague combination of orbital,
steric and electrostatic directing effects from the substituents. Whilst this approach avoids Nprotection, thereby bypassing the problem of nucleophilic deactivation, it requires multiple prefunctionalization steps prior to alkylation in order to secure high N-2 selectivity, and further
deprotective steps to remove the directing C-substituents, if required. If direct alkylation of the
parent 1,2,3-triazole is desired, this method is clearly inefficient; if further elaboration of the carbon
skeleton is required, it may be highly flexible.
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Scheme 2.4: Indirect strategies for the regioselective alkylation of 1,2,3- and 1,2,4-triazole, based on covalent protecting
groups, directing groups, or substituent control. Silylation and acylation ostensibly proceed under thermodynamic control,
in contrast to the kinetically-controlled regime of alkylation.
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2.1.3. Project Aims
Taming the ambident reactivity of triazole anions, even towards archetypal electrophiles, is a
perennial problem in heterocyclic chemistry, and one that continues to cause significant problems
throughout the synthetic laboratories of the pharmaceutical and agrochemical industries. Previous
efforts to achieve regioselective alkylation have universally sidestepped the stubborn reactivity of
triazole anions by instead using masked equivalents (e.g. 113, 116, 119, 120) or prefunctionalised derivatives (e.g., 122). Many of these masked anions, however, must be prepared
and isolated prior to alkylation, and dismantled afterwards; many suffer significantly from
nucleophilic deactivation; many are tailored to just one regioisomer of triazole; and many serve
only to enhance, rather than invert, an existing selectivity bias. Critically, this approach depends
upon the formation, and cleavage, of superfluous covalent bonds to the triazole ring, an inherently
inefficient approach.
An ideal strategy would avoid all of these pitfalls. It would offer a route to direct alkylations,
avoiding the need for covalent pre-functionalisation; it would allow regioselective alkylations of
both regioisomers of triazole, and would offer regioselectivity in either direction; it would be broad
in scope, and optimised for ubiquitous alkylating agents; it would require only mild and
operationally simple reaction conditions; and it would avoid the use of stoichiometric reagents or
additives. This chapter documents research conducted in pursuit of such a strategy.

2.2. Stoichiometric Studies
2.2.1. Preliminary experiments
Experimental studies commenced with an exploration of regioselectivity in the N-benzylation of
1,2,4-triazole (1,2,4-TrzH; 98) with 4-fluorobenzyl bromide (p-F-BnBr; 123-Br) as a prototypical
system.

Preliminary experiments made use of the strong organic base 7-methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene

(MTBD;

124),

selected

on

account

of

its

comparative

thermodynamic basicity (pKa(MeCN) = 25.6 vs pKa(MeCN) = 24.6 for TrzH), low nucleophilicity,
and favourable solubility profile across a range of organic solvents. Under typical conditions (20
°C) in MeCN, with equimolar (0.10 M) p-F-BnBr, TrzH and MTBD, benzylation proceeded
efficiently to yield 1-(4-fluorobenzyl)-1,2,4-triazole (125-N1) and 4-(4-fluorobenzyl)-1,2,4-triazole
(125-N4) (Scheme 2.5); an end-point regioisomeric ratio of 85:15 (N1:N4; S1 = 85 %) was
determined by 1H NMR spectroscopy after full conversion of p-F-BnBr (< 24 h), with the N1 (125N1) and N4-benzylated products (125-N4) assigned spectroscopically by virtue of their differing
symmetries. Competing N-benzylation of the base under these conditions was negligible, as was
formation of the doubly benzylated triazolium salt.
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Scheme 2.5: Prototypical N-benzylation of 1,2,4-triazole 98 under basic conditions (MTBD 124), mechanistic basis for
alkylation, and N1:N4 selectivities observed with a range of primary alkylating agents in MeCN-d3 under ambient
conditions (20 °C). Regioselectivities, shown in the form N1:N4, determined by 1H NMR spectroscopy on the crude
reaction mixture after full conversion of the alkylating agent.
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This selectivity is essentially in quantitative agreement with the findings of Cowden et al. (Scheme
2.3),9 and with the theoretical selectivity of an anionic substitution mechanism, computed in the
standard manner using the ideal-gas rigid-rotor harmonic-oscillator approximation, implicit
solvation (IEFPCM(MeCN,UFF)), and various electronic structure methods (Table 2.1).

Potential energy method (PE)

Δ‡G1 / (kJ mol-1)

Δ‡G4 / (kJ mol-1)

F1 / %

CCSD(T)-F12b (A)

83

87

84

DLPNO-CCSD(T) (B)

81

85

87

DF-LCCSD(T)-F12b (A)

86

91

87

MP2-F12b (A)

83

89

93

DF-LMP2-F12b (A)

86

91

91

SCS-MP2-F12b (A)

93

98

91

DF-SCS-LMP2-F12b (A)

95

100

88

PBE0+GD3BJ (C)

74

79

86

M06-2X (C)

84

90

90

ωB97XD (C)

87

91

83

Table 2.1: Theoretical free energies of activation Δ‡G1 and Δ‡G4 and fractional selectivity F1 for the N1- and N4-benzylation
of the 1,2,4-triazolate anion 99 with p-F-BnBr 123-Br, respectively, computed at the PE//PBE0+GD3BJ/6311+G(d,p)/IEFPCM(MeCN,UFF)//PBE0+GD3BJ/6-311+G(d,p)/qRRHO (ωc = 100 cm-1, fs = 0.95) level of theory.
Structures optimised in vacuo and solvation (IEFPCM(MeCN,UFF)) applied as a single-point correction. Calculations
conducted with one of three different basis sets, including: basis set (A) = cc-pVDZ-F12+def2-ATZVPP(Br); basis set (B)
= CBS[Extrap(2/3,cc-pVnZ)]; and basis set (C) = spaug-cc-pVQZ. Free energies computed at T = 25 °C for a standard
state of 1 mol dm-3. Fractional selectivities calculated according to F1 = exp[(Δ‡G4 – Δ‡G1)RT]/{1+ exp[(Δ‡G4 – Δ‡G1)RT]}
for T = 293 K.

Subjecting 1,2,4-triazole/MTBD to various other primary alkylating agents – including
iodomethane

(MeI),

allyl

bromide

(AllylBr),

methyl

bromoacetate

and

2-bromo-4’-

fluoroacetophenone, and various benzylating agents – under otherwise analogous conditions in
MeCN led to highly preserved selectivities (84:16 to 91:9) (Scheme 2.5). Very modest increases
in N-1 selectivity appear to arise for more reactive alkylating agents, but in general changing either
the alkyl substituent (alkyl, allyl, benzyl, α-carbonyl) or the leaving group (OTs, Cl, Br, I) had a
negligible effect.
To investigate the kinetics of benzylation – and the temporal evolution of regioselectivity – the
prototypical N-benzylation of 1,2,4-triazole was next monitored in situ using

1H

NMR

spectroscopy, using 1,3,5-trimethoxybenzene (0.0033 M) as an internal integration standard
(Figure 2.2). To facilitate in situ monitoring and manual reaction assembly, the overall reaction
was diluted tenfold (0.010 M) relative to previous end-point studies (0.10 M), but the equimolar
stoichiometry and solvent (MeCN-d3) were retained. Over the course of these experiments, a total
of five independent kinetic runs, each initiated with differing substoichiometric quantities of MTBD
124 (0.20 – 1.0 equiv.), were monitored at 20 °C, whilst a further five – all initiated with
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stoichiometric MTBD 124 (1.0 equiv.) – were monitored at varying temperatures (20 °C – 45 °C;
5°C increments) under otherwise identical conditions.

A

C

B

D

123-Br

Figure 2.2: Kinetics of the N-benzylation of 1H-1,2,4-triazole (98; 0.010 M) with p-F-BnBr (123-Br; 0.010 M) and MTBD
(124; 0.002 – 0.010 M) in MeCN-d3, monitored by in situ 1H NMR spectroscopy (T = 20 °C). (A) Temporal concentration
profiles of p-F-BnBr 123, 125-N1 and 125-N4 with [MTBD]0 = 0.010 M. (B) Fractional population F1 of 125-N1 (F1 = [125N1]/([125-N1]+ [125-N4)) as a function of conversion with [MTBD]0 = 0.010 M. (C) Temporal concentration profiles of pF-BnBr 123 at various different initial concentrations of base ([MTBD]0 = 0.002 – 0.010 M). (D) Initial rate of consumption
of p-F-BnBr 123 vs [MTBD]0. Concentrations determined by normalisation against 1,3,5-trimethoxybenzene (0.0033 M)
as an internal integration standard.

Preliminary initial rate analysis performed on the isothermal runs confirmed a first-order
dependence on MTBD 124, with no conversion of p-F-BnBr 123-Br observed in the absence of
base. Further analysis confirmed that the regioisomeric product ratio remained constant, at ca
87:13 (N1:N4), both throughout the course of each reaction and between different runs (Figure
2.2); the very modest difference in selectivity relative to previous end-point experiments is
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presumably a consequence of the diluted conditions used for monitoring, which will disfavour ionic
association between the 1,2,4-triazolate anion 99 and conjugate acid of MTBD (124-H+).

A

B

C

Figure 2.3: Kinetics of the N-benzylation of 1H-1,2,4-triazole (98; 0.010 M) with p-F-BnBr (123-Br; 0.010 M) and MTBD
(124; 0.010 M) in MeCN-d3, monitored by in situ 1H NMR spectroscopy at different temperatures (T = 20 - 45 °C; 5 °C
increments). (A) Temporal concentration profiles of p-F-BnBr 123-Br at T = 20 °C, 25 °C, 30 °C, 35 °C, 40 °C and 45 °C.
(B) Fractional population F1 of 125-N1 (F1 = [125-N1]/([125-N1] + [125-N4)) as a function of conversion, overlaid from all
six kinetic runs (T = 20 - 45 °C). (C) Eyring plots of k1(T) and k4(T), the rate constants for N1- and N4-benzylation,
respectively (ki° = ki.c°; c° = 1 mol dm-3), calculated by numerical fitting. Concentrations determined by normalisation
against 1,3,5-trimethoxybenzene (0.0033 M) as an internal integration standard.

Collectively, these findings are consistent with a simple anionic mechanism for N-benzylation, in
which 1,2,4-triazolate 99 is generated rapidly and (almost) quantitatively by deprotonation and Nbenzylation proceeds irreversibly by bimolecular substitution; under such a regime the observed
regioselectivity is dictated by an intramolecular competition between the N-1 and N-4 sites in the
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anion 99, consistent with the temporal invariance of the regioisomeric ratio. Higher temperatures
led to increased rates of N-benzylation but, surprisingly, no discernible change in selectivity.
Using a simple anionic substitution mechanism (Scheme 2.5), global numerical fitting
(DynoChem; see Experimental section) of the kinetic profiles of p-F-BnBr 123-Br, 125-N1 and
125-N4 obtained over the five isothermal runs afforded the second-order rate constants k1 = 0.30
dm3 mol-1 s–1 [Δ⧧G1(293K) = 75 kJ mol–1] and k4 = 0.044 dm3 mol-1 s–1 [Δ⧧G4(293K) = 79 kJ mol–
1]

for N-1 and N-4 benzylation, respectively, under the assumption of quantitative deprotonation

by MTBD 124 (Figure 2.2).
Analogous numerical fitting of all three profiles obtained at variable temperatures led to highly
linear (R2 > 0.99) Eyring plots for both k1(T) and k4(T) (Figure 2.3), and in accordance with the
thermal insensitivity of the regioselectivity both plots were characterised by almost identical
slopes (Δ‡H1 = Δ‡H4 = 45 kJ mol-1) but disparate intercepts (Δ‡S1 = -103 J K-1 mol-1, -24.6 e.u.;
Δ‡S4 = -119 J K-1 mol-1, -28.5 e.u.). The absolute values of the enthalpies and entropies of
activation are broadly consistent with bimolecular substitutions with alkyl halides, 49, 50 but the
apparent entropic origin of the selectivity is an interesting subtlety. The significance of this is not
yet clear.

2.2.2. Marcus treatment
Further insight into the origin of selectivity was gained through the application of Marcus theory,
recently advanced by Mayr 51, 52 as a general framework for rationalising ambident nucleophilicity
under activation-controlled regimes. According to Marcus theory, the free energy of activation
(Δ⧧GiM) of an elementary group-transfer reaction can be expressed as a function of the intrinsic
free energy barrier Δ⧧Gi° and the free energy of reaction ΔrGi°:
(Δ𝑟 𝐺𝑖 °)2
1
Δ‡ 𝐺𝑖𝑀 = Δ‡ 𝐺𝑖 ° + Δ𝑟 𝐺𝑖 ° +
2
16Δ‡ 𝐺𝑖 °

(2.1)

Combined KS-DFT and DLPNO-CCSD(T) computations were employed to calculate Δ⧧Gi (126N1-TS, 126-N4-TS), Δ⧧GiM, Δ⧧Gi°, and ΔrGi° for the N-benzylation of 1,2,4-triazolate 99 (Scheme
2.6) with p-F-BnBr 123-Br at the two competing nucleophilic sites (i = 1, 4), with the intrinsic
activation free energies Δ⧧G1°and Δ⧧G4° calculated from the activation free energies of the
corresponding identity reactions Δ‡G11 (127-N1-TS), Δ‡G44 (127-N4-TS), and Δ‡GBrBr (128-TS) in
accordance with the principle of additivity.51, 52
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Scheme 2.6: Marcus analysis of the N-benzylation of 1,2,4-triazolate 99 with p-F-BnBr 123-Br. Δ‡G1 and Δ‡G4 denote the
free energies of activation for N1- and N4-benzylation (126-N1-TS, 126-N4-TS), respectively, whilst Δ‡G1M and Δ‡G4M
denotes the corresponding barriers calculated through Marcus theory. Δ‡G1° and Δ‡G4° denote the intrinsic barriers to N1and N4-benzylation; these are not directly observable parameters, but calculated indirectly from the identity barriers Δ‡G11
(127-N1-TS) and Δ‡GBrBr (128-TS) or Δ‡G44 (127-N4-TS) and Δ‡GBrBr. ΔrG1° and ΔrG4° denote the standard free energies
of reaction for N1- and N4-benzylation, respectively; by definition, ΔrG11° = ΔrG44° = 0.
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The following conclusions may be drawn from the calculations in Table 2.2: (i) the intrinsic kinetic
barrier for the formation of 125-N1 (Δ‡Go1 = 131 kJ mol-1) is in fact larger than for 125-N4 (Δ‡Go4
= 126 kJ mol-1), suggesting that the overall preponderance of N1-benzylation is driven by the
relative thermodynamic stability of 125-N1; and (ii) the free energies of activation Δ‡GM4 and
Δ‡GM1 exhibit near quantitative agreement with directly computed free energy barriers Δ‡G4 and
Δ‡G1, confirming the absence of significant secondary interactions between the triazolate
nucleophile and halide leaving group in the TSs.
Free energy difference

i=1

i=4

Δ‡Gii

170.1

160.3

Δ‡Gi°

130.6

125.6

ΔrGi°

-109.8

-88.1

Δ‡GiM

81.4

85.5

Δ‡Gi

81.1

86.5

Table 2.2: Computed free energy parameters (kJ mol-1) for the N-benzylation of 1,2,4-triazolate 99 with p-F-BnBr 123-Br
in MeCN. Δ‡G1 (126-N1-TS) and Δ‡G4 (126-N4-TS) denote the free energies of activation for N1- and N4-benzylation,
respectively, whilst Δ‡G1M and Δ‡G4M denote the corresponding barriers calculated through Marcus theory. Δ‡G1° and
Δ‡G4° denote the intrinsic barriers to N1- and N4-benzylation; Δ‡G11 (127-N1-TS) and Δ‡G44 (127-N4-TS) are the identity
barriers for N1- and N4- benzyl transfer; the identity barrier for bromide Δ‡GBrBr = 91.0 kJ mol-1. ΔrG1° and ΔrG4° denote
the standard free energies of reaction for N1- and N4-benzylation, respectively. Free energies computed at T = 25 °C
using a combined KS-DFT/DLPNO-CCSD(T) methodology (DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//
PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)//PBE0+GD3BJ/6-311+G(d,p)), with partition functions computed in
accordance with the ideal-gas rigid-rotor harmonic-oscillator (IGRRHO) approximation (fs = 0.95), structures optimised in
vacuo, and solvation treated with the IEFPCM continuum model.

Figure 2.4: Graphical depiction of the free energy parameters summarised in Table 2.2, highlighting the difference
between thermodynamically favoured N1-benzylation and intrinsically favoured N4-benzylation.
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Although N-benzylation proceeds under kinetic control, the thermodynamic stabilization of the two
transition states drives the preferential formation of the N-1 regioisomer (Figure 2.4), leading to
the intrinsically disfavoured product. These results were confirmed with a range of electronic
structure methods [PBE0, DF-LCCSD(T)-F12, DLPNO-CCSD(T)], and DLPNO-CCSD(T)
computations elucidated similar trends for a varied selection of other alkylating agents.

2.2.3. Ambident control by ion-pairing
Exploratory studies of the N-benzylation of 1,2,4-triazole 98 in different solvents, as expected,
resulted in unremarkable perturbations to regioselectivity. Under standard conditions (1,2,4triazole 98, p-F-BnBr 123-Br, MTBD 124, 0.10 M), selectivities spanning 76:24 to 90:10 were
obtained across a broad range of solvents, with the most notably perturbed selectivities arising in
halogenated media (CHCl3, 76:24; CH2Cl2, 79:21) (Figure 2.5); a crude inverse correlation
between the ionising strength of the solvent – quantified by the Dimroth-Reichardt parameter
ET(30) – and N1 selectivity was observed across the remaining solvents (H 2O, MeOH, DMSO,
MeCN, Me2CO, THF), a trend that remained unchanged upon exchanging p-F-BnBr 123-Br for
p-F-BnCl 123-Cl. Excluding the halogenated solvents, the same trend in selectivity with respect
to solvent polarity was reproduced theoretically by combined KS-DFT and CCSD(T)-F12
computations, using implicit solvation, suggesting that the bulk electrostatic stabilisation of more
polar solvents leads to modest selective solvation of the N1/N2 sites in 1,2,4-triazolate.
The atypically low N-1 selectivities observed in halogenated media could not be reproduced by
theory with the same accuracy, however, suggesting that factors beyond differential electrostatic
stabilisation were at play in these solvents. Charge-assisted hydrogen-bonding between the
conjugate acid MTBDH+ (124-H+) and 1,2,4-triazolate 99 (Trz), whilst presumably minimal in polar
protic (MeOH, H2O) and aprotic solvents (MeCN, DMSO), would be expected to be substantial in
apolar halogenated solvents, and it seemed plausible that intimate association with a protic
countercation in this way might influence the innate ambident reactivity of the 1,2,4-triazolate
anion 99. To explore this possibility, a second series of N-benzylation reactions were performed
in the same range of solvents, under otherwise identical conditions (p-F-BnBr, 0.10 M; 20 °C),
using independently synthesised tetra-n-butylammonium 1,2,4-triazolate ([nBu4N+][Trz–]) in place
of equimolar MTBD 124 / 1H-1,2,4-triazole 98 (Figure 2.5). Whilst the overall picture remained
superficially unchanged – N1 benzylation was favoured over N4 by ca 9:1 – a more focused
analysis of changes in regioselectivity (ΔF1 = F1(nBu4N+) – F1(MTBDH+)) provided compelling
evidence of ion-pairing effects: whilst the N1:N4 selectivity observed in polar protic and aprotic
solvents remained largely unaffected by changes to the countercation, material increases in N-1
benzylation were observed in the halogenated solvents.
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D
D

Figure 2.5: End-point fractional selectivities (F1; 20 °C) for the N-benzylation of 1,2,4-triazolate 99 (Trz, 0.10 M) with p-FBnBr 123-Br (0.10 M) across a range of solvents. (A) End-point selectivities with the MTBDH+ (124-H+) countercation
(MTBD 124, 0.10 M; 1H-1,2,4-triazole 98, 0.10 M); (B) End-point selectivities with the nBu4N+ countercation ([nBu4N+][Trz], 0.10 M). (C) Theoretical selectivities for the uncoordinated 1,2,4-triazolate anion 99, computed at the CCSD(T)-F12/ccpVDZ-F12+def2-ATZVPP(Br)//PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(Solvent,UFF)//PBE0+GD3BJ/6-311+G(d,p)
/qRRHO (ωc = 100 cm-1, fs = 0.95) level of theory. Structures optimised in vacuo and solvation (IEFPCM(Solvent,UFF))
applied as a single-point correction. Fractional selectivities calculated according to F1 = exp[(Δ‡G4 – Δ‡G1)RT]/{1+
exp[(Δ‡G4 – Δ‡G1)RT]} for T = 293 K. (D) Difference between the fractional selectivities observed experimentally with the
MTBDH+ (124-H+) and nBu4N+ countercations (ΔF1 = F1(nBu4N+) - F1(MTBDH+)). All experimental selectivities determined
by 1H NMR spectroscopy on crude reaction mixtures after full consumption of p-F-BnBr 123-Br; selectivities expressed
as a function of the normalised Dimroth-Reichardt parameter (ET30) for each solvent, reflecting the ionising strength of
the medium.

To explore the influence of protic countercations on selectivity systematically, a further series of
N-benzylation reactions were performed, under standard conditions (p-F-BnBr 123-Br, 0.10 M;
1H-1,2,4-triazole 98, 0.10 M; MeCN-d3, 20 °C), using a different organic base (0.10 M) in each
case (Scheme 2.7); all reactions were run in parallel and end-point selectivities were determined
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in the conventional manner by 1H NMR spectroscopy. Bases included in this initial screening,
alongside MTBD, were 1,1,3,3-tetramethylguanidine (TMG 129; pKaH(MeCN) = 23.3), 1,8diazabicyclo[5.4.0]undec-7-ene (DBU 130; pKaH(MeCN) = 24.3), 1,8-bis(tetramethylguanidino)
naphthalene (TMGN 131; pKaH(MeCN) = 25.1), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD 132;
pKaH(MeCN) = 26.0) and P1-t-Bu-tris(tetramethylene) (P1-tBu(TME)3 133; pKaH(MeCN) = 28.4).
Weaker bases, including 2,2,6,6-tetramethylpiperidine (TMPH), diisopropylethyl amine (DIPEA)
and 1,8-bis(dimethylamino)naphthalene (proton sponge) led to significantly slower N-benzylation,
incomplete conversion of p-F-BnBr after 24 h, and elevated quantities of the doubly benzylated
triazolium salt, so these bases were not analysed further.
Whilst the majority of organic bases (TMG, DBU, TMGN, MTBD, P1-tBu(TME)3) afforded
unremarkable regioisomeric ratios (82:18 to 87:13, N1:N4), in accordance with previous findings,
a major departure in conventional behaviour was observed with TBD (Scheme 2.7), which
afforded almost equal quantities of 125-N1 and 125-N4 (48:52). Suspecting that the diprotic motif
of the guanidinium cation TBDH+ (132-H+) might be responsible for this outcome, the standardised
N-benzylation of 1,2,4-triazole was then repeated with the structurally analogous amidine
3,3,6,9,9-pentamethyl-2,10-diazabicyclo[4.4.0]dec-1-ene (PMDBD 134, pKaH(MeCN) = 22.6).
Strikingly, in this case a full inversion of conventional selectivity was observed, with the typically
minor N4 benzylated product 125-N4 generated as the major product (16:84, N1:N4). The
combined results from TBD and PMDBD – and the contrast with the otherwise analogous
guanidine MTBD – suggested that bicyclic, diprotic cations (e.g., TBDH +, PMDBDH+) undergo
regioselective complexation with 1,2,4-triazolate 99 in the manner shown in Scheme 2.7, with ion
pairing reinforced by a highly directional pair of (+)N–H–N(−) hydrogen bonds. Composite KSDFT/DLPNO-CCSD(T) computations, including implicit IEFPCM solvation and quasi harmonic
corrections to vibrational entropies (ωc = 100 cm-1), suggested this hypothesis was a reasonable
one, with association between TBDH+/PMDBDH+ and 1,2,4-triazolate predicted to be
substantially exergonic in MeCN (TBDH+: ΔGa(293K) = -18 kJ mol-1, Ka(293K) ≈ 1600 dm3 mol-1;
PMDBDH+: ΔGa(293K) = -31 kJ mol-1, Ka(293K) ≈ 3.3 ×105 dm3 mol-1). The putatively enhanced
binding of PMDBDH+ with 1,2,4-triazolate is also consistent with the trend in N4 selectivity
between the two bases, with a local energy decomposition (LED) analysis attributing this putative
binding enhancement to augmented London dispersion interactions and diminished geometric
and electronic distortion energies, among myriad other, more minor contributions.
Bidentate binding in this way is ubiquitous in supramolecular chemistry, where guanidinium53 and
amidinium receptors are routinely used to complex carboxylates, 54-58as well as other structurally
similar anions,59, 60 and Hamilton and co-workers have demonstrated explicitly the effects of such
bidentate complexation on the ambident reactivity of nitronate anions. 59,

60

O-alkylation is

intrinsically favoured61-64 for nitronate anions and commonly predominant under kineticallycontrolled conditions, yet in the presence of guanidinium or isothiourea receptors Hamilton
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discovered atypically significant C-benzylation (p-NO2-BnBr); such selectivities were observed
even in highly ionising aprotic solvents (DMSO, DMF), but apolar solvents and elevated
concentrations enhanced C-benzylation further still.

Scheme 2.7: End-point selectivities (N1:N4) for the N-benzylation of 1,2,4-triazole 98 (0.10 M) with p-F-BnBr 123-Br (0.10
M) and one of a range of strong organic bases (PMDBD, TMG, DBU, TMGN, MTBD, TBD, P 1-tBu(TME)3; 0.10 M) in
MeCN-d3 at 20 °C, and X-ray crystal structures of [TBDH+Trz-] 135 and [PMDBDH+Trz-] 136. pKaH values pertain to
literature data (TMG, DBU, TMGN, MTBD, TBD, P1-tBu(TME)3)65-67 or calibrated theoretical values (PMDBD; see SI) for
the acidity of the respective conjugate acids in MeCN. N1:N4 selectivities determined by 1H NMR spectroscopy on the
crude reaction mixture after full conversion of p-F-BnBr. X-ray structures determined from single crystals grown by vapour
diffusion from CH2Cl2/pentanes.
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Earlier X-ray crystallographic analysis by Davis and co-workers,59 and calorimetric titrations
undertaken by Hamilton himself with [TBDH+][BPh4-] and nitropropanate,60 confirmed the
hypothesis of bidentate complexation, and demonstrated that charge-reinforced, bidentate
hydrogen bonding is remarkably strong and exothermic, even in highly ionising aprotic media
(DMSO: Ka = 3200 dm3 mol-1, ΔHa = -12.1 kJ mol-1).

2.2.4. Mechanistic experiments
To probe putative binding between TBDH+/PMDBDH+ and 1,2,4-triazolate 99, a full suite of endpoint, kinetic, spectroscopic, and crystallographic experiments were undertaken. Studies
commenced with attempts to directly probe the ion pairs [PMDBDH+Trz-] 136 and [TBDH+Trz-]
135, in the absence of alkylating agents, by X-ray crystallographic analysis (Scheme 2.7) and
internally calibrated 1H diffusion-ordered NMR (DOSY) spectroscopy (Figure 2.4). Single crystals
of both [PMDBDH+Trz-] and [TBDH+Trz-] suitable for X-ray diffraction were obtained readily by
vapour diffusion from CH2Cl2/pentanes, and in both cases the resulting structures showed the
expected bidentate binding mode (Scheme 2.7); an analogous structure was obtained for the
regioisomeric PMDBD salt of 1,2,3-triazole (Scheme 2.14).
Solution-phase associations of PMDBDH+ and TBDH+ with 1,2,4-triazolate 99 were probed
qualitatively by 1H DOSY NMR spectroscopy, with analysis undertaken on a total of five
independent solutions (MeCN-d3, 20 °C): two containing, separately, the PMDBDH + and TBDH+
cations in the form of their independently synthesised tetraphenylborate (BPh 4-) salts (0.050 M),
another two prepared from equimolar PMDBD/TBD (0.050 M) and 1H-1,2,4-triazole 98 (0.050 M),
and a control solution of [nBu4N+][Trz-] (0.050 M). All five solutions were prepared from a common
stock – containing a mixture of five inert diffusion standards, including Et2O (0.025 M), CyH (0.015
M),

tetramethylbutane

(0.010

M),

1,3,5-trimethoxybenzene

triisopropylbenzene (0.015 M), as well as
subjected to identical

1H

19F

(0.015

M)

and

1,3,5-

(PhF) and heavy-atom (CH2Cl2) standards – and

DOSY analysis (Figure 2.4; see Experimental for details). The

association state of each component was assessed on the basis of its apparent molecular weight
– that is, the weight calculated from the observed (population-weighted) diffusion coefficient –
determined by calibration against the five internal diffusion standards. The calculation of apparent
weights by internal calibration eliminated random errors arising from fluctuations to the global
properties of each solution (temperature, viscosity) or from residual convective currents,
permitting inter-sample comparisons.
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[nBu4N+][Trz-]

[TBDH+][BPh4-]
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Trz
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Figure 2.6: Pseudo-2D 1H diffusion-ordered (1H DOSY) NMR spectra obtained independently for samples of
[TBDH+][BPh4-] (A; 0.050 M) and equimolar TBD/1H-1,2,4-triazole (B; 0.050 M) in MeCN-d3 at 20 °C; 1H DOSY spectrum
for [nBu4N+][Trz-] (0.050 M) not shown explicitly, but the normalised diffusion coefficient measured for 1,2,4-triazolate 99
in this sample is indicated on spectrum B. In addition to the named analyte, each sample comprised five internal diffusion
standards (Et2O, 0.025 M; CyH, 0.015 M; TMBu, 0.010 M; 1,3,5-TMB, 0.015 M; 1,3,5-TIB, 0.015 M) as well as a 19F shift
standard (PhF, 0.050 M) and heavy-atom standard (CH2Cl2, 0.025 M). 1H DOSY spectra were obtained identically in each
case: one-dimensional 1H spectra were obtained in 16 increments along the diffusion (f1) dimension with the ledbpgp2s
sequence, using quadratic ramping, 16 transients per spectrum, and a relaxation delay of td1 = 10 s, and pseudo-2D
spectra were generated by a Bayesian transform. Apparent molecular weights for TBDH+, Trz-, and BPh4- were determined
by internal calibration and interpolation, using plots of log10(D) vs log10(Mw) constructed from the measured diffusion
coefficients and molecular weights of the five diffusion standards. Analogous analyses were conducted with samples of
[PMDBDH+][BPh4-] (0.050 M) and equimolar PMDBD/1H-1,2,4-triazole (0.050 M). TMBu = tetramethylbutane. 1,3,5-TMB
= 1,3,5-trimethoxybenzene. 1,3,5-TIB = 1,3,5-triisopropylbenzene. Diffusion units = cm 2 s-1. Overlap of residual solvent
signal at ca 1.98 ppm leads to spectral distortions.
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Analysis of the control solution of [nBu4N+][Trz-] (0.050 M) afforded an apparent molecular weight
of 161 g mol-1 for the 1,2,4-triazolate anion 99 (Trz) and 278 g mol-1 for the nBu4N+ countercation;
both overestimate the true molecular weights of the individual components (Mw(nBu4N+) = 242 g
mol-1; Mw(Trz) = 69.1 g mol-1), but this is easily reconciled by invoking residual ion-pairing, intimate
solvent association (e.g., Mw([nBu4N+(MeCN)) = 286 g mol-1) or, likely in the case of 1,2,4triazolate, geometric mismatch with the internal standards (see next Chapter for more discussion).
Identical analysis of [TBDH+][BPh4-] and [PMDBDH+][BPh4-] afforded apparent molecular weights
of 190 g mol-1 for TBDH+ (Mw(TBDH+) = 140 g mol-1) and 239 g mol-1 for PMDBDH+
(Mw(PMDBDH+) = 209 g mol-1); essentially identical weights of 299 g mol-1 and 297 g mol-1 were
determined independently for BPh4- (Mw(BPh4-) = 319 g mol-1) in the two solutions. Because the
invariant weights calculated for BPh4- discount the possibility of significant ion-pairing, the
overestimated molecular weights of TBDH+ and PMDBDH+ presumably reflect the influence of
intimate solvent association (i.e,., Mw([TBDH+(MeCN)) = 183 g mol-1, Mw([PMDBDH+(MeCN)) =
252 g mol-1) and/or geometric mismatch with the diffusion standards.
Critically, for equimolar solutions of PMDBD/TBD and 1,2,4-triazole 98, significant increases in
the apparent molecular weight of triazole were observed relative to [ nBu4N+][Trz-]. With TBD the
calculated weight of 1,2,4-triazole increased to 217 g mol-1, up from 161 g mol-1 in [nBu4N+][Trz-],
an increase that was accompanied by a concomitant increase in the apparent molecular weight
of TBD to 225 g mol-1, up from 190 g mol-1 in [TBDH+][BPh4-]. The absolute magnitudes of these
calculated weights – and their near equivalence – indicate that 1,2,4-triazole is deprotonated, and
complexed, almost quantitatively by TBD in MeCN (0.050 M) (Mw([TBDH+][Trz-]) = 208 g mol-1),
thus providing compelling evidence for solution-phase association under typical synthetic
conditions. An analogous increase in the calculated weight of 1,2,4-triazole, to 215 g mol-1, was
observed in the solution of 1:1 PMDBD/1H-1,2,4-triazole, suggesting only partial deprotonation
(Mw([PMDBDH+][Trz-]) = 277 g mol-1) but significant complexation between the resulting ions.
Hamilton’s studies on the modulation of ambident nitronate reactivity by hydrogen-bonding60
showed profound solvent and concentration effects, and this was interpreted as a key signature
of association-driven selectivity. Seeking similar evidence, the N-benzylation of 1,2,4-triazole 98
(0.10 M) was next performed under an extensive array of different but isothermal conditions (20
°C) – spanning different media (Scheme 2.8), benzylating agents (p-F-BnX, 123-X (Scheme 2.9)
and concentrations (5 – 100 mM) – with the end-point N1:N4 selectivity (F1 = [125-N1]/([125-N1]
+ [125-N4]) determined in each case by 1H NMR spectroscopy after full conversion of the
benzylating agent. To assess the influence of the reaction medium, N-benzylations with p-F-BnBr
123-Br (0.10 M) and TBD or PMDBD (0.10 M) were performed in an array of six organic solvents,
spanning apolar (THF, CH2Cl2), polar aprotic (Me2CO, MeCN, DMSO) and polar protic media
(MeOH) (Scheme 2.8).
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Scheme 2.8: End-point selectivities (N1:N4) for the N-benzylation of 1,2,4-triazole 98 (0.10 M) with p-F-BnBr 123-Br (0.10
M) and one of MTBD 124, TBD 132 or PMDBD 134 (0.10 M) in a range of organic solvents at 20 °C. N1:N4 selectivities
determined by 1H NMR spectroscopy on the crude reaction mixture after full conversion of p-F-BnBr 123-Br.

Whilst the innate selectivity of 1,2,4-triazolate towards N-benzylation (with, e.g., MTBD 124) is
conspicuously insensitive to the ionising strength of the medium (vide supra), profound solvent
effects were observed in the presence of both TBD 132 and PMDBD 134: though selectivity was
independent of base in MeOH and, to a lesser extent, DMSO, profound differences were observed
in less polar solvents. For example, whereas N1 benzylation is overwhelmingly favoured with
MTBD (90:10, N1:N4) in THF, this selectivity is fully inverted with PMDBD (7:93); analogous
inversions are apparent in CH2Cl2 (MTBD: 79:21; PMDBD: 6:94) and also, though attenuated by
higher polarity, in MeCN/Me2CO.
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Scheme 2.9: End-point selectivities (N1:N4) for the N-benzylation of 1,2,4-triazole 98 (0.10 M) with p-F-BnX 123-X (X =
Cl, Br, I; 0.10 M) and one of MTBD 124, TBD 132 or PMDBD 134 (0.10 M) in MeCN-d3 at 20 °C, as well as for Nbenzylation with TBD 132 (0.10 M) and exogenous [TBDH+][X-] ([132-H+][X-]; X = Cl, Br, I, PF6; 0.10 M). N1:N4 selectivities
determined by 1H NMR spectroscopy on the crude reaction mixture after full conversion of p-F-BnX 123-X. Theoretical
free energies of anion exchange (ΔGA-E) computed at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//PBE0+GD3BJ.6311+G(d,p)/IEFPCM(MeCN,UFF)//PBE0+GD3BJ /6-311+G(d,p) level.
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Leaving group effects were more subtle, as expected, but competitive coordination of
TBDH+/PMDBDH+ by the liberated halide was nevertheless detectable under standard conditions
(p-F-BnBr, 0.10 M; MeCN-d3). Whilst N1 selectivity for MTBD-mediated N-benzylation was
virtually independent of the leaving halide, more significant perturbations were seen with TBD and
PMDBD (Scheme 2.9). With these bases N4 benzylation was most favoured by p-F-BnI –
liberating the most diffuse halide – and least favoured by p-F-BnCl, suggesting that chloride
competes with residual 1,2,4-triazolate at higher conversions for the receptor.

Figure 2.7: Temporal evolution of selectivity F1 and initial rate analysis for the N-benzylation of 1,2,4-triazole 98 (0.010
M) with p-F-BnBr 123-Br (0.010 M) and a range of organic bases (TMG, DBU, TMGN, MTBD, TBD, P1-tBu(TME)3; 0.010
M) in MeCN-d3 at 20 °C. Conversion-independent selectivities of F1 > 80 % (i.e., those varying < 5 % across the course
of monitoring) were observed for all bases except TBD (and PMDBD, monitored under modified conditions, vide infra).
pKaH values pertain to literature data65-67 for the acidity of the respective conjugate acids in MeCN. pKa(MeCN) ≈ 24.6 for
1H-1,2,4-triazole. F1 = [125-N1]/([125-N1] + [125-N4]).
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This hypothesis was corroborated by a further series of experiments in which standard conditions
were augmented with 1 equivalent of various TBDH+ salts ([132-H+][X-]): whilst the addition of
exogenous [TBDH+][Cl-] had no effect on the standard selectivity with TBD, the addition of TBDH+
salts with non-coordinating anions (e.g., [TBDH+][PF6-]) elicited material increases in N4
benzylation. Composite KS-DFT/DLPNO-CCSD(T) calculations painted a corroborative picture,
with anion exchange between [TBDH+][X-] and free 1,2,4-triazolate predicted to be moderately
endergonic (ΔGA,E = +4 kJ mol-1) for chloride (X = Cl) but exergonic for bromide (X = Br; ΔGA,E = 3 kJ mol-1) and iodide (X = I, ΔGA,E = -20 kJ mol-1).
In situ 1H NMR monitoring studies under diluted (0.010 M – 0.050 M) but otherwise standard
conditions (p-F-BnBr, MeCN-d3, 20 °C) provided yet further evidence for intimate intermolecular
association (Figure 2.7). In contrast to the temporally invariant selectivity observed in Nbenzylation with MTBD 124, the N1:N4 selectivity observed with TBD 132 (0.010 M) was
conversion-dependent, with the regioisomeric ratio changing monotonically through the course of
the reaction in favour of the N4-benzylated product 125-N4; analogous behaviour was observed
with PMDBD (0.050 M), whilst all other bases (TMG, DBU, TMGN, P 1-tBu(TME)3) afforded
comparable kinetics to MTBD (i.e., time-dependent selectivities). Furthermore, whilst the initial
rate of N-benzylation displayed an approximately linear dependence on pKaH for the majority of
bases, TBD gave rise to anomalously slow kinetics, indicative of nucleophilic deactivation induced
by strong intermolecular association (Figure 2.7). The temporal evolution of selectivity in the case
of TBD/PMDBD categorically eliminates a simple mechanism in which the observed
regioselectivity is dictated solely by intramolecular competition; instead, it suggests a mechanism
in which the benzylating agent can engage either free (99) or complexed (135, 136) 1,2,4triazolate – each exhibiting different site selectivity – and in which the relative populations of the
two states are shifted systematically in favour of complexation at higher conversions. This
appears consistent with the idea of regioselective hydrogen-bonding between the conjugate acid
of TBD/PMDBD and 1,2,4-triazolate: whilst the latter is consumed in the formation of the Nbenzylated products, the base is formally evolved as the (weakly bound) bromide salt (e.g.,
[TBDH+][Br-]), thus leading to the accumulation of the cationic receptor in increasing excess over
the residual 1,2,4-triazolate.
To investigate the temporal evolution and thermal sensitivity of N1:N4 selectivity in the presence
of a strongly coordinating receptor more closely, a further series of 10 kinetic runs (MeCN-d3, 20
°C) were monitored using PMDBD 134 as the stoichiometric base (p-F-BnBr, 0.050 M; 1H-1,2,4triazole, 0.050 M) (Figure 2.8), including: (i) five isothermal runs, each initiated with differing
quantities of PMDBD (0.20 – 1.0 equiv., 0.010 – 0.050 M); and (ii) a further five – all initiated with
stoichiometric PMDBD (0.050 M, 1.0 equiv.) – monitored at varying temperatures (20 °C – 50 °C;
5°C increments).
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Figure 2.8: Kinetics of the N-benzylation of 1,2,4-triazole 98 (0.050 M) with p-F-BnBr 123-Br (0.050 M) and PMDBD 134
(0.010 – 0.050 M) in MeCN-d3, monitored by in situ 1H NMR spectroscopy at various temperatures (T = 20 – 50 °C). (A)
Temporal concentration profiles of 123-Br, 125-N1 and 125-N4 with [PMDBD]0 = 0.050 M at 20 °C. (B) Fractional
population F1 of 125-N1 with [PMDBD]0 = 0.050 M at 20 °C. (C) Temporal concentration profiles of p-F-BnBr at various
different initial concentrations of base ([PMDBD]0 = 0.010 – 0.050 M) at 20 °C. (D) Initial rate of consumption of p-F-BnBr
vs [PMDBD]0 at 20 °C. (E) Temporal concentration profiles of p-F-BnBr at T = 20 °C, 25 °C, 30 °C, 35 °C, 40 °C, 45 °C
and 50 °C for [PMDBD]0 = 0.050 M. (F) Fractional population F1 of 125-N1 at each temperature. Concentrations
determined by normalisation against 1,3,5-trimethoxybenzene (0.0166 M) as an internal integration standard. F1 = [125N1]/([125-N1] + [125-N4]).
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As for MTBD 124, the rate of consumption of the N-benzylating agent displayed a clean first order
dependence on PMDBD 134, indicative of substitution proceeding via the 1,2,4-triazolate anion
99; the selectivity profile (F1 vs conversion), though temporally dependent, was also independent
of the initial loading of base, consistent with the mechanism sketched above.
In contrast to the kinetics observed with MTBD 124 (Figure 2.2), however, the N1:N4 selectivity
was found to be materially sensitive to temperature, with higher temperatures systematically
disfavouring N4 substitution; this also supports the idea of regioselective complexation between
PMDBDH+ and 1,2,4-triazolate, and the formation of kinetically-competent ion pair [PMDBDH+Trz] 136, as analogous intermolecular associations have been shown to be strongly exothermic in
polar aprotic media.60

2.2.5. Kinetic modelling
On the basis of these mechanistic experiments, a formal kinetic model for the N-benzylation of
1,2,4-triazole with TBD/PMDBD was devised (Scheme 2.10). The model comprises two limitingly
rapid equilibria and four irreversible, kinetically significant steps, including: (i) a proton transfer
equilibrium, leading nominally to the formation of 1,2,4-triazolate anion 99 in an unencumbered
state (KPT); (ii) an associative equilibrium (Ka) between free 1,2,4-triazolate 99 and the conjugate
acid of the base (TBDH+/PMDBDH+) to afford the ion pairs 135/136; and (iii) bimolecular reactions
between the benzylating agent (p-F-BnBr 123-Br) and either free 99 (k1, k4) or associated 135/136
(k1,a, k4,a) 1,2,4-triazolate, with benzylation presumed to be possible at both the N-1 and N-4 sites
irrespective of the association state (i.e., k1,a ≠ 0). Neutral 1H-1,2,4-triazole 98 was assumed to
be comparably unreactive towards N-benzylation.
Values for Ka, k1,a, and k4,a were obtained by subjecting the kinetic profiles of 123-Br, 125-N1 and
125-N4 to global numerical fitting, using data obtained from multiple otherwise identical kinetic
runs (MeCN-d3, 20 °C) that differed only in the initial base loading. In all kinetic runs the Nbenzylating agent (p-F-BnBr) and 1,2,4-triazole 98 were used in equimolar initial concentrations;
to facilitate in situ monitoring in a timely manner, however, runs with TBD 132 (p-F-BnBr: 0.010
M; TBD: 0.0015 M – 0.0050 M) and PMDBD 134 (p-F-BnBr: 0.050 M; PMDBD: 0.010 – 0.050 M)
were obtained at slightly different global concentrations. Values of k1 = 0.30 dm3 mol-1 s-1 and k4
= 0.044 dm3 mol-1 s-1, approximated from kinetic data obtained with the non-coordinating,
methylated analogue of TBD (MTBD), were constrained during all fittings, whilst the proton
transfer constant KPT for each base was approximated, and constrained accordingly, on the basis
of experimental/calibrated theoretical pKa data in MeCN (pKaH(TBD) = 26.0, pKaH(PMDBD) = 22.6,
pKa(TrzH) = 24.6).
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Scheme 2.10: Mechanistic rationale for the atypical selectivities observed in the N-benzylation of 1,2,4-triazole 98 with pF-BnBr 123-Br and TBD 132 (or PMDBD 134). If k1,a/k4,a < k1/k4, and competitive binding of TBDH+ by bromide is modest,
the fractional population of 125-N1 (F1) ought to decrease with increasing conversion, as observed experimentally. KBr
defined analogously to Ka, with the coordination of bromide (Br-) to TBDH+ in place of 1,2,4-triazolate 99.

To assess the role of competitive association between the liberated bromide and
TBDH+/PMDBDH+ (KBr), two sets of fitted constants were obtained for each base: one in which
competitive association was included as a separate equilibrium, with the corresponding
association constant KBr floated freely during fitting (Model A); and another in which such binding
was assumed to be negligible (i.e., KBr << 1, Model B). In general, excellent fits to experimental
data were obtained in both cases, precluding conclusive assessments of the value of KBr.
The results of numerical fitting are summarised across Tables 2.3 and 2.4 in the form of
association (Ka, KBr) and rate (k1, k4, k1,a, k4,a) constants, as well as in the form of binding free
energies (ΔGa, ΔGBr) and free energies of activation, calculated at 20 °C assuming a standard
state of 1 mol dm-3. For each of the bases, theoretical free energies of binding and activation were
also computed using a composite KS-DFT/DLPNO-CCSD(T) methodology and two different
approximations for the treatment of vibrational entropies (IGRRHO; qRRHO, ωc = 100 cm-1; see
Experimental); schematic depictions of the theoretical transition state structures for each of the
N-benzylation pathways are shown in (Scheme 2.10).
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Experiment
TBD (KPT ≈ 25)

DLPNO-CCSD(T)

Model A

Model B

IGRRHO

qRRHO

s-1)

0.30

0.30

-

-

𝑘4 / (dm3 mol-1 s-1)

𝑘1 /

(dm3

mol-1

0.044

0.044

-

-

mol-1)

74.7

74.7

81.1

87.6

Δ‡ 𝐺4 / (kJ mol-1)

79.4

79.4

86.5

92.4

4.7

4.7

5.4

4.8

𝑘1,𝑎 / (dm3 mol-1 s-1)

0.014

0.020

-

-

𝑘4,𝑎 /

0.016

0.017

-

-

Δ‡ 𝐺1,a / (kJ mol-1)

81.8

81.3

87.2

96.0

Δ‡ 𝐺4,a / (kJ mol-1)

‡

Δ 𝐺1 / (kJ
‡

ΔΔ 𝐺 / (kJ

(dm3

mol-1)

mol-1

s-1)

82.1

81.7

80.1

90.2

mol-1)

-0.3

0.4

-7.1

-5.8

ΔΔ‡ 𝐺1,a / (kJ mol-1)

7.1

6.6

6.1

8.4

ΔΔ 𝐺4,𝑎 / (kJ mol-1)

2.7

2.3

-6.4

-2.2

𝐾𝑎 / (dm3 mol-1)

12200

12100

-

-

Δ𝐺𝑎 / (kJ mol-1)

-22.9

-22.9

-22.0

-18.0

554

-

-

-

Δ𝐺𝐵𝑟 / (kJ mol-1)

-15.4

-

-18.0

-15.3

ΔΔ𝐺𝑎 / (kJ mol-1)

-7.5

-

-4.0

-2.7

‡

ΔΔ 𝐺𝑎 / (kJ
‡

𝐾𝐵𝑟 /

(dm3

mol-1)

Table 2.3: Experimental rate coefficients (dm3 mol-1 s-1) and association constants (dm3 mol-1) obtained from in situ 1H
NMR reaction monitoring (MeCN-d3, 20 °C) of N-benzylation (p-F-BnBr 123-Br, 1,2,4-triazole 98, TBD 132) and numerical
fitting to the mechanism shown in Scheme 2.10. Equilibrium constant for proton transfer KPT ≈ 10(pKaH(TBD) – pKa(TrzH)) = 25
(MeCN: pKaH(TBD) = 26.0; pKa(TrzH) = 24.6). Equimolar concentrations of p-F-BnBr (10.0 mM) and 1,2,4-triazole (10.0
mM) were used for all kinetic runs; [TBD] = 1.5 – 5.0 mM. The rate coefficients k1 = 0.30 M-1 s-1 and k4 = 0.044 M-1 s-1 were
obtained from separate reaction monitoring experiments with MTBD. Experimental free energies of activation obtained in
accordance with classical transition state theory, using the Eyring-Polanyi equation and a transmission coefficient of κ =
1. Experimental binding free energies calculated in accordance with classical thermodynamics. Theoretical free energies
of activation and binding free energies computed using a combined KS-DFT/DLPNO-CCSD(T) methodology (vide infra)
and the IEFPCM(MeCN,UFF) model. Theoretical free energy corrections were obtained in accordance with two separate
statistical mechanical approximations: (i) the ideal-gas rigid-rotor harmonic-oscillator approximation (IGRRHO); and (ii)
Grimme’s quasi rigid-rotor harmonic-oscillator approximation (qRRHO). See below for further computational details.
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Experiment

DLPNO-CCSD(T)

PMDBD (KPT ≈ 0.01)

Model A

Model B

IGRRHO

qRRHO

𝑘1 / (dm3 mol-1 s-1)

0.30

0.30

-

-

𝑘4 / (dm3 mol-1 s-1)

0.044

0.044

-

-

mol-1)

74.7

74.7

81.1

87.6

Δ‡ 𝐺4 / (kJ mol-1)

79.4

79.4

86.5

92.4

4.7

4.7

5.4

4.8

𝑘1,𝑎 / (dm3 mol-1 s-1)

0.00095

0.00216

-

-

𝑘4,𝑎 /

0.0083

0.011

-

-

Δ‡ 𝐺1,a / (kJ mol-1)

88.7

86.7

93.5

101.1

Δ‡ 𝐺4,a / (kJ mol-1)

83.4

82.7

80.0

90.9

ΔΔ 𝐺𝑎 / (kJ mol-1)

-4.3

-4.0

-13.5

-10.2

ΔΔ‡ 𝐺1,a / (kJ mol-1)

14.0

12.0

12.4

13.5

ΔΔ‡ 𝐺4,𝑎 / (kJ mol-1)

4.0

3.3

-6.5

-1.5

526000

91600

-

-

Δ𝐺𝑎 / (kJ mol-1)

-32.1

-27.8

-35.9

-30.8

𝐾𝐵𝑟 / (dm3 mol-1)

39600

-

-

-

Δ𝐺𝐵𝑟 / (kJ mol-1)

-25.8

-

-27.8

-24.4

ΔΔ𝐺𝑎 / (kJ mol-1)

-6.3

-

-8.1

-6.4

‡

Δ 𝐺1 / (kJ
‡

ΔΔ 𝐺 / (kJ

(dm3

mol-1)

mol-1

s-1)

‡

𝐾𝑎 /

(dm3

mol-1)

Table 2.4: Experimental rate coefficients (dm3 mol-1 s-1) and association constants (dm3 mol-1) obtained from in situ 1H
NMR reaction monitoring (MeCN-d3, 20 °C) of N-benzylation (p-F-BnBr 123-Br, 1,2,4-triazole 98, PMDBD 134) and
numerical fitting to the mechanism shown in Scheme 2.10. Equilibrium constant for proton transfer KPT ≈ 10(pKaH(PMDBD) –
pKa(TrzH))
= 0.010 (MeCN: pKaH(PMDBD) = 22.6; pKa(TrzH) = 24.6). Equimolar concentrations of p-F-BnBr (50.0 mM) and
1,2,4-triazole (50.0 mM) were used for all kinetic runs; [PMDBD] = 10.0 – 50.0 mM. The rate coefficients k1 = 0.30 M-1 s-1
and k4 = 0.044 M-1 s-1 were obtained from separate reaction monitoring experiments with MTBD. Experimental free
energies of activation obtained in accordance with classical transition state theory, using the Eyring-Polanyi equation and
a transmission coefficient of κ = 1. Experimental binding free energies calculated in accordance with classical
thermodynamics. Theoretical free energies of activation and binding free energies computed using a combined KSDFT/DLPNO-CCSD(T) methodology (vide infra) and the IEFPCM(MeCN,UFF) model. Theoretical free energy corrections
were obtained in accordance with two separate statistical mechanical approximations: (i) the ideal-gas rigid-rotor
harmonic-oscillator approximation (IGRRHO); and (ii) Grimme’s quasi rigid-rotor harmonic-oscillator approximation
(qRRHO). See below for further computational details.
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As expected from strong intermolecular association, the complexation of 1,2,4-triazolate 99 with
both TBDH+ and PMDBDH+ leads to apparent nucleophilic deactivation for the whole ring (i.e., k1
> k1,a and k4 > k4,a); however, as expected for regioselective complexation, the reactivity of the
directly coordinated N1/N2 sites is suppressed significantly more than the remote N4 site for both
bases (PMDBD: k1,a/k1 = 0.003, k4,a/k4 = 0.19; TBD: k1,a/k1 = 0.047, k4,a/k4 = 0.36; Model A), and
this leads to the inverted selectivity. In fact, the ratio k4,a/k4 is fairly constant between the two
bases, suggesting that nucleophilic deactivation, per se, is relatively modest, and that the
enhanced N4 selectivity of PMDBD arises as a result of localised factors, including an enlarged
steric profile about the complexation site and/or stronger hydrogen bonding.
Although the exact values of the association constants obtained from kinetic modelling are
necessarily less robust than those that might be obtained by independent titrations, it is
nevertheless clear that both TBDH+ (Ka ≈ 1.2 × 104 dm3 mol-1) and PMDBDH+ (Ka ≈ 5.3 × 105
dm3 mol-1) form highly stable complexes with 1,2,4-triazolate 99 in MeCN, with the amidinium
complex apparently an order of magnitude more stable; the agreement with theory on this front is
strikingly good, although this is presumably to some extent fortuitous. The agreement between
experimental and computed rate coefficients is notably poorer than the binding free energies –
hardly surprising, given the significant challenges inherent in accurately modelling the
noncovalent interactions between, and solvation of, ionic fragments – yet computation
nevertheless makes three key predictions correctly, including that: (i) complexation by
TBDH+/PMDBDH+ enhances selectivity in favour of N4 benzylation; (ii) complexation to
PMDBDH+ inhibits N1 reactivity more than TBDH+; and (iii) the reactivity of the N4 site in
complexed 1,2,4-triazolate is largely independent of the receptor.

- 100 -

2.3. Protective phase-transfer catalysis
2.3.1. Conception and optimisation
Having demonstrated effective selectivity control under stoichiometric conditions, we next set out
to develop an organocatalytic methodology for the direct N-4 alkylation of 1,2,4-triazole 98.

Scheme 2.11: Mechanistic proposal for protective phase-transfer catalysis, and results of initial catalyst screening. N1:N4
selectivities and conversion determined by 1H NMR spectroscopy after filtration of the crude reaction mixture, using 1,3,5trimethoxybenzene (0.066 M) as an internal integration standard.
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To suppress the innate selectivity of the 1,2,4-triazolate anion 99, we envisioned a strategy based
on solid-to-liquid phase transfer catalysis (Scheme 2.11), in which the catalyst would serve a dual
role as a regioselective, non-covalent protecting group for the anion. Background reactivity, we
speculated, could be suppressed by using a weakly soluble metal triazolate salt 99-M and an
appropriately apolar medium, which also ought to favour intermolecular complexation between
the catalyst and 1,2,4-triazolate in solution.
Preliminary studies commenced with sodium triazolate (99-Na) the conditions shown in Scheme
2.11 (p-F-BnBr, 0.20 M; 99-Na, 1.2 equiv.; THF:MeCN 9:1, 20 °C, 24 h) and a modest screen of
six different potential organocatalysts (20 mol%). In addition to the tetraphenylborate salts of
TBDH+ (138) and PMDBDH+ (139), four neutral organocatalysts nominally capable of forming the
requisite hydrogen-bonding motif – including Schreiner’s urea 141 and thiourea 140, Mattson’s
urea 143, and 1,3-bis(4-nitrophenyl)urea 142 – were examined.

Scheme 2.12: Screening of solvents and countercations for the catalytic N-benzylation of 1,2,4-triazolate (99-M, 1.2
equiv.) with p-F-BnBr 123-Br (0.10 M) and [PMDBDH+][BPh4-] 139 (10 mol%) at 30 °C. N1:N4 selectivities and conversions
determined by 1H NMR spectroscopy after filtration of the crude reaction mixture, using 1,3,5-trimethoxybenzene (0.033
M) as an internal integration standard.
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Essentially full conversion of the benzylating agent was observed after 24 h for both the cationic
catalysts (138, 139) with the conjugate acid of PMDBD affording, as expected on the basis of
stoichiometric studies, the most favourable N-4 selectivity (12:88, N1:N4); high conversion (92 %)
and promising selectivity (18:82, N1:N4) were also afforded by Schreiner’s urea 141, indicating
that ion-pairing per se is not required for effective catalysis. The remaining three catalysts led to
modest conversions (< 60 %) and inferior selectivities, although in all cases material deviations
from intrinsic selectivity (i.e., 9:1 N1:N4) were observed.

Scheme 2.13: Screening of catalyst loadings and concentrations for the catalytic N-benzylation of 1,2,4-triazole (99-K,
1.2 equiv.) with p-F-BnBr 123-Br (0.05 – 0.60 M) and [PMDBDH+][BPh4-] 139 (2 - 10 mol%) at 30 °C. N1:N4 selectivities
and conversions determined by 1H NMR spectroscopy after filtration of the crude reaction mixture, using 1,3,5trimethoxybenzene as an internal integration standard. Screening undertaken using CHCl 3 as a solvent, but analogous
findings were made in CH2Cl2.

Subsequent rounds of optimisation focused on the application of catalytic [PMDBDH +][BPh4-] 139
and the potassium salt of 1,2,4-triazolate (99-K) at moderately elevated temperatures (30 °C).
Systematic studies of solvent dependence (Scheme 2.12) elicited full conversion across the
board under these modified conditions (p-F-BnBr, 0.10 M; 99-K, 1.2 equiv.; [PMDBDH+][BPh4-]
139, 10 mol%; 30 °C, 48 h), but significant disparities in selectivity were nevertheless evident
amongst solvents of different polarity: whilst highly polar aprotic solvents, in which 99-K was
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highly soluble, led to the re-emergence of innate N1 selectivity (e.g., DMSO: 89:11, N1:N4), apolar
halogenated media afforded further improvements in N4 selectivity (e.g., CHCl3 and CH2Cl2: 6:94,
N1:N4). This trend inevitably reflects not only a diminished inclination towards ion-pairing in more
ionising media, but also the increased solubility of 99-K in more polar solvents. The importance
of solubility alone is most apparent in the comparison of THF and CH 2Cl2 under catalytic and
stoichiometric conditions: whilst both give essentially equally high selectivities (7:93 N1:N4) under
standard stoichiometric conditions (p-F-BnBr, 0.10 M; 98, 0.10 M; 20 °C, 24 h) with PMDBD/1H1,2,4-triazole (0.10 M), only CH2Cl2 retains the same selectivity under catalytic conditions.
Screening of different metal triazolate salts (99-M; M = Li+, Na+, K+, Cs+, nBu4N+) further
highlighted the importance of solubility (Scheme 2.12). The lithium salt (99-Li), for example,
proved to be limitingly insoluble in CH2Cl2, leading to no discernible reaction under modified
conditions (p-F-BnBr, 0.10 M; 99-M, 1.2 equiv.; [PMDBDH+][BPh4-] 139, 10 mol%; CH2Cl2, 30 °C,
48 h), whilst the highly soluble tetra-n-butylammonium salt (99-nBu4N) resulted in full conversion
but a complete reversion to background selectivity (86:14, N1:N4). The sodium salt (99-Na)
afforded respectable selectivity (10:90, N1:N4) but incomplete conversion (71 %), but on both
counts the potassium salt 99-K proved superior (100 % conversion; 6:94, N1:N4). Caesium 1,2,4triazolate 99-Cs was largely comparable to 99-K, but afforded slightly diminished selectivity under
the benchmarked conditions, presumably due to elevated solubility.
Systematic studies of the catalyst loading with [PMDBDH+][BPh4-] 139 showed that PMDBDH+
serves actively as both a phase transfer catalyst and a non-covalent protecting group, with lower
catalyst loadings leading to minimal changes in selectivity but significantly depressed rates of Nbenzylation (Scheme 2.13). Although changes to the global concentration of the reaction at a
constant catalyst loading also had a modest effect on selectivity up to a point (< 0.20 M),
deteriorations were eventually observed (> 0.40 M).

2.3.2. Application
With a set of broadly optimised conditions in hand (RX, 0.10 M; 99-K, 1.2 equiv.;
[PMDBDH+][BPh4-] 139, 10 mol%; CH2Cl2, 20 – 30 °C, 48 h), the catalytic N-alkylation of 1,2,4triazole was undertaken using a range of halide-based alkylating agents (144a-i) of varying
degrees of reactivity, from unactivated n-alkyl iodides through to highly reactive α-bromocarbonyl
compounds (Scheme 2.14). In all cases 4-alkyl-1,2,4-triazoles (145a-i-N4) were furnished in high
selectivity (F1 = 87− 94%) and good isolated yields (74−88%), with the extent of deleterious
double alkylation apparently minor across the board; attempts to effect regioselective N-4
acylations were not successful, presumably because acylations proceed under thermodynamic
control (vide infra).
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Scheme 2.14: Application of optimised conditions for the catalytic N-benzylation of potassium 1,2,4- (99-K) and 1,2,3triazolate (112-K) with various primary alkylating agents (144a-i; 0.10 M) and [PMDBDH+][BPh4-] 139 (10 mol%) at 30 °C
in CH2Cl2. N1:N4 / N1:N2 selectivities determined by 1H NMR spectroscopy after filtration of the crude reaction mixture;
isolated yields of 145a-i-N4 (1,2,4-triazole) or 146a-i-N1 (1,2,3-triazole) shown in brackets for each agent. Control
selectivities (grey) determined under stoichiometric (p-F-BnBr 123-Br, 0.10 M; MTBD 124, 0.10 M; 1H-1,2,3/4-triazole
111/98, 0.10 M) but otherwise analogous (30 °C, CH2Cl2, 48 h) conditions. X-ray structure of [PMDBDH+123Trz-] 147
determined from single crystals grown by vapour diffusion from CH 2Cl2/pentanes; a hydrogen-bonded molecule of 1H1,2,3-triazole 111 has been omitted for clarity. *20 °C instead of 30 °C.+ Yield determined by 1H NMR spectroscopy, using
1,3,5-trimethoxybenzene (0.033 M) as an internal integration standard.
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Comparison with control reactions in each case, undertaken using stoichiometric MTBD 124 and
1H-1,2,4-triazole 98 (1.2 equiv.) in place of catalytic [PMDBDH+][BPh4-] 139 and 99-K (1.2 equiv.),
confirmed that the inversion in selectivity was catalytically driven, with conventional stoichiometric
conditions leading to highly preserved selectivity in favour of N1 alkylation (74:26 – 85:15, N1:N4),
as per previous studies.
Surprisingly, selected application of optimised catalytic conditions to the alkylation of the
regioisomeric potassium salt 112-K led to the formation of 1-alkyl-1,2,3-triazoles 146-N1 with
exceptionally high regioselectivity (F1 > 95%) (Scheme 2.14). This represents a substantial
improvement of selectivities obtained under classic basic conditions, which typically afford
significant quantities of both 146-N1 and 146-N2 alkylated regioisomers; again, control
experiments with stoichiometric MTBD 124 (F1 = 62−77%) confirmed the catalytic origin of the
atypical selectivities, suggesting that an analogous mechanism of regiocontrol may be operative
with 1,2,3-triazole as for 1,2,4-triazole (Schemes 2.10, 2.15).

Scheme 2.15: Mechanistic rationale for the atypical selectivities observed in the catalytic N-benzylation of 1,2,3-triazolate
112 with p-F-BnBr 123-Br and [PMDBDH+BPh4-] 139; this mirrors the rationale in Scheme 2.10.

Computational and crystallographic studies supported this hypothesis, with the crystal structure
of [PMDBDH+123Trz-] 147 (Scheme 2.14) showing regioselective complexation to the adjacent
pair of nitrogens, as for 1,2,4-triazole, and composite KS-DFT/DLPNO-CCSD(T) predicting a
highly exergonic association.
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Chapter 3

3. Anionic Acyl Transfer Catalysis
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3.1. Background
3.1.1. Organocatalytic Kinetic Resolution of Chiral Amines
An outstanding challenge in enantioselective catalysis is the development of a simple, practical,
and widely applicable approach to the catalytic kinetic resolution of strong nucleophiles. 1-3 Amines
are archetypal substrates in this respect, and amongst the most demanding. Before the turn of
the millennium, enzymatic4-7 processes were essentially the only way to obtain enantiopure
amines by kinetic resolution, and to this day biocatalytic approaches remain the method of choice
for accessing them on industrial scale. Enzymatic kinetic resolutions are nevertheless far from
universally applicable, and remain inherently limited in a number of ways. Consequently, the last
two decades have witnessed significant advances in complementary strategies for catalytic
kinetic resolutions that instead rely on chiral transition-metal complexes8-12 and small organic
molecules.2-3, 13-15
Organocatalytic kinetic resolutions2 in particular have received widespread attention, and from
the perspective of certain substrates – namely alcohols – the field may even be considered
relatively mature. However, highly nucleophilic species such as amines – especially α-branched
primary amines – remain somewhat of a perennial problem, especially for kinetic resolutions that
hinge upon acylative Lewis n-π* catalysis.3, 14 Under this catalytic regime, in which a scalemic
Lewis base reacts with an acyl donor to generate a correspondingly chiral acylated intermediate,
many amines are inclined to bypass catalytic intervention altogether by instead undergoing direct
acylation with the original acyl donor (e.g. acid anhydrides, acyl halides). In principle, a simple
solution to this problem would be the development an ultra-nucleophilic chiral acyl transfer
catalyst, capable of thoroughly outcompeting even the most reactive primary amines. This idea is
deceptive in its apparent simplicity, however, for the true challenge lies in identifying such a
catalyst that is not merely a powerful nucleophile, but also a highly competent nucleofuge (to
facilitate turnover) and a weak Bronsted base (to prevent deactivation by protonation).
Various researchers, sensitised by the seminal work of Fu, 16 have nevertheless held fast to the
organocatalytic kinetic resolution of amines by N-acylation (Scheme 3.1). Classic acylative
methodologies typically depend on chiral derivatives of 4-(dimethylamino)pyridine (DMAP),16-17
isothioureas,18 thioureas,19-21 amidines,22 and N-alkyl imidazoles,23-24 and on the use of acid
anhydrides, or close analogues, as stoichiometric acyl donors. Protected or otherwise weakly
nucleophilic chiral amines – in the form of amides,24 lactams,22 oxazolidinones,18 and indolines,17
for example– can often be successfully resolved with high enantioselectivity using such catalysts
under mild conditions, but unprotected amines – especially primary amines16, 19-21 – pose the real
challenge.
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Scheme 3.1: Chronological selection of catalytic acylative kinetic resolutions of protected and unprotected chiral amines.

The most effective strategy developed to date for the kinetic resolution of unprotected, highly
nucleophilic amines is that developed by Seidel,19, 21, 25-26 which uses a chiral thiourea as the
primary chiral catalyst, DMAP (or close analogues) as an achiral co-catalyst and, typically,
benzoic anhydride as the stoichiometric acyl donor. Acylation of DMAP leads to the formation of
the classic N-acylated pyridinium intermediate but also liberates benzoate, and it is thought that
the complexation of the resulting ion-pair to the thiourea, via hydrogen-bonding to benzoate,
generates a chiral environment for the subsequent acylation of the amine. This is undoubtedly an
ingenious approach, and one that works even in the resolution of racemic α-branched benzyl
amines, yet the selectivities are moderate, and the practicality hamstrung, still, by the need to
suppress background amine acylation using cryogenic temperatures (-78 °C).
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Scheme 3.2: Selected, chronologically-ordered examples of catalytic non-acylative kinetic resolutions of chiral amines.
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Relegating classic acylative Lewis (n-π*) catalysis in favour of alternative modes of
organocatalysis is one option for sidestepping the issue of background amine acylation (Scheme
3.1). Non-classic acylative kinetic resolutions, such as those developed by Bode 15, 27-29 for the
catalytic kinetic resolution of cyclic secondary amines, sidestep the issue of amine nucleophilicity
by using atypical acyl donors. As demonstrated by Bode, α’-hydroxyenones are an excellent
example of such an acyl donor: they are unreactive towards amines themselves, but can be
selectively activated by a dual catalytic system comprising an achiral N-heterocyclic carbene
(NHC) and a chiral hydroxamic acid. The two catalysts are thought to operate cooperatively
through two coupled catalytic cycles, leading first to an acyl azolium intermediate and
subsequently to an activated ester, generated via the interception of the acyl azolium by the chiral
hydroxamic acid. The inverted reactivity profile of acyl azoliums, which preferentially acylate
alcohols over amines, is key to the unique success of this methodology, although in practise the
approach seems only to work for kinetic resolution of cyclic secondary amines, and even then
with moderate selectivity.15, 28-29.
Alternative strategies that depend upon N-functionalisation, but which avoid acylation (Scheme
3.2), include the sulfonylative kinetic resolution of indolines using a chiral pyridine N-oxide,
reported by Spivey;30 the resolution of various chiral α-branched primary amines by
enantioselective Brønsted-acid catalysed imine formation, developed by List and co-workers;31
and the kinetic resolution of cyclic secondary amines by conjugate addition, developed by
Seidel.32 Organocatalytic approaches that completely avoid N-functionalisation altogether include
Akiyama’s catalytic transfer dehydrogenation of chiral indolines,33 and Yang’s catalytic amination
of chiral hydroquinolines.34
Whilst there have clearly been numerous attempts to resolve chiral amines by organocatalysis,
to this day the choice of methodology still generally requires a compromise between scope,
practicality, and selectivity. Protected amines, or amines with otherwise suppressed
nucleophilicity, can generally be optically resolved by practical methods in high selectivity;
unprotected and strongly nucleophilic chiral amines can also be resolved by organocatalytic
approaches, but deeply impractical conditions (typically cryogenic temperatures), limited
substrate scope, or otherwise moderate selectivities are generally the cost. Whilst many of the
strategies devised to tackle this are undoubtedly ingenious – especially those of Seidel19-21, 35-36
and Bode15, 27-29 – an organocatalyst catalyst capable of matching the selectivity, practicality and
scope displayed by isothioureas in the acylative kinetic resolution of alcohols 37 has yet to emerge.
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3.1.2. Azole Anions to the Rescue?
Azole-catalysed aminolysis
In 2009, a promising report emerged from the laboratory of Birman, disclosing the finding that
azoles can be used to effect substantial accelerations in the aminolysis of unactivated esters. 38
Particularly striking were the phenomenological catalytic activities of 1,2,3-triazole (111) and
1,2,4-triazole (98), which in the presence of a strong organic base (DBU 130) outstripped the likes
of virtually every privileged Lewis base catalyst in common use – including typically highly active
4-aminopyridines, amidines, guanidines, isothioureas, N-methyl imidazoles, vic-diamines,
phosphines and NHCs – in catalysing the aminolysis of phenyl acetate 150 with isopropyl amine
151 (Scheme 3.3).

Scheme 3.3: Substrate half-lives (t1/2) measured by Birman38 in the azole-catalysed aminolysis of phenyl acetate 150 with
isopropyl amine 151 and DBU 130. DMAP showed no catalytic activity under the screening conditions.

Under optimised conditions with 1,2,4-triazole 98 / DBU 130 and benzylamine, efficient aminolysis
was also observed38 for a range of acyl donors weaker even then phenyl acetate, including ethyl
acetate, methyl benzoate, and isoprenyl acetate. With the latter as the acyl donor, efficient
acylation was in turn observed for an impressively diverse array of nucleophiles, including primary
amines, secondary cyclic amines, α-amino acids, 2-oxazolidinones and sec-alcohols. In analogy
with the mechanism of DMAP-catalysed acylations, Birman proposed – without direct evidence –
that 1,2,4-triazole accelerated aminolysis by Lewis base (n-π*) catalysis, with the corresponding
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1-acyl-1,2,4-triazole serving as the key intermediate and ultimate acylating agent for the amine.
In situ formation of the 1,2,4-triazolate anion was presumed to be critical to efficient catalysis.
In light of the simplicity and striking catalytic activity of the azoles, and 1,2,4-triazole in particular;
the practicality of the reported reaction conditions; the favourably broad scope of acyl donors and
acceptors; the apparently minimal extent of background reactivity; and the obvious potential for
the synthesis of chiral azoles, the field seemed primed for the emergence of a broadly applicable
organocatalytic methodology for the acylative kinetic resolution of strong nucleophiles, including
primary amines. After more than a decade, however, no such methodology has materialised,
despite several apparent efforts from leading figures in the field.15, 39
This incongruency piqued our interest – not least because it suggested that hidden mechanistic
facets of azole-catalysed aminolysis were responsible for this failure – and led us to examine
Birman’s data more closely. Central to Birman’s original report was a catalyst screening table,
detailing the phenomenological activities of a range of aprotic and protic Lewis bases in the
aminolysis of phenyl acetate with isopropyl amine and DBU. Catalytic activities were quantified in
terms of the empirical half-life of phenyl acetate, as determined under a single set of conditions
(t1/2; CDCl3, 20 °C). Under these conditions, many catalysts – including DMAP 34, 2hydroxypyridine 159, and HOBt 158 – failed to demonstrate any notable catalytic activity. Of
particular interest, however, was the wide range of catalytic activities reported for members of the
azole class, including 1,2,4-triazole 98, 1,2,3-triazole 111, pyrazole 154, benzotriazole 155,
imidazole 156, and tetrazole 157 (Scheme 3.3). By a significant margin, 1,2,4-triazole 98
displayed the greatest activity (t1/2 = 8 min), whilst azoles of both lesser (imidazole 156, t1/2 = 540
min; pyrazole 154, t1/2 = 132 min) and greater acidity (1,2,3-triazole 111, t1/2 = 40 min;
benzotriazole 155, t1/2 = 258 min; tetrazole 157, t1/2 > 4320 min) displayed far poorer activities.
The atypical relationship between azole acidity and apparent catalytic aptitude was noted, but no
explanation was forthcoming. Negative control experiments conducted without DBU 130, and with
DBU alone, appeared to demonstrate that successful catalysis was contingent upon the
generation the 1,2,4-triazolate anion, and presumably therefore the anions of all the other azoles,
yet no explicit evidence for the intermediacy of acylated azoles was presented.
In addition to the non-trivial relationship between azole acidity and catalytic aptitude, product
evolution profiles reported for the aminolysis of phenyl acetate with α-methylbenzylamine and
1,2,4-triazole/DBU suggested an intriguing binary dependence of the reaction evolution on the
solvent. High initial rates and significant product inhibition were observed for more polar aprotic
solvents (MeCN, DMSO, CHCl3), whilst lower initial rates and weaker inhibition were observed
for less polar solvents (THF, benzene). It was suggested that the accumulation of phenolate,
and/or depletion of available base, was responsible for the significantly diminished reaction rate
at high conversions, but there was no clear assessment of why this was more of an issue in some
solvents than others, nor what effect changing the azole would have on the overall product
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evolution, nor whether the base (DBU) was responsible solely for the generation of the 1,2,4triazole anion or engaged in other ways (as, e.g., a general base catalyst).

3.1.3. Aims
In light of these ambiguities, we set out to probe the underlying mechanism of azole-catalysed
aminolysis more closely, in the hope of: (i) identifying the prevailing mode of catalysis (e.g. Lewis
base (n-π*) vs Brønsted base catalysis); (ii) characterising the nature and reactivity of any
acylated intermediates; (iii) rationalising the relative catalytic activities of the various azoles, and
the apparently complex relationship of catalytic activity and acidity; and (iv) understanding the
divergent kinetic behaviour in polar and apolar solvents. Given the findings from earlier projects,
we were also particularly intrigued by the idea that the ambident nucleophilicity of the azoles might
contribute significantly to their catalytic activity.
More broadly, we hoped to establish a robust mechanistic basis for the anionic mode of acyl
transfer catalysis, with the ultimate aim of using our insights to elicit progress in the search for an
ultra-active, anionic acyl transfer catalyst for the kinetic resolution of highly nucleophilic amines.
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3.2. Results and Discussion
3.2.1. Orienting Experiments
Substrate screening
To identify a suitable system for in situ reaction monitoring and kinetic analysis, the catalytic
aminolyses of nine fluorinated esters (160-168; 0.20 M) with p-fluoro-benzylamine (p-F-BnNH2
170; 0.20 M) and 1,2,4-triazole 98 (10 mol%) were conducted under conditions resembling those
reported by Birman (DBU 130, 0.20 M; MeCN-d3, 20 ˚C). To aid comparisons with Birman’s report,
the aminolysis of isoprenyl acetate 169 was also tested. Single-point yields of the corresponding
amides were determined at two time points (6 h, (30 h)) by

19F

NMR spectroscopy to gauge the

approximate reactivity of each ester (Scheme 3.4).

Scheme 3.4: Single-point yield analysis of the aminolysis of various esters 160-169 by p-F-BnNH2 170, DBU 130 and
1,2,4-triazole 98 (10 mol%) in MeCN-d3 at 20 °C. Yields determined directly by 1H/19F NMR analysis of the crude reaction
solution, with 1,3,5-trifluorobenzene (0.066 M) as an internal standard. Yields y of amide product reported as y6h % (y30h
%) for reaction times of 6 h (30 h), respectively.

Alkyl (162, 164), vinyl (163), and phenyl (161) trifluoroacetates displayed universally high
reactivities under Birman’s conditions, affording effectively quantitative yields of the
corresponding amides in under 6 h, notwithstanding minor extents of hydrolysis. The diminished
yield in the case of vinyl trifluoroacetate 163 is ascribed to competitive imine formation arising
from the liberated acetaldehyde. In accordance with the findings of Birman, para-fluorophenyl

- 120 -

acetate (p-F-PhAc 160) and isoprenyl acetate 169 also underwent smooth aminolysis, with
complete substrate conversion at < 6 h. 4-Fluorophenyl-4-fluorobenzoate 165 and 2,2,2trifluoroethyl-4-fluorobenzoate 166 showed more subdued reactivity, with only partial substrate
conversion after 30 h, whilst 4-fluorobenzyl-4-fluorobenzoate 167 and methyl-4-fluorobenzoate
168 remained effectively inert under ambient conditions. Further experiments ultimately
highlighted p-F-PhAc 160 as an ideal substrate for detailed kinetic studies (vide infra), enabling a
direct comparison with Birman’s kinetic data (e.g., 150 ≈ 160) and providing ample scope for
isotopic labelling and substituent variation.

Exploratory in situ reaction monitoring
In situ monitoring of the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170, DBU 130 and 1,2,4triazole 98 (10 mol%) was facilitated by 1H NMR and 19F NMR spectroscopy, with concentrationtime profiles obtained by direct integration and normalisation against an inert internal standard
(1,3,5-trimethoxybenzene: 1H; 1-F-napthalene: 1H, 19F). Representative spectra for each nucleus,
highlighting the key observable species, are shown in Figure 3.3 for standard catalytic conditions
(0.10 M, equimolar p-F-PhAc : p-F-BnNH2 : DBU; azole, 10 mol%; MeCN-d3/h3; T = 20 ± 1 ˚C),
with 1,2,4-triazole 98 as the catalyst. For 1H NMR analysis in MeCN-d3 (δMeCN-d2 = 1.970 ppm), pF-BnNHAc 171 concentrations were typically determined by normalised integration of the doublet
at δH = 4.30 ppm; p-F-PhOH 172 by the multiplet at δH = 6.68 ppm; p-F-BnNH2 170 by the singlet
at δH = 3.78 ppm; p-F-PhAc 160 by the singlet at δH = 2.26 ppm; and 1,2,4-triazole 98 by the
singlet at δH = 7.88 ppm. Single time-averaged subspectra were observed for 1,2,4-triazole 98,
p-F-PhOH 172 and DBU 130, reflecting the population-weighted average shifts of unionised and
ionised species, and association states thereof, in each case. On account of high-order kinetic
behaviour in MeCN (vide infra), monitoring experiments were generally suspended prior to full
conversion (often < 75 %); subsequent end-point analysis in several cases demonstrated that
aminolysis was nevertheless quantitative in the temporal limit.
Exploratory

19F

NMR monitoring experiments under standard catalytic conditions established

several essential features of aminolysis. Notwithstanding minor disparities arising from the
hydrolytic liberation of 172, the two products of aminolysis, p-F-BnNHAc 171 and p-F-PhOH 172,
were formed concurrently throughout the course of the reaction, with no apparent steady-state
accumulation of any intermediate species. The total concentrations of 1,2,4-triazole 98 and DBU
130, in contrast, remained constant throughout monitoring. Product evolution profiles were found
to be highly reproducible between individual kinetic runs, between different stock solutions, and
even between different batches of p-F-PhAc 160, DBU 130 and/or p-F-BnNH2 170, all provided
modest precautions (i.e., moderately anhydrous but otherwise standard purity solvents) were
taken towards the exclusion of adventitious moisture; hydrolysis of p-F-PhAc 160 was generally
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minor (< 2 %) under standard catalytic conditions, without the use of a glovebox for solution
preparation, and without the use of Young’s tap NMR tubes for monitoring. Kinetic profiles
obtained independently by 1H NMR (MeCN-d3) and

19F

NMR spectroscopy (MeCN-h3) (Figure

3.1) were also found to be essentially identical, discounting the existence of a significant solvent
kinetic isotope effect (SKIE).

A

B

Figure 3.1: Example concentration-time profiles obtained by in situ NMR spectroscopy for the aminolysis of p-F-PhAc
160 (0.10 M) with p-F-BnNH2 170 (0.10M) in MeCN at T = 20 °C, with stoichiometric DBU 130 (0.10 M) and catalytic 1,2,4triazole 98 (0.010 M; 10 mol%). (A) Fluorinated species monitored by 19F NMR, including p-F-BnNHAc 171 (diamonds),
p-F-BnNH2 170 (circles), p-F-PhAc 160 (squares) and p-F-PhOH 172 (triangles); (B) Product evolution profiles (p-FBnNHAc 171) obtained independently, using different substrate batches, by 1H (MeCN-d3) and 19F NMR (MeCN-h3).

Whereas the chemical shifts of non-exchangeable nuclei (e.g. δH(CH), δF) in p-F-PhAc 160, p-FBnNH2 170 and p-F-BnNHAc 171 remained stable during monitoring, key resonances for 1,2,4triazole 98, DBU 130 and p-F-PhOH 172 shifted significantly during the reaction evolution.
Conversion-dependent chemical shifts for the latter three species were interpreted as timeaveraged signals of multiple charge/aggregation states (e.g. DBU/DBU-H+, p-F-PhOH/p-F-PhO-)
(vide infra) in rapid equilibrium. The chemical shift of 1,2,4-triazole 98 (δH = 7.80 ppm) prior to the
initiation of catalysis (via the addition of p-F-PhAc 160) suggested a significant degree of
deprotonation by the initial excess of DBU (δH(99-[nBu4N+]) = 7.67 ppm; δH(98) = 8.15 ppm);
downfield drifts in this resonance brought about by the liberation of p-F-PhOH 172 suggested an
increasing degree of protonation or heteroconjugation of the 1,2,4-triazolate anion 99 during the
course of the reaction. Analogous downfield drifting of key 1H resonances for DBU 130 suggested
a similar fate (e.g. formation of DBUH+, 130-H+).
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B

D

Figure 3.2: Exploratory 1H/19F NMR monitoring experiments on the aminolysis of p-F-PhAc 160 (0.10 M) with p-F-BnNH2
170 (0.10 M) at T = 20 °C. Reaction progress quantified by the evolution of p-F-BnNHAc 171 in each case. (A) Aminolysis
of p-F-PhAc 160 with p-F-BnNH2 170 in THF-h8 in the presence of auxiliary DBU 130 (0.10 M) and either 1,2,4-triazole 98
or n-tetrabutylammonium salt of 1,2,4-triazolate 99-[nBu4N+] (10 mol%) (19F NMR); (B) Aminolysis of p-F-PhAc 160 with
p-F-BnNH2 170 in MeCN-h3 in the presence of auxiliary DBU 130 (0.10 M) and either 1,2,4-triazole 98 or ntetrabutylammonium salt of 1,2,4-triazolate 99-[nBu4N+] (10 mol%) (19F NMR); (C) Aminolysis of p-F-PhAc 160 with p-FBnNH2 170 in MeCN-h3 in the presence of: (i) DBU 130 (0.10 M) + 99-[nBu4N+] (10 mol%); (ii) 99-[nBu4N+] (10 mol%)
alone; or (iii) DBU 130 (0.10 M) alone (19F NMR). (D) Aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 in MeCN-d3 in the
presence of DBU 130 (0.10 M) and pyrazole 154 (10 mol%) (1H NMR), with N-acetyl pyrazole (Ac-154) concentration
shown on a secondary axis.
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IS1

IS2

IS2

Figure 3.3: Example 19F and 1H NMR spectra obtained during in situ monitoring of the aminolysis of p-F-PhAc 160 (0.10
M) with p-F-BnNH2 170 (0.10M), DBU 130 (0.10 M) and 1,2,4-triazole 98 (0.010 M) in MeCN-h3 (19F) and MeCN-d3 (1H).
IS1 = 1-F-napthalene (0.050 M, -125.0 ppm). IS2 = 1,3,5-trimethoxybenzene (0.033 M).

As observed by Birman, the initial rate of aminolysis under standard catalytic conditions in MeCN
was exceptionally rapid in the early stages of conversion (t1/4(p-F-PhAc) = 60 s), whilst
substantially longer times were required for the consumption of half the total substrate 160 (t1/2(pF-PhAc) = 470 s), indicative of high-order kinetic behaviour and/or significant product inhibition.
In the presence of stoichiometric DBU 130 (0.10 M) and under otherwise standard conditions,
exchanging 1,2,4-triazole 98 (10 mol%) for tetra-n-butylammonium 1,2,4-triazolate 99-[nBu4N+]
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(10 mol%) had no discernible impact on the kinetics of aminolysis (Figure 3.2B), indicating that
DBU can generate 1,2,4-triazolate anion 99 in situ, and do so near quantitatively when present in
significant excess (initially 10:1), in MeCN. In the absence of auxiliary DBU, however, significantly
different behaviour was observed between these two catalysts (Figure 3.2C): whilst 1,2,4-triazole
98 was rendered completely ineffective in the absence of an auxiliary base (essentially no
aminolysis occurred over the typical monitoring duration of 1 h without DBU), tetra-nbutylammonium 1,2,4-triazolate 99-[nBu4N+], even when present alone, led to moderately
efficient aminolysis. Indeed, aminolysis with catalytic 99-[nBu4N+] (10 mol%) alone was found to
more efficient than with stoichiometric DBU 130 (100 mol%) in isolation, with the latter leading to
detectable but otherwise minor background aminolysis. Aminolysis with catalytic 99-[nBu4N+]
alone progressed in a similar manner, albeit slower, to the equivalent reaction with additional
stoichiometric DBU 130 (Figure 3.2C), but with product evolution occurring in two distinctive
phases: (i) an initial burst phase, involving the rapid formation of p-F-BnNHAc 171 and p-F-PhOH
172 in quantities matching the catalytic loading (i.e., 10 mol%); and (ii) a second inhibited phase,
in which aminolysis continues but is significantly slowed. In the absence of auxiliary DBU 130, the
liberated p-F-PhOH 172 leads unsurprisingly to the inhibition of catalytic activity.
The tentative existence of two distinct kinetic regimes, independently accessible by virtue of
solvent choice (vide supra),38 was also subjected to preliminary exploration by monitoring the
aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 in THF-h8 under standard conditions (DBU 130,
0.10 M; 98, 10 mol%, 20 °C) (Figure 3.2A); as for MeCN, independent monitoring experiments
were conducted with 1,2,4-triazole 98 and tetra-n-butylammonium 1,2,4-triazolate 99-[nBu4N+].
Unlike MeCN, where the loading of either 98 or 99-[nBu4N+] had a minimal effect on the rate of
aminolysis, switching between these two catalysts elicited a profound mechanistic change in THF.
In the presence of catalytic 99-[nBu4N+] and auxiliary DBU 130, qualitatively analogous kinetic
profiles were obtained in MeCN and THF (Figures 3.2A,B); switching to 1,2,4-triazole 98 in THF,
however, led to a significant suppression in the initial rate of aminolysis and an apparent decrease
in the overall kinetic order/product inhibition. Though the first half life of p-F-PhAc 160 is
significantly shorter in THF with 99-[nBu4N+] (and DBU) than with 98, further conversion is
inhibited more profoundly with the former.
Further exploratory experiments in which 1,2,4-triazole 98 was exchanged for pyrazole 154
(Figure 3.2D) led to the emergence of yet another kinetic regime. Under otherwise standard
catalytic conditions in MeCN-h3,

19F

NMR monitoring and mass balance calculations suggested

that the addition of catalytic pyrazole resulted in the rapid accumulation and gradual steady-state
depletion of a moderately stable intermediate; direct monitoring by 1H NMR (MeCN-d3) under
identical conditions verified the existence of this intermediate, and independent synthesis
confirmed its identity as N-acetyl pyrazole (Ac-154).
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3.2.2. Global Kinetics
Kinetic methodology
In pursuit of an overarching mechanism for azole-catalysed acyl transfer, the global kinetics of
aminolysis with p-F-PhAc 160 and p-F-BnNH2 170 (20 °C) were monitored extensively under four
distinct sets of conditions, including: (i) catalytic 1,2,4-triazole 98 and auxiliary DBU 130 in THF;
(ii) 1,2,4-triazole 98 and DBU 130 in MeCN; (iii) tetra-n-butylammonium 1,2,4-triazolate 99[nBu4N+] alone in MeCN; and (iv) pyrazole 154 and DBU 130 in MeCN. All kinetic runs were
assembled manually, with global concentrations of p-F-PhAc 160, p-F-BnNH2 170, p-F-BnNHAc
171 and p-F-PhOH 172 measured continuously by in situ 1H/19F NMR spectroscopy using 1fluronapthalene or 1,3,5-trimethoxybenzene as an internal integration standard. As no
accumulation of 1-acetyl-1,2,4-triazole (Ac-98) was detected during exploratory
monitoring experiments, aminolysis under conditions (i)-(iii) was monitored by
aminolysis under conditions (iv), however, was monitored directly by

1H

1H

NMR

19F

NMR;

NMR to obtain

quantitative catalyst speciation data.
To avoid the use of artificial pseudo first-order conditions and circumvent the issue of obtaining
accurate initial rate data in MeCN, which proved difficult on account of substantial initial rates and
severe product inhibition, the empirical rate equation for each set of conditions was established
by variable time normalisation analysis (VTNA). In general, the kinetic order of each individual
component under any given regime was determined by graphical comparison of four independent,
normalised kinetic profiles, obtained by varying the initial concentration of the respective
component under ceteris paribus conditions; in the case of THF (conditions ii), kinetic orders were
corroborated by initial rate measurements. The full empirical rate law and macroscopic rate
coefficient (kobs) for each system were determined by the linearization of all kinetic profiles.
In this section the results of kinetic analysis are described sequentially for conditions (i) – (iv); the
mechanistic implications of these results are discussed subsequently (3.3.3. Overarching
mechanism).

Regime i
The global kinetics of aminolysis in THF with in situ 1,2,4-triazolate generation and auxiliary DBU
(conditions i) were studied first (Figure 3.4). Whilst the rate of aminolysis was found,
unsurprisingly, to be first-order in p-F-PhAc 160 throughout the duration of monitoring, more
nuanced behaviour was observed following variations in the initial loading of p-F-BnNH2 170.
Specifically, the rate of aminolysis was found to be initially zeroth order with respect to p-F-BnNH2
(for [p-F-BnNH2] ~ < 0.75[p-F-BnNH2]0), with systematic deviations from zeroth order behaviour
arising at high amine conversions. Unlike p-F-PhAc 160 and p-F-BnNH2 170, for which temporal
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concentration data was directly obtainable by

19F

NMR spectroscopy, determining the

concentration profiles of 1,2,4-triazolate 99 and un-ionised DBU 130 proved more difficult.

Figure 3.4: Product evolution profiles for the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 in THF-h8 at 20 °C, obtained
by in situ 19F NMR spectroscopy. Product evolution quantified by the total concentration of liberated p-F-PhOH 172 in
each kinetic run. (A) Aminolysis of 160 (0.10 M) with variable 170 (0.025 – 0.10 M), DBU 130 (0.10 M) and 1,2,4-triazole
98 (10 mol%); (B) Aminolysis of variable 160 (0.025 - 0.10 M) with 170 (0.10 M), 130 (0.10 M) and 98 (10 mol%); (C)
Aminolysis of 160 (0.10 M) with 170 (0.10 M), variable 130 (0.025 - 0.10 M) and 98 (10 mol%); (C) Aminolysis of 160
(0.10 M) with 170 (0.10 M), 130 (0.10 M) and variable 98 (2.5 - 10 mol%).

Whilst initial rate data appeared to show a partial positive order in [DBU] 0 (α ≈ 0.3) for a fixed
initial loading of [98]0, subsequent equilibrium studies and numerical simulations (vide infra)
demonstrated that this apparent non-zero order was simply the result of a decreasing degree of
ionisation of 98 (to 99-[DBUH+]) at lower initial DBU loadings. Once the degree of ionisation was
taken into account (Figure 3.5), a clean first-order dependence of the initial rate (v0) on the initial
concentration of 1,2,4-triazolate 99-[DBUH+] was observed, whilst a zero-order dependence was
determined for DBU itself.
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Figure 3.5: Initial rate analysis for the aminolysis of p-F-PhAc 160 (0.10 M) with p-F-BnNH2 170 (0.10 M), variable 130
DBU (0.025 - 0.10 M) and 1,2,4-triazole 98 (10 mol%) in THF-h8 at 20 °C (from Figure 3.4C). Initial concentrations of unionised DBU 130 ([DBU]0) and 1,2,4-triazolate (99-[DBUH+]) were determined analytically on the basis of an equilibrium
constant KTrz = 41 for ion-pair formation; value of KTrz determined by an 1H NMR titration in THF-d8 for 98 + 130 ↔ 99[DBUH+] at [98]T = 0.050 M and [DBU]T = 0.010 – 0.15 M.

Independent initial rate measurements in which [98]0 was varied (2.5 – 10 mM) for a fixed initial
loading of excess DBU 130 (0.10 M) further confirmed the first-order dependence on 99-[DBUH+],
and further VTNA (Figure 3.6) with simulated concentration profiles for [DBU] and [99-[DBUH+]],
suggested that first-order dependencies on both species orders were retained throughout the
duration of monitoring.
Having determined the kinetic orders of the four key starting materials (p-F-PhAc, p-F-BnNH2,
DBU, 1,2,4-triazolate), further variable time normalisation analysis was applied to determine the
empirical rate law and macroscopic rate coefficient (kobs) for aminolysis in THF. Full normalisation
of temporal concentration profiles (Figure 3.7) obtained under standard catalytic conditions (0.10
M; equimolar p-F-PhAc : p-F-BnNH2 : DBU; 1,2,4-triazole, 10 mol%) indicated an approximate
pseudo-first order rate expression, k’obs[p-F-PhAc], where k’obs ≈ kobs[98]0. Under these conditions
a value of kobs = 0.077 dm3 mol-1 s-1 was determined, and this remained largely unchanged for [pF-PhAc]0 = 0.025 – 0.10 M and [98]0 = 2.5 – 10 mM, ceteris paribus, assuming negligible catalyst
deactivation in all cases.
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Figure 3.6: Single-component normalised product evolution profiles and initial rate analysis for each of the four
components involved in the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170, DBU 130 and 1,2,4-triazole 98 in THF-h8 at
20 °C (raw kinetics: Figure 3.4). Normalisation conducted with respect to 1,2,4-triazolate 99-[DBUH+] and un-ionised
DBU, the concentrations of which were determined at each time point by numerical simulations (vide supra); numerical
simulations used values of KTrz = 41 for 98 + 130 ↔ 99-[DBUH+] and KArO = 237 for 172 + 130 ↔ 173-[DBUH+], values
determined by 1H and 19F NMR titrations in THF-d8/h8 at [98]T = 0.050 M and [172]T = 0.050 M, respectively.
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Figure 3.7: Fully normalised product evolution profiles for the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170, DBU 130
and 1,2,4-triazole 98 in THF-h8 at 20 °C. Normalisation conducted with respect to 1,2,4-triazolate 99-[DBUH+] and unionised DBU, the concentrations of which were determined at each time point by numerical simulations (vide supra). (A)
Aminolysis of 160 (0.10 M) with variable 170 (0.025 – 0.10 M), 130 (0.10 M) and 98 (10 mol%); (B) Aminolysis of variable
160 (0.025 - 0.10 M) with 170 (0.10 M), 130 (0.10 M) and 98 (10 mol%); (C) Aminolysis of 160 (0.10 M) with 170 (0.10
M), variable 130 (0.025 - 0.10 M) and 98 (10 mol%); (D) Aminolysis of 160 (0.10 M) with 170 (0.10 M), 130 (0.10 M) and
variable 98 (2.5 - 10 mol%). kobs ≈ 0.092 dm3 mol-1 s-1 for v = kobs[160][99-[DBUH+]] if [160]0 > [170]0.

Departures from reference loadings of [DBU]0 and [p-F-BnNH2]0 led to more complicated
behaviour. Reductions to the initial DBU loading ([DBU] 0 = 0.025 – 0.075 M) ceteris paribus
introduced pronounced curvature into the fully normalised kinetic profile, reflecting the increased
susceptibility of the system to catalyst deactivation (i.e. protonation, or heteroconjugation, of
1,2,4-triazolate, so 99-[DBUH+] ≠ [98]0); linearity was restored by including numerically simulated
catalyst deactivation profiles during normalisation (KTrz = 41.6; KArO = 237; Figure 3.6), leading to
a refined second-order rate expression kobs[p-F-PhAc][99-[DBUH+]] and macroscopic rate
coefficient kobs = 0.092 dm6 mol-2 s-1 (Figure 3.7) Lower initial loadings of [p-F-BnNH2]0 (0.025 –
0.075 M) also lead to significant departures from linearity in the normalised kinetic profile,
exposing the gradual transition from one kinetic regime (zeroth order in p-F-BnNH2) to another
(first order in p-F-BnNH2) that occurs at high amine conversions; the value of kobs above is only
meaningful for [p-F-PhAc]0 > [p-F-BnNH2]0.
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Regime ii
In contrast to THF, the rate of aminolysis in MeCN with auxiliary DBU 130 and 1,2,4-triazole 98
was shown by normalisation to be consistently first-order in both p-F-PhAc 160 and p-F-BnNH2
170 throughout the full duration of monitoring. At high DBU loadings (e.g., [DBU]0 > 5 x [98]0), a
first-order dependence on the total catalyst concentration [98]0 was also obtained (Figure 3.8).

Figure 3.8: Product evolution profiles for the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 in MeCN-h3 at 20 °C,
obtained by in situ 19F NMR spectroscopy. Product evolution quantified by the total concentration of liberated p-F-PhOH
172 in each kinetic run. (A) Aminolysis of 160 (0.10 M) with variable 170 (0.025 – 0.10 M), DBU 130 (0.10 M) and 1,2,4triazole 98 (10 mol%); (B) Aminolysis of variable 160 (0.025 - 0.10 M) with 170 (0.10 M), 130 (0.10 M) and 98 (10 mol%);
(C) Aminolysis of 160 (0.10 M) with 170 (0.10 M), variable 130 (0.025 - 0.10 M) and 98 (10 mol%); (C) Aminolysis of 160
(0.10 M) with 170 (0.10 M), 130 (0.10 M) and variable 98 (2.5 - 10 mol%).
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Figure 3.9: Single-component normalised product evolution profiles for each of the four components involved in the
aminolysis of p-F-PhAc 160 with p-F-BnNH2 170, DBU 130 and 1,2,4-triazole 98 in MeCN-h3 at 20 °C (raw kinetics: Figure
3.8). Catalyst deactivation is apparently minimal under standard catalytic conditions, such that 99-[DBUH+] ≈ [98]0. In
accordance with detailed equilibrium studies (vide infra), the concentration of unionised DBU at each time-point was
approximated by [DBU] = [DBU]0 – 0.5.[p-F-PhOH]T.

Assessing the temporal concentration profile – and thereby kinetic order – of unionised DBU 130
proved more difficult than for THF. It was initially assumed that the residual concentration of unionised DBU at any point in the reaction could be inferred directly from the initial loadings of DBU
([DBU]0) and the total concentration of evolved p-F-PhOH 172, [p-F-PhOH]T, such that [DBU] ≈
[DBU]0 – [p-F-PhOH]T. Closer inspection of the literature, however, revealed that this approach
was inconsistent with the relative acidities of DBU (pKaH(MeCN) = 24.3) and p-F-PhOH
(pKa(MeCN) = 27.2) in MeCN, which indicate that p-F-PhOH should not be capable of protonating
DBU without the assistance of a supplementary driving force.
Given that ion-pairing between p-fluorophenoxide (p-F-PhO-) and the conjugate acid of DBU
(DBUH+) was expected to be more modest in MeCN than in THF, it seemed more likely that the
protonation of DBU by p-F-PhOH could instead be driven by homoconjugation (Scheme 3.5).
This hypothesis is in agreement with the independent works of Coetzee, 40 Kolthoff41 and
Chmurzynski,42 which suggest that the hydrogen-bonding interaction between phenoxide anions
(e.g., 173) and their conjugate acids (e.g., 172) is particularly substantial in MeCN, with first-order
homoconjugation constants of the order KHC,1 ~ 103 – 104 dm3 mol-1 reported for p- and m-
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substituted phenols. For a limited number of phenols (PhOH, p-NO2-PhOH), second-order
homoconjugation (i.e. association of one phenoxide anion with two molecules of its conjugate
acid) has also been reported, although the complexation of a second phenol molecule appears
to be significantly less favourable than the first (KHC,2 ~ 101 – 102; KHC,1,2 = 104 – 106). Such a
driving force would be more than sufficient to offset the apparent deficiency in the intrinsic basicity
of DBU (ΔpKa = pKaH(DBU) – pKa(p-F-PhOH) ≈ -3), and would indicate that the speciation of pF-PhOH during aminolysis might be dominated by unassociated phenol and first- and secondorder homoconjugates (174; 175), with minimal population of the unassociated phenoxide (pKa(pF-PhOH) ≈ pKa(PhOH)).

Scheme 3.5: Homoconjugation of p-F-PhOH 172 under basic conditions in MeCN with DBU 130. First order
homoconjugation to form 174 is very favourable; second-order homoconjugation to form 175 is also possible but
significantly less favoured. Neglecting activity effects and ion-pairing, the equilibrium constant for proton transfer from pF-PhOH to DBU ought to be small (i.e., KPT ≈ 0.001 (pKa(p-F-PhOH) = 27.3; pKaH(DBU) = 24.3)).

Extensive equilibrium studies in MeCN (vide infra) confirmed the importance of phenol
homoconjugation during the aminolysis of p-F-PhAc 160, and highlighted in particular the stability
of the first-order homoconjugate 174, towards deprotonation by DBU 130. In accordance with the
stability of this homoconjugate, numerical simulations showed that the instantaneous
concentration of un-ionised DBU could be reasonably approximated by [DBU] ≈ [DBU]0 - 0.5[pF-PhOH]T under conditions where [p-F-PhOH]T < [DBU]0; using this approximation, a clean first
order dependence of the rate of aminolysis upon [DBU] was obtained by VTNA.
In contrast to THF, full normalisation of product evolution profiles obtained in MeCN (Figure 3.10)
led to a more complicated rate expression, with approximate first-order dependencies on [p-FPhAc], [p-F-BnNH2] and [DBU], and an inverse first-order dependence on the total concentration
of evolved p-F-PhOH, [p-F-PhOH]T (v ≈ k’obs[p-F-PhAc][p-F-BnNH2][DBU][p-F-PhOH]T-1, with k’obs
≈ kobs[98]0). Assuming [DBU] ≈ [DBU]0 – 0.5[p-F-PhOH]T, a macroscopic termolecular rate
coefficient of kobs = 0.74 dm6 mol-2 s-1 was obtained under standard catalytic conditions; almost
identical values were obtained for [p-F-PhAc]0 = 0.025 – 0.10 M, [TrzH]0 = 2.5 – 10.0 mM, [DBU]0
= 0.025 – 0.10 M and [p-F-BnNH2]0 = 0.050 – 0.10 M.
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Figure 3.10: Fully normalised product evolution profiles for the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170, DBU
130 and 1,2,4-triazole 98 in MeCN-h3 at 20 °C (raw kinetics: Figure 3.8). Normalisation conducted with respect to unionised DBU 130, approximated by [DBU] = [DBU]0 – 0.5.[p-F-PhOH]T.(A) Aminolysis of 160 (0.10 M) with variable 170
(0.025 – 0.10 M), 130 (0.10 M) and 98 (10 mol%); (B) Aminolysis of variable 160 (0.025 - 0.10 M) with 170 (0.10 M), 130
(0.10 M) and 98 (10 mol%); (C) Aminolysis of 160 (0.10 M) with 170 (0.10 M), variable 130 (0.025 - 0.10 M) and 98 (10
mol%); (D) Aminolysis of 160 (0.10 M) with 170 (0.10 M), 130 (0.10 M) and variable 98 (2.5 - 10 mol%).

Whilst the accumulation of p-F-BnNHAc 171 appeared to have no effect on the rate of aminolysis
– verified by independent experiments with exogenous 171 – the inverse first-order dependence
of the rate of aminolysis upon [p-F-PhOH]T indicates significant product inhibition by the evolved
phenol. Deviations in the value of kobs with varying p-F-BnNH2, assuming a first-order
dependence, are an inevitable consequence of treating such product inhibition simplistically (i.e.,
as 1/y[172]T rather than 1/(x[170] + y[172]T): assuming a stepwise mechanism (vide infra),
aminolysis must necessarily be initially zeroth order in p-F-BnNH2 at the outset of the reaction (no
p-F-PhOH is present at t = 0), so the average order over the course of aminolysis will always be
< 1. That the deviations in kobs are minor, however, suggests that the liberation of very small
quantities of p-F-PhOH is sufficient to induce a change in kinetic regime.
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Figure 3.11: Product evolution profiles for the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 and n-tetrabutylammonium
1,2,4-triazolate 99-[nBu4N+] in MeCN-h3 at 20 °C, without auxiliary DBU, obtained by in situ 19F NMR spectroscopy. For
kinetic runs initiated without exogenous p-F-PhOH 172 (A-C), the product evolution corresponds to the total concentration
of liberated p-F-PhOH; for kinetic runs initiated with the addition of exogenous p-F-PhOH, the product evolution
corresponds to the concentration of p-F-BnNHAc 171. (A) Aminolysis of 160 (0.10 M) with variable 170 (0.025 – 0.10 M)
and 99-[nBu4N+] (10 mol%); (B) Aminolysis of variable 160 (0.025 - 0.10 M) with 170 (0.10 M), and 99-[nBu4N+] (10 mol%);
(C) Aminolysis of 160 (0.10 M) with 170 (0.10 M) and variable 99-[nBu4N+] (2.5 - 10 mol%); (D) Aminolysis of 160 (0.10
M) with 170 (0.10 M), 99-[nBu4N+] (25 mol%), and exogenous 172 (0 – 0.050 M).

Regime iii
The rate of aminolysis in MeCN with catalytic n-tetrabutylammonium 1,2,4-triazolate 99-[nBu4N]
alone (Figure 3.11) was found to be cleanly first-order in both p-F-PhAc 160 and p-BnNH2 170,
in correspondence with aminolysis conducted in the presence of auxiliary DBU (Figure 3.12).
However, in contrast to DBU-mediated aminolysis, an apparent second-order dependence was
established for 99-[nBu4N], suggesting that the catalyst might serve a dual role in facilitating
turnover (vide infra, 3.3.3.). At elevated catalytic loadings of 99-[nBu4N] (25 mol%; 0.025 M), an
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apparent inverse second-order dependence on p-F-PhOH was determined by exogeneous
addition (0.010 – 0.050 M) and normalisation.
Despite the apparently unambiguous orders determined individually for each component, full
normalisation of the product evolution profiles, accounting for the orders of all components, led to
complex behaviour. Significant deviations from linearity were observed in certain profiles when all
datasets were normalised under a single empirical rate law, including an inverse second-order
dependence on p-F-PhOH, but linearity could be restored in individual profiles by modulating the
inverse order dependence on p-F-PhOH (-1 to -2).

Figure 3.12: Single-component normalised product evolution profiles for each of the components involved in the
aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 and n-tetrabutylammonium 1,2,4-triazolate 99-[nBu4N+] in MeCN-h3 at
20 °C (raw kinetics: Figure 3.11). Whilst an inverse second-order dependence on exogenous p-F-PhOH 172 was
observed at certain concentrations (0.010 – 0.050 M; shown), more complex behaviour was observed during attempts to
fully normalise product evolution profiles obtained in the absence of exogenous p-F-PhOH 172, presumably as a result of
heteroconjugative equilibria between 99 and p-F-PhOH 172.
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Regime iv
The pyrazole-catalysed (154) aminolysis of p-F-PhAc 160 in MeCN-d3 (20 °C) led to yet another
kinetic regime, in which the formation of p-F-BnNHAc 171 was accompanied by the rapid
accumulation and subsequent steady-state evolution of N-acetyl pyrazole (Ac-154).

Figure 3.13: Product evolution profiles for the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170, DBU 130 and pyrazole
154 in MeCN-d3 at 20 °C, obtained by in situ 1H NMR spectroscopy. Product evolution quantified by the total concentration
of liberated p-F-BnNHAc 171 in each kinetic run. (A) Aminolysis of 160 (0.10 M) with variable 170 (0.025 – 0.10 M), 130
(0.10 M) and 154 (10 mol%); (B) Aminolysis of variable 160 (0.025 - 0.10 M) with 170 (0.10 M), 130 (0.10 M) and 154 (10
mol%); (C) Aminolysis of 160 (0.10 M) with 170 (0.10 M), variable 130 (0.025 - 0.10 M) and 154 (10 mol%); (C) Aminolysis
of 160 (0.10 M) with 170 (0.10 M), 130 (0.10 M) and variable 154 (2.5 - 10 mol%).
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Under standard catalytic conditions (0.10 M, equimolar p-F-PhAc, p-F-BnNH2, DBU; pyrazole, 10
mol%), the concentration of N-acetyl pyrazole Ac-154 reached a maximum of ca 5.5 mM after
approximately 180 s, corresponding to 55 % of the total catalyst loading (fInt = [Ac-154]/[154]0 =
0.55) at a fractional conversion (F) of 12 %; steady state decay of Ac-154 was observed
thereafter. Independently decreasing the initial loadings of each of the four components (p-FPhAc, p-F-BnNH2, DBU, pyrazole) suppressed the overall rate of p-F-BnNHAc 171 evolution
(Figure 3.13) in all cases but had differential effects on catalyst speciation (Figure 3.14), thus
leading to various partial kinetic orders in 160/170 by standard graphical analysis. Reductions to
the initial concentration of p-PhAc 160 resulted in concomitantly lower maximum steady-state
populations of Ac-154, whilst reductions to the p-F-BnNH2 170 had the opposite effect. Changes
to the initial loadings of DBU 130 and pyrazole 154 itself, conversely, led to effectively
indistinguishable catalyst speciation profiles (fAc-154), expressed as a function of fractional
conversion.

Figure 3.14: Catalyst speciation profiles for the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170, DBU 130 and pyrazole
54 in MeCN-d3 at 20 °C, obtained by in situ 1H NMR spectroscopy. fAc-154 = [Ac-154]/[154]0; conversion pertains to limiting
substrate in each case. (A) Aminolysis of 160 (0.10 M) with variable 170 (0.025 – 0.10 M), 130 (0.10 M) and 154 (10
mol%); (B) Aminolysis of variable 160 (0.025 - 0.10 M) with 170 (0.10 M), 130 (0.10 M) and 154 (10 mol%); (C) Aminolysis
of 160 (0.10 M) with 170 (0.10 M), variable 130 (0.025 - 0.10 M) and 154 (10 mol%); (D) Aminolysis of 160 (0.10 M) with
170 (0.10 M), 130 (0.10 M) and variable 154 (2.5 - 10 mol%).
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3.2.3. Overarching mechanism
Three kinetic regimes thus emerge in the 1,2,4-triazole-catalysed aminolysis of p-F-PhAc 160,
including: (i) a bimolecular regime, in which the rate of product evolution depends only on the
concentration of the acyl donor (p-F-PhAc 160) and active catalyst (99-[DBUH+]); (ii) a formally
termolecular regime, including first order dependencies on the acyl donor (p-F-PhAc 160) total
catalyst ([98]0) but also the acyl acceptor (p-F-BnNH2 170) and auxiliary base (DBU 130), and
first-order product inhibition; and (iii) an extensively inhibited regime, arising in the absence of
auxiliary base, analogous to regime ii but with a second-order dependence on the total catalyst
99-[nBu4N+]0. Crucially, transitions between regimes arise from even minor perturbations to the
reaction conditions: transitions from regime i to regime ii arise from changes to solvent, THF (i) to
MeCN (ii), or, in THF, the ionisation state of the pre-catalyst, from 1,2,4-triazole (98; i) to 1,2,4triazolate (99-[nBu4N+]; ii), whilst the omission of auxiliary base (DBU 130) in MeCN switches
regime ii to regime iii. Exchanging 1,2,4-triazole 98 in MeCN for pyrazole 154 affords yet another
kinetic regime, iv, with significant population of the corresponding acylated intermediate Ac-154,
positive but complex order dependencies on p-F-PhAc 160 and p-F-BnNH2 170, qualitatively
imperceptible product inhibition, and catalyst speciation profiles that are independent of the
auxiliary base concentration.
Whilst this kinetic diversity at first suggests the existence of multiple competing mechanisms,
transitions between limiting regimes of one overarching mechanism for azole-catalysed
aminolysis provides a simpler explanation. For such a mechanism to be self-consistent with all
regimes i – iv, the aminolysis of p-F-PhAc 160 must proceed in a stepwise manner, via (at least)
two sequential intermediates: one generated from the acyl donor and azole alone, and another
generated/intercepted by p-F-BnNH2/DBU. The in-situ detection of N-acetyl pyrazole Ac-154
under regime iv indicates that the first intermediate ought in general to be the N-acylated azole;
the identity of the second intermediate is ambiguous, but on kinetic grounds ought to correspond
to a highly unstable species in rapid pre-equilibrium with the first.
The most obvious overarching mechanism that fulfils all these criteria is shown in general
mechanism 1 (Figure 3.15). In this mechanism, the azole-catalysed aminolysis of p-F-PhAc
(generally, E) proceeds via four key steps, including: (a) rapid and reversible (KPT) generation of
the ion-paired azolate anion (generally, Az-) by the auxiliary base (DBU, or B in general); (b)
reversible (k1, k-1) or irreversible formation of the N-acylated azole (I), generated either through a
concerted nucleophilic acyl substitution or via a transient anionic tetrahedral intermediate; (c)
reversible nucleophilic addition (k2, k-2) of p-F-BnNH2 (generally, A) to I, affording an unstable
zwitterion (II); and (d) regeneration of the azolate anion Az- via irreversible (k3), general-base (B)
mediated elimination of II. In general, liberated phenoxide (generally ArO-) may replenish
unionised base (B) by proton transfer (KLG), also affording ArOH, and under certain conditions
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engage in various conjugative equilibria; homoconjugation (KHC), for example, is especially
favourable in MeCN (vide supra).
That the three kinetic regimes observed in the aminolysis of p-F-PhAc 160 with auxiliary DBU 130
(regimes i,ii,iv) should represent limiting scenarios of Mechanism 3.1 can be demonstrated
explicitly by a steady-state kinetic analysis. Using the method of King and Altman,77 the relative
populations of the protonated azole (generally, AzH); the azole anion, Az-; the N-acylated azole,
I; and the zwitterionic intermediate, II under Mechanism 3.1 are:
[AzH]
𝑘−𝑃𝑇 {𝑘−1 𝑘−2 [ArO− ] + 𝑘−1 𝑘3 [ArO− ][B] + 𝑘2 𝑘3 [A][B]}
=
[AzH]T
Δ

(3.1)

[Az]
𝑘𝑃𝑇 [B]{𝑘−1 𝑘−2 [ArO− ] + 𝑘−1 𝑘3 [ArO− ][B] + 𝑘2 𝑘3 [A][B]}
=
[AzH]T
Δ

(3.2)

[I]
𝑘𝑃𝑇 [B]{𝑘1 𝑘−2 [E] + 𝑘1 𝑘3 [B][E]}
=
[AzH]T
Δ

(3.3)

[II]
𝑘𝑃𝑇 𝑘1 𝑘2 [A][B][E]
=
[AzH]T
Δ

(3.4)

where [AzH]T corresponds to the total azole concentration (i.e., the catalyst loading) across all
species; [ArO-] is the concentration of liberated phenoxide, [B] = [Base] is the concentration of
free, unionised base; [A] = [p-F-BnNH2] and [E] = [p-F-PhAc]; and the denominator Δ is:
Δ = 𝑘𝑃𝑇 [B]{𝑘−1 𝑘−2 [ArO− ] + 𝑘−1 𝑘3 [ArO− ][B] + 𝑘2 𝑘3 [A][B] + 𝑘1 𝑘−2 [E] + 𝑘1 𝑘3 [B][E] + 𝑘1 𝑘2 [A][E]}
+ 𝑘−𝑃𝑇 {𝑘−1 𝑘−2 [ArO− ] + 𝑘−1 𝑘3 [ArO− ][B] + 𝑘2 𝑘3 [A][B]}

(3.5)

Figure 3.15: General mechanism 1. Aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with primary amine A (e.g., pF-BnNH2 170) in the presence of an azole AzH (e.g., 1,2,4-triazole 98 or pyrazole 154) and strong auxiliary base B (e.g.,
DBU 130). Kinetics studied for R1 = p-F-Bn. Ar = p-F-C6H4. [AzH]T = [AzH] + [Az-] + [I] + [II].

- 140 -

Under a steady-state regime, the rate of amide p-F-BnNHAc (generally, P) evolution will be:
𝑑[P]
𝑘𝑃𝑇 𝑘1 𝑘2 𝑘3 [A][B]2 [E][AzH]T
= 𝑘3 [B][II] =
𝑑𝑡
Δ

(3.6)

Neglecting homoconjugation, and expressed explicitly in terms of proton transfer equilibrium
constants for the azole and liberated ArOH (KPT and KLG respectively), and their total
concentrations ([AzH]T, [ArOH]T), the rate of product formation is given by:
𝑑[𝑃]
=
𝑑𝑡

𝐾𝑃𝑇 𝑘1𝑘2 𝑘3 [A][B]2 [E][AzH] 𝑇
𝐾𝐿𝐺 [B][ArOH]T
𝐾 [B]2 [ArOH]T
(1 + 𝐾𝑃𝑇 [B]) {𝑘2 𝑘3[A][B] + 𝑘−1𝑘−2 (
) + 𝑘−1𝑘3 ( 𝐿𝐺
)} + 𝐾𝑃𝑇 [𝐵]{𝑘1 𝑘3 [E][B] + 𝑘1𝑘−2[E] + 𝑘1 𝑘2[E][A]}
1 + 𝐾𝐿𝐺 [B]
1 + 𝐾𝐿𝐺 [B]

Clearly, complex kinetic behaviour is to be expected in general, especially when catalyst
speciation is finely balanced and liable to change significantly during the reaction evolution. This
appears to be the case in regime iv (pyrazole-catalysed aminolysis in MeCN), where N-acetyl
pyrazole (Ac-154 = I-154) is populated significantly but not singularly dominant, with the
speciation changing significantly throughout the reaction evolution.
The situation is simplified somewhat in the case of regimes i-ii – i.e., for 1,2,4-triazole-catalysed
(98) aminolysis with auxiliary DBU 130 – because neither I-98 nor II-98 were detected during in
situ monitoring (< 0.1 mM). This indicates that in regimes i-ii the catalyst speciation must there be
dominated by protic 1,2,4-triazole 98 (AzH) and/or 1,2,4-triazolate 99-[DBUH+] (Az-) – the ratedetermining intermediate(s) (RDI(s)) – in which case the rate of product evolution simplifies to:
𝑑[P]
≈
𝑑𝑡

𝐾𝑃𝑇 𝑘1 𝑘2 𝑘3 [A][B]2 [E][AzH] 𝑇
𝐾 [B][ArOH]T
𝐾 [B]2 [ArOH]T
(1 + 𝐾𝑃𝑇 [B]) {𝑘−1 𝑘−2 ( 𝐿𝐺
) + 𝑘−1 𝑘3 ( 𝐿𝐺
) + 𝑘2 𝑘3 [A][B]}
1 + 𝐾𝐿𝐺 [B]
1 + 𝐾𝐿𝐺 [B]

(3.8)

If the aminolysis of the N-acylated azole I by p-F-BnNH2 outcompetes phenolysis (such that
k2[A] >> k-1[ArO-], K2k3[A][B] >> k-1[ArO-]), the formation of I will be rate-determining (TS1 will be
the rate-determining TS; RDTS) and the overall rate of product evolution simplifies further to:
𝑑[P] 𝐾𝑃𝑇 𝑘1 [B][E][AzH] 𝑇
≈
= 𝑘1 [E][Az − ] (𝑟𝑒𝑔𝑖𝑚𝑒 𝑖)
𝑑𝑡
1 + 𝐾𝑃𝑇 [B]

(3.9)

which is consistent with the 1,2,4-triazole-catalysed aminolysis of p-F-PhAc 160 in THF (i.e.,
regime i), where a partial positive order in DBU 130 (B) was observed and subsequently
eliminated by explicitly assessing the rate relative to the concentration of ionised 1,2,4-triazolate
99-[DBUH+] (Figure 3.6).
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Figure 3.16: Three limiting regimes of general mechanism 1 (Figure 3.15). (A) Aminolysis of p-F-PhAc 160 (= E) by p-FBnNH2 170 (= A) in the presence of 1,2,4-triazole 98 and DBU 130 in THF (regime i). (B) Aminolysis of p-F-PhAc 160 (=
E) by p-F-BnNH2 170 (= A) in the presence of 1,2,4-triazole 98 and DBU 130 in MeCN (regime ii). (C) Aminolysis of p-FPhAc 160 (= E) by p-F-BnNH2 170 (= A) in the presence of pyrazole 154 and DBU 130 in MeCN (regime iv). RDTS =
Rate-determining transition state. RDI = Rate-determining intermediate. Kinetics determined for R1 = p-F-Bn. Ar = p-FC6H4.
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Conversely, if the phenoxide ArO- liberated from the ester E intercepts the N-acylated azole I
more rapidly than the amine A – i.e., if I is in rapid pre-equilibrium – and the zwitterionic
intermediate II is sufficiently unstable (k-2 >> k3[B]), Brønsted base-mediated elimination will be
rate-determining (TS3 will be the RDTS) and the rate of product evolution simplifies to the
alternative form (neglecting homoconjugation):
𝑑[P] 𝐾𝑃𝑇 𝐾1 𝐾2 𝑘3 [A][B][E][AzH] 𝑇
≈
1 + 𝐾𝑃𝑇 [B]
𝑑𝑡
𝐾𝐿𝐺 [ArOH]T (
)
1 + 𝐾𝐿𝐺 [B]

(3.10)

Depending upon the concentration of unionised base ([B]) and the relative values of KPT and KLG
– i.e., the relative acidities of the azole catalyst and nucleofuge – three different sub-regimes can
emerge if base-mediated elimination is rate-determining. If both KPT[B] >> 1 and KLG[B] >> 1 –
that is, if both the azole AzH and phenol nucleofuge ArOH are strong acids with respect to B and
the base concentration [B] is sufficiently high – the rate of product P formation will have a firstorder dependence on [B]. In fact, analogous kinetic behaviour (with a microscopically distinct
empirical rate coefficient) would arise if both acids were similarly weak, or if the base
concentration were sufficiently low (neglecting homoconjugation).
𝑑[P] 𝐾1 𝐾2 𝑘3 [A][B][E][AzH] 𝑇
(𝑟𝑒𝑔𝑖𝑚𝑒 𝑖𝑖)
≈
[ArOH]T
𝑑𝑡

(3.11)

Large disparities in KPT and KLG would lead to alternative kinetics. If the azole were a strong acid
and the phenol nucleofuge a weak acid, such that KPT[B] >> 1 and KLG[B] << 1, the overall rate of
amide P formation would be independent of [B] (neglecting homoconjugation).
𝑑[P] 𝐾1 𝐾2 𝑘3 [A][E][AzH] 𝑇
≈
𝑑𝑡
𝐾𝐿𝐺 [ArOH]T

(3.12)

The converse scenario, of a weakly acidic azole and strongly acidic nucleofuge (KPT[B] << 1 and
KLG[B] >> 1), would instead lead to a second-order dependence on base (neglecting
homoconjugation):
𝑑[𝑃] 𝐾𝑃𝑇 𝐾1 𝐾2 𝑘3 [A][B]2 [E][AzH] 𝑇
≈
[ArOH]T
𝑑𝑡

(3.13)

The rate of 1,2,4-triazole 98 catalysed aminolysis of p-F-PhAc 160 with auxiliary DBU 130 in
MeCN (regime ii) is consistent with the first of these options, and with acid-base titrations of both
1,2,4-triazole and p-F-PhOH 172 with DBU 130 in MeCN (vide infra), which indicate the two are
readily deprotonated by even moderate excesses of the latter.
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It should be noted that all these approximations are somewhat compromised when
homoconjugation is significant; however, even with telescoped general mechanism 2 (Figure
3.17), in which the population of the phenoxide anion (ArO -) is essentially neglected, attempts to
derive analytical steady-state approximations for the turnover rate in terms of [ArOH]T and [B]T
run into numerically tractable but analytically fiddly high order polynomials.

Figure 3.17: General mechanism 2. Aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with primary amine A (e.g., pF-BnNH2 170) in the presence of an azole AzH (e.g., 1,2,4-triazole 98 or pyrazole 154) and strong auxiliary base B (e.g.,
DBU 130). Kinetics studied for R1 = p-F-Bn. Ar = p-F-C6H4. [AzH]T = [AzH] + [Az-] + [I] + [II].

According to general mechanism 2, the catalyst speciation is given by:
[AzH]
𝑘−𝑃𝑇 {𝑘−1 𝑘−2 [ArOH][B] + 𝑘−1 𝑘3 [ArOH][B]2 + 𝑘2 𝑘3 [A][B]}
=
[AzH]T
Δ

(3.14)

[Az]
𝑘𝑃𝑇 [B]{𝑘−1 𝑘−2 [ArOH][B] + 𝑘−1 𝑘3 [ArOH][B]2 + 𝑘2 𝑘3 [A][B]}
=
[AzH]T
Δ

(3.15)

[I]
𝑘𝑃𝑇 [B]{𝑘1 𝑘−2 [E] + 𝑘1 𝑘3 [B][E]}
=
[AzH]T
Δ

(3.16)

[II]
𝑘𝑃𝑇 𝑘1 𝑘2 [A][B][E]
=
[AzH]T
Δ

(3.17)

whilst the overall rate of product P formation will be:
𝑑[P]
𝐾𝑃𝑇 𝑘1 𝑘2 𝑘3 [A][B][E][AzH]T
=
{𝑘
[A][E]
[E]
[B][E]}
𝑑𝑡
𝐾𝑃𝑇 1 𝑘2
+ 𝑘1 𝑘−2
+ 𝑘1 𝑘3
+ (1 + 𝐾𝑃𝑇 [𝐵])(𝑘−1 𝑘−2 [ArOH] + 𝑘−1 𝑘3 [ArOH][B] + 𝑘2 𝑘3 [A])

1
[ArOH] ≈ [ArOH] 𝑇 − 2𝐾𝐻𝐶,𝑇 [ArOH]2 ([B]T − ([ArOH] 𝑇 + [ArOH]))
2

(3.18)
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In contrast to regimes i, ii and iv, the absence of auxiliary base (e.g., DBU) in regime iii (Figures
3.11, 3.12) presumably requires the 1,2,4-triazolate anion 99-[DBUH+] itself to act as a Brønsted
base, suggesting general mechanism 3 (Figure 3.18). The second-order dependence on 99[DBUH+]0 under regime iii is then consistent with a limiting scenario in which elimination is ratedetermining (TS’3 is the RDTS), for then 1,2,4-triazolate 99-[DBUH+]0 must be engaged twice per
turnover (Figure 3.19): once as a Lewis n-π* catalyst (to generate I-98), and then as a Brønsted
base (to deprotonate II-98). Complex product inhibition under regime iii presumably arises not
only from the reversion of the N-acylated intermediate I-98, but also the sequestration of 1,2,4triazolate 99-[DBUH+]0 by heteroconjugation.

Figure 3.18: General mechanism 3. Aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with primary amine A (e.g., pF-BnNH2 170) in the presence of a n-tetrabutylammonium azolate salt Az- alone. Kinetics studied for R1 = p-F-Bn. Ar = pF-C6H4. [AzH]T = [AzH] + [Az-] + [I] + [II] + [HeC].

Figure 3.19: One limiting regime of general mechanism 3. Aminolysis of p-F-PhAc 160 (= E) by p-F-BnNH2 170 (= A) in
the presence of n-tetrabutylammonium 1,2,4-triazolate 99-[nBu4N+] in MeCN (regime iii).
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A number of preliminary findings are readily explicable in light of this holistic analysis. It becomes
clear, for example, that exchanging precatalytic 1,2,4-triazole 98 for n-tetrabutylammonium 1,2,4triazolate 99-[nBu4N+] in THF (with auxiliary DBU 130) elicits the same transition in kinetic regime
– from rate-determining azole acylation (regime i) to rate-determining zwitterion elimination
(regime ii) – as retaining 1,2,4-triazole but instead switching from THF to MeCN. Presumably,
both changes stabilise the transition state for the formation of N-acylated intermediate I (TS1)
relative to the transition state for its consumption (TS3) by ion-pairing effects, with noncoordinating cations and more polar media enhancing the nucleophilicity of 1,2,4-triazolate 99[nBu4N+] but not the reactivity of the resulting N-acetyl-1,2,4-triazole (I-98) towards aminolysis. If
elimination is rate-determining for 1,2,4-triazole 98 in MeCN anyway (with DBU), switching the
catalyst to 99-[nBu4N+] would be expected to have no effect on the rate of product evolution – as
observed during exploratory monitoring experiments.
The emergence of such kinetic diversity begs three questions. The first is whether there are any
other overarching mechanisms that can account for regimes i-iv? The second, intimately related
to the first, pertains to the exact nature of the rate-determining transition states, especially in basemediated elimination (i.e., regime ii). Finally, and on a more profound level, why should so many
limiting regimes should be so readily accessible, via such small changes in the reaction
conditions?

Alternative mechanisms
On the first count, there appear to be several alternative overarching mechanisms that account
for regimes i-iv on kinetic grounds. Some are merely modifications or extensions of general
mechanism 1 – i.e., an analogous sequence but with additional intermediates – but others differ
more significantly on the underlying covalent connectivity of the intermediates. General
mechanism 4 (Figure 3.20), for example, resembles general mechanism 1 in all respects except
that the base-mediated elimination is depicted as a stepwise process, involving the sequential
deprotonation of the unstable zwitterion II (k4, k-4) by the auxiliary base and irreversible
unimolecular decomposition (k5) of the resulting ion-paired tetrahedral anion (III). This mechanism
is kinetically indistinguishable from general mechanism 1 under all conditions – whether the first
(k4), or second (k5), of the forward elementary steps is rate-determining will have no perceptible
influence on the global kinetics – but is microscopically distinct in regarding the tetrahedral anion
as a discrete intermediate.
General mechanism 5 (Figure 3.21) is a branched variation of general mechanism 1, in which
the zwitterion II undergoes amine-mediated tautomerisation to afford a hemiaminal (IV), followed
by base-mediated elimination. Unlike general mechanism 4, however, this hemiaminal
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mechanism will only be kinetically equivalent to general mechanism 1 (i.e., first order in amine
and base) under specific constraints, namely, if tautomerisation is rapid and reversible (k-6[A] >>
k7[B]). Rapid, reversible unimolecular tautomerisation of II by intramolecular proton transfer – or
tautomerisation mediated by adventitious water – would also be kinetically indistinguishable from
general mechanism 1, although neither seem feasible under standard catalytic conditions (where
[B] ≈ [A]), especially given the presumed instability of the zwitterion relative to hemiaminal.

Figure 3.20: General mechanism 4. Aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with primary amine A (e.g., pF-BnNH2 170) in the presence of an azole AzH (e.g., 1,2,4-triazole 98 or pyrazole 154) and strong auxiliary base B (e.g.,
DBU 130). Kinetics studied for R1 = p-F-Bn. Ar = p-F-C6H4. [AzH]T = [AzH] + [Az-] + [I] + [II] + [III].

Figure 3.21: General mechanism 5. Aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with primary amine A (e.g., pF-BnNH2 170) in the presence of an azole AzH (e.g., 1,2,4-triazole 98 or pyrazole 154) and strong auxiliary base B (e.g.,
DBU 130). Kinetics studied for R1 = p-F-Bn. Ar = p-F-C6H4. [AzH]T = [AzH] + [Az-] + [I] + [II] + [IV].
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Previous studies from Menger43-44 on the Brønsted base-catalysed aminolysis of phenyl esters in
polar aprotic media are consistent with both general mechanisms 1 (Figure 3.15) and 4 (Figure
3.20) when base-mediated elimination of the tetrahedral zwitterion (II) is rate-determining.44-47
Studies from Jencks and co-workers on the stoichiometric aminolyses of N-acetyl imidazole I15648 and 1-acetyl-1,2,4-triazole I-9849 in buffered aqueous solution also broadly support these
mechanism, although suggest that, for limitingly strong bases, mass transport processes –
namely, the encounter of the base B with unstable zwitterion II – can become kinetically
significant. This is reflected in general mechanism 6 (Figure 3.22), a further expansion of general
mechanism 1, in which base-mediated elimination of II is modelled by three sequential elementary
steps: (a) the formation of an encounter complex between the base B and tetrahedral zwitterion,
B.II; (b) proton transfer (k’PT, k’-PT) to afford the ion-paired tetrahedral anion (III); and (c)
unimolecular collapse of the tetrahedral anion (k5).

Figure 3.22: General mechanism 6. Aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with primary amine A (e.g., pF-BnNH2 170) in the presence of an azole AzH (e.g., 1,2,4-triazole 98 or pyrazole 154) and strong auxiliary base B (e.g.,
DBU 130). Kinetics studied for R1 = p-F-Bn. Ar = p-F-C6H4. [AzH]T = [AzH] + [Az-] + [I] + [II] + [B.II] + [III].

Given that all steps after base involvement are unimolecular in general mechanism 6,
conventional kinetics experiments would be unable to distinguish whether diffusion, proton
transfer (TS’PT) or azolate expulsion (TS5) is ultimately rate-determining.
Although DBU has been assumed to serve as a Brønsted base (i.e., general mechanisms 1, 35), the catalytic kinetics in MeCN (regime ii) do not absolutely require such a conclusion. In
general mechanism 7 (Figure 3.23), for example, the auxiliary base (i.e., DBU) is instead
engaged covalently as a secondary Lewis base n-π* catalyst, reacting with the acylated azole (I)
to generate a second, cationic acylated intermediate (Ac-B). Provided this cationic intermediate
were in rapid but otherwise unfavourable pre-equilibrium (k-8 >> k9[A]) with the N-acylated azole
I, general mechanism 7 would give rise to regimes i, ii and iv under various limiting scenarios.
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Such a mechanism has obvious parallels with the DMAP paradigm,50 and given the nucleophilicity
of DBU,51,52 appears superficially sensible.

Figure 3.23: General mechanism 7. Aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with primary amine A (e.g., pF-BnNH2 170) in the presence of an azole AzH (e.g., 1,2,4-triazole 98 or pyrazole 154) and strong auxiliary base B (e.g.,
DBU 130). Kinetics studied for R1 = p-F-Bn. Ar = p-F-C6H4. [AzH]T = [AzH] + [Az-] + [I] + [Ac-B].

Auxiliary base
To address the kinetic indistinguishability of mechanisms in which DBU 130 serves as a Brønsted
base or a Lewis base (n-π*) catalyst (general mechanism 7), the pyrazole-catalysed 154 (10
mol%) aminolysis of p-F-PhAc 160 (0.10 M) by p-F-BnNH2 170 (0.10 M) in MeCN-d3 was
monitored by in situ 1H NMR spectroscopy (20 °C), using a variety of auxiliary organobases as
stoichiometric additives (0.10 M) (Figure 3.24). Pyrazole 154, rather than 1,2,4-triazole 98, was
employed for these experiments to: (a) minimise the extent of product inhibition, and thereby
suppress the kinetic influence of complicated changes to the speciation of the liberated p-F-PhOH
172; (b) reduce the α-C-H acidity of the N-acylated azole I, enabling a wider range of organobases
to be explored; and (c) enable monitoring of both the global rate of product formation (p-FBnNHAc 171) and catalyst speciation (fAc-154). Aminolysis was monitored for six organobases
spanning more than six orders of magnitude in Brønsted basicity, encompassing 3,3,6,9,9pentamethyl-2,10-diazabicyclo[4.4.0]dec-1-ene (PMDBD 134; pKaH(MeCN) = 22.6), 1,5diazabicyclo(4.3.0)non-5-ene (DBN 176; pKaH(MeCN) = 23.9), 1,8-diazabicyclo(5.4.0)undec-7ene (DBU 130; pKaH(MeCN) = 24.3), 1,8-bis(tetramethylguanidino)naphthalene (TMGN 131;
pKaH(MeCN) = 25.1), 7-methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene (MTBD 124; pKaH(MeCN) =
25.5) and P1-t-Bu-tris(tetramethylene) (P1tBu(TME)3 133; pKaH (MeCN) = 28.4).
In general, stronger organobases led to the catalyst speciation being increasingly dominated by
N-acetyl pyrazole I-154, consistent with a general regime in which the Brønsted coefficient for the
formation of the intermediate is more substantial than for its consumption. Beyond this, however,
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rather disparate kinetic behaviour was observed across the six bases. In the case of the strong
phosphazene base P1tBu(TME)3 133, for example, p-F-BnNHAc 171 was generated rapidly in a
pseudo first-order manner, reflecting the gradual depletion of p-F-BnNH2 170 and the domination
of the catalyst speciation by N-acetyl pyrazole I-154; aminolysis with PMDBD 134, in contrast, led
to only a modest steady-state concentration of I-154 (< 5 %), whilst DBN 176, DBU 130, TMGN
133 and MTBD 124 afforded more finely balanced catalyst speciation.

Figure 3.24: Product evolution profiles for the aminolysis of p-F-PhAc 160 (0.10 M) with p-F-BnNH2 170 (0.10 M), pyrazole
154 (10 mol%) and one of six organobases (0.10 M) in MeCN-d3 at 20 °C, obtained by in situ 1H NMR spectroscopy.
Product evolution quantified by the total concentration of liberated p-F-BnNHAc 171 in each kinetic run.

Crucially, though, trends in catalyst speciation were not reflected in the rate of product evolution,
with TMGN 131 and PMDBD 134 notable outliers in opposite respects. Whilst TMGN 131 led to
the significant accumulation of I-154, subsequent turnover was slower than with any other base;
PMDBD 134, conversely, evolved p-F-BnNHAc 171 with almost equal efficiency to aminolysis
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with MTBD 124, and only modestly reduced efficiency relative to DBU 130, despite being more
than three orders of magnitude less basic than the former and two orders less than the latter.
Efficient turnover with both PMDBD 134 and P1tBu(TME)3 133 indicate that auxiliary organobases
serve as general Brønsted bases, rather than a Lewis base (n-π*) catalysts, during azolecatalysed aminolysis: both are very weakly nucleophilic, and unlikely to outcompete p-F-BnNH2
170 in the interception of N-acylated azoles. The low steady-state concentration of N-acetyl
pyrazole I-154 and unexpectedly efficient generation of p-F-BnNHAc 171 suggest that the
bifunctional character of PMDBD 134 is responsible for accelerating the aminolysis of I-154 by
tautomeric catalysis, whilst the apparent disinclination of TMGN 131 to facilitate elimination points
to kinetically significant proton transfer (Figure 3.25). The near identical rates of product evolution
and catalyst speciation with DBN and DBU also counsel against acetylation of the base as a key
pathway, as these two bases have similar Brønsted basicities but significant different
nucleophilicities.

Figure 3.25: Mechanistic rationale for the kinetic data in Figure 3.24.
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3.2.4. Intermediate studies
Intermediacy of 1-acetyl-1,2,4-triazole
Whilst global kinetic analysis strongly suggested a stepwise mechanism for the azole-catalysed
aminolysis of p-F-PhAc 160, proceeding via an N-acylated azole (I), in situ monitoring under
catalytic conditions only yielded direct spectroscopic evidence of N-acetyl pyrazole I-154. No such
signature of 1-acetyl-1,2,4-triazole I-98 was observed under analogous conditions, presumably
on account of the diminished Lewis basicity of 1,2,4-triazole.
Preliminary experiments to establish the intermediacy of I-98 focussed on its direct detection by
1H

NMR spectroscopy following in situ generation from p-F-PhAc 160, in the absence of p-F-

BnNH2 170. Assembly of an equimolar mixture (0.10 M, 20 oC, MeCN-d3) of p-F-PhAc 160, DBU
130 and 1,2,4-triazole 98 led to the evolution of p-F-PhOH 172 (δH = 6.80 – 6.91 ppm; [p-FPhOH]T ≈ 14 mM) and concomitant hydrolytic release of acetic acid (δH(CH3) = 1.82 ppm; [AcOH]T
≈ 7 mM). An initial comparison of the resulting 1H NMR spectrum with that of independently
synthesised I-98 appeared to show no spectroscopic trace of in situ formation – the characteristic
pair of singlets at δH = 8.07 ppm and 8.95 ppm were completely absent from the mixture – yet
closer inspection, followed by spectral deconvolution and mass balance calculations, revealed an
obscured methyl resonance at δH(CH3) = 2.67 ppm, matching that of independently synthesised
I-98 to within Δδ = 1 ppb and corresponding to a concentration of [I-98] ≈ 7 mM. Several further
experiments corroborated this assignment, following observations that: (i) a tenfold reduction in
the initial loading of 1,2,4-triazole 98 (0.010 M; 10 mol%) led to a corresponding decrease in the
intensity of the resonance at δH(CH3) = 2.67 ppm by a similar order of magnitude; (ii) the same
resonance was observed upon mixing p-F-PhAc 160 (0.10 M) and stoichiometric 99-[nBu4N+]
(0.10 M); and (iii) no such resonance was observed upon mixing p-F-PhAc 160 (0.10 M) with
stoichiometric DBU 130 (0.10 M) alone. The detection of the methyl resonance in I-98 but
apparent absence of the ring-based 1H resonances indicates that chemical exchange between I98 and the 1,2,4-triazolate anion 99 in MeCN is rapid with respect to the difference in the chemical
shifts of the heteroaryl protons.
In the context of aminolysis, these results support the idea of a rapid but ultimately endergonic
pre-equilibrium between p-F-PhAc 160 and I-98 in MeCN under catalytic conditions. To
investigate this further, a range of isotopic scrambling experiments were undertaken with p-FPhAc-d0/d3 160/160-d3 and independently synthesised AcTrz-d0/d3 I-98/I-98-d3.
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Scheme 3.6: Isotopic scrambling experiments undertaken to demonstrate the intermediacy of 1-acetyl-1,2,4-triazole I-98
in the 1,2,4-triazole-catalysed aminolysis of p-F-PhAc 160.
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Subjecting an equimolar mixture of p-F-PhAc-d0 (0.050 M) and p-F-PhAc-d3 (0.050 M) to basic
conditions (DBU; 0.10 M) afforded no significant H/D scrambling – that is, no formation of the
mixed isotopologues p-F-PhAc-d1, p-F-PhAc-d2 – over the course of 1 h; in contrast, the coaddition of catalytic 1,2,4-triazole 98 (10 mol%) ceteris paribus led to efficient scrambling, yielding
a constant distribution of all four possible H/D isotopologues after 15 min. Analogous exchange
kinetics were observed with catalytic 99-[nBu4N+] (10 mol%; 0.010 M), whilst no scrambling was
observed with catalytic 1,2,4-triazole 98 (10 mol%) alone (no DBU), stoichiometric [DBUH +][PF6] 177, or in situ generated p-fluorophenoxide 173-[DBUH+] (1:1 DBU:p-F-PhOH; 0.10 M). These
observations are consistent with two possible scenarios: (i) the 1,2,4-triazolate anion – but not
DBU – is able to directly scramble the enolisable protons in p-F-PhAc, despite being of
comparable basicity to DBU; or (ii) acyl transfer from p-F-PhAc to 1,2,4-triazolate reversibly
generates a small reservoir of I-98, which in turn undergoes rapid, base-mediated scrambling via
enolate formation and/or elimination.
To investigate this hypothesis, both I-98-d0 and its α-perdeuterated isotopologue (I-98-d3) were
independently synthesised from the corresponding acetyl chloride (AcCl-d0; AcCl-d3), purified by
vacuum sublimation, and subjected as a 1:1 mixture (0.050:0.050 M) to stoichiometric DBU 130
(0.10 M, MeCN-d3, 20 °C) (Scheme 3.6). In concurrence with scenario (ii), complete H/D
scrambling was practically instantaneous, with all four isotopologues (I-98-d0, I-98-d1, I-98-d2, I98-d3) generated as a statistical distribution in < 1 min (1:3:3:1, I-98-d0:d1:d2:d3); isotopic
redistribution was similarly facile in the presence of catalytic 99-[nBu4N+] (10 mol%; 0.010 M),
whilst 1,2,4-triazole 98 and [DBUH+][PF6-] 177 failed to elicit any scrambling at all.
Several other pertinent changes in the 1H NMR spectrum of I-98-d0 were observed following the
addition of DBU 130, including: (i) significant line broadening of the heteroaryl singlets in I-98-d0
(δH = 8.07, 8.95 ppm; ΔδH = 0.88 ppm), but with no accompanying change in the chemical shift
of either resonance (i.e. ΔδH < 0.01 ppm); (ii) the emergence of a new pair of sharp 1:1 singlets
(δH = 7.81, 8.75 ppm; ΔδH = 0.94 ppm), with a shift difference of comparable magnitude to the
heteroaryl protons in AcTrz; and (iii) a decay in the intensity of the δH(CH3) resonance of I-98-d0,
but with minimal changes in chemical shift and line width. Similar spectral features were noted
following the independent addition of 99-[nBu4N+] to I-98-d0, although in this case line broadening
of the most downfield heteroaryl singlet (δH = 8.95 ppm; I-98-d0) was so substantial as to render
the resonance almost unobservable. Ab initio chemical shift computations suggest that the
nascent pair of singlets might correspond to the heteroaryl protons in the ion-paired enolate
(δH,comp = 7.82, 8.78 ppm; ΔδH = 0.96 ppm), whilst line broadening in the heteroaryl resonances
of I-98-d0 – but not the methyl resonance – portends self-exchange between I-98-d0 and
hydrolytically liberated 1,2,4-triazolate 99 that is moderately rapid on the NMR timescale (i.e. with
respect to the chemical shift difference between I-98-d0 and 99).
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Figure 3.26: 1H NMR titration of constant concentration I-98-d0 (0.050 M) with DBU 130 (0 – 0.164 M) in MeCN-d3 (20
°C) with 1,3,5-trimethoxybenzene as an internal standard (0.0166 M).

Given the implication that I-98-d0 readily undergoes enolization – and possibly elimination – in
the presence of DBU 130 and 1,2,4-triazolate 99, further isotopic scrambling experiments were
undertaken to assess the importance of this pathway under the conditions of catalytic aminolysis
in MeCN (Scheme 3.7). Interestingly, subjecting 1:1 p-F-PhAc-d0:d3 (160-d0:d3; 0.050 M: 0.050
M) to standard catalytic conditions (1:1 p-F-BnNH2 170: DBU 130, 0.10 M; 10 mol% 98) led to the
significant suppression of isotopic scrambling, relative to otherwise analogous conditions without
exogeneous p-F-BnNH2 170, with only minor in situ formation of the mixed H/D isotopologues of
both p-F-BnNHAc 171 and p-F-PhAc 160. Subjecting 1:1 I-98-d0:d3 (0.050 M : 0.050 M) to
stoichiometric aminolysis (0.10 M p-F-BnNH2, MeCN-d3, 20°C) and the standard suite of additives
(i.e., DBU 130, 0.10 M; 1,2,4-triazole 98, 0.10 M; [DBUH+][PF6-] 177, 0.10 M; 130, 0.10 M + 98,
0.10 M; 99-[nBu4N+], 0.10 M) led almost exclusively to the fully protiated (p-F-BnNHAc-d0 171-d0)
or perdeuterated (p-F-BnNHAc-d3 171-d3) amide in all cases. These observations, combined with
the absence of a significant absolute H/D KIE for aminolysis (kH/kD < 1.05), suggest that: (i) the
interception of 1-acetyl-1,2,4-triazole I-98 by p-F-BnNH2 170 largely outcompetes C – H
deprotonation by DBU 130; (ii) the extent of intermediate enolization is negligible under catalytic
conditions; and (iii) p-F-BnNH2 170 intercepts I-98 directly, confirming that aminolysis is not
contingent upon ketene formation.
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Scheme 3.7: Isotopic scrambling experiments undertaken to demonstrate the comparably minimal extent of enolisation
under catalytic conditions in the aminolysis of p-F-PhAc 160 with p-F-BnNH2, DBU 130 and 1,2,4-triazole 98 in MeCN.

Further studies focussed on the catalytic aminolysis of α-perdeuterated p-F-PhAc-d3 160-d3 (0.10
M; 85 % p-F-PhAc-d3, 15 % p-F-PhAc-d2; p-F-PhAc-d2.85) alone, in order to quantitatively assess
the extent of H-incorporation from p-F-BnNH2 170 and adventitious moisture. Under reference
aminolysis conditions (1:1 170:130, 0.10 M; 10 mol% 98), gradual H-incorporation in residual pF-PhAc 160 was observed over time – presumably reflecting DBU-mediated H/D exchange
between I-98 and p-F-BnNH2 170 (and/or H2O), and the partition of I-98 between aminolysis and
phenolysis – leading to an average deuterium content of p-F-PhAc-d2.36 (49 % p-F-PhAc-d3; 39 %
p-F-PhAc-d2, 11 % p-F-PhAc-d1, 1 % p-F-PhAc-d0) at the end of monitoring (F = 73 %). Crucially,
the deuterium content of the amide product remained consistently higher than that of the residual
p-F-PhAc, with an end-point average deuterium content of p-F-BnNHAc-d2.66 (70 % p-F-BnNHAcd3; 26 % p-F-BnNHAc-d2; 4 % p-F-BnNHAc-d1; < 1 % p-F-BnNHAc-d0). These isotopic
distributions corroborate the idea that p-F-BnNH2 170 intercepts I-98 directly during acylation, for
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if acylation were instead to proceed via the base-mediated elimination of I-98, and interception of
the resulting ketene, one would expect the product to have a deuterium content less than, or
equal to, that of the substrate (via direct H-incorporation from p-F-BnNH2).

Aminolysis of 1-acetyl-1,2,4-triazole: VR SF

19

F NMR

Whilst preliminary attempts to directly monitor both the aminolysis (p-F-BnNH2 170) and
phenolysis (p-F-PhOH/DBU 172/130) of 1-acetyl-1,2,4-triazole I-98 by in situ 1H/19F NMR
spectroscopy were unsuccessful – both p-F-BnNHAc 171 and p-F-PhAc 160 were generated
quantitatively on the sub-minute timescale – subsequent studies demonstrated the viability of
monitoring aminolysis by variable-ratio stopped flow

19F

NMR spectroscopy (VR-SF-19F NMR),

using instrumentation recently developed in the Lloyd-Jones group.
Under standard stoichiometric aminolysis conditions (I-98, 0.10 M; p-F-BnNH2 170, 0.10 M;
MeCN-h3, 20 °C; 1-F-napthalene, 0.050 M), and in the absence of exogeneous base, the
aminolysis of I-98 was shown by VR-SF-19F NMR monitoring to be extremely rapid, reaching >
90 % conversion after only 30 s. Interestingly, product evolution (p-F-BnNHAc 171) displayed a
distinct sigmoidal character, a classic signature of autocatalysis. Systematic variation of [I-98]0
and [p-F-BnNH2]0, and variable-time normalisation analysis (VTNA) of the resulting kinetic
profiles, confirmed a formally termolecular rate law with first-order autocatalysis (Figure 3.27);
initiation of aminolysis in the presence of exogeneous products (4 – 40 mol%) identified a firstorder dependence on 1,2,4-triazole 98, leading to an empirical rate law of the form:
𝑣 = 𝑘𝑜𝑏𝑠 [I − 98][170][𝟗8]

(3.19)

A termolecular rate coefficient kobs = (50.2 ± 0.5) dm6 mol-2 s-1 was obtained by global numerical
fitting of 17 independent kinetic runs, conducted across a wide range of initial conditions ([I-98]0
= 0.04 – 0.10 M; [p-F-BnNH2]0 = 0.04 – 0.10 M; [98]0 = 0 – 0.04 M); the same result was obtained
by graphical analysis of fully normalised kinetic profiles (Figure 3.27). For the purposes of kinetic
simulation only, a simple bimolecular acylation (kinit = 0.080 dm3 mol-1 s-1) was used to initiate
autocatalysis.
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A

B

C

Figure 3.27: Temporal-concentration profiles and normalised profiles for p-F-BnNHAc 171 formed during the aminolysis
of 1-acetyl-1,2,4-triazole I-98 with p-F-BnNH2 170 and 1,2,4-triazole 98 (0 – 0.04 M) in MeCN-h3 (20 °C). (A) Aminolysis
of variable I-98 (0.04 – 0.10 M) with 170 (0.10 M). (B) Aminolysis of I-98 (0.10 M) with variable 170 (0.04 – 0.10 M). (C)
Aminolysis of I-98 (0.10 M) with 170 (0.10 M) and exogenous 98 (0.004 – 0.04 M). Reactions assembled by variable-ratio
stopped-flow apparatus and concentraitons measured by 19F NMR spectroscopy, using 1-fluoronapthalene (0.050 M) as
an internal integration standard.
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A termolecular rate law suggests a stepwise mechanism for the aminolysis of I-98, in accordance
with the global kinetics observed for in the catalysed aminolysis of p-F-PhAc 160 (vide supra); the
autocatalytic first-order dependence on 1,2,4-triazole 98 is an interesting subtlety, however, and
presents several distinct microscopic possibilities. Importantly, it suggests that the role of 98 is
distinct from that of a general Brønsted base catalyst, for under such a regime one would expect
a second-order dependence on p-F-BnNH2 170 – a far stonger base (pKaH(170, MeCN) = 17.2;
pKaH(98, MeCN) = 9.6) – and a negligible dependence on the evolved 1,2,4-triazole 98, contrary
to experiment. In light of this comparison, the autocatalytic behaviour of 98 instead indicates that
it promotes aminolysis by virtue of tautomeric catalysis,53 a sub-class of bifunctional catalysis in
which a catalyst promotes reactivity by accepting a proton at one site whilst donating a second
proton from another, typically in a concerted fashion; proton transfers facilitated by such catalysts
can proceed via neutral, cyclic transition states, thereby avoiding the enthalpic penalty associated
with charge separation in aprotic media.

A

B

C

Figure 3.28: Fully normalised kinetic profiles for p-F-BnNHAc 171 formed during the aminolysis of 1-acetyl-1,2,4-triazole
I-98 with p-F-BnNH2 170 and 1,2,4-triazole 98 (0 – 0.04 M) in MeCN-h3 (20 °C) (raw kinetics: Figure 3.27). (A) Aminolysis
of variable I-98 (0.04 – 0.10 M) with 170 (0.10 M). (B) Aminolysis of I-98 (0.10 M) with variable 170 (0.04 – 0.10 M). (C)
Aminolysis of I-98 (0.10 M) with 170 (0.10 M) and exogenous 98 (0.004 – 0.04 M). Reactions assembled by variable-ratio
stopped-flow apparatus and concentraitons measured by 19F NMR spectroscopy, using 1-fluoronapthalene (0.050 M) as
an internal integration standard. Kinetic consistent with autocatalytic termolecular rate law v = kobs[I-98][p-F-BnNH2][98].
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The ability of 1,2,4-triazole 98 and other N-heterocycles (pyrazole, succinimide, 2-pyridone) to act
in such a way has been documented previously for the aminolysis of various esters (e.g., pnitrophenyl acetate, N-benzyloxycarbonylglycine cyanomethyl ester, N-benzoylglycine methyl
ester) in aprotic media (PhCl, C6H6, CH3CN),53 so an extension to the aminolysis of 1-acetyl-1,2,4triazole I-98 appears reasonable.
A number of distinct mechanisms incorporating tautomeric catalysis by 1,2,4-triazole 98 may be
envisaged (Figure 3.29). Perhaps the simplest of these is embodied by general mechanism 8, in
which: (i) 1-acetyl-1,2,4-triazole I-98 and p-F-BnNH2 170 (A) first undergo reversible addition to
yield an unstable zwitterionic tetrahedral intermediate (II-98); and (ii) 1,2,4-triazole 98 facilitates
the direct elimination of the zwitterion II-98, via a concerted N-to-N proton transfer (k10, TS10).
Under such a reaction mechanism, the rate of p-F-BnNHAc (P) evolution will be:
𝑑[P] 𝑘2 𝑘10 [I − 98][A][98]
=
𝑑𝑡
𝑘−2 + 𝑘10 [98]

(3.20)

Consistency with the experimentally observed rate law demands that elimination be ratedetermining – i.e., that the zwitterion collapse more readily than its interception by 1,2,4-triazole
(k-2 >> k10[98]) – in which case kobs = K2k10.
Two alternative mechanisms are shown in Figure 3.29. In the first (general mechanism 9), 1,2,4triazole 98 facilitates reversible tautomerisation of the tetrahedral zwittterion (II) to the hemiaminal
IV-98 by serving as a proton shuttle, and also by facilitating elimination of the hemiaminal IV-98.
The steady state evolution of such a mechanism would be:
𝑑[P]
𝑘2 𝑘11 𝑘12 [I − 98][A][98]2
=
𝑑𝑡
𝑘−2 𝑘−11 [98] + 𝑘−2 𝑘12 [98] + 𝑘11 𝑘12 [98]2

(3.21)

such that a termolecular rate law would arise if either forward tautomerisation (i.e., if k12[98] >> k11[98];

k-2 >> k11[98]) or elimination (k12[98] << k-11[98]; k-2 >> K1k12[98]) were rate-determining.

However, for general mechanism 10 – in which the hemiaminal IV-98 undergoes unimolecular
collapse – tautomerisation would have to be rate-determining to afford a termolecular rate law,
given that:
𝑑[P]
𝑘2 𝑘11 𝑘13 [I − 98][A][98]
=
𝑑𝑡
𝑘−2 𝑘−11 [98] + 𝑘−2 𝑘13 + 𝑘11 𝑘13 [98]

(3.22)
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Figure 3.29: General mechanisms 8 – 10 for the aminolysis of 1-acetyl-1,2,4-triazole I-98 by a primary amine A (e.g., pF-BnNH2 170).

As catalytic aminolysis typically requires both an azole and a strong auxiliary base (e.g., DBU),
the aminolysis of 1-acetyl-1,2,4-triazole I-98 with p-F-BnNH2 170 in the presence of exogeneous
base was studied next. Addition of catalytic 99-[nBu4N+] (4 – 40 mol%; 0.004 – 0.040 M) under
otherwise similar conditions led to significantly accelerated aminolysis and the disappearance of
sigmoidal character from the product evolution profile; at a loading of 40 mol% 99-[nBu4N+], for
example, more than 35 % conversion was observed within the dead time (ca 200 ms) of the
stopped-flow instrumentation. Independent addition of substoichiometric DBU 130 (4 – 40 mol%;
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0.004 – 0.40 M) had an analogous effect on the evolution of p-F-BnNHAc 171, whilst runs
assembled with exogeneous [DBUH+][PF6-] 177 (0.004 – 0.04 M; 4 – 40 mol%) had no effect,
thereby eliminating a discrete catalytic role for the DBUH + cation and confirming a role for
unionised DBU.
Given the comparable acidities of DBU 130 (pKaH = 24.3) and 1,2,4-triazole 98 in MeCN (pKa =
24.6), the aminolysis of 1-acetyl-1,2,4-triazole I-98 in the presence of auxiliary DBU 130
presumably gives rise to four distinct general Brønsted base or tautomeric catalysts in rapid
equilibrium, including: (i) unionised DBU 130; (ii) unionised 1,2,4-triazole 98; (iii) the 1,2,4triazolate anion, 99; and (iv) the homoconjugate of 1,2,4-triazole 178. Homoconjugation is
profound with O-centered acids in MeCN (e.g., phenols, with KHC = 102 – 104), and may be
expected to be significant, if somewhat weaker, with comparably acidic azoles. In an attempt to
discern the catalytic proficiencies of each species, a further six independent kinetic runs with
standard concentrations of I-98 (0.10 M) and p-F-BnNH2 170 (0.10 M), and varying concentrations
of 1:1 DBU 130: 1,2,4-triazole 98 ([DBU]0 = 0.004 – 0.04 M; 4 – 40 mol%), were initiated and
monitored by VR-SF-19F NMR. The product evolution profiles thereby obtained were compiled
with those from the preceding 29 kinetic runs (vide supra), and all 35 product evolution profiles
(p-F-BnNHAc 171) were then subjected to global numerical fitting in accordance with kinetic
model 1 (Figure 3.30). All pathways, except for the bimolecular initiation (kinetically insignificant
but required to instigate autocatalysis in the absence of exogenous base), were modelled as
formally termolecular transformations, with the homoconjugate 178 presumed in the first instance
to be catalytically inactive and in rapid equilibrium with 1,2,4-triazole/triazolate 98/99.

Figure 3.30: Kinetic model 1. Aminolysis of 1-acetyl-1,2,4-triazole I-98 with p-F-BnNH2 170 and DBU 130.
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The acid-base equilibrium between 1,2,4-triazole 98 and DBU 130 was modelled initially as a
limitingly rapid, bimolecular proton transfer equilibrium, with the equilibrium constant KPT
approximated in accordance with the infinite dilution acidities of DBUH + 130-H+ and 1,2,4-triazole
98 in MeCN (i.e., KPT = 10(pKaH(DBU) – pKa(1,2,4-TrzH) = 0.5).
The outcome of this initial approach to global kinetic fitting (Fit A) is summarised in Table 3.1.
Termolecular rate coefficients of kTrzH = 50.6 dm6 mol-2 s-1, kDBU = 37.7 dm6 mol-2 s-1 and kTrz = 834
dm6 mol-2 s-1, and the equilibrium constant for homoconjugation KHC,T = 187 dm3 mol-1, were
obtained by freely floating all four parameters and constraining KPT= 0.5 and kHC = 0 (i.e.,
assuming the homoconjugate has limited catalytic aptitude). Neglecting homoconjugation
altogether (i.e., KHC << 1; Fit B) led to an alternative suite of rate coeffiicents, with kTrzH = 47.9 dm6
mol-2 s-1, kDBU = 76.9 dm6 mol-2 s-1 and kTrz = 146 dm6 mol-2 s-1, whilst using equilbrium constants
obtained independently by 1H NMR titrations (KPT = 9.6, KHC,T = 112 dm3 mol-1, vide infra; Fit C)
led to a further set, with kTrzH = 51.2 dm6 mol-2 s-1, kDBU = 17.7 dm6 mol-2 s-1 and kTrz = 489 dm6
mol-2 s-1.

Parameter

Fit A

Fit B

Fit C

kinit / (dm3 mol-1 s-1)

0.086

0.101

0.084

kTrzH / (dm6 mol-2 s-1)

50.6

47.9

51.2

37.7

76.9

17.1

834

146

489

kHC/ (dm6 mol-2 s-1)

0*

0*

0*

KPT

0.5*

0.5*

9.6*

187

0*

112*

Average Error / (mol dm-3)

0.0021

0.0028

0.0024

F-statistic

728600

511000

735800

MSC

5.84

5.247

5.626

kDBU /
kTrz/

(dm6

(dm6

KHC /

mol-2

mol-2

(dm3

s-1)

s-1)

mol-1)

Table 3.1: Rate coefficients and equilibrium constants obtained by global kinetic fitting of 35 independent kinetic runs in
the aminolysis of 1-acetyl-1,2,4-triazole I-98 (0.02 – 0.10 M) with p-F-BnNH2 170 (0.02 – 0.10 M) and various exogenous
additives to kinetic model 1 (Figure 3.30). Kinetic data obtained by variable-ratio stopped-flow 19F NMR spectroscopy
over six series of reactions. Series 1 (6 runs): I-98 (0.10 M), 170 (0.10 M), 1,2,4-triazole 98 (0.004 – 0.040 M). Series 2
(6 runs): I-98 (0.02 – 0.10 M), 170 (0.10 M). Series 3 (5 runs): I-98 (0.10 M), 170 (0.020 – 0.080 M). Series 4 (6 runs): I98 (0.10 M), 170 (0.10 M), DBU 130 (0.004 – 0.040 M). Series 5 (6 runs): I-98 (0.10 M), 170 (0.10 M), ntetrabutylammonium 1,2,4-triazolate 99-[nBu4N+] (0.004 – 0.040 M). Series 6 (6 runs): I-98 (0.10 M), 170 (0.10 M), 1:1
130 : 98 (0.004 – 0.040 M). 19F NMR spectra obtained as single transients using a continuous pulse-acquire sequence
(tD1 = 0.10 s, tAQ = 1.0 s, θ = 10°); T1(19F) constants of p-F-BnNHAc 171, p-F-BnNH2 170, and 1-F-napthalene, measured
by conventional inversion-recovery experiments, indicate that the longitudinal relaxation of the aryl 19F nucleus is largely
the same across all three species. Fit A: KPT = 10(pKaH(130) – pKa(98)) = 0.5 (MeCN: pKaH(130) = 24.3, pKa(98) = 24.6). Fit C:
KPT = 9.6, KHC,T = 112 dm3 mol-1 determined by 1H NMR titrations in MeCN-d3 with [98]0 = 0.050 M. All equilibria treated as
limitingly rapid processes. MSC = Model selection criterion. * pertains to constrained parameters during global fitting.
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Although difficulties associated with quantifying the extent of homoconjugation preclude a precise
comparison, fits A-C indicate catalytic aptitudes of the order: 99 > 130 ~ 98. In this context the
catalytic activity of 1,2,4-triazole 98 is particularly striking, when one considers that DBU 130 is
1014 times more basic than 1,2,4-triazole 98 – that is, DBUH+ 130-H+ is 1014 times less acidic than
the 1,2,4-triazolium cation 98-H+ – but essentially comparable in its ability to facilitate aminolysis.
A disparity of such magnitude indicates that strong bases and 1,2,4-triazole 98 promote
aminolysis through fundamentally different mechanisms. Perhaps the simplest mechanistic
picture that explains this observation is one in which the aforementioned species – 1,2,4-triazole
98, 1,2,4-triazolate 99 and DBU 130 – intercept a single, common tetrahedral intermediate (i.e.,
II-98), but facilitate elimination via otherwise distinct transition states (i.e., general mechanism
11). Presumably, whereas 1,2,4-triazole 98 might facilitate elimination by tautomeric catalysis
(TS10, Scheme X), the strongly basic but monofunctional DBU 130 (TS4) and 1,2,4-triazolate anion
99 (TS’4; Figure 3.31) may instead serve as general Brønsted base catalysts. The
disproportionately high activity of 1,2,4-triazole 98 may then be attributed to the fact that a neutral,
cyclic transition state will benefit significantly from enthalpic stabilisation, by minimising the extent
of charge separation during elimination.

Figure 3.31: General mechanisms 11 for the aminolysis of 1-acetyl-1,2,4-triazole I-98 by a primary amine A (e.g., p-FBnNH2 170) in the presence of a strong auxiliary base B (e.g., DBU 130).
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Under a regime in which elimination (TS10) and deprotonation (TS4, TS4’) of the zwitterion II-98
are irreversible and rate-determining (i.e., k10, k4, k4’ << k-2; k5 >> k-4, k’-4), the evolution of p-FBnNHAc 171 (P) will be given by:
𝑑[𝑃]
= 𝐾2 [I − 98][170](𝑘10 [98] + 𝑘4 [130] + 𝑘4′ [99])
𝑑𝑡

(3.23)

such that the termolecular rate coefficients obtained from numerical simulations (kTrzH, kDBU, kTrz)
represent products of microscopic elimination rate coefficients (k10, k4, k’4) and the pre-equilibrium
constant for zwitterion formation (e.g. kTrzH = K2k10; kDBU = K2k4).

Aminolysis of N-acetyl pyrazole: VR SF

19

F NMR

Variable-ratio stopped-flow 19F NMR spectroscopy was also used to monitor the aminolysis of Nacetyl pyrazole (I-154) with p-F-BnNH2 170 in MeCN-h3. Unsurprisingly, the aminolysis of I-154
under standard stoichiometric conditions (I-154, 0.10 M, p-F-BnNH2, 0.10 M, MeCN-h3, 20 °C)
was considerably slower than I-98, evolving over the course of minutes rather than seconds
(Figure 3.32). Unlike I-98, no signature of autocatalysis by liberated pyrazole 154-H was detected
during SF-NMR monitoring, with standard normalisation analysis affording fully linear kinetic
profiles for a termolecular rate law of the form kobs[I-154][p-F-BnNH2][DBU]; given the large
difference in MeCN acidities (pKaH(DBU) = 24.3; pKa(154-H) = 30.1), base catalysis by in situ
formed pyrazolate 154-[DBUH+] is presumably minimal.
Despite well-behaved and reproducible aminolysis kinetics in the presence of exogeneous base,
kinetic runs assembled without any DBU 130 were often irreproducible, and in some cases faster
than those initiated with sub-stoichiometric DBU (e.g., 20 mol%). We attribute this behaviour to
efficient tautomeric catalysis by trace acetic acid (AcOH), which would be suppressed upon
ionisation by a strong base (e.g., DBU). No such issues were picked up during monitoring in the
aminolysis of I-98, presumably because efficient autocatalysis by liberated 1,2,4-triazole 98
outcompetes trace AcOH catalysis very quickly, and/or because purification by double
sublimation (I-98) was more effective than distillation (I-154) at eliminating residual AcOH from
the substrate. Attempts to quantify the catalytic aptitude of AcOH directly were thwarted by in situ
crystallisation, presumably of [p-F-BnNH3+][AcO-], inside the stopped-flow syringe drive, so no
further experiments were undertaken on this front.
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Figure 3.32: Temporal-concentration profiles and normalised profiles for p-F-BnNHAc 171 formed during the aminolysis
of N-acetyl pyrazole I-154 with p-F-BnNH2 170 and DBU 130 in MeCN-h3 (20 °C). (A) Aminolysis of I-98 (0.10 M) with
variable 170 (0.04 – 0.10 M) and 130 (0.10 M). (B) Aminolysis of I-98 (0.10 M) with 170 (0.10 M) and variable 130 (0.02
– 0.10 M). Reactions assembled by variable-ratio stopped-flow apparatus and concentraitons measured by 19F NMR
spectroscopy, using 1-fluoronapthalene (0.050 M) as an internal integration standard.
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Using kinetic model 1 (Figure 3.30), with KPT ≈ 10-6 (= 10(pKaH(DBU)
termolecular rate coefficients kDBU = 0.87

dm6

mol-2

s-1

– pKa(154-H))

and kPyzH = 0.08

and KHC,P → 0,

dm6

mol-2 s-1 were

obtained by global numerical fitting of product evolution profiles obtained from nine independent
kinetic runs with variable p-F-BnNH2 170 and DBU 130 (Figure 3.32)

Formation of N-acetyl pyrazole: VR SF 1 H NMR
Although attempts to quantitatively monitor the formation of 1-acetyl-1,2,4-triazole I-98 from p-FPhAc 160 and 1,2,4-triazole 98 under basic conditions were thwarted by an unfavourable
equilibrium, it was hoped that VR-SF-19F NMR would permit monitoring of the reverse reaction,
i.e., the basic phenolysis of 1-acetyl-1,2,4-triazole I-98 with p-F-PhOH 172/DBU 130 in MeCN.
Exploratory monitoring experiments to this end, however, were all met with exceptionally rapid
and quantitative formation of p-F-PhAc 160, unamenable to quantitative monitoring by VR-SF-19F
NMR with even limiting parameters (i.e., acquisition times of 0.5 – 1 s, with no relaxation delay,
and a 10° excitation pulse). This result, together with the comparably slow DBU-mediated
aminolysis of I-98, is nevertheless consistent with the high-order kinetics observed in the catalytic
aminolysis of p-F-PhAc 160 in MeCN (regime ii), portending a rapid pre-equilibrium between
1,2,4-triazolate 99 and 1-acetyl-1,2,4-triazole I-98.

Figure 3.33: Temporal-concentration profile and fully normalised profile for the formation of N-acetyl pyrazole I-154 from
p-F-PhAc 160 (0.10 M), pyrazole 154-H (0.02 M) and auxiliary DBU 130 (0.10 M) in MeCN-h3 (20 °C). Reaction assembled
by stopped-flow intrumentation and monitored by 1H NMR, with concentrations determined by normalisation against 1-Fnapthalene (0.025 M).
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In contrast, the quantitative formation of N-acetyl pyrazole I-154 from pyrazole 154-H (0.020 M),
p-F-PhAc 160 and DBU 130 was readily amenable to direct monitoring by variable-ratio stoppedflow 1H NMR (VR-SF-1H NMR, Figure 3.33). For comparison to catalytically pertinent conditions,
N-acetylation was monitored under approximate pseudo first-order conditions (p-F-PhAc, 0.10 M;
DBU, 0.10 M; MeCN-h3, 20 °C), isothermal and otherwise equivalent to those used to
independently monitor the aminolysis of N-acetyl pyrazole I-154. Standard graphical analysis
suggested a termolecular rate law of the form kobs[p-F-PhAc][DBU][154-H], assuming [DBU] =
[DBU]0 – 0.5*[p-F-PhOH]T, vide supra, affording kobs = 1.32 dm6 mol-2 s-1.

Figure 3.34: Kinetic model 2. Formation of N-acetyl pyrazole I-154 from p-F-PhAc 160, pyrazole 154-H and DBU 130,
including homoconjugation of liberated p-F-PhOH 172 to form 174.

Whilst termolecular normalisation afforded a reasonable description of the kinetics, residual
curvature in the normalised profile indicated a slightly more complex picture. This was addressed
by numerical fitting to kinetic model 2 (Figure 3.34). Inclusion of both forward (kAcT,H) and reverse
(k-AcT,H) termolecular pathways and a homoconjugation equilibrium for p-F-PhOH (KHC,T = 745 dm3
mol-1) led to significantly improved fits over a single step model, suggesting that acetyl transfer is
not completely irreversible under these conditions (i.e., there is a small contribution from basemediated phenolysis of N-acetyl pyrazole). According to the optimised kinetic model, acetyl
transfer from p-F-PhAc to pyrazole is intrinsically disfavoured (KAcT,H = 0.54, kAcT,H = 1.76 dm6 mol2

s-1), but in practise driven by the overwhelming stabilisation afforded by homoconjugation. The

similarity of the termolecular rate coefficients for acetyl transfer (kAcT,H = 1.76 dm6 mol-2 s-1) and
subsequent DBU-catalysed aminolysis (kDBU = 0.87 dm6 mol-2 s-1; Figure 3.32) is wholly consistent
with the steady-state accumulation of N-acetyl pyrazole under catalytic conditions.
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3.2.5. Transition state studies
Temperature-dependence studies
To probe the nature of the rate-determining transition state(s) under each of the three regimes of
azole-catalysed aminolysis (regimes i, ii, iv), the standard aminolysis of p-F-PhAc 160 in THF-h8
(with 1,2,4-triazole 98, regime i), MeCN-h3 (with 1,2,4-triazole 98, regime ii) or MeCN-d3 (with
pyrazole 154-H, regime iv) was explored by variable-temperature 1H/19F NMR monitoring (10 –
50 °C). Standard substrates and auxiliary base (p-F-PhAc 160, p-F-BnNH2 170, DBU 130) were
used in each case, with variable catalytic azole loadings of 5 – 20 mol% deployed as required.
On account of moderate order kinetics and relatively slow initial rates, the 1,2,4-triazole-catalysed
aminolysis of p-F-PhAc 160 (0.10M) in THF-h8 (regime i) was monitored in situ by variabletemperature (VT) 19F NMR spectroscopy (20 – 40 °C; 5 °C increments; Figure 3.35). Each kinetic
run was assembled manually, using a solution of p-F-BnNH2 170 (0.10 M), DBU 130 (0.10 M) and
1,2,4-triazole 98 pre-heated in the NMR spectrometer and a separate stock solution of p-F-PhAc
160 pre-heated using an oil bath in a proximate fume hood (kinetic runs were assembled and
samples reintroduced into the spectrometer in < 1 min). To minimise the influence of thermal
perturbations during this time, a reduced catalyst loading of 5 mol% was used to suppress the
rate of aminolysis relative to standard catalytic conditions (10 mol%).
The bimolecular rate coefficient (kobs(T)) at each temperature was determined from the gradient of
the fully normalised product (p-F-BnNHAc 171) evolution profile, generated in accordance with
the empirical rate law of catalytic regime i (kobs(T)[p-PhAc][98]0, vide supra). As the co-evolution of
p-F-PhOH 172 appears to result in gradual catalyst deactivation in THF, bimolecular rate
coefficients were determined using low conversion data (i.e., Fp-F-PhAc < 20 %), for which [99] ≈
[98]0 = 5 mM. Conventional Eyring analysis of kobs(T) (k° = kobs(T)/c°) afforded activation parameters
of Δ‡H = 23 kJ mol-1 and Δ‡S = -189 J K-1 mol-1, corresponding to a free energy barrier of Δ‡G293K
= 78 kJ mol-1 under standard conditions (i.e., 20 °C).
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Figure 3.35: Variable temperature analysis (20 – 40 °C; 5°C increments) of the aminolysis of p-F-PhAc 160 (0.10 M) with
p-F-BnNH2 170 (0.10 M), stoichiometric DBU 130 (0.10 M) and catalytic 1,2,4-triazole 98 (5 mM, 5 mol%) in THF-h8.
Reactions assembled manually and product evolution profiles obtained by in situ 19F NMR spectroscopy, using 1-Fnapthalene as an internal integration standard (0.050 M). Product evolution profiles normalised according to the empirical
rate law v = kobs(T)[p-F-PhAc][98]0, assuming a constant catalyst concentration [98]0 = 5 mM at early conversions (F < 20
%). kobs(20°C) = 0.074 dm3 mol-1 s-1, kobs(25°C) = 0.090 dm3 mol-1 s-1, kobs(30°C) = 0.107 dm3 mol-1 s-1, kobs(35°C) = 0.127 dm3 mol-1
s-1, kobs(40°C) = 0.142 dm3 mol-1 s-1. Δ‡H = 23 kJ mol-1, Δ‡S = -189 J K-1 mol-1, Δ‡G293K = 78 kJ mol-1. k° = kobs(T)/c°, c° = 1 mol
dm-3.
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50 °C

B
10 – 40 °C

20 °C

50 °C
20 °C

10 – 40 °C

Figure 3.36: Column A: Variable temperature kinetic profiles (20 – 50 °C; 10°C increments) for the aminolysis of p-FPhAc 160 (0.10 M) with p-F-BnNH2 170 (0.10 M), stoichiometric DBU 130 (0.10 M) and catalytic 1,2,4-triazole 98 (10 mM,
10 mol%) in MeCN-h3. Product evolution profiles normalised according to the empirical rate law v = kobs(T)[p-F-PhAc][p-FBnNH2][DBU][98]0[p-F-PhOH]T-1, assuming a constant catalyst concentration [98]0 = 10 mM and [DBU] = [DBU]0 – 0.5*[pF-PhOH]T. Column B: Variable temperature kinetic profiles (10 – 40 °C; 10°C increments) for the aminolysis of 1-acetyl1,2,4-triazole I-98 (0.10 M) with 170 (0.10 M) in MeCN-h3. Product evolution profiles normalised according to the empirical
rate law v = kobs(T)[I-98][p-F-BnNH2][98]. Both reactions assembled and monitored by SF-19F NMR spectroscopy, using 1F-napthalene as an internal integration standard (0.050 M).
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Figure 3.37: Eyring analyses of kinetic data in Figure 3.38. A) Aminolysis of p-F-PhAc 160 (0.10 M) with p-F-BnNH2 170
(0.10 M), stoichiometric DBU 130 (0.10 M) and catalytic 1,2,4-triazole 98. kobs(20°C) = 0.77 dm6 mol-2 s-1, kobs(30°C) = 0.91 dm6
mol-2 s-1, kobs(40°C) = 1.07 dm6 mol-2 s-1, kobs(50°C) = 1.23 dm6 mol-2 s-1. Δ‡H = 10 kJ mol-1, Δ‡S = -214 J K-1 mol-1, Δ‡G293K = 72
kJ mol-1. B) Aminolysis of 1-acetyl-1,2,4-triazole I-98 (0.10 M) with 170 (0.10 M) in MeCN-h3. kobs(10°C) = 58.1 dm6 mol-2 s1
, kobs(20°C) = 58.7 dm6 mol-2 s-1, kobs(30°C) = 59.3 dm6 mol-2 s-1, kobs(40°C) = 58.3 dm6 mol-2 s-1. Δ‡H = -2 kJ mol-1, Δ‡S = -219 J
K-1 mol-1, Δ‡G293K = 62 kJ mol-1. kobs° = kobs(T)/c°2, c° = 1 mol dm-3.

The high order kinetics and rapid initial rates of otherwise analogous aminolysis in MeCN
demanded an alternative approach to thermal regulation. Accordingly, the 1,2,4-triazole-catalysed
aminolysis of p-F-PhAc 160 (0.10 M) with p-F-BnNH2 170/DBU 130 (0.10 M) in MeCN-h3 (regime
ii) was monitored by VT-SF-19F NMR spectroscopy (20 – 50 °C; 10 °C increments) (Figure 3.36).
This approach ensured that all stock solutions, and the sample volume, were pre-equilibrated at
the required temperature prior to reaction assembly, and that the early stages of aminolysis could
be monitored under thermally stable conditions. Termolecular rate coefficients (kobs(T)) were
determined at each temperature from the gradient of the fully normalised product evolution (p-FBnNHAc 171) profile, generated in accordance with the approximate rate law for catalytic regime
ii (kobs(T)[p-PhAc][p-F-BnNH2][DBU][98]0[p-F-PhOH]T-1, vide supra), again using early conversion
data (F < 50 %) to minimise the influence of catalyst deactivation. Conventional Eyring analysis
(Figure 3.37) of kobs(T) (k° = kobs(T)/c°2) afforded activation parameters of Δ‡H = 10 kJ mol-1 and
Δ‡S = -214 J K-1 mol-1, corresponding to a free energy barrier of Δ‡G293K = 72 kJ mol-1 under
standard conditions. Compared to otherwise identical conditions in THF-h8, the aminolysis of pF-PhAc in MeCN-h3 was notably insensitive to changes in temperature, with most of the activation
barrier attributed to a substantial negative entropy of activation.
A similarly considerable entropic barrier was observed, by VT-SF-19F NMR (10 – 40 °C; 10 °C
increments), in the autocatalytic DBU-free aminolysis of independently synthesised 1-acetyl1,2,4-triazole I-98 with p-F-BnNH2 170 (kobs[p-F-PhAc][p-F-BnNH2][98]; Δ‡S = -219 kJ mol-1, vide
supra). Strikingly, in this case the enthalpy of activation was also found to be negative (Δ‡H = -2
kJ mol-1), albeit modestly so, consistent with weak Lewis basicity of 1,2,4-triazole 98 relative to pF-PhOH 172, and/or indicative of tautomeric catalysis (vide supra).53 Temperature dependence
studies of the DBU-mediated aminolysis of I-98 led to ambiguous results, due largely to the myriad
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competing pathways for elimination – in addition to (tautomeric) autocatalysis, base catalysis by
both DBU 130 and 1,2,4-triazolate 99 all play a role when aminolysis is initiated in the presence
of DBU – precluding a definitive assignment of tautomeric catalysis.
Although the exact nature of the transition states varies from those involved in regimes i and ii,
the entropies of activation for the reaction of 4-nitrophenyl 3,5-dinitrobenzoate with morpholine in
MeCN, reported by Buncel and co-workers, provides an independent comparison of ester
aminolysis in MeCN.54 Under pseudo first-order conditions, the aminolysis of 4-nitrophenyl 3,5dinitrobenzoate proceeds via two parallel pathways: (i) an uncatalysed, bimolecular pathway
(kobs[M][E]), first order in morpholine (M), with an entropy of activation of Δ‡S = -183 J K-1 mol-1;
and (ii) a catalysed, termolecular pathway (kobs[M]2[E]), second order in morpholine, with a much
more substantial entropy of activation of Δ‡S = -258 J K-1 mol-1. The entropy of activation
associated with uncatalysed morpholine aminolysis is, presumably by some coincidence, in near
quantitative agreement with that observed in the 1,2,4-triazole catalysed aminolysis of p-F-PhAc
in THF (Figure 3.35), whilst that of catalysed morpholine aminolysis is comparable to the 1,2,4triazole catalysed aminolysis of p-F-PhAc in MeCN (Figure 3.37). The solvent-induced step
change in the entropies of activation for 1,2,4-triazole catalysis is thus apparently consistent with
the loss in translational entropy that accompanies a switch from a bimolecular to termolecular
rate-determining transition state, corroborating the idea that DBU-mediated elimination of a
tetrahedral zwitterion (general mechanism 1) is rate-determining in regime ii. The entropy of
activation in catalysed morpholine aminolysis is nevertheless more pronounced, by ΔΔ‡S = - 44
J K-1 mol-1, than even 1,2,4-triazole catalysis in MeCN, presumably reflecting the loss not only of
translational freedom, but also rotational and vibrational degrees of freedom associated with a
cyclic transition state in the former.
Further temperature-dependence studies under regime iv, with pyrazole 154-H in MeCN, were
undertaken to resolve this ambiguity. To capture the initial rapid accumulation of N-acetyl pyrazole
I-154, prior to the onset of a steady-state regime, and to maintain careful temperature control in
the process, the pyrazole-catalysed aminolysis of p-F-PhAc 160 (0.10 M) with p-F-BnNH2
170/DBU 130 (0.10 M) in MeCN-h3 was monitored by VT-SF-1H NMR (20 – 50 °C; 10 °C
increments), using an enhanced catalyst loading of 20 mol% (Figure 3.38). Higher temperatures
afforded modestly enhanced rates of p-F-BnNHAc 171 evolution, comparable to 1,2,4-triazole
catalysis, but also, interestingly, higher maximal concentrations of N-acetyl pyrazole I-154.
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Figure 3.38: Substrate, product, and intermediate evolution profiles for the pyrazole-catalysed (154-H; 20 mol%)
aminolysis of p-F-PhAc 160 (0.10 M) with p-F-BnNH2 170 (0.10 M) and DBU 130 (0.10 M) in MeCN-h3 (20 °C), obtained
by VR-SF-1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal integration standard (0.033 M). Inset:
Intermediate evolution profiles.

Standard graphical analysis afforded essentially meaningless kinetic information in this regime,
due to the finely balanced catalyst speciation, so rate coefficients at each temperature were
instead determined by numerical fitting. Specifically, two termolecular rate coefficients (kobs,1(T),
kobs,2(T)), corresponding to the formation (kobs,1(T)[p-F-PhAc][154-H][DBU]) and aminolysis
(kobs,2(T)[I-154][p-F-BnNH2][DBU]) of N-acetyl pyrazole I-154, respectively, were determined at
each temperature by fitting the evolution profiles of p-F-PhAc 160, p-F-BnNH2 170, p-F-BnNHAc
171, and I-154 to telescoped kinetic model 3 (Figure 3.39); the DBU-mediated phenolysis of Nacetyl pyrazole (kobs,-1(T)[I-154][p-F-PhOH][DBU), and homoconjugation of p-F-PhOH (KHC,T =
48,000 dm6 mol-2), were included in the kinetic model, but their temperature dependence was not
analysed.
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Figure 3.39: Variable temperature analysis (10 – 40 °C; 10°C increments) for the aminolysis of p-F-PhAc 160 (0.10 M)
with p-F-BnNH2 170 (0.10 M), stoichiometric DBU 130 (0.10 M) and sub-stoichiometric pyrazole 154-H (20 mM, 20 mol%)
in MeCN-h3. Reactions assembled and monitored by SF-1H NMR spectroscopy. Fractional population of N-acetyl pyrazole
(I-154) calculated according to fI-154 = [I-154]/[154]0; fractional conversion calculated from [p-F-BnNHAc]/[p-F-BnNH2]0.
Termolecular rate coefficients kobs,1(T) and kobs,2(T) determined in accordance with kinetic model 3 (Figure 3.40) by numerical
fitting (kobs,-1(T) floated freely; KHC,T = 48,000 dm6 mol-2). Step 1: v = kobs,1(T)[p-F-PhAc][154-H][DBU]. kobs,1(10 °C) = 0.879 dm6
mol-2 s-1, kobs,1(20 °C) = 1.28 dm6 mol-2 s-1, kobs,1(30 °C) = 1.67 dm6 mol-2 s-1, kobs,1(40 °C) = 2.12 dm6 mol-2 s-1, Δ‡H1 = 19 kJ mol-1,
Δ‡S1= -178 J K-1 mol-1, Δ‡G1,293K = 71 kJ mol-1. Step 2: kobs,2(T)[I-154][p-F-BnNH2][DBU]. kobs,2(10 °C) = 0.713 dm6 mol-2 s-1,
kobs,2(20 °C) = 0.748 dm6 mol-2 s-1, kobs,2(30 °C) = 0.838 dm6 mol-2 s-1, kobs,2(40 °C) = 0.919 dm6 mol-2 s-1, Δ‡H2 = 4 kJ mol-1, Δ‡S2 = 233 J K-1 mol-1, Δ‡G2,293K = 72 kJ mol-1. k1° = kobs,1(T)/c°2, k2° = kobs,2(T)/c°2, c° = 1 mol dm-3. Rate coefficients and activation
parameters differ slightly from those obtained from stoichiometric data (vide infra) because of the different approach to
analysis (numerical simulation and fitting for catalytic data; simple graphical analysis, i.e., VTNA, for stoichiometric data).
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Figure 3.40: Kinetic model 3. Telescoped kinetic model for the pyrazole-catalysed aminolysis of p-F-PhAc 160 with p-FBnNH2 170 and auxiliary DBU 130. Equilibrium constant for first-order homoconjugation KHC,T = [174][130-H+]/[130][172]2
= 745 dm3 mol-1 determined by 19F NMR titrations at 20 °C ([172]0 = 0.050 M).

Eyring analysis of kobs,1(T), describing the acetylation of pyrazole, afforded Δ‡H1 = 19 kJ mol-1, Δ‡S1
= -178 J K-1 mol-1, Δ‡G1,293K = 71 kJ mol-1 under catalytic conditions. Independent VT-SF-1H NMR
experiments (20 – 50 °C; 10 °C increments) conducted under otherwise identical conditions (p-FPhAc 160, 0.10 M; DBU 130, 0.10 M, pyrazole 154-H, 20 mol%; MeCN-h3), but without the
addition of p-F-BnNH2 170, in turn led to the quantitative formation of N-acetyl pyrazole at all
temperatures (Figure 3.41 A), with graphical normalisation (k’obs,1(T)[p-F-PhAc][154-H][DBU]) and
Eyring analysis giving almost very similar enthalpic and entropic activation barriers (Δ‡H’1 = 23 kJ
mol-1, Δ‡S’1 = -164 J K-1 mol-1, Δ‡G’1,293K = 71 kJ mol-1) to those determined from catalytic data.
The small deviations between stoichiometric and catalytic data presumably arise from neglecting
the minor reversibility of pyrazole acetylation in the graphical approach. These activation
parameters are clearly in close agreement with those observed for 1,2,4-triazole-catalysed
aminolysis in THF (i.e., regime i), suggesting that the rate-determining transition state under this
regime is indeed the formation of 1-acetyl-1,2,4-triazole I-98.

- 176 -

A

B
40 °C

40 °C
10 °C

10 °C

40 °C

40 °C
10 °C

10 °C

Figure 3.41: Column A: Variable temperature kinetic profiles (10 – 40 °C; 10°C increments) for the acetylation of pyrazole
(154-H; 0.020 M) with p-F-PhAc 160 (0.10 M) and excess DBU 130 (0.10 M) in MeCN-h3. Reactions assembled and
monitored by SF-1H NMR spectroscopy, using 1,3,5-trimethoxybenzene as an internal integration standard (0.033 M).
Product evolution profiles normalised according to the empirical rate law kobs(T)[p-F-PhAc][154-H][DBU], assuming [DBU]
= [DBU]0 – 0.5*[p-F-PhOH]T. kobs(10°C) = 1.09 dm6 mol-2 s-1, kobs(20°C) = 1.57 dm6 mol-2 s-1, kobs(30°C) = 2.22 dm6 mol-2 s-1,
kobs(40°C) = 3.01 dm6 mol-2 s-1. Δ‡H = 23 kJ mol-1, Δ‡S = -164 J K-1 mol-1, Δ‡G293K = 71 kJ mol-1. Column B: Variable
temperature kinetic profiles (10 – 40 °C; 10°C increments) for the aminolysis of N-acetyl pyrazole I-154 (0.10 M) with pF-BnNH2 170 (0.10 M) and DBU 130 (0.10 M) in MeCN-h3. Reactions assembled and monitored by SF-19F NMR
spectroscopy, using 1-F-napthalene as an internal integration standard (0.050 M). Product evolution profiles normalised
according to the empirical rate law kobs(T)[I-154][p-F-BnNH2][DBU]0, assuming a constant catalyst concentration of [DBU] 0
= 0.10 M. kobs(10°C) = 0.77 dm6 mol-2 s-1, kobs(20°C) = 0.86 dm6 mol-2 s-1, kobs(30°C) = 0.92 dm6 mol-2 s-1, kobs(40°C) = 0.95 dm6 mol2 -1
s . Δ‡H = 3 kJ mol-1, Δ‡S = -237 J K-1 mol-1, Δ‡G293K = 72 kJ mol-1. k° = kobs(T)/c°2, c° = 1 mol dm-3.
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Figure 3.42: Eyring analyses of kinetic data in Figure 3.41. A) N-acetylation of pyrazole 154-H with p-F-PhAc 160 and
DBU 130. kobs(10°C) = 1.09 dm6 mol-2 s-1, kobs(20°C) = 1.57 dm6 mol-2 s-1, kobs(30°C) = 2.22 dm6 mol-2 s-1, kobs(40°C) = 3.01 dm6 mol2 -1
s . Δ‡H = 23 kJ mol-1, Δ‡S = -164 J K-1 mol-1, Δ‡G293K = 71 kJ mol-1. B) Aminolysis of N-acetyl pyrazole I-154 (0.10 M)
with p-F-BnNH2 170 (0.10 M) and DBU 130 (0.10 M) in MeCN-h3. kobs(10°C) = 0.77 dm6 mol-2 s-1, kobs(20°C) = 0.86 dm6 mol-2
s-1, kobs(30°C) = 0.92 dm6 mol-2 s-1, kobs(40°C) = 0.95 dm6 mol-2 s-1. Δ‡H = 3 kJ mol-1, Δ‡S = -237 J K-1 mol-1, Δ‡G293K = 72 kJ mol1
. k° = kobs(T)/c°2, c° = 1 mol dm-3. Rate coefficients and activation parameters differ slightly from those obtained from
catalytic data because of the different approach to analysis (numerical simulation and fitting for catalytic data; simple
graphical analysis (i.e., VTNA) for stoichiometric data).

Eyring analysis of kobs,2(T), describing the aminolysis of N-acetyl pyrazole I-154, afforded activation
parameters analogous to catalytic regime ii, with Δ‡H2 = 4 kJ mol-1, Δ‡S2 = -233 J K-1 mol-1, and
Δ‡G2,293K = 72 kJ mol-1. Separate VT-SF-1H NMR experiments (20 – 50 °C; 10 °C increments)
conducted with independently synthesised N-acetyl pyrazole (0.10 M) and stoichiometric p-FBnNH2/DBU (0.10 M) (Figure 3.41B) led to consistent behaviour – i.e., very weak temperature
dependence – with standard graphical analysis and Eyring analysis affording activation
parameters (Figure 3.42B) for aminolysis in quantitative agreement with catalytic data (Δ‡H’2 = 3
kJ mol-1, Δ‡S’2 = -237 J K-1 mol-1, Δ‡G’2,293K = 72 kJ mol-1).
Temperature dependence studies were also undertaken to explore the microscopic role of the
auxiliary base in the aminolysis of N-acylated azoles. Kinetic data from the pyrazole-catalysed
aminolysis of p-F-PhAc 160 in MeCN (Figure 3.24), for example, indicates that auxiliary PMDBD
134 and DBU 130 lead to almost identical global kinetics but disparate catalyst speciation, despite
the former being several orders of magnitude weaker in Bronsted basicity. Such behaviour in turn
suggests that PMDBD 134 enhances the rate of intermediate aminolysis beyond that which would
be expected for base catalysis, presumably by virtue of its bifunctional character. This idea was
explored in detail by studying the stoichiometric aminolysis of N-acetyl pyrazole I-154 (AcPyz;
0.10 M) with p-F-BnNH2 170/PMDBD 134 (0.10 M) in MeCN-h3 (Figure 3.43).
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Figure 3.43: Product evolution profiles, single-component normalised profiles and fully normalised profiles for the basecatalysed aminolysis of N-acetyl pyrazole I-154 (0.10 M) with p-F-BnNH2 170 (0.10 M) in MeCN-h3 (20 °C). A) Temporal
concentration profiles of p-F-BnNHAc 171 in the aminolysis of I-154 (0.10 M) with 170 (0.10 M) and variable loadings of
PMDBD 134 (0.020 – 0.10 M). B) Kinetic profiles normalised assuming a constant catalyst concentration of [PMDBD] 0 =
0.020 – 0.10 M. C) Fully normalised kinetic profiles for variable 134, calculated according to v = kobs(20 °C)[AcPyz][p-FBnNH2][PMDBD]0. (D) Comparison of kobs(T) obtained with PMDBD (0.10 M; kobs(20 °C) = 4.2 dm6 mol-2 s-1) and DBU (0.10
M; kobs(20 °C) = 0.9 dm6 mol-2 s-1) under otherwise identical conditions ([I-154]0 = 0.10 M; [p-F-BnNH2]0 = 0.10 M; MeCN-h3,
20 °C). All kinetic profiles obtained by VR-SF-19F NMR spectroscopy using 1-F-napthalene as an internal integration
standard (0.050 M).

Preliminary SF-19F NMR monitoring experiments with variable loadings of PMDBD 134 (0.020 –
0.10 M) confirmed (Figure 3.43), as for DBU, an overall third-order rate law (kobs[I-154][p-FBnNH2][PMDBD]), with simple graphical analysis yielding a termolecular rate coefficient, kobs =
4.2 dm6 mol-2 s-1, multiple times larger than that associated with auxiliary DBU 130 (kobs = 0.9 dm6
mol-2 s-1). Such a change corresponds to a negative Bronsted coefficient of β < 0 – that is, the
rate of aminolysis apparently increases with a weaker base – suggesting that PMDBD 134
stabilises the transition state for elimination in a manner not available to monofunctional DBU.
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Figure 3.44: Variable temperature analysis (10 – 40 °C; 10°C increments) for the aminolysis of N-acetyl pyrazole I-154
(0.10 M) with p-F-BnNH2 170 (0.10 M) and PMDBD 134 (0.10 M) in MeCN-h3. Reactions assembled and monitored by
SF-19F NMR spectroscopy, with product evolution profiles normalised, as above, according to the empirical rate law
kobs(T)[I-154][p-F-BnNH2][PMDBD]0, assuming a constant catalyst concentration of [PMDBD]0 = 0.10 M. kobs(10°C) = 3.92 dm6
mol-2 s-1, kobs(20°C) = 4.17 dm6 mol-2 s-1, kobs(30°C) = 4.31 dm6 mol-2 s-1, kobs(40°C) = 4.35 dm6 mol-2 s-1. Δ‡H = 0 kJ mol-1, Δ‡S = 233 J K-1 mol-1, Δ‡G293K = 68 kJ mol-1. k° = kobs(T)/c°2, c° = 1 mol dm-3.

Given that enthalpic transition state stabilisation53,

55

is a signature hallmark of tautomeric

catalysis, PMDBD-mediated aminolysis of I-154 was next monitored by VT-SF-19F NMR (10 – 40
°C; 10 °C increments), under analogous conditions to DBU 130. Following full normalisation of
the product evolution profile at each temperature, activation parameters of Δ‡H = 0 kJ mol-1, Δ‡S
= -233 J K-1 mol-1, and Δ‡G293K = 68 kJ mol-1 were obtained by conventional Eyring analysis
(Figure 3.44). Clearly, not only does switching DBU 130 for PMDBD 134 stabilise the transition
state for elimination by ca 4 kJ mol-1, but it does so almost exclusively by enthalpic stabilisation
(i.e., ΔΔ‡H = - 3 kJ mol-1), implicating a cyclic transition state for elimination that minimises charge
separation. That the entropic barrier remains lower than that reported for catalysed morpholine
aminolysis (Δ‡S = -258 J K-1 mol-1, vide supra) suggests a looser transition state for PMDBDmediated elimination, consistent with the observation that proton shuttling occurs through two
different sites, rather than one (morpholine), and/or that one of two nitrogen atoms in the 1,2,4triazole nucleofuge can accept the proton.
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Aminolysis transition states: Overview
The kinetics of catalytic regimes ii and iv imply that the azole, acyl donor (p-F-PhAc 160), acyl
acceptor (p-F-BnNH2 170) and auxiliary base (e.g., DBU 130) are all engaged in, or prior to, the
rate-determining transition state of azole-catalysed aminolysis. The detection and temporal
evolution of N-acetyl pyrazole I-154 under regime iv strongly implicates N-acylated azoles as key
intermediates in general, whilst the first order dependence on auxiliary base under regime ii, in
which the catalyst speciation is dominated by the azolate anion, suggests the auxiliary base not
only deprotonates the azole but also facilitates the aminolysis of the subsequently generated Nacylated azole. The termolecular kinetics observed in the stoichiometric aminolysis of
independently synthesised N-acylated azoles (1-acetyl-1,2,4-triazole I-98, N-acetyl pyrazole I154) confirm this assessment, and apparently implicate at least one further, unstable intermediate
en route to amide formation. The nature of this intermediate – and any subsequent intermediates
– is unavoidably ambiguous from a kinetic perspective, although the comparable efficiency of
aminolysis with bona fide non-nucleophilic auxiliary bases (e.g., P1-tBu(TME)3, PMDBD)
apparently precludes a scenario in which amide formation is contingent upon base acylation (i.e.,
dual Lewis base n-π* catalysis, via a second, cationic acylated intermediate, appears unlikely).
One kinetically minimal mechanism that captures all these features is general mechanism 12. In
this mechanism the unstable intermediate is embodied by a tetrahedral zwitterion II, generated
directly via the bimolecular addition of the amine to the N-acylated azole I, which is in turn
intercepted by the auxiliary base. General mechanism 12 (Figure 3.45) depicts this interception
in a kinetically minimal manner – as concerted and irreversible – yet, in microscopic terms, the
consumption of zwitterion II and evolution of the amide product P may be separated by several
intervening intermediates (general mechanism 13, Figure 3.46).

Figure 3.45: General mechanism 12. Azole-catalysed aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with a primary
amine A (e.g., p-F-BnNH2 170) and auxiliary base B (e.g., DBU 130). Kinetics obtained with Ar = p-F-C6H4 and R1 = p-FBn). Homoconjugation may or may not be significant, depending upon the nature of the reaction medium.
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In principle, these may include: (i) an initial encounter complex between the base B and
tetrahedral zwitterion (B.II), the formation of which is nominally diffusion-controlled (kd) but its
dissociation activation-controlled (k-d); and (ii) a paired tetrahedral anion (III), formed via nominally
reversible proton transfer (k’PT, k’-PT), which in turn collapses irreversibly (k5).

Figure 3.46: General mechanism 13. Azole-catalysed aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with a primary
amine A (e.g., p-F-BnNH2 170) and auxiliary base B (e.g., DBU 130). Kinetics obtained with Ar = p-F-C6H4 and R1 = p-FBn). Homoconjugation may or may not be significant, depending upon the nature of the reaction medium.

Figure 3.47: General mechanism 14. Azole-catalysed aminolysis of a phenyl acetate E (e.g., p-F-PhAc 160) with a primary
amine A (e.g., p-F-BnNH2 170) and auxiliary base B (e.g., DBU 130). Kinetics obtained with Ar = p-F-C6H4 and R1 = p-FBn). Homoconjugation may or may not be significant, depending upon the nature of the reaction medium.

Within the general framework of mechanism 13 (Figure 3.46), a range of microscopically distinct
but kinetically indistinguishable regimes for aminolysis may thus emerge, including those
characterised by: (i) rate-determining encounter complex formation (k-2 >> kd[B]; k-d << k’PT,
K’PTk5); (ii) rate-determining proton transfer (k-2 >> Kdk’PT[B]; k-d >> k’PT; k’-PT << k5); or (iii) ratedetermining elimination of the tetrahedral anion (k-2 >> KDK’PTk5[B]; k-d >> K’PTk5; k-PT >> k5). Yet
another possibility is general mechanism 14, in which the encounter complex B.II is formed in a
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concerted manner, i.e., via a pre-association complex; termolecular kinetics would then arise
irrespective of whether base-mediated amine addition (TSC), proton transfer (TSPT), or elimination
(TS5) were rate-determining.
To probe these mechanistic possibilities, a range of intermolecular competition experiments were
undertaken under standard catalytic conditions (DBU 130, 20 °C, MeCN/THF), using a suite of
isotopically labelled ([15N]-p-F-BnNH2, [15N]-170; [Ar-d1]-p-F-BnNH2, [Ar-d1]-170; [13CO]-p-FPhAc, [13CO]-160; [13CH3]-p-F-PhAc, [13CH3]-160) or electronically perturbed (p-X-BnNH2, 170-X;
170 = 170-F) substrates, as well as p-F-PhAc 160 (1.1% 13C) and p-F-BnNH2 170 (i.e., [14N]-p-FBnNH2) at natural isotopic abundance. Competition experiments, and computations, were
undertaken primarily using 1,2,4-triazole 98 as an archetypal azole, but comparative
experiments/calculations with pyrazole 154-H were also undertaken. For a pair of competing
substrates in a multi-step reaction, intermolecular competition experiments probe the substratecommitting transition state (SCTS) – the transition state beyond which substrate recovery is no
longer possible – so in principle may differentiate mechanisms that are indistinguishable on kinetic
grounds alone.

Aminolysis transition states: LFERs
Competitive intermolecular free energy relationships (LFERs) for the acyl acceptor were
measured first, using a series of p-substituted benzyl amines (p-X-BnNH2; X = OMe, tBu, H, Cl,
CF3; 170-X). Relative rates (kX/kF) for aminolysis were determined on a pairwise basis by
independently competing each amine 170-X against a comparable quantity of the reference
substrate (p-F-BnNH2; 170) under standard catalytic conditions (p-F-PhAc 160, 0.10 M; 170-X +
170, 0.10 M; DBU 130, 0.10 M; 1,2,4-triazole 98, 10 mol%; 20 °C), in both MeCN-h3 and THF-h8.
For each competition, the substrate ratio (RF = [170]/[170-X]) was monitored continuously by in
situ 19F NMR spectroscopy, and the relative rate kX/kF in turn determined by non-linear regression
of RF and the fractional conversion F using the formalism of Bigeleisen and Wolfsberg. Example
fractionation profiles, for amines more (170-OMe) and less (170-CF3) reactive than the reference
amine, are shown in Figure 3.48, alongside full Hammett plots (log10(kX/kF) vs σp) obtained in
both MeCN-h3 and THF-h8.
Clearly, electronic perturbations to the amine have only a very modest effect on the rate of
aminolysis, reflected by small, negative reaction constants (ρ(MeCN) = -0.50 and ρ(THF) = -0.34) in
both solvents; electron-rich amines, unsurprisingly, are more reactive than electron-poor
substrates, yet even the largest rate differential, kOMe/kCF3(MeCN) = 2.3, portends a free energy
difference of just ΔΔ‡G293K ≈ 2 kJ mol-1.
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Figure 3.48: Linear free energy relationships (LFERs) determined by intermolecular competition for the 1,2,4-triazolecatalysed aminolysis of p-F-PhAc 160 in MeCN and THF under standard catalytic conditions. A) Example fractionation
profile for the competitive aminolysis of 160 (0.10 M) with p-F-BnNH2 170 (0.05 M), p-OMe-BnNH2 170-OMe (0.05 M),
DBU 130 (0.10 M) and 1,2,4-triazole 98 (5 mol%) in MeCN-h3. (B) Example fractionation profile for the competitive
aminolysis of 160 (0.10 M) with 170 (0.033 M), p-CF3-BnNH2 170-CF3 (0.066 M), 130 (0.10 M) and 98 (5 mol%) in MeCNh3. (C) Full Hammett plot for the 1,2,4-triazole-catalysed aminolysis of 160 with p-X-BnNH2 in MeCN-h3. (D) Full Hammett
plot for the 1,2,4-triazole-catalysed aminolysis of 160 with p-X-BnNH2 in THF-h8. RF = [170]/[170-X]. 1 – F = ([170] + [170X]) / ([170]0 + [170-X]0). Relative rates kX/kF determined by non-linear regression using the full substrate-focused
Bigeleisen-Wolfsberg equation.

Both LFERs are apparently linear over the full range of substituents, suggesting that the
substrate-committing transition state for the amine remains unchanged by (relatively minor)
electronic perturbations. In qualitative terms, such small reaction constants suggest there is
modest accumulation of positive charge on the amine nitrogen in the substrate-committing
transition state. Within general mechanism 14, this apparently discounts regimes in which
bimolecular amine-addition (via TS2) or subsequent encounter complex formation are ratedetermining in the aminolysis of 1-acetyl-1,2,4-triazole I-98, but leaves open the possibility of ratedetermining elimination (TS5) or, depending on the relative basicity of DBU, rate-determining
proton transfer (TSPT). In a similar vein, it also appears to rule out rate-determining encounter
complex formation via a pre-association mechanism (TSC).
In pursuit of a direct comparison to theory, a series of static electronic structure and
thermochemical calculations were undertaken using restricted Kohn-Sham density functional
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theory (RKS-DFT; PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine) and linear-scaling
coupled cluster theory (DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO). In principle, such
calculations ought to allow the ab initio prediction of the substrate-committing transition state for
aminolysis – this is explored below – yet this approach is hampered by the need to accurately
calculate the relative free energies of structurally disparate transition states. The abundance of
ionised and zwitterionic intermediates, and highly associative nature of many of the putative
transition states, render such comparisons particularly difficult in the case of azole-catalysed
aminolysis, as for other organocatalysed reactions.56 The relative stabilities of bimolecular and
termolecular transition states (e.g., TS2 vs TS5) are acutely sensitive, amongst much else, to the
treatment of translational entropy, whilst even comparably associative transition states (e.g., TSC
vs TS5 vs TSPT) inevitably remain at the mercy of random numerical noise in vibrational entropies.
In contrast, relative rates determined by intermolecular competition – especially systematic
correlations determined across multiple substrates – are more amenable to theoretical
comparison, as reproducing experiment requires the calculation of relative stabilities for nondegenerate but otherwise structurally analogous transition states.
With this in mind, attempts were first made to locate conventional transition states (i.e., saddle
point structures) for bimolecular (TS2) and pre-associative (TSC) amine addition, proton transfer
(TS’PT), tetrahedral elimination (TS5) on the full PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)
surface (i.e., 1-acetyl-1,2,4-triazole + p-F-BnNH2 + DBU). Contrary to schematic mechanism 14,
and in addition to the successful location of TS2, TSC and TS’PT, this search yielded two distinct
coordination modes of the tetrahedral anion – one with DBUH+ coordination to the amino nitrogen
(III’-98), and another to the alkoxide oxygen (III’’-98) – with the two separated by a migratory
activation barrier (TSM). Separate elimination pathways, via TS’5 or TS’’5, were also located for
each coordination states, as well as for the unpaired tetrahedral anion (V-98; TS6). A transition
state for the neutral, unimolecular elimination of the tetrahedral zwitterion (TSU) was also located.
A detailed mechanism depicting all these transition states, and their role in aminolysis, is given in
Figure 3.49. Having located seven key transition states for the reference amine (p-F-BnNH2 170),
all seven were subsequently reoptimised for a subset of three p-substituted benzyl amines (170X; X = OMe, Cl, CF3) on the same surface, and free energies of activation (Δ‡GTSi(X)) computed
for each transition state (i) / amine (X) combination (e.g., the barrier for rate-determining amine
addition, via TS2, with p-OMe-BnNH2 is denoted Δ‡GTS2(OMe)).
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Figure 3.49: Computed pathways for the 1,2,4-triazole-catalysed aminolysis of p-F-PhAc 160 (Ar = p-F-C6H4) with p-FBnNH2 170 (R1 = p-F-Bn) and DBU 130.

Free energies of activation were computed relative to 1-acetyl-1,2,4-triazole I-98 and the free
amine 170-X in each case, both with (GDLPNO) and without (GPBE0) DLPNO-CCSD(T) corrections
to underlying potential energies, using equilibrium geometries and solution-phase vibrational
frequencies obtained at the optimisation level of theory; hypothetical relative rates kX/kF, assuming
a rate-determining transition state i, were in turn calculated according to exp(-ΔΔ‡Gi(X,F)/RT),
where ΔΔ‡Gi (X,F) = Δ‡Gi(X) – Δ‡Gi(F).
Theoretical Hammett plots, computed for four hypothetically substrate-committing transition
states (TS2, TS’PT, TS’5, TS6), are shown in Figure 3.50; attempts to construct analogous plots
assuming substrate-commitment through TSC, TSM and TS’’5 afforded unintelligibly scattered
correlations, precluding any firm conclusions on these counts. Despite the challenge of modelling
such small rate differentials (i.e., where ΔΔ‡G293K < 2 kJ mol-1), the plots obtained from
uncorrected (PBE0+GD3BJ) and DLPNO-CCSD(T)-corrected free energies for these four
transition states are qualitatively analogous in key respects. Both suggest, for example, that
substrate-committing amine addition (via TS2) would lead to far more substantial reaction
constants than observed experimentally (ρ2(PBE0) = -2.13; ρ2(DLPNO) = -1.54), as would substratecommitting encounter complexation (ρd(PBE0) = -1.56; ρd(DLPNO) = -0.96), for which the transition
state was approximated by the zwitterionic intermediate II-98.

- 186 -

Figure 3.50: Theoretical Hammett plots for the aminolysis of 1-acetyl-1,2,4-triazole I-98 with p-F-BnNH2 170 and DBU
130, computed using solution-phase geometries and vibrational frequencies obtained at the PBE0+GD3BJ/6311+G(d,p)/IEFPCM(MeCN)/Ultrafine level. Relative free energies calculated at T = 298.15 K using the quasi rigid-rotor
harmonic-oscillator (qRRHO) approximation, with vibrational entropies calculated using Grimme’s interpolation strategy
and a cutoff frequency of ωc = 50 cm-1. Hammett plots shown for calculations with (“DLPNO-CCSD(T)”) and without
(“PBE0+GD3BJ”) high-level corrections (DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO) to the underlying gas-phase
potential energies. Reaction constants ρX computed in each case under the assumption that the corresponding transition
state (TSX) is fully rate-determining; ρd computed under the assumption that every encounter of DBU with the tetrahedral
zwitterion (II-98) leads irreversibly to product formation.

The latter correlations (ρd) essentially reflect the amine reactivities one would observe if the
zwitterion II-98 were highly unstable (i.e., k-2 >> kd[DBU]) – quite plausible in an aprotic medium
– and all encounters of DBU with the zwitterion II-98 led irreversibly to product (k-d << K’PTk’5,
K’PTKMk’’5, K’PTKMK’dk6) (i.e., a limitingly strong base); in such a regime the relative equilibrium
constants for zwitterion formation would control the relative rates, such that kX/kF = K2(X)/K2(F).

- 187 -

The correlations for substrate-committing proton transfer (TS’PT) and elimination (TS’5, TS6) are
more ambiguous, and qualitatively sensitive to the computational method. The nominally more
accurate calculations, with DLPNO-CCSD(T) (ma-def2-TZVPP/TightPNO) corrections to the
underlying gas-phase potential energies, suggest that either TS’PT or TS’5 – or both (vide infra) –
may be substrate-committing for the amine under standard conditions (DBU, 1,2,4-triazole,
MeCN, 20 °C). The accuracy of the calculations is such that substrate-commitment through TS6
also cannot be ruled out, although this appears unlikely given the predisposition of solutes in
aprotic media towards ion-pairing (especially for charge-assisted hydrogen bonding, and
especially for weakly polar aprotic media, e.g., THF). The comparable reaction constant
measured experimentally in THF (ρ(THF) = -0.34) suggests that the substrate-committing transition
state for the amine will be similar to MeCN, an observation that would have been indiscernible by
kinetic analysis (the amine is engaged after the rate-determining transition state in regime i).

Aminolysis transition states:

12

C/ 1 3 C and

14

N/ 1 5 N KIEs

In pursuit of more nuanced insights into key transition states, a range of heavy-atom kinetic
isotope effects (KIEs) were measured by intermolecular competition under regimes ii (1,2,4triazole 98, DBU 130, MeCN, 20 °C) and iv (pyrazole 154-H, DBU 130, MeCN, 20 °C). Standard
substrates (p-F-PhAc 160, p-F-BnNH2 170), either at natural isotopic abundance or in isotopically
enriched form, were used throughout these experiments, with all KIEs determined by NMR
spectroscopy.
Heavy-atom KIEs (12C/13C,

12/13k

C;

14N/15N, 14/15k

N),

and strategies for their measurement, were

first explored under regime ii. Initial experiments focused on the measurement of the carbonyl
12C/13C

KIE in the acyl donor (p-F-PhAc 160) by intermolecular competition between isotopically

labelled substrates (> 98 %

13C).

Given the absence of any significant enolisation in either p-F-

PhAc 160 or p-F-BnNHAc 171 under standard catalytic conditions (Scheme 3.7), and given also
the expectant insignificance of secondary
carbonyl
situ

12C/13C

13C{1H}

12C/13C

KIEs, preliminary attempts to measure the

KIE focused on monitoring the competition of [ 13CO]-160 and [13CH3]-160 by in

NMR spectroscopy. Despite several attempts, however, accurate measurements of

the isotopomer ratio (R = [[13CO]-160]/[[13CH3]-160]) were invariably thwarted by rapid reaction
evolutions (especially at early conversions), the modest sensitivity of

13C{1H}

differential rates of longitudinal relaxation. Fortunately, by virtue of differential
[13CO]-160

(2J

13C-H

= 7 Hz) and

[13CH

3]-160

(1J

13C-H

13C-H

NMR, and
coupling in

= 130 Hz), the isotopomer ratio was also

rendered amenable to direct quantification by 1H NMR, enabling the acquisition of quantitative
fractionation data in more timely fashion. Following protocol optimisation, in situ 1H NMR
monitoring of the competition between [13CO]-160 (0.05 M) and [13CH3]-160 (0.05 M) under
standard conditions (p-F-BnNH2 170, 0.12 M; DBU 130, 0.12 M; 1,2,4-triazole 98, 10 mol%;
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MeCN-d3; 20 °C) afforded the fractionation profile in Figure 3.51, from which a relative rate of
k13CH3/k13CO = 1.041(2) was extracted by non-linear regression; assuming a negligible secondary
12C/13C

KIE at the methyl carbon, this rate differential equates to a large, normal

the carbonyl carbon (i.e.,

12/13k

CO

12C/13C

KIE at

= 1.041(2)). Corroborative experiments at natural isotopic

abundance, in which residual p-F-PhAc 160 left over from aminolysis with sub-stoichiometric pF-BnNH2 170 (F = 84 %) was re-isolated and subjected to repeated inverse-gated

13C{1H}

NMR

analysis, afforded a near identical KIE of 12/13kCO = 1.038(4).

Figure 3.51: Non-linear fractionation profile (RF/R0 vs F) for the intermolecular competition of [13CO]-160 (0.05 M) and
[13CH3]-160 (0.05 M) under standard aminolysis conditions (MeCN-d3, 20 °C) with p-F-BnNH2 170 (0.12 M), DBU 130
(0.12 M) and 1,2,4-triazole 98 (10 mol%), obtained by in situ 1H NMR monitoring. Relative rate k13CH3/k13CO = 1.041(2)
determined by non-linear regression using the full substrate-focused Bigeleisen-Wolfsberg equation. %). RF = [[13CO]160]/[[13CH3]-160] R0 = [[13CO]-160]0/[[13CH3]-160]0. 1 – F = ([[13CO]-160] + [[13CH3]-160])/([[13CO]-160]0 + [[13CH3]-160]0).

Drawing on previous strategies from the Lloyd-Jones group, the 14N/15N KIE in the acyl acceptor
(p-F-BnNH2 170) was measured using a dual labelling approach. Following the synthesis of [ 15N]170 and m-D-170 (i.e., [Ar-d1]-170), two intermolecular competition reactions were monitored by
in situ

19F

NMR spectroscopy, including competitions between: (i) 170 (0.05 M) and [Ar-d1]-170

(0.05 M) (k14N,d1/k14N); and (ii) [15N]-170 (0.05 M) and [Ar-d1]-170 (0.05 M) (k14N,d1/k15N).
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A

B

C

D

Figure 3.52: Measurement of nucleophile 14N/15N KIE for the 1,2,4-triazole-catalysed aminolysis of p-F-PhAc 160 (0.12
M) with p-F-BnNH2 170 (0.10 M) and DBU 130 (0.10 M) in MeCN-h3 (20 °C). (A,B) Fractionation profiles (non-linear, RF/R0
vs F; linear, ln(RF) vs ln(1-F)) for the intermolecular competition of [Ar-d1]-170 (0.05 M; “[Ar-d1]”) and [15N]-170 (0.05 M;
“[15N]”), for which RF = [15N]/[Ar-d1], R0 = [15N]0/[Ar-d1]0, 1 – F = ([15N] + [Ar-d1])/([15N]0 + [Ar-d1]0) and k14N,d1/k15N = 0.979(3).
(C/D) Fractionation profiles for the intermolecular competition of [Ar-d1]-170 (0.05 M; “[Ar-d1]”) and 170 (0.05 M; “[14N]”),
for which RF = [14N]/[Ar-d1], R0 = [14N]0/[Ar-d1]0, 1 – F = ([14N] + [Ar-d1])/([14N]0 + [Ar-d1]0) and k14N,d1/k14N = 1.000(4). Relative
rates determined by non-linear regression using the full substrate-focused Bigeleisen-Wolfsberg equation. Intrinsic 14N/15N
KIE is 14/15kN = (k14N,d1/k15N)(k14N,d1/k14N)-1 = 0.979(5). Fractionation profiles obtained by in situ 19F NMR monitoring.
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Both reactions were assembled and monitored under identical conditions (p-F-PhAc 160, 0.12 M;
DBU 130, 0.12 M; 1,2,4-triazole 98, 10 mol%; MeCN-h3, 20 °C), with the deuterium isotope shift
(3ΔF(D)) in [Ar-d1]-170 enabling quantification of the isotopologue ratio R in each case. The
relative reactivities of the competing amines in each experiment (k14N,d1/k14N; k14N,d1/k15N) were
extracted from the corresponding fractionation profiles (R vs F; Figure 3.52) by non-linear
regression, as before, with the intrinsic
normalisation, i.e.,

14/15k

N

14N/15N

KIE for the amine,

14/15k

N,

in turn obtained by

= (k14N,d1/k15N)(k14N,d1/k14N)-1. The control experiment afforded a

negligible aryl 1H/2H KIE of k14N,d1/k14N = 1.000(3) – as expected, remote deuteration has no effect,
to within three decimal places, on the reactivity of the amine – whilst competition with [15N]-170
gave rise to a significant inverse 14N/15N KIE of 14/15kN = 0.979(5).
Although acyl transfer reactions at large have received extensive mechanistic attention over many
decades,57-58 most of the isotope effects reported in this field pertain to hydrolytic reactions of
esters or amides, and essentially all to reactions conducted in aqueous solution. Heavy-atom
KIEs measured by Marlier and co-workers,57, 59-60 and by Hengge,58, 61 for the aqueous aminolysis
of methyl and activated phenyl esters, respectively, provide the most pertinent benchmarks
(Scheme 5.8). Detailed studies by Hengge on the aminolysis (pH = 9) of para-nitrophenyl acetate
(p-NO2-PhAc 181) with 2-methoxyethylamine (2-MEA 182), for example, involved the
measurement of three key heavy-atom KIEs, including small, normal effects for the carbonyl
oxygen (16/18kO = 1.0064(3)) and para-nitrogen (14/15kN = 1.0011(1), and a large, normal KIE for
the phenolic oxygen (16/18kO = 1.0330(7)). The substantial phenolic oxygen KIE, larger than any
of the otherwise analogous isotope effects measured for a range of anionic chalcogen
nucleophiles (16/18kO = 1.0135 – 1.0219 across all other nucleophiles), coupled with the very
modest carbonyl oxygen KIE (16/18kO = 1.0039 – 1.0117 across all nucleophiles), strongly implicate
rate-determining elimination of p-NO2-phenolate, with advanced C-O cleavage in the transition
state.
Whilst mismatched measurements preclude direct comparisons of individual KIEs – Hengge did
not report any

12C/13C

KIEs, nor a

14N/15N

KIE for 2-MEA – the similarity of both the nucleophile

(both primary aliphatic amines) and nucleofuge (pKa(H2O) ≈ 7 (p-NO2-PhOH); 10 (98)) to those
in this work suggests the underlying mechanisms may, too, be alike. Given that aprotic media
would be expected to destabilise the zwitterionic intermediate, relative to starting materials, and
that 1,2,4-triazolate 99 ought to be a poorer nucleofuge than p-nitrophenolate, rate-determining
elimination appears feasible under regime ii.
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Scheme 5.8: Summary of experimental kinetic isotope effects (KIEs) measured for the 1,2,4-triazole-catalysed aminolysis
of p-F-PhAc 160 with p-F-BnNH2 170 and DBU 130 in MeCN (regime ii), and literature KIEs reported for analogous
aminolyses in aqueous solution. 12C/13C and 14N/15N KIEs in regime ii determined by in situ NMR monitoring with labelled
substrates; 12C/13C KIE also measured at natural isotopic abundance using the methodology of Singleton ( 12/13kCO =
1.038(4)). The 12C/13C KIE measured under regime ii is equal to the product of two isotope effects: the equilibrium isotope
effect (EIE) for the formation of 1-acetyl-1,2,4-triazole I-98, and the KIE for its subsequent aminolysis; the 14N/15N KIE
corresponds to the KIE associated with the aminolysis of 1-acetyl-1,2,4-triazole I-98. Under standard catalytic conditions,
kinetic analysis suggests that 1-acetyl-1,2,4-triazole I-98 is in rapid pre-equilibrium with p-F-PhAc 160 and 1,2,4-triazolate
99. All literature KIEs determined by isotope ratio mass spectrometry (IRMS) analysis. 14N/15N KIE for the hydrazinolysis
of methyl formate (Marlier 1997) constitutes the average isotope effect for the two nitrogen atoms (inner and outer sphere).
KIEs for the hydrazinolysis of methyl formate 184 measured under two different sets of conditions (pH 8, pH 10).
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In contrast, isotope effects reported by Marlier for the hydrazinolysis of methyl esters (methyl
formate 184, methyl benzoate 179) provide the basis for a direct comparison of the carbonyl
12C/13C

KIE and nucleophilic 14/15N KIE.59-60 For the hydrazinolysis of methyl formate 184 at pH 8,

Marlier observed a large, normal

12C/13C

KIE for the carbonyl carbon (12/13kC = 1.038(1)) but,

unusually, a modest, inverse 14N/15N KIE for the nucleophile (14/15kN = 0.990(1)); at the same pH,
the hydrazinolysis of methyl benzoate 179 afforded a comparably substantial carbonyl
KIE (12/13kC = 1.041(1)) (no

14N/15N

12C/13C

KIE was reported). Presumably by some coincidence, the

carbonyl 12C/13C KIEs for both acyl donors are in quantitative agreement with the effect measured
under regime ii; the

14N/15N

KIEs for the amine nucleophile are qualitatively comparable – both

are inverse – although the effect under regime ii is patently more pronounced, presumably on
account of 14N/15N KIE averaging in the case of hydrazinolysis. Citing the seminal work of Jencks,
Marlier posited a mechanism in which elimination of the nucleofuge (methoxide) from a tetrahedral
anion is rate-determining, yet he was unable to definitively rule out an alternative mechanism in
which the nucleofuge departs in concert with the deprotonation of the preluding zwitterion. A pHinduced switch in the 12C/13C KIE for the hydrazinolysis of methyl formate 184, to 12/13kC = 1.020(1)
at pH = 10, provided further support for the former interpretation, for it suggested a concomitant
switch in the rate-determining transition state in a manner predicted by Jencks: that, at sufficiently
high pH, the formation of the tetrahedral anion itself ought to become rate-determining.
The consistency of the isotope effects reported for regime ii with Marlier’s data at pH 8 indicates
that the departure of 1,2,4-triazolate 99 is rate-determining under these conditions. Yet several
ambiguities remain. The insensitivity of the nucleophilic
example, is curious, especially when the carbonyl

14N/15N

12C/13C

KIE to pH in Marlier’s work, for

KIE changes quite profoundly over the

same range. Another uncertainty is how quickly the carbonyl

12C/13C

KIE under Marlier’s

conditions would change for intermediate pHs; without evidence for the convergence of the KIE
at either low or high pH, it remains unclear whether the breakdown of the tetrahedral anion is fully
rate-determining even at pH 8 (one of the KIEs, at pH 8 or pH 10, must be limiting, given the pH
changes by two units, but both need not be). Furthermore, even if the KIEs reported by Marlier
represent bona fide limiting values, for the rate-determining breakdown and formation of a
tetrahedral anion, respectively, it remains unclear how these limits would translate to general base
catalysis in an aprotic solvent such as MeCN. Some modulation to the transition state structures
is presumably to be expected upon switching from aqueous solution to a moderately polar aprotic
medium – and one with a conspicuously poor capacity for anion solvation, at that – so numerical
equivalence between regime ii and Marlier’s KIEs need not translate to an equivalent mechanism.
Inherent differences in the reactivities of the acyl donors (1-acetyl-1,2,4-triazole I-98 vs methyl
formate 184), and basicities of the acyl acceptor (p-F-BnNH2 170 vs H2N-NH2), leads to further
uncertainty. Without a priori knowledge of the limiting KIEs in MeCN, it thus seems imprudent to
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exclude a scenario in which the formation and breakdown of a tetrahedral anion are kinetically
competitive in regime ii.
To assist the interpretation of the KIEs obtained under regime ii, theoretical KIEs for a range
transition states in Figure 3.49 were computed using KS-DFT. Conventional transition state
structures were initially located on the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN) surface, and
KIEs computed relative to p-F-PhAc 160 (12C/13C KIE) or p-F-BnNH2 170 (14N/15N KIE) using the
Bigeleisen-Mayer equation (T = 293.15 K; 20 °C), linearly scaled harmonic frequencies (λzpve =
0.98), and Bell’s one-dimensional correction for quantum-mechanical tunnelling. Equilibrium
isotope effects (e.g., for II-98) were computed analogously, without attendant tunnelling
corrections. To provide a precise comparison to experimental data (vide supra), the normalised
carbonyl 12C/13C KIE – i.e., relative to the methyl 12C/13C KIE – was computed for each transition
state. For a substantial subset of transition states, and in addition to the default methodology,
both KIEs were computed using a further seven reputable KS-DFT methodologies, spanning
different basis sets (6-31+G(d,p), 6-311++G(2d,p), cc-pVTZ, def2-TZVP), solvation models
(SMD(MeCN)), and exchange-correlation functionals (ωB97XD, M06-2X). The results of these
calculations are summarised in Figure 3.53 in the form of average KIEs, obtained across all eight
methods, with the uncertainty in each KIE estimated from the corresponding standard deviation.
The computed KIEs for essentially all transition state models were found to be highly insensitive
to changes in computational methodology, in accordance with the independent findings of
Jacobsen and co-workers, and Vetticatt, for other reaction manifolds, enabling a nuanced
comparison with experiment.62 Whilst various transition state models provide a good description
of either the

12C/13C

or

14N/15N

KIE measured under regime ii, far fewer provide a description

consistent with both. Calculations predict, for example, that rate-determining amine addition (TS2),
and various pathways for DBU-mediated elimination (TS’5, TS’’5, TS6), would all afford similar
carbonyl
by a

12C/13C

14N/15N

KIEs (i.e.,

12/13k

C(TS2/5/6)=

1.045(2) – 1.048(2)), yet the former is distinguished

effect than is manifestly weaker (i.e.,

14/15k

N(TS2)

= 0.992(2) vs

14/15k

N(TS5/6)

=

0.9788(4) – 0.9822(3)). The converse is true of rate-determining proton transfer (TS’PT) and
elimination (TS’5, TS’’5, TS6), for which theory predicts comparable 14N/15N KIEs (14/15kN = 0.975(1)
– 0.982(2)) but disparate

12C/13C

KIEs (12/13kC(TS’PT) = 1.0287(9);

12/13k

C(TS5/6)

= 1.0451(8) –

1.048(2)).
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Figure 3.53: Theoretical KIEs for the 1,2,4-triazole-catalysed 98 aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 and
DBU 130 (R1 = p-F-Bn) in MeCN; see Figure 3.49 for mechanistic context. All KIEs computed relative to 160 (12C/13C
KIEs) or 170 (14N/15N KIE), using the Bigeleisen-Mayer equation, ab initio harmonic frequencies, and Bell’s onedimensional tunnelling correction. All effects correspond to intrinsic KIEs: they represent the KIEs that would be observed
if the corresponding transition state were to be fully rate-determining. For each KIE, harmonic force constants for the
pertinent transition state (TSX) and substrate (p-F-PhAc, p-F-BnNH2) were computed using a total of eight different KSDFT methodologies, with minimum energy structures and conventional transition states first located on the
PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine surface and subsequently re-optimised in each case. Alternative
methodologies include: PBE0+GD3BJ/6-31+G(d,p)/IEFPCM(MeCN), PBE0+GD3BJ/6-311++G(2d,p)/IEFPCM(MeCN),
PBE0+GD3BJ/cc-pVTZ/IEFPCM(MeCN),
PBE0+GD3BJ/def2-TZVP/IEFPCM(MeCN),
PBE0+GD3BJ/6311+G(d,p)/SMD(MeCN), M06-2X/6-311+G(d,p)/IEFPCM(MeCN) and ωB97XD/6-311+G(d,p)/IEFPCM(MeCN), with
ultrafine integration grids used throughout. Average KIEs and standard deviations, calculated across all eight methods,
shown in Figure. 12C/13C KIEs shown in figure are relative KIEs, normalised for the secondary 12C/13C KIE at the methyl
carbon.
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The moderate 12C/13C EIE for the tetrahedral zwitterion II appears to exclude a scenario in which
the formation of its encounter complex B.II with DBU 130 is fully rate-determining (12/13kC(exp) =
1.041(2) vs

12/13K (II)
C

= 1.032(1)), whilst unimolecular elimination (through TSU) may be

discounted because of a significant mismatch in the
14/15k

N(TSU)

14N/15N

KIE (14/15kN(exp) = 0.979(5) vs

= 0.9714(8)). A pre-association mechanism in which the encounter complex B.II is

formed irreversibly via a concerted transition state (TSC) appears inconsistent with experiment on
both counts (12/13kC(TSC) = 1.034(4); 14/15kN(TSC) = 0.995(1)), especially the 14N/15N KIE. To a firstorder approximation, therefore, rate-determining elimination (via any of TS’5, TS’’5 or TS6)
appears to provide the most satisfactory description of both the

12C/13C

and

14N/15N

KIEs

measured under regime ii, with the formation of the encounter complex (B.II) occurring either via
a stepwise or pre-associative mechanism.
Theory also predicts that intimate DBUH+ coordination ought to modulate the KIEs associated
with rate-determining breakdown of the tetrahedral anion; both TS’5 (N-coordination) and TS’’5
(O-coordination) predict KIEs in closer alignment with experiment than the anionic TS6, yet still
they overestimate the carbonyl

12C/13C

KIE significantly. There are several factors that might

explain this residual discrepancy. Complex kinetic regimes, in which two or more transition states
in Figure 3.53 are near degenerate, may provide one such explanation. The theoretical KIEs in
Figure 3.53 assume that the corresponding transition state is fully rate-determining, yet this need
not be the case if multiple transition states have comparable stabilities; in such cases the
observed isotope effects will reflect Boltzmann-weighted averages of two, or more, intrinsic KIEs.
Jencks, for example, concluded that mass transport and/or proton transfer can become kinetically
significant for aminolysis, especially when the tetrahedral anion is short-lived and the catalyst
(i.e., DBU) is a strong base,48-49 suggesting that the KIEs observed under regime ii may portend
a scenario in which elimination is kinetically competitive with mass transport/proton transfer steps
earlier in the mechanism.
As explored by Jencks, the lifetime of tetrahedral anion with a good nucleofuge – such as 1,2,4triazolate 99 – is expected to be incredibly short; this suggests that the breakdown of the
tetrahedral anion, via expulsion of 1,2,4-triazolate 99, may outcompete the dissociation/migration
of DBUH+ (i.e., k’5 >> kM), with aminolysis then proceeding via TS’PT and TS’5. Whilst theoretical
12C/13C

and 14N/15N KIEs discount fully rate-determining proton transfer for regime ii, they do not

preclude an intermediate scenario in which TS’PT and TS’5 are near degenerate. In the
conventional picture – that of a formally stepwise mechanism, in which proton transfer occurs
first, followed by heavy-atom reorganisation only after full proton transfer – the modulated KIEs
then arise because most protons – but, crucially, by no means an overwhelming majority – return
after an initial deprotonation of the zwitterion II, with aminolysis then seemingly placed on the
mechanistic boundary of specific and general base catalysis.
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Assuming a highly unstable zwitterion II of moderate acidity (i.e., k-2 >> kd, Kdk’PT, KDKPTk’5; k-d >>
k’PT, K’PTk’5, but k’-PT ≈ k’5), the observed KIEs (KIEobs) will be given by (Figure 3.54):
𝐾𝐼𝐸𝑜𝑏𝑠 =

′
𝐾𝐼𝐸 𝑇𝑆 ′ 5 + 𝐶𝑓 . 𝐾𝐼𝐸 𝑇𝑆𝑃𝑇

1 + 𝐶𝑓

(3.24)

where KIETS’5 and KIETS’PT refer to the intrinsic KIEs for fully rate-determining elimination (ejection
of 1,2,4-triazolate from III’) and proton transfer (within DBU.II), respectively, and Cf = k’5/k’-PT is
the commitment factor.

Figure 3.54: A plausible qualitative free energy profile for the aminolysis of 1-acetyl-1,2,4-triazole I-98 with p-F-BnNH2
170 (R1 = p-F-Bn) and DBU 130 in MeCN, devised on the basis 12C/13C and 14N/15N KIEs. 1-Acetyl-1,2,4-triazole I-98 in
rapid pre-equilibrium with p-F-PhAc 160 (not shown). Commitment factor Cf = k’5/k’-PT determined by least-squares fitting
of experimental and theoretical KIEs. In this scheme, proton transfer and elimination are kinetically competitive and ratedetermining, whilst mass-transport processes are assumed to be rapid. The tetrahedral anion is sufficiently transient that
elimination outcompetes dissociation/migration of DBUH+ 130-H+. The tetrahedral zwitterion II-98 is highly unstable and
breaks down faster than bimolecular interception by DBU 130.
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Whilst agreement between theory and experiment is respectable for fully-rate determining
elimination (i.e., assuming Cf <<1), quantitative agreement between theory and experiment – to
three decimal places – is obtained for both the carbonyl

12C/13C

and nucleophilic

14N/15N

KIE if

elimination is only partially rate-determining, with an intermediate commitment factor of Cf = 0.33.
It should be noted that such a regime, in which k’5 > kM, formally requires an endergonic proton
transfer if, as seems reasonable, kM > k-d.
This is by no means the only plausible interpretation of the experimental KIEs. One subtlety is
that the structure of the transition state for proton transfer (TS’PT) closely resembles that of the
tetrahedral zwitterion itself (II-98), with the corollary that the intrinsic KIEs for rate-determining
proton transfer (12/13kC(TS’PT) = 1.0287(9);

14/15k

N(TS’PT)

for the formation of II-98 (12/13KC(II-98) = 1.032(1);

= 0.975(1)) are comparable to the EIEs

14/15K (II-98)
N

= 0.979(2)). As such, the

experimental KIEs can also be reproduced essentially quantitatively if mass transport, rather than
the proton transfer itself, becomes (partially) rate-determining (Figure 3.55). Under such a
regime, and assuming rapid and reversible proton transfer (i.e., k’PT >> k-d; k’-PT >> k’5), the
observed KIEs will be governed by two intrinsic isotope effects, KIETS’5 and EIEII-89, and another
commitment factor, C’f = (K’PT.k’5)/k-d, with C’f = 0.464 leading to quantitative agreement with both
the experimental

12C/13C

and

14N/15N

KIEs. As before, if it is assumed that k’5 > kM > k-d, proton

transfer must be endergonic for such a regime to prevail.
𝐾𝐼𝐸𝑜𝑏𝑠 =

𝐾𝐼𝐸 𝑇𝑆 ′ 5 + 𝐶 ′𝑓 . 𝐸𝐼𝐸𝐼𝐼−98
1 + 𝐶 ′𝑓

(3.25)

Yet another alternative emerges if migration of DBUH + 130-H+, and elimination via the Ocoordinated anion (III’’-98), are assumed to be rapid with respect to the elimination of 1,2,4triazolate from III’-98 (i.e., k’5 << kM, KMk’’5); in this case the lowest energy pathway for aminolysis
will be via TS’PT, TSM and, finally, TS’’5 (Figure 3.56). Charge-assisted hydrogen bonding
between DBUH+ and the alkoxide oxygen in the tetrahedral anion (III’’-98) would be expected to
favour migration (i.e., KM >> 1) on a thermodynamic basis, with the stabilisation greater in the
intermediate than the ensuing transition state (i.e., KM(k’’5/k’5) >> 1), so this pathway ought to
predominate unless the tetrahedral anion is exceptionally unstable. Calculations suggest that
neither fully rate-determining proton transfer (12/13kC(TS’PT) = 1.0287(9); 14/15kN(TS’PT) = 0.975(1))
nor DBUH+ migration (12/13kC(TSM) = 1.027; 14/15kN(TSM) = 0.987) would give rise to the observed
KIEs; rate-determining elimination, whilst yielding a
experiment

(14/15k

N(exp)

overestimated carbonyl

= 0.979(5) vs
12C/13C

KIE

14/15k

(12/13k

N(TS’’5)

C(exp)

14N/15N

KIE in quantitative agreement with

= 0.9788(4)), would lead to a significantly

= 1.041(2) vs 12/13kC(TS’’5) = 1.0462(9)).

- 198 -

Figure 3.55: Another plausible qualitative free energy profile for the aminolysis of 1-acetyl-1,2,4-triazole I-98 with p-FBnNH2 (R1 = p-F-Bn) 170 and DBU 130 in MeCN, devised on the basis 12C/13C and 14N/15N KIEs. 1-Acetyl-1,2,4-triazole
I-98 in rapid pre-equilibrium with p-F-PhAc 160 (not shown). Commitment factor C’f = (K’PT.k’5)/k-d = 0.464 determined by
least-squares fitting of experimental and theoretical KIEs. In this scheme, the diffusive encounter of the tetrahedral
zwitterion II-98 and DBU 130 is kinetically significant, and competitive with elimination, whilst intramolecular proton
transfer is rapid and reversible. The tetrahedral anion III’-98 is sufficiently transient that elimination outcompetes
dissociation/migration of DBUH+. The tetrahedral zwitterion II-98 is highly unstable and breaks down faster than
bimolecular interception by DBU.
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Figure 3.56: A third plausible qualitative free energy profile for the aminolysis of 1-acetyl-1,2,4-triazole I-98 with p-FBnNH2 (R1 = p-F-Bn) 170 and DBU 130 in MeCN, devised on the basis 12C/13C and 14N/15N KIEs. 1-Acetyl-1,2,4-triazole
I-98 in rapid pre-equilibrium with p-F-PhAc 160 (not shown). Commitment factor C’’f = K’PTKMk’’5/k-d = 0.554 determined by
least-squares fitting of experimental and theoretical KIEs. In this scheme, the diffusive encounter of the tetrahedral
zwitterion II-98 and DBU 130 is kinetically significant, and competitive with elimination, whilst intramolecular proton
transfer is rapid and reversible; the tetrahedral anion III’-98, however, is sufficiently long-lived that DBUH+ migration occurs
before the expulsion of 1,2,4-triazolate, with elimination instead proceeding via the O-coordinated tetrahedral anion III’’98. The tetrahedral zwitterion II-98 is highly unstable and breaks down faster than bimolecular interception by DBU.
Migration is expected to be thermodynamically favoured by charge-assisted hydrogen-bonding (KM > 1).

Both experimental KIEs under regime ii can be reproduced, however, by assuming that encounter
complex DBU.II-98 formation and elimination are comparably rate-determining, and that proton
transfer and DBUH+ migration are both rapid and reversible (i.e., k-d << k’PT, K’PTkM; k-d ≈
K’PTKMk’’5). In such a regime the observed KIEs are controlled by yet another commitment factor,
C’’f = K’PTKMk’’5/k-d, with C’’f = 0.554 leading to quantitative agreement with both the experimental
12C/13C

and 14N/15N KIEs. Although K’PT < 1 in Figure 3.56, this regime, unlike the other two, does

not have an absolute requirement for an endergonic proton transfer; indeed, if proton transfer is
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endergonic, competitively rate-determining mass transport and elimination can arise only if K’PTkM
> k-d. If, in contrast, both proton transfer and DBUH+ migration are exergonic, competitively ratedetermining mass transport and elimination can only arise if the intrinsic lifetime of the Ocoordinated tetrahedral anion is sufficiently long (i.e., for k’’d > K’PTKMk’’5 when K’PT> 1 and KM >
1, it must be that k’’5<< k-d).
𝐾𝐼𝐸𝑜𝑏𝑠 =

𝐾𝐼𝐸 𝑇𝑆 ′′ 5 + 𝐶 ′′𝑓 . 𝐸𝐼𝐸𝐼𝐼−98
1 + 𝐶 ′′𝑓

(3.26)

Whilst these three scenarios benefit from quantitively reproducing the experimental KIEs, they
are necessarily speculative, and susceptible to conceptual criticisms on several fronts. The first
two implicitly require endergonic proton transfers to be plausible – a prospect that seems unlikely,
if not impossible, given the relative basicities of p-F-BnNH2 170 (pKaH(MeCN) = 17.0) and DBU
130 (pKaH(MeCN) = 24.3) in MeCN – or else require other questionable assumptions about the
kinetic feasibility of the various steps and the intrinsic lifetimes of the tetrahedral zwitterion II-98
and anion III’98/III’’-98. The three scenarios, furthermore, also neglect the possibility that the
encounter complex DBU.II-98 might decompose directly by C – N cleavage – that is, by the
microscopic reverse of a spectator mechanism – more readily than DBU dissociation (this may,
in fact, be quite likely for an inherently unstable zwitterion in an aprotic medium). Perhaps even
more significantly, however, these interpretations all assume that the conventional transition state
structures located using KS-DFT and implicit solvation are exactly correct – an assumption that
is, at best, questionable for reactions in the solution phase that involve charged solutes. Static
electronic structure calculations paint a formally stepwise picture, in which proton transfer and
heavy atom reorganisation occur sequentially, yet it is not clear that such calculations can
discount a transition state in which the two occur in concert.
Conscious that elimination may, in fact, be fully rate-determining, and that the transition state for
nucleofugal departure may simply be poorly modelled by the saddle-point on the PBE0+GD3BJ/6311+G(d,p)/IEFPCM(MeCN) surface, a range of further electronic structure calculations were
undertaken. Specifically, theoretical

12C/13C

and

14N/15N

KIEs were computed for a range of

constrained transition state models, in the approach conceived by Schramm,63-64 frequently
employed by Bennet65-66 and others67-69 in mechanistic studies of glycoside chemistry, and
validated by Singleton.70 A preliminary set of constrained transition state models were generated
by taking the conventional transition states for amine addition (TS2) and anion elimination (TS6)
on the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN) surface, scanning the key C – N distance in
each species (C-NNuc or C-NLg) and relaxing all other coordinates at each point. KIEs for each
constrained structure were then computed relative to p-F-PhAc 160 (12C/13C) or p-F-BnNH2 170
(14N/15N) using the Bigeleisen-Mayer equation, scaled harmonic frequencies (λZPVE = 0.98) and
Bell’s one-dimensional correction for quantum-mechanical tunnelling, with small imaginary
frequencies of < 50 i cm-1 neglected in all calculations. KIE calculations with constrained transition
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state models were generally confined to structures characterised by a single large imaginary
frequency (> 50i cm-1); EIE calculations were applied to structures with no imaginary frequencies.
In accordance with kinetic evidence, all constrained transition state models involving bimolecular
amine attack – without DBU involvement – afforded KIEs that differed from experiment (Figure
3.57); whilst constrained models with looser structures (i.e., longer C – N bonds than TS2; C – N
> 1.85 Å) afforded agreeable
all near unity (i.e.,

14/15k

N

12C/13C

KIEs, the predicted

14N/15N

KIEs for these structures were

> 0.993). Attempts to probe tighter structures (i.e., C – N < 1.75 Å) led

to structures with no imaginary frequencies; calculated EIEs for these models yielded agreeable
14N/15N

effects but divergent 12C/13C effects.

Analogous calculations with constrained transition state models generated from anionic TS6 led
to more promising results. Whilst the saddle point structure itself significantly overestimates the
carbonyl 12C/13C KIE (C – N = 1.771 Å, 12/13kC = 1.048), constrained models with looser structures
(C – N = 1.93 – 1.97 Å) lead to KIE predictions in statistically quantitative agreement with
experiment (the

14N/15N

KIE is comparatively insensitive to the extent of nucleofugal C – N

cleavage, and experimental uncertainty is larger, so all constrained TS models derived from TS6
are statistically consistent with experiment). This suggests that elimination of the tetrahedral anion
could be fully rate-determining for 1,2,4-triazole-catalysed aminolysis in MeCN (specific base
catalysis by DBU?), but requires the transition state to be considerably later than indicated by the
saddle-point structure on the anionic PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN) surface.
DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO corrections to the KS-DFT surface led to no
material change in the PES topography along the reaction coordinate, whilst analogous anionic
saddle-point structures refined on seven other KS-DFT surfaces (vide supra) led to minimal
changes in the predicted KIE (12/13kC = 1.048(2)). This suggests that deficiencies in the implicit
treatment of solvation, or the omission of the DBUH+ countercation, are ultimately responsible for
underestimating the extent of C – N cleavage in the transition state for elimination, and thereby
overestimating the attendant 12C/13C KIE. A comparison with the theoretical KIEs associated with
elimination via TS’5 and TS’’5 appear to confirm this hypothesis, at least in part, with explicitly
hydrogen-bonded DBUH+ countercations leading to saddle-point structures with significantly
more advanced C – N cleavage (TS’5, 1.875 Å; TS’’5, 1.911 Å) and concomitantly suppressed
carbonyl 12C/13C KIEs.
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Figure 3.57: Theoretical 12C/13C and 14N/15N kinetic (12/13kC, 14/15kN) and equilibrium (12/13KC, 14/15KN) isotope effects
computed for various constrained transition state models in the aminolysis of 1-acetyl-1,2,4-triazole I-98 with p-F-BnNH2
170. 12C/13C KIEs are relative effects, with the carbonyl 12C/13C KIE normalised by the secondary 12C/13C KIE of the methyl
group for comparison to experiment. Whilst DBU is required to generate the tetrahedral anion V-98, intermolecular
complexation by DBUH+ was neglected in generating the constrained TS models. Constrained structures were generated
on the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN) surface, and all isotope effects were calculated relative to p-F-PhAc
160 (12C/13C) or p-F-BnNH2 170 (14N/15N) using the Bigeleisen-Mayer equation at T = 293 K, a linear scaling factor (0.98)
and Bell’s one-dimensional tunnelling correction. The blue and red highlighted regions encompass the uncertainties in the
experimental KIEs (12/13kC(exp) = 1.041(2); 14/15kN(exp) = 0.979(5)). All 12C/13C isotope effects are shown on the primary yaxis, and all 14N/15N effects on the secondary axis.

Whilst the explicit inclusion of the DBUH+ cation largely reconciles experiment and theory
(12/13kC(TS’5) = 1.0462(9);

14/15k

N(TS’5)

= 0.978(4);

12/13k

C(TS’’5)

= 1.0451(8);

14/15k

N(TS’’5)

=

0.9810(5)), it does not completely eliminate the disparity in the 12C/13C KIE. Accordingly, a further
set of constrained transition state models – this time involving DBU/DBUH+ explicitly – were
generated in a manner analogous to above, starting from the conventional transition state
structure for proton transfer (TS’PT) (Figure 3.58). To avoid the expense of generating – and
calculating force constants for – multi-dimensional grids of structures, constrained transition state
models were sampled by: (i) fixing the extent of deprotonation – the N – H distance between the
amine nucleophile and the departing proton – at one of five different values (N – H = 1.099 Å,
1.238 Å, 1.368 Å, 1.494 Å, 1.625 Å); and then (ii) independently scanning the C – N distance to
both the attacking amine nucleophile and departing triazolate nucleofuge in finer increments (i.e.,
0.04 – 0.06 Å), with all other coordinates relaxed at each point. Force constants were computed
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for each of the resulting structures, and of those, KIEs were computed for structures characterised
by at least one large imaginary frequency (> 50 i cm-1). All structures were generated, and force
constants calculated, on the PBE0+GD3BJ/6-31+G(d,p)/IEFPCM(MeCN) surface, with KIEs
computed in the standard manner (the reduced basis set has a demonstrably minimal impact on
the intrinsic KIEs for key saddle-point structures vide supra).
The results of these calculations are summarised in Figure 3.58. The first column summarises
the KIEs computed for constrained transition state models in which the C – N distance between
the carbonyl carbon and attacking amine is varied for a given extent of proton transfer; the second
column corresponds to structures generated by scanning the C – N distance between the carbonyl
carbon and triazolate nucleofuge. Structures obtained with dN – H = 1.099 Å – the N – H distance
in the tetrahedral zwitterion II-98 – essentially correspond to transition state models in which
proton transfer from the amine 170 to DBU 130 is negligible; those at dN – H = 1.238 Å reflect
models in which the extent of proton transfer is equivalent to that in the conventional saddle point
structure TS’PT; whilst those at dN – H = > 1.328 Å correspond to structures in which the extent of
proton transfer is increasingly advanced, being essentially complete by at dN – H = 1.625 Å.
Irrespective of whether one considers nucleophilic attack or nucleofugal departure, more
advanced proton transfer leads to larger – that is, increasingly normal –
expected. Indeed, on the

14N/15N

14N/15N

KIEs, as

KIE alone it appears possible to discount any rate-determining

transition state in which the bond to the amine is not fully formed, and thereby all models of ratedetermining transition states in which amine addition and deprotonation occur in concert. The
constrained 14N/15N KIEs also discount rate-determining elimination via transition states in which
proton transfer is similarly, or less, advanced than in the saddle-point structure TS’PT; for
advanced proton transfer (i.e., dN – H = > 1.238 Å), however, the constrained

14N/15N

KIEs are

consistent with a whole continuum of elimination transition states (dC–N = 1.75 – 1.95 Å). The
constrained

12C/13C

KIEs, in contrast, are more discerning in this region of the PES. As for a

simplistic anionic system, theory can be brought into line with experiment by assuming complete
proton transfer to DBU (dN – H > 1.494 Å) and advanced C – N cleavage to the triazolate nucleofuge
(i.e., dC–N = 1.90 – 1.95 Å) in the transition state. However, Figure 3.58 also presents several
other options. Perhaps unhelpfully, constrained transition state models in which proton transfer is
essentially complete (dN – H > 1.494 Å) can also reproduce the experimental KIEs if C – N cleavage
is significantly less advanced (dC–N = 1.70 – 1.75 Å) than the conventional saddle-point structure
for the elimination of the N-coordinated tetrahedral anion (dC–N = 1.875 Å, TS’5): with full proton
transfer (dN – H > 1.494 Å), the 12C/13C KIE attains a maximum at around dC–N = 1.85 Å, with both
earlier and later transition states then leading to weaker effects. Yet another option is a ratedetermining transition state with advanced but incomplete proton transfer (i.e., dN – H = 1.328 Å)
and moderate C – N cleavage (i.e., dC–N = 1.80 – 1.90 Å).
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Figure 3.58: Theoretical 12C/13C and 14N/15N KIEs (12/13kC, 14/15kN) computed for various constrained transition state models
in the aminolysis of 1-acetyl-1,2,4-triazole I-98 with p-F-BnNH2 170 and DBU 130. 12C/13C KIEs are relative effects, with
the carbonyl 12C/13C KIE normalised by the secondary 12C/13C KIE of the methyl group for comparison to experiment.
Constrained structures were generated by scans of the PBE0+GD3BJ/6-31+G(d,p)/IEFPCM(MeCN) surface; for each
scan the N – H distance between the nucleophilic nitrogen and departing proton was constrained at one of five values:
dN-H = 1.099 Å, 1.238 Å, 1.328 Å, 1.494 Å or 1.625 Å. All non-specified coordinates, including the N(DBU) – H distance, were
fully relaxed at each point. All isotope effects were calculated relative to p-F-PhAc 160 (12C/13C) or p-F-BnNH2 170 (14N/15N)
using the Bigeleisen-Mayer equation at T = 293 K, a linear scaling factor (0.98) and Bell’s one-dimensional tunnelling
correction. The blue and red highlighted regions encompass the uncertainties in the experimental KIEs ( 12/13kC(exp) =
1.041(2); 14/15kN(exp) = 0.979(5)). All 12C/13C KIEs are shown in red, and 14N/15N effects in blue.

It thus seems the KIEs for aminolysis can be formally interpreted in three ways. If the conventional
transition states located on the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN) surface (and other
KS-DFT surfaces, vide supra) are assumed to be perfectly accurate, the experimental KIEs
appear consistent with a stepwise mechanism – with sequential proton transfer and heavy atom
reorganisation (C – N cleavage) – in which the rate of proton transfer in the reverse direction (from
DBUH+) is comparable in rate to expulsion of 1,2,4-triazolate from the tetrahedral anion (and all
preceding intermediates are equilibrated). There are many reasons to expect that such structures
might be flawed, however, and there are in fact ample constrained transition state models that
reproduce the experimental isotope effects without having to invoke multiple kinetically significant
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steps. In two such models, proton transfer is essentially complete, and C – N cleavage is either
significantly more or less advanced than indicated by the saddle-point structure on the PES (TS’5).
An earlier transition state, with less advanced C – N cleavage than the saddle-point structure, is
consistent with the dissociative nature of elimination – and thus likely with the canonical variational
transition state (CVTS) – so is tentatively favoured. Yet another alternative is a single ratedetermining transition state in which proton transfer and heavy atom reorganisation occur in
concert; whether the inherently disparate timescales for proton and heavy atom motion
fundamentally undermine the notion of a “concerted” mechanism, however, is unclear. 71
Pursuing further insight, the nucleophilic

14N/15N

KIE for pyrazole-catalysed aminolysis (regime

iv) was also measured under catalytic conditions; as the acetylation of pyrazole 154-H is itself
partially rate-determining under standard catalytic conditions, no attempts were made to measure
the carbonyl
14N/15N

12C/13C

KIE (it would not be directly comparable with regime ii). The intermolecular

KIE was measured, as before, under standard conditions (p-F-PhAc 160, 0.12 M; DBU

130, 0.12 M; pyrazole 154-H, 10 mol%; MeCN-h3, 20 °C), using two pairwise competitions (170
vs [Ar-d1]-170, and [15N]-170 vs [Ar-d1]-170) and in situ

19F

NMR monitoring. As for regime ii, the

control experiment afforded a negligible aryl 1H/2H KIE of k14N,d1/k14N = 1.001(2), whilst competition
with [15N]-170 gave rise, after normalisation, to a significantly inverse
0.976(3) (Figure 3.59). Although the difference is modest, the

14N/15N

14N/15N

KIE of

14/15k

NH2

=

KIE for the aminolysis of

N-acetyl pyrazole I-154 appears to be even more inverse than for 1-acetyl-1,2,4-triazole I-98.
According to the theoretical KIEs, computed using conventional transition state structures located
on the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN) surface (Figure 3.60), there are several
ways in which this finding might be rationalised. Superficially, the experimental

14N/15N

KIE for

pyrazole-catalysed aminolysis (14/15kNH2(exp) = 0.976(3)) appears consistent with either ratedetermining proton transfer (14/15kN(TS’PT) = 0.976) or rate-determining elimination via the Ocoordinated tetrahedral anion I’’5 (14/15kN(TS’’5) = 0.977), yet only the latter rationale is consistent
with the KIEs measured for 1,2,4-triazole-catalysed aminolysis. This is because pyrazolate would
be expected to be a poorer nucleofuge than 1,2,4-triazolate, leading to the destabilisation of TS’5
(and TS’’5), relative to I’4 (or I’’4), and an attendant increase in the lifetime of the tetrahedral anion;
exchanging 1,2,4-triazolate for pyrazolate would also be expected to make the tetrahedral anion
more basic, thus suppressing the barrier to protonation by DBUH+ (stabilising TS’PT relative to I’4).
Rate-determining elimination via the O-coordinated tetrahedral anion, instead of the nascent ionpair I’4, is also consistent with the likelihood that the barrier to DBUH + migration (via TSM) would
be largely unaffected by exchanging 1,2,4-triazole for pyrazole.
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A

B

C
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Figure 3.59: Measurement of nucleophile 14N/15N KIE for the pyrazole-catalysed aminolysis of p-F-PhAc 160 (0.12 M)
with p-F-BnNH2 170 (0.10 M) and DBU 130 (0.10 M) in MeCN-h3 (20 °C). (A,B) Fractionation profiles (non-linear, RF/R0
vs F; linear, ln(RF) vs ln(1-F)) for the intermolecular competition of [Ar-d1]-170 (0.05 M; “[Ar-d1]”) and [15N]-170 (0.05 M;
“[15N]”), for which RF = [15N]/[Ar-d1], R0 = [15N]0/ [Ar-d1]0, 1 – F = ([15N] + [Ar-d1])/([15N]0 + [Ar-d1]0) and k14N,d1/k15N =
0.975(2). (C/D) Fractionation profiles for the intermolecular competition of [Ar-d1]-170 (0.05 M; “[Ar-d1]”) and 170 (0.05
M; “[14N]”), for which RF = [14N]/[Ar-d1], R0 = [14N]0/[Ar-d1]0, 1 – F = ([14N] + [Ar-d1])/([14N]0 + [Ar-d1]0) and k14N,d1/k14N =
1.000(2). Relative rates determined by non-linear regression using the full substrate-focused Bigeleisen-Wolfsberg
equation. Intrinsic 14N/15N KIE is 14/15kN = (k14N,d1/k15N)(k14N,d1/k14N)-1 = 0.976(3). Fractionation profiles obtained by in situ
19
F NMR monitoring.
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Figure 3.60: Theoretical KIEs for the pyrazole-catalysed aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 and DBU 130
(R1 = p-F-Bn) in MeCN. All KIEs computed relative to p-F-PhAc 160 (12C/13C KIEs) or p-F-BnNH2 170 (14N/15N KIE), using
the Bigeleisen-Mayer equation, ab initio harmonic frequencies, and Bell’s one-dimensional tunnelling correction. All effects
correspond to intrinsic KIEs: they represent the KIEs that would be observed if the corresponding transition state were to
be fully rate-determining. Harmonic force constants computed using minimum energy structures and conventional
transition states located on the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine surface. 12C/13C KIEs shown in
figure are relative KIEs, normalised for the secondary 12C/13C KIE at the methyl carbon. See Figure 3.53 for estimates of
the uncertainties in each KIE.
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3.2.6. Ab initio computation
To aid the interpretation of experimental transition state probes, full free energy profiles for the
1,2,4-triazole- 98 and pyrazole-catalysed 154-H aminolysis of p-F-PhAc 160 with p-F-BnNH2
170/DBU 130 in MeCN (regimes ii and iv) were computed using a combination of KS-DFT, linearscaling coupled-cluster theory (DLPNO-CCSD(T)) and elementary statistical mechanics.
Minimum energy structures and conventional transition state structures were located on the
PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine surface, thermochemical corrections
computed using the quasi rigid-rotor harmonic-oscillator approximation (ωc = 50 cm-1), and the
underlying gas-phase potential energies corrected by supplementary DLPNO-CCSD(T)/ma-def2TZVPP/TightPNO calculations. Analogous calculations were also undertaken for the 1,2,4triazole-catalysed pathway in THF (regime i).
Despite the apparent simplicity of the reaction, azole-catalysed aminolysis poses a range of
significant challenges to theory, sharing many aspects of the Morita-Baylis-Hilman (MBH)
reaction:56, 72 zwitterionic and ionic intermediates abound, the molecularity changes substantially
over the course of the reaction, and various associative equilibria complicate the speciation of the
phenolic nucleofuge (p-F-PhOH). On the combined recommendations of Singleton 56 and
Harvey,72 a number of steps were therefore taken to minimise the extent of error in computed free
energies: empirical dispersion corrections and implicit solvation were used to locate pertinent
solute structures – the tetrahedral zwitterion (II-98), in particular, does not correspond to a
minimum on the gas-phase surface – the translational entropies of all solutes were adjusted to
reflect a standard state of 1.0 M (19.2 M for free MeCN molecules), egregious errors in harmonic
vibrational entropies were eliminated by Grimme’s free-rotor interpolation (ωc = 50 cm-1, f = 0.95),
solvation free energies for all species were computed using both the SMD and IEFPCM models,
and gas-phase potential energies were corrected by a demonstrably accurate (see SI) but
nevertheless practical wavefunction method. Pervasive but otherwise dubious empirical
corrections to translational entropies, such as those discussed by Singleton, were eschewed, as
were well-founded by nevertheless insignificant adjustments to solute entropies arising from low
energy conformations and changes in symmetry; instead, all thermochemical corrections for all
solutes were computed using the lowest energy conformation identified in each case. Exploratory
attempts at microsolvation of the tetrahedral zwitterion II-98, in which continuum SMD solvation
was compounded by explicit solvation of the cationic site with one or two molecules of MeCN (i.e,
II-98 vs II-98.MeCN vs II-98.(MeCN)2), led to higher free energies in all cases, suggesting that
continuum solvation ought to provide a reasonably adequate description of all species along the
reaction pathway; the same findings arose with the IEFPCM model. Unlike the MBH reaction,
commonly undertaken in protic media (i.e., MeOH), the use of polar aprotic solvents for aminolysis
– i.e., MeCN and THF – means explicit solvent interactions with anionic solutes are likely to be
negligible.
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The theoretical free energy profile for 1,2,4-triazole-catalysed aminolysis in MeCN, computed
using free energies of solvation obtained with the SMD model, is shown in Figure 3.61. The
pathway shown, which largely maps the catalytic cycle(s) in Figure 3.49, has two key branch
points: one at 1-acetyl-1,2,4-triazole (I-98), and another at the nascent ion-pair III’-98. The first
branch point demarcates two possible pathways to the formation of the encounter complex
DBU.II-98: (i) a stepwise mechanism, in which the tetrahedral zwitterion II-98 formation is in rapid
pre-equilibrium and subsequently intercepted by DBU 130; or (ii) a pre-associative, or spectator,
mechanism, in which 1-acetyl-1,2,4-triazole I-98 reacts only with the hydrogen-bonded complex
of DBU 130 and p-F-BnNH2 170 generating DBU.II-98 directly (i.e., DBU is required for amine
addition, but does not participate directly). The bimolecular interception of II-98 by DBU in the first
mechanism is formally barrierless on the potential energy surface, and as such is assumed to be
diffusion-controlled; this encounter is depicted schematically as an apparently activated process
with a free energy barrier of Δ‡Gdiff = RT ln(8000hc°NA/3η) (i.e., kdiff = 8000RT/3η, in dm3 mol-1 s1),

where c° = 1 mol dm-3 is the standard concentration, h = 6.626 x 10-34 J.s, NA = 6.022 x 1023

mol-1 , and η(MeCN) = 0.389 mPa.s is the dynamic viscosity of MeCN at 20 °C (Δ‡Gdiff ≈ 14 kJ mol1;

η(THF) = 0.48 mPa.s). The second branch point arises at the nascent ion-pair III’-98, generated

after deprotonation of the zwitterion II-98 by DBU, which may undergo elimination via either TS’5
or TS’’5. Upon first inspection, theory predicts that the aminolysis of 1-acetyl-1,2,4-triazole I-98
ought to proceed via the pre-associative pathway (TSC), with direct elimination of the nascent ionpair III’-98 (TS’5).
In broad terms, the computed free energy profile stands in agreement with experimental kinetics.
The catalyst speciation appears to be dominated by the 1,2,4-triazolate salt (i.e., 99-[DBUH+] is
the rate-determining intermediate; ΔGPT = -7 kJ mol-1), 1-acetyl-1,2,4-triazole I-98 is expected to
be in rapid pre-equilibrium, DBU 130 is involved in the rate-determining transition state (TSC), and
amide 171 formation appears irreversible; from such a profile, one would expect progressive
product inhibition from accumulating p-F-PhOH 172, no significant build-up of 1-acetyl-1,2,4triazole I-98 during turnover, a positive-order dependence on DBU 130, and a zero-order
dependence on p-F-BnNHAc 171, all of which are experimentally apparent. In quantitative terms,
however, the computed free energy span, Δ‡Gcalc(SMD) = 97 kJ mol-1, is in relatively poor
agreement with overall barrier observed under catalytic conditions in MeCN, Δ‡Gobs = 72 kJ mol1

(kobs ≈ 0.74 dm6 mol-2 s-1), with the barrier to the DBU-mediated aminolysis of 1-acetyl-1,2,4-

triazole I-98 itself (Δ‡G’obs = 63 ± 2 kJ mol-1, kDBU = (47 ± 30) dm6 mol-2 s-1) also overestimated
(Δ‡G’calc(SMD) = 74 kJ mol-1). The substantial inverse 14N/15N KIE observed experimentally would
also appear to be inconsistent with the theoretical prediction that pre-associative encounter
complex formation is rate-determining (14/15kN(exp) = 0.979(5);
the carbonyl
1.041(2);

12C/13C

12/13k

14/15k

N(TSC)

= 0.995(1)), although

KIEs are in rather more satisfactory, if imperfect, agreement ( 12/13kC(exp) =

C(TSC)

= 1.034(4)). Computing solvation free energies with the IEFPCM model

- 210 -

(Figure 3.62) led to a material improvement in the catalytic and stoichiometric barriers to
aminolysis (Δ‡Gcalc(PCM) = 78 kJ mol-1; Δ‡G’calc(PCM) = 60 kJ mol-1), yet the key qualitative
features of the profile – namely, the catalyst speciation and the rate-determining intermediate (99[DBUH+]) and transition state (TSC) – remained unchanged.
Experimental KIEs appear to favour a mechanism in which elimination of 1,2,4-triazolate 99 is
largely, if not fully, rate-determining, yet the computed free energy profiles counsel against this.
This leaves three options, or indeed any combination thereof, that: (i) the conventional transition
state structures located on the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN) surface differ
significantly from the real dynamical bottlenecks in solution; (ii) continuum solvation models
(IEFPCM, SMD) both significantly overestimate the Brønsted acidity of the tetrahedral zwitterion
II-98, relative to the conjugate acid of DBU 130; or (iii) the intrinsic free energy barrier to the
expulsion of 1,2,4-triazolate 99 from the tetrahedral anion III’-98 is significantly underestimated
by theory. In any case, the free energy surface between encounter complex formation (TSC) and
direct elimination (TS’5) is very flat, meaning that even minor errors on any of these counts could
easily lead to different predictions of the rate-determining transition state, especially when one
also considers the questionable validity of assuming infinitely rapid solvent reorganisation (i.e.,
equilibrium solvation) for such a flat surface (on the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)
surface, the free energy varies less than 10 kJ mol-1 (ca 2.5 kcal mol-1), at most, between TSC
and TS’5).
Both solvation models predict that DBU 130 ought to be a much stronger Brønsted base than the
tetrahedral anion V-98 (ΔG’PT(IEFPCM) = -11 kJ mol-1; ΔG’PT(SMD) = -12 kJ mol-1). Studies by
Jencks and Page on the hydrazinolysis of acetyl imidazole provide some support for this finding,
although the veracity of such a comparison is necessarily tempered by the fact Jencks’
measurements were undertaken in aqueous solution. According to Jencks, the tetrahedral
zwitterion II-156 formed from the addition of hydrazine to acetyl imidazole I-156 has a similar
acidity (pKa(H2O)(II-156) = 10) to the conjugate acid of hydrazine itself (pKaH(H2O)(H2N-NH2) = 8.1;
ΔpKa ≈ 1.9), with the inductive destabilisation of an α-oxygen partially offsetting the electrostatic
stabilisation arising from its anionic ionisation state in the zwitterion; similar pKa changes were
estimated by Fox and Jencks for the putative zwitterion in the methoxyaminolysis of 1-acetyl1,2,4-triazole I-98. Given that the pKa of DBU (pKaH(MeCN) = 24.3) in MeCN is more than seven
units higher than p-F-BnNH2 (pKaH(MeCN) = 17.0), assuming an analogous shift would lead to an
estimate of pKa(MeCN)(II-98) ≈ 19 for the tetrahedral zwitterion II-98, and thus, neglecting activity
effects, to a substantially exergonic proton transfer (i.e., ΔG’PT = -30 kJ mol-1 at 20°C) in MeCN.
As the electrostatic stabilisation of the zwitterion is likely to be augmented in aprotic media, this
must constitute a lower bound on ΔG’PT, and in this rather broad respect the computed energies
are consistent with the literature.
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To investigate this more closely, the pKa of the tetrahedral zwitterion II-98 in aqueous solution
was computed using composite DLPNO-CCSD(T) and KS-DFT free energies, implicit solvation,
and the literature acidity of benzylamine in aqueous solution (BnNH 2; pKaH(H2O) = 9.34) as an
anchor. Whilst calculations with the IEFPCM(H2O) model led to predictions that differed
substantially from the experimentally informed estimates of Jencks (pKa(H2O)(II-98) = 18.1, ΔpKa
≈ 8.8), analogous calculations with the SMD(H2O) model afforded more sensible agreement
(pKa(H2O)(II-98) = 11.6, ΔpKa ≈ 2.3). Subsequent calculations using SMD(MeCN), with referencing
against p-F-BnNH2 (pKaH(MeCN) = 17.0), afforded pKa(MeCN)(II-98) = 23.9 (ΔpKa ≈ 6.9), in turn
suggested that proton transfer to DBU is somewhat less exergonic than indicated by the
theoretical free energy profiles (i.e., ΔG’PT = -2.2 kJ mol-1, rather than ΔG’PT = -11-12 kJ mol-1),
but not dramatically so. This may go some way to explaining the discrepancy between the
computed free energy profiles and experimental isotope effects, but at most suggests the ratedetermining transition state perhaps ought to be the proton transfer itself (TS’PT) (the SMD profile
predicts barrierless elimination). This significantly improves the description of the inverse
KIE (14/15kN(exp) = 0.979(5));
normal carbonyl

12C/13C

14/15k

N(TS’PT)

14N/15N

= 0.975(1)), but worsens the description of the large,

KIE (12/13kC(exp) = 1.041(2));

12/13k

C(TS’PT)

= 1.0287(9)), which appears

to require significant heavy atom reorganisation (i.e., C-N cleavage to the nucleofuge) in the ratedetermining transition state. Various effects, spanning quantum-mechanical tunnelling, nonequilibrium solvation and variational effects, may well play a role, especially given the flatness of
the free energy surface, but it would appear impossible to decouple their influence from the
intrinsic errors in the conventional free energies.
Pyrazole-catalysed aminolysis was also studied by composite DLPNO-CCSD(T) and KS-DFT
computations, with the free energy profiles obtained using IEFPCM and SMD solvation free
energies shown, respectively, in Figures 3.63 and 3.64. In theory, as in experiment, exchanging
1,2,4-triazole 98 for pyrazole 154-H leads to qualitative changes in the mechanism for aminolysis.
The catalyst speciation, for one, is no longer predicted to be dominated by the azolate anion 154[DBUH+], with unionised pyrazole 154-H and N-acetyl pyrazole I-154 far more, and comparably,
stable.
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Figure 3.61: Computed Gibbs free energy profile (298.15 K) for the 1,2,4-triazole-catalysed 98 aminolysis of p-F-PhAc 160 (Ar = p-F-C6H4) with p-F-BnNH2 170 (R1 = p-F-Bn) and DBU
130 in MeCN, obtained at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//SMD(MeCN)//PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine level, with vibrational entropies
calculated using Grimme’s quasi rigid-rotor harmonic oscillator approximation (ωc = 50 cm-1, f = 0.95) and translational entropies adjusted to a standard state of 1 mol dm-3.
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Figure 3.62: Computed Gibbs free energy profile (298.15 K) for the 1,2,4-triazole-catalysed 98 aminolysis of p-F-PhAc 160 (Ar = p-F-C6H4) with p-F-BnNH2 170 (R1 = p-F-Bn) and DBU
130 in MeCN, obtained at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine level, with vibrational entropies calculated using
Grimme’s quasi rigid-rotor harmonic oscillator approximation (ωc = 50 cm-1, f = 0.95) and translational entropies adjusted to a standard state of 1 mol dm-3.
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Figure 3.63: Computed Gibbs free energy profile (298.15 K) for the pyrazole-catalysed 154 aminolysis of p-F-PhAc 160 (Ar = p-F-C6H4F) with p-F-BnNH2 170 (R1 = p-F-Bn) and DBU 130
in MeCN, obtained at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//SMD(MeCN)//PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine level, with vibrational entropies calculated
using Grimme’s quasi rigid-rotor harmonic oscillator approximation (ωc = 50 cm-1, f = 0.95) and translational entropies adjusted to a standard state of 1 mol dm-3.
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Figure 3.64: Computed Gibbs free energy profile (298.15 K) for the pyrazole-catalysed 154 aminolysis of p-F-PhAc 160 (Ar = p-F-C6H4) with p-F-BnNH2 170 (R1 = p-F-Bn) and DBU 130 in
MeCN, obtained at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine level, with vibrational entropies calculated using Grimme’s
quasi rigid-rotor harmonic oscillator approximation (ωc = 50 cm-1, f = 0.95) and translational entropies adjusted to a standard state of 1 mol dm -3.
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Figure 3.65: Overlaid Gibbs free energy profiles (298.15 K) for the 1,2,4-triazole-catalysed (bold; 98) and pyrazole-catalysed (dashed; 154) aminolysis of p-F-PhAc 160 (Ar = p-F-C6H4)
with p-F-BnNH2 170 (R1 = p-F-Bn) and DBU 130 in MeCN, obtained at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//SMD(MeCN)//PBE0+GD3BJ/6311+G(d,p)/IEFPCM(MeCN)/Ultrafine level, with vibrational entropies calculated using Grimme’s quasi rigid-rotor harmonic oscillator approximation (ωc = 50 cm-1, f = 0.95) and translational
entropies adjusted to a standard state of 1 mol dm-3.
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Figure 3.66: Overlaid Gibbs free energy profiles (298.15 K) for the 1,2,4-triazole-catalysed (bold; 98) and pyrazole-catalysed (dashed; 154) aminolysis of p-F-PhAc 160 (Ar = p-C6H4F) with
p-F-BnNH2 170 (R1 = p-F-Bn) and DBU 130 in MeCN, obtained at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine level, with
vibrational entropies calculated using Grimme’s quasi rigid-rotor harmonic oscillator approximation (ωc = 50 cm-1, f = 0.95) and translational entropies adjusted to a standard state of 1 mol
dm-3.
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Figure 3.67: Computed Gibbs free energy profile (298.15 K) for the 1,2,4-triazole-catalysed 98 aminolysis of p-F-PhAc 160 (Ar = p-F-C6H4) with p-F-BnNH2 170 (R1 = p-F-Bn) and DBU
130 in THF, obtained at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//SMD(THF)//PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(THF)/Ultrafine level, with vibrational entropies calculated using
Grimme’s quasi rigid-rotor harmonic oscillator approximation (ωc = 50 cm-1, f = 0.95) and translational entropies adjusted to a standard state of 1 mol dm-3.
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Figure 3.68: Computed Gibbs free energy profile (298.15 K) for the 1,2,4-triazole-catalysed 98 aminolysis of p-F-PhAc 160 (Ar = p-F-C6H4) with p-F-BnNH2 170 (R1 = p-F-Bn) and DBU
130 in THF, obtained at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(THF)/Ultrafine level, with vibrational entropies calculated using Grimme’s
quasi rigid-rotor harmonic oscillator approximation (ωc = 50 cm-1, f = 0.95) and translational entropies adjusted to a standard state of 1 mol dm-3.
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Both the SMD and PCM profiles suggest that the rate-determining transition state for aminolysis
is pre-associative encounter complex (DBU.II-154) formation, that the tetrahedral zwitterion II154 is less acidic than that generated in the aminolysis of 1-acetyl-1,2,4-triazole I-98 (ΔG’PT(SMD)
= -5 kJ mol-1; ΔΔG’PT(SMD) = +7 kJ mol-1; ΔΔG’PT(PCM) = +5 kJ mol-1), and that the resulting
tetrahedral anion III’-154 ought to be sufficiently long-lived to permit DBUH+ migration, with
elimination then proceeding through TS’’5. With IEFPCM solvation, the computed free energy
barriers to both the acetylation of pyrazole 154-H with p-F-PhAc 160 (Δ‡Gcalc(1)(PCM) = 77 kJ mol1;

Δ‡Gobs(1) = 71 kJ mol-1, kobs(1) = 1.3 dm6 mol-2 s-1) and subsequent aminolysis of N-acetyl pyrazole

I-154 with p-F-BnNH2 170 (Δ‡Gcalc(1)(PCM) = 76 kJ mol-1; Δ‡Gobs(2 )= 72 kJ mol-1, kobs(2) = 0.75 dm6
mol-2 s-1) are in near quantitative agreement with experiment, with minor but detectable product
inhibition also expected (Δ‡Gcalc(-1)(PCM) = 78 kJ mol-1) computationally. SMD solvation, again,
leads to moderately overestimated barriers (Δ‡Gcalc(1)(SMD) = 89 kJ mol-1, Δ‡Gcalc(2)(SMD) = 87 kJ
mol-1, Δ‡Gcalc(-1)(SMD) = 85 kJ mol-1), but in qualitative terms also predicts finely balanced catalyst
speciation. In both cases, the computed free energy barriers to the formation and consumption of
N-acetyl pyrazole I-154 – both through phenolysis and aminolysis– are all nearly identical,
consistent with the finely balanced catalyst speciation observed experimentally, the in situ
spectroscopic detection of I-154 during turnover, and the minor degree of product inhibition by
evolved p-F-PhOH 172, all in contrast to 1,2,4-triazole catalysis. Nevertheless, as for 1,2,4triazole catalysis, both free energy profiles (SMD, PCM) predict a rate-determining transition state
for aminolysis that is seemingly at odds with the inverse
(14/15k

N(exp)

14N/15N

KIE measured by NMR

= 0.976(3)).

For comparison to experimental kinetics in THF (i.e., regime i), minimum energy structures and
conventional

transition

states

initially

located

on

the

PBE0+GD3BJ/6-

311+G(d,p)/IEFPCM(MeCN)/Ultrafine surface were also re-optimised using IEFPCM(THF)
solvation, and the refined structures in turn used to generate two additional free energy profiles
(Figures 3.67 and 3.68, using SMD and IEFPCM solvation free energies, respectively),
describing the 1,2,4-triazole-catalysed aminolysis of p-F-PhAc 160 in THF. Experimental kinetics,
vide supra, show that the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170/DBU 130 and catalytic
1,2,4-triazole 98 proceeds via different mechanisms in MeCN and THF, with the latter giving rise
to an initial zero-order dependence on p-F-BnNH2 and weak positive dependence on DBU. This
was interpreted as the result of a switch in the rate-determining transition state, from intermediate
aminolysis in MeCN to catalyst acetylation in THF. This conclusion is fully supported by ab initio
computation, with the PCM and SMD profiles unanimously supporting rate-determining catalyst
acetylation in THF and the former once again (Δ‡Gcalc(PCM) = 75 kJ mol-1) predicting a barrier in
near quantitative agreement with experiment (Δ‡Gobs = 78 kJ mol-1, kobs ≈ 0.09 dm3 mol-1 s-1) and
the latter an overestimated free energy of activation (Δ‡Gcalc(SMD) = 90 kJ mol-1).
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3.2.7. Catalyst free energy relationships
To probe the relationship between catalyst acidity and phenomenological activity, the catalytic
aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 and DBU 130 in MeCN was studied for a full
suite of azole catalysts (10 mol%), assembled to provide access to an expansive range of acidities
(ca 9 orders of magnitude). Eight 4-aryl (ArX) substituted pyrazoles (186x-H; x = a - h) were
synthesised by Suzuki-Miyaura coupling from unprotected (ArX = (4-NMe2)C6H4, (4-OMe)C6H4, 4Ph, (4-Cl)-C6H4, (3,4,5-F)-C6H2, Npα, Npβ) or N-benzyl protected (ArX = (3,5-CF3)C6H3) 4bromopyrazole, using the protocol of Tan et al (Pd(OAc)2, AtPhos, K2CO3, p-dioxane:H2O, 100
°C) or minor modifications thereof, 73 whilst a further 10 azoles (Figure 3.69) were obtained from
commercial sources. For each azole catalyst, the aminolysis of p-F-PhAc 160 was subsequently
monitored independently by either in situ 1H NMR (MeCN-d3) or

19F

NMR (MeCN-h3) under

standard catalytic conditions (p-F-BnNH2 170, 0.10 M; DBU 130, 0.10 M; 10 mol% azole, 20 °C),
using identical protocols for solution preparation and reaction assembly across all catalysts.
Thermodynamic acidities (pKa values) for all 18 neutral azoles (pKa(MeCN) = 22.1 – 31.2) in
MeCN were determined by calibrated KS-DFT/DLPNO-CCSD(T) computations, using the
experimental pKa of imidazole 156-H in MeCN (pKa(156-H) = 29.3) as an anchor and calibration
parameters determined from the linear regression of computed and experimental acidities for
seven variously substituted indoles (pKa(MeCN) = 23.6 – 32.6, RMSE = 0.30), covering a
comparable range of pKa values.
Phenomenological catalytic activities, expressed as the substrate half-life (t1/2, p-F-PhAc), are
detailed in Table 3.3 for all 18 azoles, alongside their corresponding acidities and half-lives
determined by Birman for a subset of azoles under broadly comparable conditions in CDCl 3
(PhAc, 0.10 M; iPrNH2, 0.10 M; DBU, 0.10 M; 100 mol%). Whilst differences in substrates, solvent
and catalyst loadings preclude a direct comparison, qualitative similarities between the data
obtained in this work and the results of Birman are self-evident. In both cases, the
phenomenological catalytic activity increases from benzotriazole 155-H (pKa(MeCN)(155-H) = 22.2,
t1/2 = 1061 min) to 1,2,4-triazole 98-H (pKa(MeCN)(98-H) = 24.6, t1/2 = 8.4 min) – that is, amongst the
more acidic azoles, decreasing acidity leads to faster substrate consumption – but then the trend
undergoes an inversion, with the substrate half-life increasing from 1,2,4-triazole 98-H to
imidazole 156-H (pKa(MeCN)(156-H) = 29.1, t1/2 = 25 min). Empirically, under the standard catalytic
conditions employed in this work, 4-I-pyrazole 186d-H – and not 1,2,4-triazole 98-H – is the most
efficient catalyst; azoles of moderately greater (pKa(MeCN) > 25) and lesser acidity (pKa(MeCN)
< 28) are almost equally active, but changes beyond these bounds lead to a more profound
suppression in activity. Amongst all the azoles, imidazole 156-H (pKa(MeCN)(156-H) = 29.1, t1/2 =
25 min) is a conspicuous outlier, leading to less efficient catalysis than substituted pyrazoles of
comparable acidity (e.g., 187d-H; pKa(MeCN)(187d-H) = 29.1, t1/2 = 10 min) and phenomenologically
comparable catalysis to pyrazole 154-H itself (pKa(MeCN)(154-H) = 30.1, t1/2 = 26 min).
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Figure 3.70: Standardised monitoring conditions for the aminolysis of p-F-PhAc (0.10 M) 160 with p-F-BnNH2 (0.10 M)
170, DBU 130 (0.10 M) and catalytic azole (10 mol%) in MeCN (20 °C).

Optimum catalysis occurs with azoles of intermediate acidity, but why should that be so?
Superficial rationales of such behaviour might contend that DBU cannot deprotonate less acidic
azoles, and that anions of more acidic azoles are not sufficiently nucleophilic to react with p-FPhAc, but this simplistic view suffers on several flaws. Aside from imposing imagined mechanistic
discontinuities, it fails to decouple the nucleophilicity and Lewis basicity of the azole anion, and
neglects the inevitable correlation between the acidity of the azole and the electrophilicity of its
acetylated adduct.
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Azole

pKa(MeCN)

155-H
186a-H
111-H
98-H
186b-H
186c-H
186d-H
187a-H
187b-H
187c-H
156-H
187d-H
187e-H
187f-H
187g-H
187h-H
154-H
186e-H

22.2
22.4
23.7
24.6
25.9
26.9
27.0
27.7
28.2
28.7
29.1*
29.1
29.0
29.3
29.5
29.8
30.1
31.2

t1/2 / min
1061+
136+
96
8.4
1.9
1.8
1.7
2.2
3.0
5.2
25
10
9.2
6.9
18
26
27
106+

log10(t1/2 / min)
3.03
2.13
1.98
0.92
0.29
0.25
0.24
0.35
0.47
0.72
1.40
1.00
0.96
0.84
1.25
1.42
1.44
2.02

t1/2(ref)/ min
258
40
8
540
132
-

Table 3.3: Phenomenological catalytic activities of various azoles (Figure 3.69) in the aminolysis of p-F-PhAc 160 with pF-BnNH2 170 and DBU 130 in MeCN. t1/2 pertains to the time taken for the consumption of half the initial concentration of
160. Reference half-lives taken from the literature.38 Acidities (pKa(MeCN)) obtained by calibrated KS-DFT/DLPNO-CCSD(T)
computations, using pKa(MeCN)(156-H) = 29.1 (imidazole) as an anchor. +Half-lives determined by numerical fitting and
extrapolation of kinetic profiles.

Fortunately, the temporal concentration profiles (Figure 3.71) obtained by in situ monitoring
provide more nuanced insight. In qualitative terms, two empirically distinguishable kinetic regimes
are apparent across the full series of azoles, with the transition between regimes occurring at the
minimum on Figure 3.72. For 1,2,4-triazole 98-H and more acidic azoles, the product evolution
profiles are characterised by a substantial initial rate that is then suppressed significantly at
increasing conversions, indicative of product inhibition by the evolved p-F-PhOH 172. For these
azoles, no spectroscopic signature of the acetylated intermediate I was detected at any point
during monitoring, with p-F-BnNHAc 171 and p-F-PhOH 172 liberated in step. In contrast, for less
acidic azoles – 186b-H onwards – the product evolution profiles are progressively relieved of
product inhibition, and the N-acetylated intermediate I accumulates sufficiently in situ to permit
detection by 1H NMR. For all but the least acidic azoles, a steady state regime was established
by the time monitoring had commenced, with the concentration of the acetylated intermediate I
generally decaying throughout the observed reaction course. For 4-methyl pyrazole 186e-H,
however, the initial population of the N-acetylated intermediate I-186e, prior to the onset of a
steady state regime, was captured in the early stages of monitoring, whilst for pyrazole 154-H the
start of monitoring coincided almost exactly with onset of a steady state.
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Figure 3.71: Temporal concentration profiles for p-F-BnNHAc 171 measured during the aminolysis of p-F-PhAc 160 (0.10
M) with p-F-BnNH2 170 (0.10 M), DBU 130 (0.10 M) and selected azoles (10 mol%) in MeCN at T = 293 K. For azoles
with pKa(MeCN) > 25.9, concentrations were measured by in situ 1H NMR spectroscopy (MeCN-d3) using 1,3,5trimethoxybenzene (0.033 M) as an internal integration standard; for azoles with pKa(MeCN) < 24.6, concentrations were
obtained by in situ 19F NMR monitoring (MeCN-h3) using 1-fluoronapthalene (0.050 M) as an internal standard. The
temporal evolutions of p-F-PhAc 160, p-F-BnNH2 170 and, where applicable, the intermediary N-acetylated azole I are
not shown but were also measured. pKa(MeCN) pertains to the acidity of the azole catalyst in MeCN.
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Figure 3.72: (A) Phenomenological half-lives of p-F-PhAc 160 (0.10 M; red data points) or PhAc (0.10 M; yellow triangles)
during azole-catalysed aminolysis with p-F-BnNH2 170 (0.10 M; red) or iPrNH2 (0.10 M, yellow), DBU 130 (0.10 M), and
various azoles (red: 10 mol%; yellow: 100 mol%) in MeCN (red) or CDCl3 (yellow) at T = 293 K. Red data points correspond
to half-lives measured in this work; yellow data points correspond to literature data. 38 Red triangles used to highlight data
obtained for comparative azoles. Half-lives for p-F-PhAc 160 with catalytic benzotriazole 155-H (pKa(MeCN) = 22.2), 4-NO2pyrazole 186a-H (pKa(MeCN) = 22.4) and 4-methyl-pyrazole 186e-H (pKa(MeCN) = 31.2) determined from extrapolated
numerical simulations. (B) Fractional population profiles for selected N-acetylated azoles I generated in situ during
catalytic aminolysis (p-F-PhAc, 0.10 M; p-F-BnNH2, 0.10 M; DBU, 0.10 M; MeCN-d3), expressed as function of p-F-BnNH2
170 conversion (FA); labels correspond to the pKa(MeCN) of the azole catalyst.

Although the alleviation of product inhibition for less acidic azoles is apparently consistent with a
switch in the rate-determining transition state – from intermediate aminolysis to catalyst
acetylation, as observed for 1,2,4-triazole-catalysed aminolysis in THF – the corresponding
increase in the steady state concentration of the acetylated intermediate I is not.
In pursuit of a quantitative understanding, temporal concentration profiles obtained from
monitoring aminolysis with all 18 azoles were subjected to numerical simulations and fitting
(DynoChem, see Experimental). Preliminary simulations began with kinetic model 4 (Figure
3.73), incorporating: (i) rapid generation of the DBUH + azolate salt, Az-, modelled as an ion pair
(KPT = [Az-]/[DBU][AzH]); (ii) bimolecular formation of the acetylated intermediate I from p-F-PhAc
160 (E) and the azolate salt (k1[E][Az-]); (iii) telescoped, termolecular phenolysis of the acetylated
intermediate I (k-1[ArOH][DBU][I]); and telescoped, termolecular aminolysis of I (k2[A][DBU][I])
with p-F-BnNH2 170 (A). The speciation of the phenolic nucleofuge was assumed to be dominated
by neutral p-F-PhOH 172 (ArOH) and the corresponding homoconjugate 174 (HC), with minimal
population of the phenoxide; homoconjugation was treated as a rapid equilibrium with a formation
constant of KHC,T = [HC][DBUH+]/[ArOH]2[DBU] = 745 dm3 mol-1, as determined by

19F

NMR

titrations.
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Figure 3.73: Kinetic model 4. Azole-catalysed aminolysis of ester E (160: Ar = p-F-C6H4) with amine A (170: R1 = p-F-Bn)
and DBU 130. KHC,T = [HC][DBUH+]/[ArOH]2[DBU] = 745 dm3 mol-1 determined by 19F NMR titrations and used in all
numerical kinetic fittings.

According to kinetic model 4, and neglecting slight differences in mass balance arising from the
non-negligible catalyst loading (10 mol%), the steady-state concentrations of the protic azole
[AzH], azolate salt [Az-] and acetylated intermediate [I], relative to the total azole concentration
[AzH]T = 0.010 M, are:
[AzH]
𝑘−𝑃𝑇 𝑘−1 [ArOH][DBU] + 𝑘−𝑃𝑇 𝑘2 [A][DBU]
=
[AzH]T
Δ

(3.27)

[Az − ]
𝑘𝑃𝑇 𝑘−1 [ArOH][DBU]2 + 𝑘𝑃𝑇 𝑘2 [A][DBU]2
=
[AzH]T
Δ

(3.28)

[I]
𝑘𝑃𝑇 𝑘1 [E][DBU]
=
[AzH]T
Δ

(3.29)

Δ = 𝑘−𝑃𝑇 𝑘−1 [ArOH][DBU] + 𝑘−𝑃𝑇 𝑘2 [A][DBU] + 𝑘𝑃𝑇 𝑘−1 [ArOH][DBU]2 + 𝑘𝑃𝑇 𝑘2 [A][DBU]2
+𝑘𝑃𝑇 𝑘1 [E][DBU]

(3.30)

Without making any assumptions about the prevailing catalyst speciation, the rate of amide
formation (p-F-BnNHAc 171) according to kinetic model 4 will be:
𝑣 = 𝑘2 [A][DBU][I] =

𝐾𝑃𝑇 𝑘1 𝑘2 [A][E][DBU][AzH]T
(𝑘2 [A] + 𝑘−1 [ArOH])(1 + 𝐾𝑃𝑇 [DBU]) + 𝐾𝑃𝑇 𝑘1 [E]

(3.31)

Due to complications associated with the quantification of the equilibrium constants for proton
transfer (KPT) – pKa data, though amenable to calculation (vide supra), is not directly applicable
for solutions at elevated concentrations, whilst azole homoconjugation was found to complicate
1H

NMR titrations – two limiting modifications of kinetic model 4 were used to treat two separate
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sets of azoles. Temporal concentration profiles obtained with the most acidic azole catalysts, up
to and including 1,2,4-triazole 98-H (pKa(MeCN) = 24.6), were simulated using modified kinetic
model 4a (Figure 3.74), in which the azolate salt (Az-) is generated irreversibly, quantitatively and
rapidly from DBU 130 and the corresponding protic azole (AzH). This is essentially equivalent to
assuming KPT[DBU] >> 1, in which case:
𝑣=

𝑘1 𝑘2 [A][E][DBU][AzH]T
𝑘2 [A][DBU] + 𝑘−1 [ArOH][DBU] + 𝑘1 [E]

(3.32)

For this same subset of azoles, no signature of the acetylated intermediate was detected in situ,
indicative of a regime in which the catalyst speciation is dominated by the azolate anion ([I]/[AzH]T
<< 1). In such a case the steady state reaction evolution simplifies further to:
𝑑[𝑃]
𝑘1 𝑘2 [A][E][AzH]T
=
𝑑𝑡
𝑘2 [A] + 𝑘−1 [ArOH]

(3.33)

Although DBU does not feature explicitly in this rate law, for a given degree of conversion it ought
to have a positive influence on the rate of amide formation by promoting homoconjugation; whilst
conceptually preferable, expressing the turnover rate analytically in terms of the total evolved
phenol [ArOH]T and initial loading of base, [DBU]T would seem to be impossible (cubic
polynomials are involved).
Preliminary numerical simulations indicated that the reverse phenolysis was very efficient relative
to aminolysis for these azoles – i.e., k-1[ArOH] >> k2[A] for all but the earliest conversions – so an
arbitrary value of k-1 = 107 dm6 mol-2 s-1 was constrained for subsequent fitting. Nominal values
for k1 and k2 were then determined by least-squares fitting of the temporal concentration profiles
for p-F-BnNH2 170, p-F-BnNHAc 171, and p-F-PhAc 160, although no significance was attached
to their individual values; instead, for each azole a formal bimolecular rate coefficient K1k2 was
calculated, in accordance with the simplified rate law:
𝑑[𝑃] 𝐾1 𝑘2 [A][E][AzH]T
=
[ArOH]
𝑑𝑡

(3.34)

As an independent test of the condition k-1[ArOH] >> k2[A], the same temporal concentration
profiles were also subjected to numerical least-squares fitting with kinetic model 4b (Figure 3.74).
In this model the acetylated intermediate I does not feature explicitly; the catalyst exists
exclusively as the azolate anion Az-; turnover proceeds via single, formally termolecular step
(kcat[E][A][Az-]); and ArOH inhibition is applied nominally to the azolate anion itself (via KI). This
gives rise to a rate equation that is phenomenologically equivalent to the one above, with an
overall bimolecular rate coefficient of kcat/KI.
𝑑[𝑃] 𝑘𝑐𝑎𝑡 [A][E][AzH]T
=
[ArOH]
𝑑𝑡
𝐾𝐼

(3.35)
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As above, nominal values of kcat and KI were determined for each azole by least-squares fitting of
the temporal concentration profiles for p-F-BnNH2 170, p-F-BnNHAc 171, and p-F-PhAc 160, but
only their ratio kcat/KI was taken as being significant in each case. Reassuringly, for all azoles in
question – benzotriazole 155-H, 4-nitropyrazole 186a-H, 1,2,3-triazole 111-H and 1,2,4-triazole
98-H – the values for K1k2 and kcat/KI differed, at most, by a factor of ~ 2 (Table 3.4). 4-NO2pyrazole 186a-H (pKa(MeCN) = 22.4), perhaps unsurprisingly, appears to be an outlier amongst the
triazoles, leading to disproportionately faster aminolysis than comparably acidic benzotriazole
155-H (pKa(MeCN) = 22.2).

Azole
155-H
186a-H
111-H
98-H

K1k2 / (dm3 mol-1 s-1)
2.84 ×10-5
2.05 ×10-4
3.12 ×10-4
4.04 ×10-3

(kcat/KI) / (dm3 mol-1 s-1)
1.23 ×10-5
1.53 ×10-4
2.08 ×10-4
3.33 ×10-3

(ΔG(1)293K + Δ‡G(2)293K) / (kJ mol-1)
97
92
91
85

Table 3.4: Experimental rate coefficients (K1k2, kcat/KI) for the catalysed aminolysis of p-F-PhAc 160 (0.10 M) with p-FBnNH2 170 (0.10 M), DBU 130 (0.10 M) and various azoles (10 mol%; pKa(MeCN) < 24.6) in MeCN-d3 at T = 293 K.
Constants extracted by numerical fitting of temporal concentration profiles for 160, 170 and p-F-BnNHAc 171, obtained
by in situ 19 F NMR spectroscopy, to kinetic model 4a (K1k2) or model 4b (kcat/KI). Competing hydrolysis was generally very
minor for all azoles, and accounted for during numerical fitting by inclusion of a formally tetramolecular reaction of
adventitious water with 160, catalysed by the azolate salt Az- and DBU 130. {ΔG(1)293K + Δ‡G(2)293K} = -RT ln(hK1k2c°/kBT),
c° = 1 mol dm-3.

For 4-CF3-pyrazole 186b-H and all less acidic azoles (pKa(MeCN) > 25.9), an alternative variant
of kinetic model 4c was used (Figure 3.74). Contrary to the previous approach, for all such azoles
it was assumed, on the basis of their acidity relative to DBUH+ (pKa(MeCN) = 24.3), that KPT[DBU]
<< 1, in which case the rate of amide evolution simplifies differently, to:
𝑣=

𝐾𝑃𝑇 𝑘1 𝑘2 [A][E][DBU][AzH]T
𝑘 ′1 𝑘2 [A][E][DBU][AzH]T
=
𝑘2 [A] + 𝑘−1 [ArOH] + 𝐾𝑃𝑇 𝑘1 [E] 𝑘2 [A] + 𝑘−1 [ArOH] + 𝑘 ′1 [E]

(3.36)

This is equivalent to the steady state evolution of kinetic model 4 (Figure 3.73), in which the
azolate anion is neglected altogether and the catalyst is speciated between the protic azole AzH
and acetylated intermediate I. In this model the rate of formation of the acetylated intermediate I
is formalised as a telescoped, termolecular process (k’1[E][DBU][AzH]), with k’1 = KPTk1. The
fractional population of the acetylated intermediate I under such a regime will be nominally
independent of the initial DBU concentration (although this is complicated by homoconjugation),
but will vary with conversion (vide supra):
[I]
𝐾𝑃𝑇 𝑘1 [E]
𝑘 ′1 [E]
1
(3.37)
=
=
=
1 [ArOH] 𝑘2 [A]
[AzH]T 𝑘−1 [ArOH] + 𝑘2 [A] + 𝐾𝑃𝑇 𝑘1 [E] 𝑘−1 [ArOH] + 𝑘2 [A] + 𝑘 ′1 [E]
+
+
1
𝐾1′ [𝐸]
𝑘1′ [𝐸]
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Figure 3.74: Kinetic models 4a, 4b and 4c used to fit the kinetics of the azole-catalysed aminolysis of p-F-PhAc 160 (E;
Ar = p-F-C6H4) with p-F-BnNH2 170 (A; R1 = p-F-Bn) and DBU 130. KHC,T = [HC][DBUH+]/[ArOH]2[DBU] = 745 dm3 mol-1
determined by 19F NMR titrations and used in all numerical kinetic fittings.
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Preliminary values of k1, k-1 and k2 for each azole (pKa(MeCN) > 25.9) were determined by
numerical fitting of temporal concentration profiles of p-F-PhAc 160, p-F-BnNH2 170, p-F-BnNHAc
171, and the corresponding acetylated intermediate I, but thereafter several refinements were
made. For azoles of intermediate acidity (pKa(MeCN) = 25.9 – 28.2), numerical fitting was unable
to determine independent values for k’1 and k-1; instead, values for K1 and k2 were obtained by
imposing the assumption of a rapid pre-equilibrium for such azoles. For weakly acidic azoles
(pKa(MeCN) > 28.2), however, numerical fitting led to apparently independent values for k’1, k-1
and k2; imposing constraints of either a rapid pre-equilibrium (k-1 >> k2) or irreversibility (k-1 << k2)
for these azoles led to significantly poorer fits in both cases, suggesting that all three processes
are kinetically significant (Table X). Final values for the constants were obtained by numerical
fitting of the temporal concentration profiles of p-F-PhAc 160, p-F-BnNH2 170 and p-F-BnNHAc
171 only, and the corresponding free energies changes (ΔG’(1)293K = -RT ln(K’1)) and free energies
of activation (e.g., Δ‡G’(1)293K = -RT ln(hk’1c°2/kBT) calculated at T = 293 K for a standard state of
c° = 1 mol dm-3.
Azole
186b-H
186c-H
186d-H
187a-H
187b-H
187c-H
156-H
187d-H
187e-H
187f-H
187g-H
187h-H
154-H
186e-H

k’1 / (dm6 mol-2 s-1)
13
7.6
8.9
9.7
8.1
3.8
3.7
1.7
0.57

k-1 / (dm6 mol-2 s-1)
49
280
43
36
35
14
13
30
5.7

k2 / (dm6 mol-2 s-1)
46
9.6
9.2
6.9
5.0
2.6
1.2
1.6
1.8
1.7
0.94
0.48
0.82
0.18

K’1
0.0070
0.0880
0.092
0.14
0.16
0.26
0.027
0.21
0.27
0.24
0.27
0.27
0.056
0.10

Table 3.5: Experimental rate coefficients (k’1, k-1, k2) and equilibrium constant (K’1) for the catalysed aminolysis of p-FPhAc 160 (0.10 M) with p-F-BnNH2 170 (0.10 M), DBU 130 (0.10 M) and various azoles (10 mol%; pKa(MeCN) > 25.9)
in MeCN-d3 at T = 293 K. All constants extracted by numerical fitting of temporal concentration profiles for 160, 170 and
p-F-BnNHAc 171, obtained by in situ 1H NMR spectroscopy, to kinetic model 4c (Figure 3.74). Competing hydrolysis was
generally very minor for all azoles, and accounted for during numerical fitting by inclusion of a formally termolecular, DBUcatalysed reaction of adventitious water with the acetylated intermediate I. Absent entries for k’1 and k-1 indicative of a
rapid pre-equilibrium between 160 and the corresponding acetylated azole I; in such cases only the equilibrium constant
K’1 could be determined with any significance.
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Δ‡G’(1)293K
(kJ mol-1)
66
67
66
66
67
68
69
70
73

Azole
186b-H
186c-H
186d-H
187a-H
187b-H
187c-H
156-H
187d-H
187e-H
187f-H
187g-H
187h-H
154-H
186e-H

Δ‡G(-1)293K
(kJ mol-1)
62
58
63
63
63
65
65
63
68

Δ‡G(2)293K
(kJ mol-1)
62
66
66
67
68
69
71
71
70
70
72
74
72
76

ΔG’(1)293K
(kJ mol-1)
12
5.9
5.8
4.8
4.5
3.3
8.8
3.8
3.2
3.5
3.2
3.2
7.0
5.6

Table 3.6: Experimental free energies of activation (Δ‡G’(1)293K, Δ‡G(-1)293K, Δ‡G(2)293K) and free energy of intermediate
formation (ΔG’ (1)293K) for the catalysed aminolysis of p-F-PhAc 160 with p-F-BnNH2 170, DBU 130 and various azoles in
MeCN-d3 at T = 293 K, calculated in accordance with rate coefficients extracted by numerical fitting (vide supra) of
experimental data to kinetic model 4c (Table 3.5). ΔG’(1)293K = -RT ln(K’1)). Δ‡G(i)293K = -RT ln(hkic°2/kBT), c° = 1 mol dm-3.

For azoles of pKa(MeCN) > 25.9, the equilibrium constant K’1 essentially reflects the intrinsic Lewis
basicity of the azole towards acetylation, relative to p-F-PhOH 171, whilst k2 reflects the reactivity
of the N-acetylated azole I towards DBU-catalysed aminolysis:
′

𝐾

′

1

Δ𝐺
−( 1 )
[I1 ][ArOH]
=
= 𝑒 𝑅𝑇
[AzH][E]

Δ𝐺1′ = (𝐺𝐼1 + 𝐺𝐴𝑟𝑂𝐻 ) − (𝐺𝐸 + 𝐺𝐴𝑧𝐻 )

(3.38)

‡

𝑘𝐵 𝑇 −(Δ𝑅𝑇𝐺2)
𝑘2 =
𝑒
ℎ𝑐°2

Δ‡ 𝐺2 = 𝐺 ‡ − (𝐺𝐼1 + 𝐺𝐴 + 𝐺𝐷𝐵𝑈 )

(3.39)

For azoles of pKa(MeCN) < 24.6, the experimentally obtained rate coefficient K1k2 is a composite
value, reflecting not only the Lewis basicity of the azole but also the stability of the azolate salt
and the reactivity of the acetylated azole I towards base-catalysed aminolysis:
+Δ
𝐾1′ 𝑘2 𝑘𝐵 𝑇 −(Δ𝐺1𝑅𝑇
𝐾1 𝑘2 =
=
𝑒
𝐾𝑃𝑇
ℎ𝑐°

‡𝐺
2)

Δ𝐺1 + Δ‡ 𝐺2 = (𝐺 ‡ + 𝐺𝐴𝑟𝑂𝐻 ) − (𝐺𝐸 + 𝐺𝐴𝑧 − + 𝐺𝐴 )

Δ𝐺1 = Δ𝐺1′ − Δ𝐺𝑃𝑇 = (𝐺𝐼1 + 𝐺𝐴𝑟𝑂𝐻 + 𝐺𝐷𝐵𝑈 ) − (𝐺𝐸 + 𝐺𝐴𝑧 − )

(3.40)
(3.41)

Although attempts were made to derive uniform correlations across the whole azole series by
measuring KPT directly for azoles of pKa(MeCN) < 24.6, these were ultimately unsuccessful for
various reasons. Whilst the relative acidities of the azoles, derived largely by computation, are
demonstrably accurate (vide supra), assessing the accuracy of the absolute values, required for
direct comparison to the experimental DBUH+ acidity (pKa(MeCN) = 24.3), is somewhat more
difficult. Attempts to measure KPT directly for various azoles by 1H NMR titrations were often
thwarted by atypical isotherms, presumably but not definitively arising from azole
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homoconjugation in MeCN, whilst ambiguities over the degree of ionic association in MeCN
complicated matters further. Ion-pairing, at least of aprotic ions at high dilution (i.e., 1 – 10 μM),
is generally thought to be negligible in MeCN, but the literature consensus appears rather more
ambiguous when it comes to the pairing of protic ions at typical organocatalytic concentrations
(i.e., 0.1 – 10 mM).
Accordingly, the second subset of azoles (pKa(MeCN) > 25.9) afforded the most kinetic insight, with
key correlations between pKa(MeCN) and log10(k2), log10(K’1) and log10(K’1k2) shown in Figure 3.75.
A cursory inspection appeared to show an excellent linear correlation between pKa(MeCN) and
log10(k2): unsurprisingly, the negative slope (-0.43) indicates that the N-acetylated adducts I of
more acidic azoles are, in general, more susceptible to aminolysis. However, several subtleties
arose after a more careful examination. For one, the magnitude of the global slope is surprisingly
low. Intermolecular amine LFERs, as well as 12C/13C and 14N/15N KIEs, apparently implicate ratedetermining elimination of a tetrahedral anion in pyrazole-catalysed aminolysis, and for an
advanced, product-like transition state one would expect to observe a limiting slope of -1.0 in the
correlation of pKa(MeCN) and log10(k2). The global slope is apparently much smaller than this
hypothetical limit, however, suggesting either that rate-determining elimination proceeds by an
early transition state, with only modest C – N cleavage to the azolate nucleofuge, or else that
elimination: (i) is not rate-determining at all; (ii) occurs in concert with proton transfer of the
preceding zwitterion; or (iii) involves partial protonation of the departing nucleofuge.
A second nuance becomes apparent upon inspection of the correlation between azole acidity and
Lewis basicity (pKa(MeCN) vs log10(K’1). Preliminary global analysis of the full set of azoles afforded
a surprisingly poor correlation, but closer inspection revealed the presence of two distinct subsets
of azoles, within each of which an excellent linear correlation between pKa(MeCN) vs log10(K’1)
emerges. Notwithstanding the evident distinction between imidazole and all the other azoles, this
was a surprising finding: all the pyrazoles are, by design, structurally analogous, and unlikely to
be differentiated steric effects, and the relative pKa values, though theoretical, are expected to be
robust. The critical distinction between the two subsets of azoles appears to be the presence or
absence of a π-donating substituent at the 4-position: pyrazoles with substituents devoid of πdonating substituents (186b-H, 154-H, 186e-H) fall on a lower correlation, coincidentally also
featuring imidazole 156-H, with systematically smaller equilibrium constants K’1 than pyrazoles of
comparable acidities in possession of a π-donating substituent. This distinction applies perfectly
amongst the 4-substituted azoles, without exception, thus apparently discounting untoward
perturbations to the pre-equilibrium arising from trace Pd contamination: 186c-H and 186d-H
were obtained from commercial sources, and used directly, and yet they lie on the same
correlation as the 4-aryl-substituted pyrazoles (187(a-g)-H) synthesised in-house by SuzukiMiyaura coupling.
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Figure 3.75: Assorted free energy relationships between the azole acidity (pKa(MeCN) > 25.9) and kinetic parameters in the
azole-catalysed (10 mol%) aminolysis of p-F-PhAc 160 (0.10 M) with p-F-BnNH2 170 (0.10 M) and DBU 130 (0.10 M) in
MeCN-d3 at T = 293 K. Rate coefficients (k’1, k2) and equilibrium constant (K’1) taken from Table 3.5. Red circles: 4substituted pyrazoles with π-donating substituents. Blue triangles: Pyrazoles without π-donating substituents. Yellow
diamond: Imidazole. pKa(MeCN) values determined by calibrated ab initio computation, using an anchor acidity of
pKa(MeCN)(156-H) = 29.1.
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Perturbations arising from differential enolisation of the various acetylated azoles are hard to rule
out definitively, especially from data obtained under catalytic conditions, yet the C – H acidity of
even 1-acetyl-1,2,4-triazole I-98 (pKa(MeCN) ≈ 31 ± 1) is seven units higher than DBUH+ (pKa(MeCN)
= 24.3), and the rate coefficients for aminolysis (k2) are not impacted in the same way as K’1.
A superficially reasonable explanation is that π-donating substituents stabilise the acetylated
azole I by π-π* conjugation with the carbonyl group, yet this appears not to stand up to scrutiny
on several levels. On a pedagogical level, it appears impossible to conceive of sensible resonance
structures that permit such stabilisation; kinetically, π-π* stabilisation of the acetylated azole I is
seemingly inconsistent with the excellent global correlation between pKa(MeCN) and log10(k2) across
all azoles. Although one might expect the partitioning ratio k2/k-1 to remain constant across all
azoles – and thus for π-π* stabilisation to manifest in slower rates of aminolysis – this
compensation is not observed. Approaching the problem from the opposite end might suggest,
alternatively, that π-donating substituents shift the pre-equilibrium by destabilising the protic azole
AzH – that is, perhaps by eliminating heteroconjugation between the liberated p-F-PhOH 172 and
azoles devoid of such a substituent – but this rationalisation is both tenuous and seemingly
inconsistent with the good correlation between pKa(MeCN) and log10(k’1), at least amongst those
azoles (pKa(MeCN) > 28.7) for which k’1 was amenable to extraction from the catalytic kinetics
(Figure 3.75).
Interestingly, the distinction between pyrazoles with and without π-donating substituents also
leads to a different perspective on the correlation of log10(k2). Amongst the class of pyrazoles
possessing such substituents, the apparent global linearity vanishes and significant curvature
emerges in the correlation with pKa(MeCN). Amongst the least acidic pyrazoles in this class, the
slope of the log10(k2) correlation tends to a value of -1.0, whilst the limiting slope amongst the
most acidic azoles tends to ca -0.20 (Figure 3.75); the intersection of the limiting slopes occurs
around pKa(MeCN) ≈ 29. Such downward curvature in a linear free energy relationship is
conventionally taken as an indication of a change in the nature of the rate-determining transition
state, but in general may also be suggestive of continuous structural change in a single ratedetermining transition state that is nominally unchanged; that the inflection here occurs over a
relatively narrow range of < 3 pK units, however, appears to favour the former interpretation. The
limiting slope at high pKa(MeCN) is consistent with the idea that the elimination of a tetrahedral anion
is fully rate-determining in the aminolysis of N-acetyl azoles I with poor nucleofuges, and that the
transition state is well advanced (i.e., product-like) in structural terms, but the regime at low pKa
– for azole anions of high nucleofugality – is less clear. Even amongst the more reactive Nacetylated azoles, bimolecular amine addition (TS2 in Figure 3.49) is unlikely to be ratedetermining in MeCN: tetrahedral zwitterions of the form II are generally highly unstable in
moderately polar aprotic media, such that their unimolecular decomposition (k-2, Figure 3.49) will
outcompete diffusion-limited interception by a general base (kd[B], Figure 3.49). This leaves
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either proton transfer (via TS’PT, Figure 3.49) and/or diffusive mass transport as the rate-limiting
process, or else suggests that aminolysis proceeds via a pre-associative mechanism with ratelimiting addition of an amine-base complex (TSC, Figure 3.49); in each of these cases the stability
of the rate-determining transition state would be only weakly correlated to the azole pKa, given
the minimal extent of C – N cleavage.
Such curvature is reminiscent of classic work by Jencks and Page on the general base-catalysed
hydrazinolysis of N-acetyl imidazole I-156,48 and Jencks and Fox on the methoxyaminolysis of 1acetyl-1,2,4-triazole I-98,49 both in buffered aqueous solution. In both reactions significant
inflections were observed in correlations between log 10(kcat) and the Brønsted basicity of the
catalyst, with the slope of the correlation tending towards +1.0 for the weakest bases and
plateauing to ca +0.10 for the strongest after ca 7 pK units. Although a range of mechanisms were
discussed, the inflections were most readily interpreted as arising from a change in the ratedetermining step: for limitingly weak bases it was proposed that elimination of the tetrahedral
anion is rate-determining, whilst for limitingly strong bases Jencks’ contended that the rate of
product formation ought to be controlled solely by the rate of diffusive encounters between the
tetrahedral zwitterion II and catalyst; in the limit of infinitely strong bases, the slope of the Brønsted
plot ought to tend to exactly 0. For catalysts of intermediate basicity, it was suggested that the
rate of intramolecular proton transfer itself, within the encounter complex, might also kinetically
significant.
Although Jencks was concerned with correlations between the rate of aminolysis and the pKaH of
the general base catalyst – rather than that of the nucleofuge – the nature of the inflections and
symmetry of the limiting slopes (-1.0 vs +1.0 and -0.20 vs +0.10) suggests that an inverted but
otherwise analogous switch in kinetic regime underpins the data in Figure 3.75. Ceteris paribus,
more basic azolate anions are expected to make poorer nucleofuges, so rate-determining proton
transfer and/or mass transport ought to emerge at lower pKa values. Unlike Brønsted plots
focused on the general base catalyst, rate-limiting diffusion would be expected to afford a limiting
slope of > 0 for Bronsted plots of the nucleofuge: even if every encounter of the base with the
tetrahedral zwitterion II leads to product, the overall rate of amide formation will still depend upon
the equilibrium concentration of the zwitterion II. It therefore seems likely that a non-zero slope
would persist at limitingly low pKa’s, reflecting the correlation between the acidity of the azole
substituent and stability of the tetrahedral zwitterion II. Within the mechanistic framework
expounded by Jencks, the residual slope in Figure 3.75 for 186c-H (pKa(MeCN) = 26.9) may
thus indicate the onset of either rate-determining mass transport or proton transfer, or a nuanced
regime in which these processes are competitive with elimination. Bimolecular amine addition is
unlikely to be rate-determining for any of the azoles in Figure 3.75, given the instability of the
tetrahedral zwitterion II, but the data do not preclude a regime in which pre-associative amine
addition (via a spectator mechanism) becomes rate-determining at lower pKa’s.
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The implications for pyrazoles – or triazoles – without π-donating substituents at the 4-position is
unclear. The rates of aminolysis of the N-acetylated adducts of 4-CF3-pyrazole 186b-H, pyrazole
154-H and 4-Me-pyrazole 186e-H patently do not adhere to the same free energy relationship as
those above, with pyrazole and 4-Me pyrazole exhibiting disproportionately slower aminolysis
rates and 4-CF3-pyrazole the converse. The sparse data available for these three pyrazoles
nevertheless suggests, albeit tentatively, that an analogous plateauing in the Brønsted plot arises
at lower pKa’s. A two-point correlation between pyrazole and 4-Me-pyrazole would predict a value
of k2 ≈ 210 dm6 mol-2 s-1 for 4-CF3-pyrazole, yet this is nearly fivefold larger than the observed
rate of k2 = 46 dm6 mol-2 s-1; applying the same crude extrapolation predicts k2 ≈ 1175 dm6 mol-2
s-1 for 1,2,4-triazole, but this appears to profoundly overestimate experiment (k2 = 10 – 100 dm6
mol-2 s-1), although whether 1-acetyl-1,2,4-triazole I-98 could reasonably be expected to fall on
the same correlation is unclear. In comparison to pyrazoles with π-donating substituents, the
apparent inflection in the Brønsted plot for those without such substituents appears to evolve
more slowly with respect to pKa(MeCN); it is not clear why this should be so, but may be indicative
of a complex regime in which more than two transition states control the rate of product evolution,
or else may simply reflect a gradual change in the extent of C – N cleavage during (ratedetermining) elimination rather than a new rate-determining step.

3.2.8. Equilibrium studies
DBU + 1,2,4 -Triazole: 1 H NMR titrations
To investigate the in situ generation of 1,2,4-triazolate 99 by DBU 130 at catalytically relevant
concentrations, 1D 1H NMR titrations were conducted in both MeCN-d3 and THF-d8, using 1,3,5trimethoxybenzene (1,3,5-TMB; 0.033 M) as an internal standard. During each titration the total
concentration of 1,2,4-triazole 98 ([98]0 = 0.050 M) was kept fixed, whilst the total concentration
of DBU ([DBU]0) was increased via the incremental addition of small aliquots; see SI for details of
solution preparation and data acquisition. In both solvents an independent estimate for the limiting
shift was obtained using a 20-fold excess of DBU (i.e. [DBU]0 = 1.0 M; [DBU]0/[98]0 = 20).
In both MeCN-d3 and THF-d8 the addition of DBU lead to significant upfield drifts in the δH(C – H)
resonance of 1,2,4-triazole 98, indicative of anion formation (δH(MeCN-d3) = 8.145 ppm ([DBU]0
= 0) → 7.782 ppm ([DBU]0/[98]0 = 20); δH(THF-d8) = 8.078 ppm ([DBU]0 = 0) → 7.964 ppm
([DBU]0/[TrzH]0 = 20). No new resonances were observed at any point during the titrations. In
THF-d8, the DBU-induced evolution of the chemical shift δH(obs) was found to be consistent with
a simple equilibrium (1:1) for tight-ion pair formation, with a fitted equilibrium constant of Ksalt = 42
dm3 mol-1 and limiting chemical shift of δH(99-[DBUH+]) = 7.956 ppm.
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𝐾𝑆𝑎𝑙𝑡 =

[99 − [DBUH + ]]
[DBU][98]

(3.42)

Floating of the limiting shift δH(99-[DBUH+]) during data fitting lead to only a minor, upfield change
(0.008 ppm) relative to independent measurements of δH(obs) at [DBU]0/[98]0 = 20, confirming
the validity of the model (20 equivs. DBU is not quite sufficient to achieve full ionisation).

Figure 3.76: Isotherms obtained from the 1H NMR titrations of 1,2,4-triazole 98 (0.050 M) with DBU 130 (0.005 – 0.25 M)
in THF-d8 and MeCN-d3 at T = 293 K, and least-squares fits to a simple equilibrium for ion-pair formation. THF-d8: KSalt =
41.6 dm3 mol-1, δH(99-[DBUH+]) = 7.956 ppm, δH(98) = 8.078 ppm. MeCN-d3: KSalt = 63.9 dm3 mol-1, δH(99-[DBUH+]) =
7.821 ppm, δH(98) = 8.145 ppm. All shifts referenced to the residual solvent signal (1.970 ppm) in MeCN-d3.

The evolution of δH(obs) in MeCN displayed more complex behaviour, with subtle sinusoidal
character below one equivalent of DBU. Several different model equilibria were compared to
probe the origin of this behaviour. Application of the simple salt formation model (vide supra) lead
to an equilibrium constant of KSalt = 64 dm3 mol-1 and limiting chemical shift of δH(99-[DBUH+]) =
7.821 ppm; yet despite the reasonable quality of the fit up to [DBU]0/[98]0 = 5, the floated value
for the limiting chemical shift δH(99-[DBUH+]) was found to be significantly downfield of δH(obs)
at [DBU]0/[98]0 = 20, indicating the presence of additional equilibria. Moreover, whilst this model
would suggest that ionisation of 1,2,4-triazole 98 should be slightly more favourable in MeCN than
in THF, it also indicates that a significant excess of DBU would nevertheless be required to
achieve near full ionisation of 1,2,4-triazole 98 under typical catalytic conditions (e.g., [DBU]0/[98]0
= 6 gives ca 95 % ionisation at [98]0 = 0.050 M). This assessment, however, appears to be
inconsistent with the kinetics of aminolysis in MeCN, which imply that even modest excesses of
DBU (e.g. [DBU]0/[98]0 > 2.5 at [98]0 = 0.010 M) are capable of fully ionising 1,2,4,-triazole 98 in
MeCN, and at even lower catalyst concentrations (e.g., [98]0 = 0.010 M). Whilst more consistent
limiting shifts were obtained by treating DBUH+ and 1,2,4-triazolate 99 as free ions (KPT = 1.46,
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δH(99, MeCN-d3) = 7.800 ppm), this model was patently incapable of reproducing the evolution of
δH(obs) at sub-stoichiometric loadings of DBU.
An alternative explanation for the complex behaviour of δH(obs) may be homoconjugation
between the 1,2,4-triazolate anion 99 and un-ionised 1,2,4-triazole 98. Whilst anion
homoconjugation in MeCN is well precedented, previous studies of this phenomenon have largely
focussed on the self-association of oxygen-centred anions (e.g., phenols, carboxylic acids). To
investigate this hypothesis, a new model composed of two coupled equilibria was conceived,
consisting of: (i) ion-paired salt formation 99-[DBUH+] from the neutral reagents (KSalt); and (ii)
association of a neutral molecule of 1,2,4-triazole 98 (KHC,IP) to form a first-order homoconjugate
188-[DBUH+] (Scheme 3.9).

Scheme 3.9: Coupled titration model for the acid-base reaction of DBU 130 with 1,2,4-triazole 98 in MeCN including salt
formation (KSalt) and first-order homoconjugation (KHC,IP), with all charged species modelled as tight ion pairs.

Under such a regime, the observed, time-averaged chemical shift δH(obs) will be a mole fractionweighted linear combination of three discrete chemical shifts – δH(98) for un-ionised,
unassociated triazole; δH(99-[DBUH+]) for the ion-paired salt; and δH(188-[DBUH+]) for the ionpaired homoconjugate – such that:
𝛿𝐻 (𝑜𝑏𝑠) = 𝑥𝑇𝑧𝐻 𝛿𝐻 (99) + 𝑥𝐼𝑃 𝛿𝐻 (99 − [DBUH + ]) + 2𝑥𝐻𝐶 𝛿𝐻 (188 − [DBUH + ]),

𝑥𝑖 =

[ i]
[98]0

(3.43)

Expressing the shift of the homoconjugate δH(188-[DBUH+]) as a normalised, linear combination
of δH(98) and δH(99-[DBUH+]) with a coefficient c in turn gives:
𝛿𝐻 (𝑜𝑏𝑠) =
+

𝛿𝐻 (98)
([98] + 2𝑐[188 − [DBUH + ]])
[98]0

𝛿𝐻 (99 − [DBUH + ])
([99 − [DBUH + ]] + 2(1 − 𝑐)[188 − [DBUH + ]])
[99]0

(3.44)

Given a pair of equilibrium constants KSalt and KHC,IP, and a pair of initial concentrations, [98]0 and
[DBU]0, the residual concentration of neutral, associated triazole at equilibrium, [98], may be
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obtained from by the cubic equation (see SI for derivation) below, where the polynomial
coefficients A, B and C are functions of KSalt, KHC, [98]0 and [DBU]0:
𝐴[𝟗𝟖]𝟑 + 𝐵[𝟗𝟖]𝟐 + 𝐶[𝟗𝟖] + 𝐷 = 0

(3.45)

The equilibrium concentrations of the monomeric ion pair, [99-[DBUH+]], and homoconjugate,
[188-[DBUH+]], are in turn given by:
[188 − [DBUH + ]] =

𝐾𝐻𝐶,𝐼𝑃 [98]([98]0 − [98])
1 + 2𝐾𝐻𝐶,𝐼𝑃 [98]

[99 − [DBUH + ]] = [98]0 − [98] − 2[188 − [DBUH + ]]

(3.46)
(3.47)

Solutions of equation 3.45 were obtained analytically, and values of KSalt, KHC,IP, δH(99-[DBUH+])
and/or c were obtained by constrained non-linear fitting of δH(obs) (Table 3.7). Several different
constraints were imposed independently to limit the global flexibility of the model. In the first
approach, the chemical shift of the ion-paired 99-[DBUH+] was fixed to δH(99-[DBUH+]) = 7.782
ppm, on the basis of independent measurements of δH(obs) at [DBU]0/[98]0 = 20. Under this
constraint, optimised values of KSalt = 610 dm3 mol-1, KHC,IP = 369 dm3 mol-1 and c = 0.77 were
obtained from a non-linear regression of δH(obs). In an alternative approach, the value of the
coefficient c = 0.84 was obtained by ab initio chemical shift computations and held constant during
the fitting routine, whilst KSalt, KHC,IP, and δH(99-[DBUH+]) were floated freely; non-linear fitting with
this constraint lead to KSalt = 208 dm3 mol-1, KHC,IP = 41 dm3 mol-1 and δH(99-[DBUH+]) = 7.815
ppm. Whilst both approaches lead to significant reductions in the root mean square error (RMSE
/ ppm) relative to the 1:1 ion-pairing model, the second constraint (c = 0.84) lead to a similarly
unphysical limiting shift (vide supra).

Figure 3.77: Experimental isotherm (purple circles) obtained from the 1H NMR titration of 1,2,4-triazole 98 (0.050 M) with
DBU (0.005 – 0.25 M) in MeCN-d3 at T = 293 K, and least-squares fits to two different models. Red: KSalt = 63.9 dm3 mol1
, δH(99-[DBUH+]) = 7.821 ppm, RMSE = 0.0049 ppm. Green: KSalt = 611 dm3 mol-1, KHC,IP = 369 dm3 mol-1, δH(99-[DBUH+])
= 7.821 ppm, δH(188-[DBUH+]) = 8.070 ppm, RMSE = 0.0015 ppm. δH(98) = 8.145 ppm. All shifts referenced to the
residual solvent signal (1.970 ppm) in MeCN-d3.
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Alternatively, assuming that the DBUH+ 130-H+ cation and 1,2,4-triazolate anion 99 exist as free
ions in MeCN, the evolution of δH(obs) may be described by the two coupled equilibria in Scheme
3.10.

Scheme 3.10: Coupled titration model for the acid-base reaction of DBU 130 with 1,2,4-triazole 98 in MeCN including
proton transfer (KPT) and first-order homoconjugation (KHC), with all charged species modelled as free, unbound ions.

𝛿𝐻 (𝑜𝑏𝑠) = 𝑥𝑇𝑧𝐻 𝛿𝐻 (98) + 𝑥𝑇𝑧 𝛿𝐻 (99) + 2𝑥𝐻𝐶 𝛿𝐻 (188),

𝑥𝑖 =

[𝑖]
[𝑇𝑧𝐻]0

(3.48)

According to Scheme 3.10 the equilibrium concentration of unassociated triazolate anion, [99],
may be obtained from a quartic equation (see SI for derivation and further details):
𝐴[𝟗𝟗]4 + 𝐵[𝟗𝟗]3 + 𝐶[𝟗𝟗]2 + 𝐷[𝟗𝟗] + 𝐸 = 0

(3.49)

Solutions to equation 3.49 were again obtained analytically, with KPT, KHC, δH(99) and/or c
obtained by non-linear regression of δH(obs). Three approaches were adopted to fit δH(obs) to
Scheme 3.10. As for Scheme 3.9, in the first instance the limiting chemical shift of the triazolate
anion 99 was fixed to δH(99) = 7.782 ppm, on the basis of independent measurements of δH(obs)
at [DBU]0/[98]0 = 20. Under this constraint, optimised values of KPT = 9.6, KHC = 112 dm3 mol-1
and c = 0.83 were obtained from a non-linear regression of δH(obs). In an alternative approach,
the value of the coefficient c was obtained by ab initio chemical shift computations and held
constant during the fitting routine, whilst KIP, KHC, and δH(99) were floated freely; a highly
consistent value of c = 0.74 ± 0.02 was obtained across a series of computational methods,
leading to KPT = 85, KHC = 1338 dm3 mol-1 and δH(99) = 7.791 ppm after regression. In a final
approach, the limiting shift of the triazolate anion was set according to an independently prepared
solution of 99-[nBu4N+] in MeCN (0.050 M; δH(99-[nBu4N+]) = 7.702 ppm), affording KPT = 21, KHC
= 952 dm3 mol-1 and c = 0.81. The results of all models and fitting constraints for MeCN are
summarised in Table 3.7, alongside the equilibrium constant for salt formation in THF.
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Constraint

KSalt / (dm3 mol-1)

KPT

KHC(IP) / (dm3 mol-1)

RMSE / ppm

-

64

-

-

0.0049

δH(99-[DBUH+]) = 7.782 ppm

611

-

369

0.0015

c = 0.84

208

-

41

0.0021

δH(99) = 7.782 ppm

-

9.6

112

0.0010

c = 0.74

-

85

1338

0.0055

δH(99) = 7.702 ppm

-

21

925

0.0038

Table 3.7: Optimised equilibrium constants obtained by fitting various models to the experimental isotherm obtained in
the titration of 1,2,4-triazole 98 (0.050 M) with DBU 130 (0.005 – 0.25 M) in MeCN-d3 (T = 293 K). Constraint δH(99) =
7.702 ppm corresponds to the experimental 1H shift of 99-[nBu4N+] (0.050 M) in MeCN-d3 at T = 293 K. Constraint δH(99[DBUH+]) = 7.782 ppm pertains to the observed 1H shift of 1,2,4-triazole 98 (0.05 M) in MeCN-d3 (293 K) following the
addition of excess DBU 130 (20 equivs, 1.0 M). Preferred models in bold.

DBU + p-F-PhOH:

19

F NMR titrations

In a similar manner, the interaction between DBU 130 and p-F-PhOH 172 in solution was
investigated by 19F NMR titrations in MeCN-h3, using 1-fluoronapthalene (0.050 M) as an internal
standard. During the titration the concentration of p-F-PhOH 172 was held constant ([172]0 =
0.050 M) whilst the total concentration of DBU 130 ([DBU]0) was increased via sequential aliquot
addition. As expected, the addition of DBU 130 to p-F-PhOH 172 led to significant upfield drifts
(> 2 ppm) in the phenolic

19F

resonance, indicative of at least partial deprotonation (δF(obs) = -

127.07 ppm ([DBU]0 = 0) → -131.45 ppm ([DBU]0/[172]0 = 2). No new

19F

resonances were

observed at any point during the titration.
The evolution of δF(obs) in MeCN-h3 was found to be wildly inconsistent with a simple equilibrium
for monomeric salt formation, with δF(obs) reaching > 80 % saturation after the addition of only
0.50 equivalents of DBU 130. The relative pKa values of DBU (pKaH(MeCN) = 24.3) and p-F-PhOH
(pKaH(MeCN) = 27.3), combined with the premature saturation, instead indicate that the
intrinsically disfavoured proton transfer from p-F-PhOH 172 to DBU 130 is coupled to – and thus
primarily driven by – highly favourable first-order homoconjugation between 172 and the
conjugate phenoxide 173. In accordance with this hypothesis, reasonable fits of δF(obs) were
obtained by modelling the system as a simple global equilibrium (Scheme 3.11), suggesting that
under the titration conditions: (i) there is minimal accumulation of the free phenoxide 173; (ii) the
first-order homoconjugation constant is substantial in MeCN (> 103 dm3 mol-1); and (iii) the firstorder homoconjugate 174 itself cannot be deprotonated by DBU to any significant extent.
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A

B

C

D

Figure 3.78: (A) Isotherm obtained from the 19F NMR titration (T = 293 K) of p-fluorophenol 172 (p-F-PhOH, 0.050 M)
with DBU (0.005 – 0.11 M) in THF-h8, with data fit to a simple model for salt formation (KSalt = 237 dm3 mol-1, δF(173DBUH+]) = -130.14 ppm, δF(172) = -127.74 ppm). (B) Isotherm obtained from the 19F NMR titration (T = 293 K) of 172 (pF-PhOH, 0.050 M) with DBU 130 (0.005 – 0.14 M) in MeCN-h3, with data fit to a global model for homoconjugate 174[DBUH+] formation (KHC,T2 = 48,000 dm6 mol-2, δF(174-[DBUH+]) = -131.74 ppm, δF(172) = -127.07 ppm). (C) Isotherm
obtained from the 19F NMR titration (T = 293 K) of 172 (p-F-PhOH, 0.050 M) with Et-P2(dma)5 189 (0.005 – 0.075 M) in
MeCN-h3. Yellow data points: 0 – 0.5 equivs 189; purple data points: > 0.5 equivs 189. (D) Reformulation of data in (C) in
terms of 189 equivalents relative to the first-order homoconjugate 174, with the data fit to a simple model for proton
transfer (KPT = 20.1, δF(173) = -141.62 ppm, δF(172) = -127.07 ppm). All shifts referenced to the 19F signal of 1fluoronapthalene (-125.20 ppm).

Fits of similar quality were obtained by modelling the first-order homoconjugate as either a free
anion 174 (KHC,T1 = 745 dm3 mol-1; δF(174) = -130.80 ppm) or as an ion-paired species with 174[DBUH+] (KHC,T2 = 4.8 × 104 dm6 mol-2; δF(174-[DBUH+]) = -130.73 ppm). In both cases the largest
residuals were observed at sub-stoichiometric DBU loadings, likely reflecting the effect of weaker
second-order homoconjugation (i.e. the association of a second molecule of p-F-PhOH).
To probe the speciation of p-F-PhOH 172 in the presence of excess DBU 130, the tetra-nbutylammonium salt of the first-order homoconjugate, 174-[nBu4N+], was independently
synthesised, crystallised from MeCN/Et2O by vapour diffusion, and subjected to analysis by

19F

NMR spectroscopy in MeCN-d3 solution (0.050 M). The chemical shift of the homoconjugate 174
under these conditions (δF(HC-, MeCN-d3) = -134.98 ppm) was found to be significantly upfield of
the limiting titration shift with DBU 130 (δF(obs) = -131.8 ppm), indicating that the DBUH+
countercation undergoes explicit complexation with the homoconjugate via charge-assisted
hydrogen-bonding, and therefore that Scheme 3.11a provides a more physically correct
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description of the titration data. This conclusion is further supported by DLPNO-CCSD(T)
computations, which indicate that DBUH+ coordination to 174 ought to be exergonic in MeCN.

Scheme 3.11: Telescoped titration models for the reaction of DBU 130 with p-F-PhOH 172 in MeCN. In both cases the
population of the p-fluorophenoxide anion 173 is assumed to be negligible.

Under this regime, the global equilibrium constant KHC,T2 = 4.8 × 104 dm6 mol-2 is formally the
product of three microscopic equilibrium constants, describing: (i) the proton-transfer equilibrium
between p-F-PhOH 172 and DBU 130, KPT; (ii) the homoconjugation equilibrium between p-FPhOH 172 and the conjugate phenoxide 173, KHC; and (iii) the ion-pairing equilibrium between
DBUH+ and the homoconjugate 174, KIP. The equilibrium constant for proton transfer may be
approximated from the relative pKa values of DBUH+ and p-F-PhOH 172 (vide supra), affording
KPT = 10-3 and KHCKIP = 4.8 × 107 dm6 mol-2.
In order to independently determine an approximate value for the homoconjugation constant, KHC,
an anhydrous solution of the first-order homoconjugate 174 was first prepared in situ using p-FPhOH 172 (0.050 M, MeCN-d3) and half an equivalent of the presumed non-coordinating
phosphazene superbase Et-P2(dma)5 189 (0.025 M, pKa(MeCN) = 32.9; δF(obs) = -134.39 ppm);
the evolution of δF(obs) was then monitored as further aliquots of 189 were added. The observed
19F

shift at 0.5 equiv. 189 is in near quantitative agreement with the measured
n

19F

shift of

+

independently synthesised 174-[ Bu4N ] (δF = -134.98 ppm), consistent with the in situ generation
of free homoconjugate 174. The full isotherm obtained in this way is shown in Figure 3.78C: the
linear region up to 0.50 equivalents corresponds to the quantitative generation of the first-order
homoconjugate by deprotonation of free p-F-PhOH 172, whilst all subsequent data points
correspond to the deprotonation of the homoconjugate 174 itself. The second region of the
isotherm was subjected to non-linear regression using Scheme 3.10a, leading to KPT = 20.1 and
δF(173) = -141.62 ppm, where the limiting shift was interpreted as the chemical shift of
unconjugated p-F-phenoxide, δF(173).
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The acidity of the homoconjugate, pKa(MeCN)(174), the first-order homoconjugation constant, KHC,
and the ion-pairing constant, KIP (Table 3.8), were then calculated according to:
𝑝𝐾𝑎 (174) = 𝑝𝐾𝑎 (189) − log10 𝐾𝑃𝑇
𝐾𝐻𝐶 =

(3.50)

[174]
𝐾𝑎 ([172])
=
= 10𝑝𝐾𝑎(174)−𝑝𝐾𝑎(172)
[172][173] 𝐾𝑎 ([174])

(3.51)

𝐾𝐻𝐶,𝑇2
𝐾𝑃𝑇,𝐻𝐶 𝐾𝐻𝐶

(3.52)

𝐾𝐼𝑃 =

Constant

Exp.

Lit.

pKa(DBUH+)

-

24.374

pKa(172)

27.3

-

pKa(174)

31.6

-

pKaH(189)

-

32.975

KHC,T2 / dm6 mol-2

4.8 x 104

-

10-3

-

KPT

1.0 x

KHC / dm3 mol-1

2.0 x 104

1.6 x 104 (40-41, 76)

KIP / dm3 mol-1

2.4 x 103

-

Table 3.8: Summary of literature (pKa(DBUH+), pKaH(189), KHC), experimental (KHC,T2, pKa(174) and calculated (KPT, KHC,
KIP) data pertinent to the acid-base reactions of p-F-PhOH 172 with DBU 130 in MeCN-h3 at T = 293 K. Activity effects
neglected.

1

H DOSY NMR studies

Extensive studies with 1H-detected diffusion-ordered NMR spectroscopy (1H DOSY NMR) were
undertaken to validate the interpretation of the 1H/19F NMR titration data in MeCN, with a particular
focus on probing the homoconjugation of p-F-PhOH 172 and association state of DBUH+. Whilst
phenol homoconjugation has been studied extensively in the past, literature reports on this subject
almost exclusively cite data obtained by potentiometric or conductometric measurements, which
are inherently indirect and thus highly prone to misinterpretation (i.e. they rely on the
measurement of the global properties of a solution, e.g. electric potential or conductivity). In
contrast, DOSY NMR provides direct access to the translational diffusion coefficients (D) of
individual molecules (or subsets of molecules in rapid exchange) in a solution, allowing more
intricate conclusions to be drawn about the nature and extent of intermolecular association under
a particular set of conditions.
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In pursuit of quantitative molecular weight determinations, and in order to account for fluctuations
in viscosity, temperature, and volume between different samples, all

1H

DOSY NMR

measurements were conducted using a common set of internal diffusion standards. Significant
efforts were expended in identifying suitable reference compounds for this purpose, in order to
ensure that: (i) the reference compounds did not influence the diffusion coefficients of likely
analytes (i.e., by significant hydrogen-bonding, protonation/deprotonation of DBU/p-F-PhOH,
etc.); (ii) the 1H resonances of the reference compounds did not overlap with those of key
analytes; (iii) the molecular weight range of the calibrants was sufficient to cover both small
molecules and highly associated species (e.g. first- and second-order homoconjugation, ionpairing); (iv) all solutions remained homogeneous throughout the duration of data acquisition; (v)
all reference compounds had comparable densities, comprising first row elements only (H, C, N,
O, F); and (vi) the molecular weight of key analytes (e.g., DBU or p-F-PhOH) could be reproduced
to a high level of accuracy (< 10 % error). After significant screening, a set of five such internal
diffusion standards was identified, consisting of: (i) diethyl ether (Et 2O 190; Mw = 74.1 g mol-1); (ii)
cyclohexane (CyH 191; Mw = 84.2 g mol-1); (iii) tetramethylbutane (TMBu 192; Mw = 114.1 g mol1);

(iv) 1,3,5-trimethoxybenzene (1,3,5-TMB 193; Mw = 168.2 g mol-1); and (iv) 1,3,5-

triisopropylbenzene (1,3,5-TIPB 194; Mw = 204.4 g mol-1). Fluorobenzene (PhF) was used as an
internal 19F chemical shift standard only (δF(PhF, MeCN) = -114.71 ppm), whilst CH2Cl2 was used
as a heavy-atom benchmark.
For all 1H DOSY experiments, samples were prepared using anhydrous MeCN-d3, catalytically
pertinent concentrations (i.e., 10 – 50 mM), and the full ensemble of reference compounds
described above, with the concentrations of each standard weighted roughly according to the
intensity of their largest signal. All diffusion experiments were performed at 20.0 ˚C, using a
standard longitudinal eddy current delay sequence with bipolar gradient pules and two spoil
gradient pulses (ledbpgp2s), a fixed gradient pulse duration of δ/2 = 550 μs, 16 increments along
the diffusion dimension, and quadratic gradient ramping. The diffusion delay Δ was optimised for
each sample; typically, Δ = 75–100 ms. Diffusion coefficients for each species were extracted
directly from 2D-DOSY spectra, obtained by Bayesian transformation of diffusion-weighted 1D
spectra. Full details of solution preparation, data acquisition and diffusion analysis are available
in the Supplementary Information.
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A

B

C

Figure 3.79: Summary of approach to 1H DOSY NMR analysis in this work. (A) Pseudo-2D 1H DOSY NMR spectrum
(diffusion coefficients in cm2 s-1) of a typical sample in MeCN-d3 at T = 293 K, comprising: p-F-PhOH 172 (0.050 M), Et2O
190 (0.025 M), CyH 191 (0.015 M), TMBu 192 (0.010 M), 1,3,5-TMB 193 (0.015 M), 1,3,5-TIPB 194 (0.015 M),
fluorobenzene (PhF, 0.050 M) and CH2Cl2 (0.025 M). The latter two standards were not used for diffusion calibration, but
as a 19F shift standard and heavy-atom comparison, respectively. B) Linearised Stejskal-Tanner plots for each of the five
diffusion standards. C) Calibration plot of log10(D) vs log10(Mw) for the five diffusion standards. Diffusion data typically
acquired using the ledbpgp2s sequence, 16 increments along the diffusion dimension and quadratic ramping (Δ = 75 –
100 ms, δ = 1.1 ms; γH = 26752.2 s-1 G-1). Ar – H signal of 1,3,5-TIPB 194 obscured by one resonance from 172 (6.95
ppm). Calibration curves (log10(D) vs log10(Mw) were generally highly linear (R2 > 0.99) for all samples.
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For each individual DOSY experiment the measured diffusion coefficients of the five diffusion
standards (Et2O, CyH, TMBu; 1,3,5-TMB; 1,3,5-TIPB) were used to construct a unique internal
calibration curve (log10(D) vs log10(Mw)), allowing the molecular weight of unknown analytes in the
same sample to be estimated by linear interpolation/extrapolation via equation 3.54 (α and β were
treated as empirical parameters).
𝐷 = 𝛽𝑀𝑤𝛼

(3.53)

log10 (𝐷) = 𝛼 log10 𝑀𝑤 + log10 𝛽

(3.54)

Preliminary experiments focussed on method validation. Whilst moderate deviations in absolute
diffusion coefficients and calibration parameters were occasionally observed between similar
samples, presumably due to random temperature fluctuations within the probe (an inexorable
problem for cryoprobes), internally calibrated molecular weight estimates were in general highly
accurate and reproducible (R2 > 0.98) for all five reference compounds. Th quality of calibration
and molecular weight estimation was seemingly unaffected by the physical properties of the
sample (i.e. tube thickness; volume, 500 – 1000 µL), the nature of the gradient ramping (linear,
quadratic, exponential), the number of gradient increments (n = 8 – 32) and the use of a
convection-compensated pulse sequence (dstebpgp3s). Whilst manual diffusion analysis, via the
generation of linearized Stejskal-Tanner plots (Figure 3.79), occasionally lead to changes in
molecular weight estimates relative to 2D analysis, these were typically negligible (δMw/Mw < 5
%).
Having established the validity of the 1H DOSY NMR methodology, the diffusion coefficients of
key species were measured individually at catalytically pertinent concentrations (0.050 M: 1,2,4triazole 98, p-F-PhOH 172, DBU 130; 0.025 M: [nBu4N+PF6], [DBUH+BPh4-]), and their molecular
weights estimated by internal calibration (Table 3.9). The measured molecular weights of p-FPhOH 172 (δMw/Mw = + 7 %) and DBU 130 (δMw/Mw = + 1 %) were found to be in excellent
agreement with the expected masses of the unassociated monomers, confirming the absence of
any significant self-association or interference from the internal diffusion standards in MeCN.
In contrast, the molecular weights of both the tetra-n-butylammonium (δMw/Mw = + 12 %) and
DBUH+ cations (δMw/Mw = + 28 %) were moderately overestimated, for which several
explanations might be proposed. One such argument may be that the effective molecular weights
of the cations were increased by virtue of counteranion association (PF 6-, BPh4-), yet this is
seemingly inconsistent with the observations that: (i) the molecular weight of the
tetraphenylborate anion BPh4- was moderately underestimated (δMw/Mw = - 12 %), and in any
case independent of the countercation (DBUH +, nBu4N+); and (ii) the observed molecular weight
of DBUH+ was essentially independent of the counteranion (PF 6-, BPh4-). Given that the linearity
of the calibration curve was entirely unaffected by the presence of nBu4N+ and DBUH+, a similar
line of reasoning eliminates the possibility of intermolecular association between the cations and
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any of the internal standards. Furthermore, the exceptional accuracy with which the molecular
weight of un-ionised DBU was estimated appears to exclude the possibility that a significant
mismatch with the geometries of the internal standards is responsible for the overestimated
molecular weight of DBUH+ (in any case, Stalke and co-workers have shown that diffusion
coefficients of organic molecules with Mw = 120 – 200 g mol-1 diffuse at a rate that is largely
independent of molecular geometry). No such comparison was possible for nBu4N+, making it
difficult to rule out geometric mismatch as the cause of the molecular weight overestimation in
this case.
Intriguingly, the error in the molecular weight estimates of both nBu4N+ and DBUH+ is diminished
substantially if both are treated explicitly as strongly monosolvated cations (i.e., nBu4N+(MeCN)
and DBUH+(MeCN); Table 3.9), suggesting that strong solvation MeCN has a significant influence
on the diffusion properties of these cations. Indeed, treating the DBUH + cation in this way leads
to almost quantitative agreement with experiment, as observed for neutral DBU. Whilst it is difficult
to completely discount a role for adventitious water in the apparent inflation of the cation, it is
notable that addition of excess H2O (5 equiv., 0.125 M) to both [DBUH+PF6-] and [DBUH+BPh4-]
had no discernible effect on the measured molecular weight of DBUH +.

Species

Mw / (g mol-1)

Mw (calc.) / (g mol-1)

Error / %

1,2,4-Triazole 98

69.1

100.7 (74.4)

46 (8)

p-F-PhOH 172

112.1

120.4

7

DBU 130

152.2

153.4

1

nBu N+
4

242.5

271.0

12

+
4N (MeCN)

283.6

"

-4

DBUH+

153.2

194.4

28

DBUH+(MeCN)

193.3

"

1

BPh4-

319.2

298.2

-12

nBu

Table 3.9: Molecular weights of key neutral molecules (0.050 M) and ions (0.025 M) estimated by internally calibrated 1H
DOSY NMR in MeCN-d3 solution (T = 293 K). Each mass was calculated on the basis of diffusion data obtained on
independent samples, with the analyte present in each case alongside the five standard diffusion standards. nBu4N+
introduced as the hexafluorophosphate salt ([nBu4N+][PF6-] (0.025 M), BPh4- as [DBUH+][BPh4-] (0.025 M), and DBUH+ as
both [DBUH+][BPh4-] (0.025 M) and [DBUH+][PF6-] (0.025 M). The predicted mass of DBUH+ was found to be essentially
independent of the counteranion (BPh4-, PF6-). The molecular weight of 1,2,4-triazole 98 was estimated in two ways: (i)
using the five diffusion standards and full internal calibration; and (ii) the residual solvent signal (MeCN-d2) as a singlepoint diffusion standard (bracketed). Error = {(Mw(calc) – Mw)/Mw} x 100 %.
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Much larger errors were encountered in calculating the molecular weight of 1,2,4-triazole 98 by
internal calibration: unlike p-F-PhOH 172 and DBU 130, the molecular weight of 1,2,4-triazole 98
was significantly overestimated (δMw/Mw = + 46 %), suggesting it diffuses disproportionately
slower than the internal calibrants. Stalke and co-workers have highlighted similarly substantial
discrepancies in estimating the molecular weights of other extremely small molecules (e.g.,
cyclopentane, THF, MTBE, TMS) by internally calibrated 1H DOSY NMR, suggesting that this
deviation is not a consequence of intermolecular association but of a fundamental disparity
between the diffusion properties of the calibrants (all dissipated spheres/ellipsoids, DSE; αDSE ≈
-0.6) and 1,2,4-triazole (presumably a compact sphere, CS; αCS ≈ -0.5). To account for the
geometric differences between 1,2,4-triazole 98 and the internal calibrants – and for the fact that
1,2,4-triazole, unlike the calibrants, is comparable in size to the solvent – the molecular weight
was re-evaluated by direct comparison to the residual signal of MeCN-d2. Assuming both MeCN
and 1,2,4-triazole 98 diffuse as compact spheres (αCS ≈ -0.5), that DMeCN = D(MeCN-d2) and MMeCN
= Mw(MeCN-h3) = 41.1 g mol-1 (deuteration has a minimal effect on molecular volume), the
molecular weight of 1,2,4-triazole 98 may then be estimated in accordance with
1

𝑀𝑇𝑟𝑧𝐻

𝐷𝑇𝑟𝑧𝐻 𝛼𝐶𝑆
= 𝑀𝑀𝑒𝐶𝑁 (
)
𝐷𝑀𝑒𝐶𝑁

(3.55)

By this approach, the deviation from the expected molecular weight of 1,2,4-triazole 98 was
reduced substantially (δMw/Mw = + 8 %; Table X), suggesting that 1,2,4-triazole does not undergo
any substantial self-association in MeCN (0.050 M).
Having established the robustness of internally calibrated 1H DOSY NMR for measuring the
molecular weights of individual components in MeCN, further experiments were conducted to
probe the interaction between multiple different components. The equilibrium between DBU 130
and p-F-PhOH 172 was studied first, by virtue of a 1H DOSY NMR titration at fixed [p-F-PhOH]0
(0.050 M); the evolution of Mw(p-F-PhOH) as a function of [DBU] obtained from this titration is
shown in Figure 3.80. In accordance with 1D

19F

NMR titration data, the calculated molecular

weight of p-F-PhOH 172 increased steadily following the addition of increasing quantities of DBU
130, stabilising at Mw(obs) ~ 230 g mol-1 after the addition of approximately 0.75 equivalents of
DBU ([DBU]0/[p-F-PhOH]0 = 0.75); both the sub-stoichiometric saturation and limiting Mw(obs) are
consistent with the formation of the first-order homoconjugate 174 (Mw = 223 g mol-1; δMw/Mw ≈
3 %). Inverse titrations with a fixed concentration of [DBU] = 0.025 M and variable [p-F-PhOH]
displayed analogous behaviour, with the observed molecular weight of DBU increasing up to 2.0
equivs of p-F-PhOH and apparently stabilising thereafter.
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Figure 3.80: 1H DOSY NMR titrations (T = 293 K) of: (A) p-F-PhOH 172 (0.050 M) with DBU 130 (0.005 – 0.050 M) in
MeCN-d3; and (B) DBU 130 (0.025 M) with p-F-PhOH 172 (0.005 – 0.063 M) in MeCN-d3. In each case the molecular
weight of the component at constant concentration (A: p-F-PhOH; B: DBU) was calculated by standard internal calibration.

In light of several conflicting observations, discerning the extent of ion-pairing between DBUH+
and the homoconjugate 174 by 1H DOSY NMR proved difficult. On the one hand, it is clear that
the presence of super-stoichiometric p-F-PhOH 172 leads to molecular weight estimates for DBU
130 that are modestly but reproducibly greater than DBUH+ salts with non-coordinating anions
(vide supra), suggesting some degree of ion-pairing with the homoconjugate (i.e., 174-[DBUH+];
that the measured masses of both components (i.e., DBU and p-F-PhOH) at saturation
([DBU]0/[p-F-PhOH]0 > 0.50) are substantially lower than expected for the strongly ion-paired
homoconjugate (Mw = 376 g mol-1), however, indicates that ion-pairing is modest, with the
speciation of the homoconjugate dominated by the free anion 174. However, this conclusion is in
direct contrast to both experimental (vide supra) and computed (vide infra)

19F

chemical shifts,

which suggest that DBUH+ complexation with the homoconjugate is strong, and that the ion-paired
species ought to predominate at saturation.
This dichotomy was investigated more closely by subjecting solutions of: (i) 174-[nBu4N+] (0.025
M); and (ii) DBU 130/p-F-PhOH 172 (1:2, 0.025 M: 0.050 M) to 1D

19F

NMR and 1H DOSY NMR

analysis under otherwise identical conditions (MeCN-d3, 20 ˚C). The measured molecular weights
of the components in each solution are summarised in Table 3.10. Intriguingly, the molecular
weight estimation for p-F-PhOH 172 was almost identical in both solutions – although slightly
higher in 174-[nBu4N+], presumably due to the fact that 1:2 DBU:p-F-PhOH does not lead to
complete homoconjugation – indicating that the diffusion of the phenol homoconjugate 174 is
apparently independent of the countercation; this was a surprising finding, especially in light of
the significant cation dependence of the phenolic chemical shift (δF). Both the molecular weights
and phenolic chemical shift observed for solution (i) were reproduced quantitatively upon addition
of 1 equivalent of [DBUH+][PF6-] (0.025 M) to 174-[nBu4N+] (0.025 M) (solution ii); independent
addition of DBU 130 (1 equiv, 0.025 M) to a separate sample of solution 174-[nBu4N+] (0.025 M),
however, lead to no change by either 19F NMR or 1H DOSY NMR (including the molecular weight
of DBU), confirming the stability of the homoconjugate 174 towards further deprotonation. The
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addition of stoichiometric p-F-PhOH 172 (0.025 M) to 174-[nBu4N+] (0.025 M), which, barring
second-order association, ought to lower the observed molecular weight significantly, in fact had
the opposite effect, affording a material increase in the population-weighted molecular weight.

Mw (calc.) / (g mol-1)

δF / ppm

283

-

174-[ Bu4N ]

232

-134.9

DBU + p-F-PhOH (1 : 2)

222

-

DBU + p-F-PhOH (1 : 2)

223

-130.8

(1 : 1)

274

-

174-[nBu4N+] + [DBUH+][PF6-] (1 : 1)

222

-130.9

174-[nBu4N+] + [DBUH+][PF6-] (1 : 1)

217

-

274

-

174-[ Bu4N ] + DBU (1 : 1)

226

-134.7

174-[nBu4N+] + DBU (1 : 1)

149

-

246

-132.0

Solution
174-[nBu4N+]
n

n

+

174-[ Bu4N ] +

n

+

[DBUH+][PF6-]

+

174-[ Bu4N ] + DBU (1 : 1)
n

n

+

+

174-[ Bu4N ] + p-F-PhOH (1 : 1)

Table 3.10: Molecular weights of key species (underlined) estimated by internally calibrated 1H DOSY NMR in MeCN-d3
solution (T = 293 K). Data obtained from a total of five independent solutions, including: (i) 174-[nBu4N+] (0.025 M); (ii)
DBU 130 (0.025 M) + p-F-PhOH 172 (0.050 M); (iii) 174-[nBu4N+] (0.025 M) + [DBUH+][PF6-] (0.025 M); (iv) 174-[nBu4N+]
(0.025 M) + DBU 130 (0.025 M); and (v) 174-[nBu4N+] (0.025 M) + p-F-PhOH 172 (0.025 M). Limiting shift of p-F-PhOH
(0.050 M) in the presence of excess DBU is δF ≈ -131.7 ppm, is considerably downfield of 174-[nBu4N+].

The sequential addition of aliquots of p-F-PhOH 172 to a solution of 174-[nBu4N+] (0.025 M),
performed in such a way as to retain a constant concentration of [ nBu4N+], afforded the isotherm
in Figure 3.81. Assuming a limitingly large first-order homoconjugation constant (i.e., KHC,1 > 104
dm3 mol-1), the initial rise in the observed molecular weight during this titration indicates that
second-order homoconjugation is appreciable; the subsequent reduction in Mw(obs) following the
addition of further p-F-PhOH 172 reflects the progressive exhaustion of 174 and populationweighted nature of the measurements (all homoconjugates, and p-F-PhOH, assumed to be in
spectroscopically rapid exchange).
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Figure 3.81: 1H DOSY NMR titration of [nBu4N+][p-F-PhOH--p-F-PhO-] 174-[nBu4N+] (0.025 M) with exogenous p-F-PhOH
172 in MeCN-d3 (T = 293 K), with data fit to a simple 1:1 binding equilibrium (KHC,2 = 100 dm3 mol-1, Mw[(p-F-PhOH)2--p-FPhO-] = 335.3 g mol-1). Mole fractions (xi = n[i]/[p-F-PhOH]0) of p-F-PhOH 172 (n = 1), [nBu4N+][p-F-PhOH--p-F-PhO-] 174[nBu4N+] (n = 2) and [nBu4N+][(p-F-PhOH)2--p-F-PhO-] 175-[nBu4N+] (n = 3) calculated in accordance with fitted equilibrium
constant.

On the basis of the isotherm in Figure 3.81, an approximate equilibrium constant for secondorder homoconjugation was estimated as KHC,2 ≈ 100, using a simple equilibrium model for 1:1
binding under fast exchange and assuming that D = aMib and b ≈ -0.6 (dissipated ellipsoid):
1

𝑏
𝑏
𝑏
𝑀𝑜𝑏𝑠 ≈ (𝑀𝐴𝑟𝑂𝐻
𝑥𝐴𝑟𝑂𝐻 + 𝑀(𝐴𝑟𝑂𝐻)𝑂𝐴𝑟
𝑥(𝐴𝑟𝑂𝐻)𝑂𝐴𝑟 + 𝑀(𝐴𝑟𝑂𝐻)
𝑥
)𝑏 ,
2 𝑂𝐴𝑟 (𝐴𝑟𝑂𝐻)2 𝑂𝐴𝑟

𝑥𝑖 =

𝑛[i]
[ArOH]T

(3.56)

In a further attempt to probe the degree of ion-pairing between DBUH+ and the homoconjugate
174, a stock solution of 174-[nBu4N+] + [DBUH+][PF6-] (1:1, 0.025 M, MeCN-d3) was prepared,
with the appropriate internal diffusion standards, and serially diluted to afford a series of solutions
of equal stoichiometries but varying global concentrations; each solution was in turn subjected to
molecular weight analysis by internally calibrated 1H DOSY NMR, leading to Figure 3.82 (Mw(obs)
vs [p-F-PhOH]0). Significant reductions in the molecular weights of both DBU 130 and p-F-PhOH
172 were observed upon dilution, as expected for an associative equilibrium. Critically, whilst the
molecular weights of DBU 130 and p-F-PhOH 172 were almost identical for the highest
concentration solution ([p-F-PhOH]0 = 0.050 M), serial dilution led to disproportionate decreases
in these estimates, such that for [p-F-PhOH]0 < 0.015 M significantly different molecular weights
were measured for the two species. The convergence of the two molecular weights in this way is
typically interpreted as a signature of ion-pairing, and suggests that the two components
effectively diffuse as a single species at [p-F-PhOH]0 > 0.050 M (i.e. the speciation of both
components is dominated by the ion-pair).
Taken together, analysis by

19F

NMR and internally calibrated 1H DOSY NMR indicates three

possibilities: (i) the coordination of DBUH + to the homoconjugate 174 is strong, but leads to a
substantial shift in the correlation between molecular weight and diffusion rate relative to the
internal calibrants, leading to a significantly underestimated molecular weight for the ion-pair 174-
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[DBUH+]; (ii) an additional mass transport mechanism, other than translational self-diffusion,
selectively enhances the rate at which the ion-paired homoconjugate 174-[DBUH+] undergoes
translational motion in solution (i.e. ions are bound, but diffuse as if they were not); or (iii) the
DBUH+ cation and homoconjugate 174 are, in fact, only weakly associated, the phenolic
is influenced by

DBUH+

19F

shift

via non-specific medium effects, and the apparent equality of the

molecular weights of DBUH+ and p-F-PhOH at saturation is merely coincidental. It currently
remains unclear which – if indeed, any – of these tenuous rationales is correct.

Figure 3.82: Internally calibrated 1H DOSY NMR analysis of a sequentially diluted solution of [ nBu4N+][p-F-PhOH--p-FPhO-] 174-[nBu4N+] (0.025 M) + [DBUH+][PF6-] (1:1, 0.025 M) in MeCN-d3 (T = 293 K).
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4. Conclusions and Future Work
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4.1. Protective phase-transfer catalysis
4.1.1. Conclusions
Detailed kinetic, computational, spectroscopic, and crystallographic studies have led to the
development of a regioselective, organocatalytic methodology for the direct alkylation of simple
triazole anions. The methodology is practical, involves mild conditions (CH2Cl2, 30 °C), can be
performed without undertaking any precautionary measures to dry, degass, or otherwise specially
purify solvents, and employs reagents and catalysts (K +Trz−, [PMDBDH+][BPh4−]) that are trivial
to prepare. Using this methodology, 4-alkyl-1,2,4-triazoles (e.g., 125-N4) and 1-alkyl-1,2,3triazoles can be accessed from the parent anions and ubiquitous halide-based alkylating agents
in a single operation, without covalent pre-functionalisation, complementing the innate reactivity
of triazole anions.

Scheme 4.1: Mechanistic basis for non-covalent protecting strategy with 1,2,4-triazolate and PMDBDH+.

At the heart of this methodology is a novel concept – protective phase transfer catalysis – for
controlling the ambident reactivity of triazole anions, and hopefully, in time, other ambident
heterocycles. Under this regime, a bicyclic, diprotic amidinium (e.g., PMDBDH+) or guanidinium
(e.g., TBDH+) receptor serves both as a strongly coordinating phase-transfer catalyst and a noncovalent protecting group for triazolate anions (99, 112), promoting the formation of intimate ion
pairs (e.g., 136) in solution from weakly-soluble metal triazolate salts. Charge-assisted hydrogen
bonding between these catalysts and triazolate anions not only reinforces the stability of these
ion pairs, but also imparts a structural preference for complexation between directly adjacent pairs
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of nitrogen atoms (N1 and N-2). This regioselective hydrogen-bonding in turn modulates the
ambident reactivity of coordinated triazolate anions, leading to inverted alkylation selectivities in
the case of 1,2,4-triazole 98 and enhanced selectivities for 1,2,3-triazole 111. In kinetic terms, the
complexation of triazolate anions with bicyclic amidinium or guanidinium receptors suppresses
the reactivities of both the directly coordinated and remote nitrogens, but because complexation
is non-covalent only the directly coordinated sites are suppressed significantly; the uncoordinated
site retains much of its innate reactivity, and this – combined with a weakly insoluble reservoir of
triazole anions and apolar medium – is key to outstripping the background alkylation of the metal
triazolate salt.
Compelling evidence for a mechanism based on regioselective hydrogen-bonding was provided
by X-ray crystallographic analysis of crystalline [TBDH+Trz-] 135, [PMDBDH+Trz-] 136 and
[PMDBDH+123-Trz-] 147 but also by solution-phase studies on the prototypical N-benzylation of
1,2,4-triazole 98 under stoichiometric conditions. With normal organic bases – i.e., those devoid
of the key diprotic motif – the N-benzylation of 1,2,4-triazole 98 in MeCN was shown by 1H NMR
monitoring to proceed in the conventional fashion: N-1 alkylation is favoured over N-4 by ca 9 : 1,
the ratio of the regioisomeric products remains independent of conversion, and selectivity is
essentially independent of temperature over a moderate range (20 – 50 °C). End-point
experiments conducted under otherwise identical conditions showed that the selectivity of
alkylation was, furthermore, highly insensitive to both the ionising strength and hydrogen-bonding
donor/acceptor abilities of the solvent and to the identity of the halide leaving group, in accordance
with previous work. Thus, with the majority of bases the alkylation of 1,2,4-triazole – and its
regioisomer – proceeds entirely unremarkably, with the regioselectivity dictated by two competing
SN2 mechanisms under an activation-controlled regime. The stoichiometric N-benzylation of
1,2,4-triazole in MeCN with bicyclic, protic guanidines (e.g., TBD 132) or amidines (e.g., PMDBD
134), however, exhibits a fundamentally different kinetic signature: N-4 alkylation (e.g., 125-N4)
is either competitive with N-1 alkylation (e.g., 125-N1) or otherwise predominant, the ratio of the
regioisomeric products evolves with conversion, and selectivity varies significantly with
temperature. Higher conversions and lower temperatures favour N-4 alkylation, consistent with
the exothermic formation of a kinetically competent ion-pair that exhibits an inverted selectivity
profile relative to unbound triazole ions. Changes to the ionising strength of the solvent and the
identity of the nucleofuge also elicit shifts in selectivity consistent suggestive of ion pair formation,
with N-4 alkylation favoured by diffuse nucleofuges and apolar media with poor capacities for
hydrogen bond formation.
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4.1.2. Future Work
With the addition of this newly developed organocatalytic methodology, all but one of the four
regioisomers of N-alkyltriazoles can now be obtained with high selectivity by direct alkylation; the
selective N-2 alkylation of 1,2,3-triazole 111, however, remains an outstanding challenge on this
front.1 Unlike 1,2,4-triazole 98, the intrinsic reactivities of the N-1 and N-2 positions in the
unsubstituted 1,2,3-triazolate anion 112 are almost indistinguishable, and under conventional
conditions alkylation yields significant quantities of both regioisomers. Furthermore, regioselective
non-covalent protection of the N-1 and N-3 sites in 1,2,3-triazole 111 clearly poses a more difficult
challenge than analogous protection of the N-1 and N-2 positions in 1,2,4-triazole 98: in the latter,
the desired site of substitution is remote from the binding sites, but in the former, it is located
between them. The application of protective phase transfer catalysis to N-2 alkylation would
patently require the design and synthesis of a more elaborate catalytic receptor, capable of
selectively inhibiting reactivity at N-1 and N-3 on the one hand but preserving the innate reactivity
of the N-2 position on the other.
Drawing on the success of bicyclic amidinium and guanidinium receptors for the regioselective
binding of 1,2,4-triazolate 99, these catalytic receptors would presumably have to be cationic – or
else very strong hydrogen bond donors – but also sufficiently soluble in weakly polar halogenated
solvents and sufficiently basic to withstand deprotonation by triazolate anions. Selective binding
of the N-1 and N-3 sites – but not N-2 – would also presumably require the imposition of significant
conformational rigidity in the receptor. Superficially sensible receptors in this regard that might
also be amenable to ready synthesis (Figure 4.2) include analogues of the imidazolium-based
receptors for phosphate sensing developed, and reviewed, by Yoon,2-5 with appropriately
hydrophobic substituents to enhance solubility, or else penta-substituted guanidiniums such as
hypothetical.

Figure 4.2: Prospective receptors for controlling the ambident reactivity of the 1,2,3-triazolate anion.
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Binding in these particular complexes (190 – 194) are likely to be very far from optimum, but they
are at least representative of the classes of receptor that would possess the appropriate charge
states and acidities for binding triazole anions.
Extending the synthetic utility of protective phase transfer catalysis to ambident anions at large
presents an altogether greater challenge, and it remains unclear if this will ever be feasible in a
manner that is synthetically practical. Whilst recent – and past – advances in anion receptor
chemistry6-10 provide boundless sources of structural inspiration for the design of individual anion
receptors, controlling ambident reactivity appears never to have been given any serious
consideration in the field. Contemporary research has focused largely on anion sensing, anion
extraction, and biomimetic anion transport,8 as well as anion-binding organocatalysis,11-16 but in
each of these fields the global strength of anion binding, as well as the intermolecular selectivity
of a given receptor towards a given ion, are typically the parameters of primary concern.
Organocatalytic control of ambident anions, however, requires not only strong, selective binding
for a specific anion, but also intramolecular selectivity for specific sites within that anion –
especially when the innate reactivities of the competing sites are almost indistinguishable – and
the preservation of reactivity.

4.2. Azole-catalysed acyl transfer
4.2.1. Conclusions
A holistic mechanism for acyl transfer catalysis with azole anions has been assembled using the
catalytic aminolysis of p-fluorophenyl acetate (p-F-PhAc 160) as a prototypical system. In
accordance with preliminary reports, azole anions have been shown to expedite the aminolysis
of unactivated esters primarily – but not necessarily exclusively – by Lewis base n-π* catalysis,
with conventional in situ and variable-ratio stopped-flow 1H and 19F NMR spectroscopy providing
compelling evidence for the general intermediacy of N-acylated azoles I in these reactions. Whilst
all evidence points to a single overarching mechanism, a diverse array of limiting kinetic regimes
can nevertheless emerge under remarkably similar conditions, with the auxiliary base, reaction
medium, and azole all influencing the observed reaction evolution.
Under previously optimised conditions, with catalytic 1,2,4-triazole 98 and stoichiometric DBU
130, the kinetics of aminolysis in MeCN exhibits first order dependencies on the acyl acceptor (pF-BnNH2 170), acyl donor (p-F-PhAc 160), free auxiliary base (DBU) and the catalyst 98. Although
1-acetyl-1,2,4-triazole I-98 does not accumulate in spectroscopically detectable quantities during
turnover, evidence for its intermediacy is manifold: (i) the initial rate of aminolysis with 1,2,4triazole 98 and DBU 130 is orders of magnitude faster than with either component alone, despite
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the almost identical basicities of 1,2,4-triazolate 99 and DBU; (ii) aminolysis is profoundly inhibited
by the p-fluorophenol 172 liberated during turnover, with an inverse first-order dependence on its
total concentration; (iii) co-addition of 1,2,4-triazole 98 and DBU 130 – but not DBU in isolation –
catalyses isotopic scrambling between p-F-PhAc-d0 160-d0 and its α-perdeuterated isotopologue
160-d3, and the incorporation of [Ar-d1]-172 into p-F-PhAc 160, in the absence of competing p-FBnNH2 170; (iv) switching the reaction medium to THF, ceteris paribus, eliminates the inhibitory
influence of 172 and elicits a zeroth-order dependence on the acyl acceptor 170; and (v) replacing
1,2,4-triazole 98 and auxiliary DBU with catalytic n-tetrabutylammonium 1,2,4-triazolate 99[nBu4N+] alone affords a second-order dependence on the total catalyst concentration. The
intermediacy of 1-acetyl-1,2,4-triazole I-98 accounts for all these observations: the kinetics in
MeCN reflect a rapid but otherwise thermodynamically unfavourable pre-equilibrium between
1,2,4-triazolate 99 and 1-acetyl-1,2,4-triazole I-98, with rate-determining aminolysis of the
intermediate, whilst the saturation kinetics elicited in THF reflect a switch to rate-determining
intermediate formation. The second-order dependence on 99-[nBu4N+] observed in the absence
of auxiliary base, and the otherwise first-order dependences on both 1,2,4-triazole 98 and DBU
130 in MeCN, suggests that the aminolysis of 1-acetyl-1,2,4-triazole I-98 is itself subject to
Bronsted base catalysis, a hypothesis that was confirmed by stopped-flow 1H and

19F

NMR

monitoring experiments with independently synthesised I-98. No evidence for the secondary
acetylation of DBU was observed, consistent with the almost identical rates of turnover observed
upon replacing DBU with the significantly more nucleophilic DBN.
Under otherwise identical conditions in MeCN, exchanging 1,2,4-triazole 98 for pyrazole 154-H
results in spectroscopically detectable accumulations of N-acetyl pyrazole I-154 during turnover
and qualitatively different global kinetics – including reduced product inhibition – consistent with
the shift in catalyst speciation. The initial rate of aminolysis is significantly suppressed relative to
catalysis with 1,2,4-triazole 98, but the differing degrees of product inhibition complicate direct
comparisons of “catalytic activity”, especially at high conversions. Changes to the relative
loadings of the acyl donor 160 and acceptor 170 have predictable influences on the accumulation
of the N-acetylated intermediate I-154; in contrast, changes to the concentration of the auxiliary
base affect the rate of aminolysis but not the catalyst speciation, apparently suggesting that the
formation, phenolysis and aminolysis are all Brønsted base-catalysed (by DBU).
Aside from providing direct spectroscopic evidence for the intermediacy of N-acylated azoles, the
in situ observation of N-acetyl pyrazole I-154 during turnover enabled a detailed analysis of the
two key steps underpinning catalysis. Variable-temperature stopped-flow 1H NMR monitoring
showed that the formation and aminolysis of I-154 exhibit disparate temperature-dependencies –
despite both being formally termolecular, Brønsted-base catalysed aminolyses – suggesting that
the rate-determining transition states for each individual step are not directly analogous. The
formation of N-acetyl pyrazole I-154 is enthalpically-activated and thus moderately sensitive to
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temperature, but the barrier to its aminolysis is almost completely entropic in origin; the
consequence, perhaps surprisingly, is an increase in the maximal population of N-acetyl pyrazole
I-154 at higher temperatures, in addition to modestly elevated rates of amide (p-F-BnNHAc 171)
formation. The difference in the activation parameters – especially the entropies of activation –
as well as the relative acidities of pyrazole 154-H and p-F-BnNH2 170, are qualitatively consistent
with two distinct mechanisms for aminolysis, including: (i) a pre-equilibrium mechanism for the
pyrazolysis of p-F-PhAc 160, in which the base (DBU) is engaged, and subsequently liberated as
its conjugate acid, to generate the reactive pyrazolate anion 154-[DBUH+] prior to C – N bond
formation; and (ii) a stepwise or pre-associative mechanism for the aminolysis of N-acetyl
pyrazole I-154, in which the base (DBU) is involved during – or after – C–N bond formation, and
intimately associated with the acyl acceptor 170 in the rate-determining transition state. Trends
in the catalytic kinetics and pyrazole speciation with different auxiliary bases support this
distinction, with strong but sterically encumbered bases capable of efficiently catalysing the
formation – but not the aminolysis – of N-acetyl pyrazole I-154, and bifunctional bases
disproportionately enhancing the rate of aminolysis; enthalpic transition state stabilisation
implicates tautomeric catalysis in the latter case.

Figure 4.3: A generalised microscopic mechanism for azole-catalysed aminolysis of a phenyl acetate E (e.g. p-F-PhAc
160) with a primary amine A (e.g., p-F-BnNH2 170) and strong auxiliary base B (e.g., DBU 130).

Experimental and computed

12C/13C

and

14N/15N

kinetic isotope effects measured for the

prototypical 1,2,4-triazole-catalysed aminolysis of p-F-PhAc 160 with p-F-BnNH2 170/DBU 130 in
MeCN suggest that proton transfer to DBU and/or mass transport may be kinetically competitive
with elimination of 1,2,4-triazolate 99 in the aminolysis of the N-acetylated intermediate (1-acetyl-
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1,2,4-triazole I-98), but that amine addition is rapid and reversible. The observed KIEs are also
formally consistent with a single rate-determining transition state in which proton transfer to DBU
and elimination occur in concert, but they appear inconsistent with any rate-determining transition
state in which bond formation to the acyl acceptor is not complete. In contrast, the

14N/15N

KIE

observed for pyrazole-catalysed aminolysis under otherwise identical conditions suggests that
elimination is fully rate-determining, in turn implying that the free energy landscape must be
relatively flat for the DBU-catalysed aminolysis of N-acylated adducts of moderately acidic azoles.
Although perennial deficiencies in the theoretical treatment of solvation – and entropies – leave
significant room for ambiguity, ab initio computations indicate that tetrahedral zwitterions II
generated from the addition of even highly nucleophilic amines (i.e., p-F-BnNH2) to both 1-acetyl1,2,4-triazole I-98 and N-acetyl pyrazole I-154 – and N-acetylated azoles of intermediate
character – ought to be extremely unstable in MeCN, to the point that amine addition must
proceed, on account of microscopic reversibility, by a pre-associative mechanism.
Kinetic studies of aminolysis with an expansive range of azoles (ca 9 pKa units) under
standardised conditions suggest that catalytic efficiency is profoundly influenced by the identity
of the azole, with phenomenologically optimum catalysis arising with azoles of intermediate
acidity. Under standard catalytic conditions in MeCN, phenomenological catalytic activity – as
measured by the substrate half-life – was found to increase systematically from benzotriazole
155-H to 4-CF3-pyrazole 186b-H, as observed by Birman; for these azoles the N-acetylated
adduct I exists in a rapid but otherwise unfavourable pre-equilibrium with the azolate salt, so the
increased activity arises because of enhanced Lewis basicity, rather than changes to the acidity
of the azole per se. The result of increasing the Lewis basicity of the catalyst is a progressive
alleviation of product inhibition and the eventual spectroscopic emergence of the N-acetylated
azole I during turnover. Further reductions to the acidity of the azole, however, result first in
diminishing returns and subsequently in deteriorations in catalytic activity as the system enters a
saturation regime; in the limit, the catalyst speciation becomes dominated by the N-acetylated
azole I, and decreasing the acidity of azole further serves only to impede turnover by reducing
the the susceptibility of the intermediate I to aminolysis. Again, it is not the azole acidity per se
that slows catalysis in this regime – in the presence of auxiliary DBU, the N-acylated intermediate
I was formed rapidly for all the azoles studied, even the least acidic – but the fact that azole acidity
is intimately correlated with the reactivity of the N-acylated intermediate I towards nucleophiles.
The same correlation holds under the regime of a rapid pre-equilibrium, but in this case any
enhancement in Lewis basicity more than offsets the concomitant reduction in the reactivity of the
N-acylated intermediate I.
For azoles of moderate and weak acidity, the formation, phenolysis and aminolysis of the Nacetylated intermediate I appear to be kinetically competitive under standard catalytic conditions
in MeCN, precluding simplistic assignments of a rate-determining intermediate and transition
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state but enabling a kinetic deconvolution of the individual steps. Amongst these azoles, a subset
of 4-substituted pyrazoles bearing π-donating substituents (variously substituted aryl groups or
halides) proved most informative. Within this homogeneous subset of azoles, the correlation
between acidity (pKa) and Lewis basicity (log10(K1)) was found to be highly linear, yet distinctive
curvature was rendered apparent in the correlation between pKa and the rate constant for the
DBU-catalysed aminolysis of the corresponding N-acetylated intermediate I (log10(k2)). Curved
Brønsted plots of this form are conventionally indicative of a change in the rate-determining
transition state for multi-step reactions, and in the context of general-base catalysed aminolysis
they have previously been interpreted17, 18 as the result of a gradual change from rate-determining
elimination to rate-determining proton transfer. As the limiting slope for the least acidic azoles in
the Brønsted plot was found to approach a value of -1.0, we favour this interpretation here also.
Synthetically pertinent conclusions from this study include the following: (i) azoles are broadly
effective in catalysing the aminolysis of unactivated esters in the presence of strong auxiliary
bases, and presumably therefore in catalysing various other acyl transfers with conventionally
weak acyl donors; (ii) under such conditions, azoles facilitate acyl transfer primarily by Lewis base
n-π* catalysis, providing opportunities for the development of enantioselective processes via the
design of chiral azoles; (iii) azole acidity, Lewis basicity, and nucleofugality are intimately
correlated, so changing the acidity of the azole catalyst can influence catalytic efficiency in various
ways; (iv) making even modest changes to the structure of the azole catalyst may lead to profound
changes in catalyst speciation, with the corollary that optimum conditions for outcompeting
uncatalysed background reactions may differ from azole to azole; and (v) as apparently minor
changes to azole acidity, auxiliary base structure, and the reaction medium can elicit significant
changes in catalyst speciation and product inhibition, coarse assessments of catalytic efficiency
across different conditions – on the basis, for example, of substrate half-lives – can potentially be
very misleading.

4.2.2. Future Work
Whilst the general mechanistic features of azole-catalysed acyl transfers have been elucidated
under a range of conditions, ambiguities surrounding the exact nature key transition states
remain. Detailed studies of prototypical systems by LFERs, heavy atom KIEs, and Eyring
analyses have suggested that proton transfer and/or mass transport may be kinetically significant
for certain azoles, for example, but without comparable data for a wide range of azole catalysts it
is hard to assess the robustness of this conclusion.
The systematic measurement of carbonyl

12C/13C

KIEs and nucleophile

14N/15N

KIEs across a

whole series of azole catalysts, and auxiliary bases, could well prove fruitful in this regard -
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provided due attention was paid to kinetic complexities and catalyst speciation. As intermediate
formation, phenolysis and aminolysis appear to be kinetically competitive for certain azoles under
the conditions employed in this work, the measurement of competitive

12C/13C

KIEs especially

would have to be undertaken with particular care; to circumvent such problems, isotope effects
could be measured under stoichiometric conditions using independently synthesised N-acetylated
azoles.
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Chapter 5

5. Experimental Methods
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5.1. General Experimental Methods
5.1.1. NMR Spectroscopy
Unless otherwise stated, all 1H, 2H, 13C{1H}, 11B, 15N{1H}, 19F, 29Si and 31P NMR spectra obtained
for characterisation were acquired on a Bruker Ascend 400 MHz NMR spectrometer fitted with a
broadband direct-detect Cryoprobe Prodigy unit at 300 K (27 °C) (1H 400 MHz; 2H 61 MHz; 13C{1H}
101 MHz; 11B 126 MHz; 15N{1H} 41 MHz; 19F 377 MHz; 29Si 80 MHz; 31P 162 MHz). All 1H chemical
shifts are quoted in parts per million (ppm) relative to the residual solvent peak: MeCN-d2 (δH =
1.97 ppm) , DMSO-d5 (δH = 2.50 ppm), CHCl3 (δH = 7.26 ppm) CDHCl2 (δH = 5.32 ppm), Me2COd5 (δH = 2.05 ppm), MeOD-d3 (δH = 4.87 ppm), HDO (δH = 4.79 ppm). All 13C chemical shifts are
quoted in parts per million (ppm) relative to the deuterated solvent peak: MeCN-d3 (δC = 118.3
ppm), DMSO-d6 (δC = 39.5 ppm), CDCl3 (δC = 77.2 ppm) CD2Cl2 (δC = 53.8 ppm), Me2CO-d6 (δC
= 29.8 ppm), MeOD-d4 (δC = 49.0 ppm). All 13C{1H} resonances are assumed to be singlets unless
otherwise stated.
All coupling constants, J, are quoted in Hz; coupling constants that did not match as a result of
digitisation are reported as rounded averages. Multiplicities arising from coupling to spin ½ nuclei
are indicated as s (singlet), brs (broad singlet), d (doublet, 1:1), brd (broad doublet, 1:1), t (triplet,
1:2:1), q (quartet, 1:3:3:1), quint. (quintet, 1:4:6:4:1), sext. (sextet, 1:5:10:10:5:1), sept. (septet,
1:6:15:20:15:6:1), m (multiplet), or combinations thereof. Multiplicities arising from coupling to
quadrupolar nuclei are indicated explicitly by the splitting and relative intensities of the individual
peaks, e.g. 1:1:1 t (triplet, I = 1), 1:1:1:1 q (quartet, I = 3/2). Where necessary, 1H and

13C{1H}

NMR assignments were confirmed using a combination of 2D 1H correlated spectroscopy
(COSY), 2D 1H−13C heteronuclear multiple-bond correlation spectroscopy (HMBC), 2D 1H−13C
heteronuclear single quantum coherence (HSQC) and computational prediction (KS-DFT;
GIAO/PBE0+GD3BJ/6-311+G(2d,p)/IEFPCM//PBE0+GD3BJ/6-311+G(d,p)/IEFPCM). All NMR
spectra were analysed with Mestrenova (Version 11).

5.1.2. Chromatography
Analytical thin-layer chromatography was performed on precoated aluminium-backed plates
(Silica Gel 60 F254; Merck), and visualisation was achieved using ultraviolet light (254 nm) and/or
staining with either aqueous basic potassium permanganate (KMnO 4) solution or ethanolic
phosphomolybdic acid followed by heating. Column chromatography was performed using
Geduran® Silica Gel 60 (40-63 μm; Merck).
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5.1.3. Reagents and Solvents
Unless stated otherwise, reagents were purchased from commercial sources (Sigma Aldrich, Alfa
Aesar, Acros Organics or Fluorochem) at the highest available grade, and were used without
purification. All internal standards used for kinetic monitoring experiments and other quantitative
purposes were of > 99% purity.
Anhydrous ethereal solvents (THF, Et2O) were obtained by passing solvent through a column of
anhydrous alumina using an Anhydrous Engineering Grubbs-type system and storing over 3 Å
molecular sieves. Anhydrous non-ethereal organic solvents (MeCN, MeCN-d3, CH2Cl2, CD2Cl2,
CHCl3, CDCl3, MeOH, MeOD-d4, DMSO, DMSO-d6, Me2CO, Me2CO-d6) were obtained by drying
over activated 3 Å molecular sieves for > 48 h. Molecular sieves were activated by heating in
vacuo (220 °C, 0.8 mbar) for > 16 h. All aqueous solutions were prepared with deionised H2O.
The removal of organic solvents in vacuo was typially achieved using rotary evaporator with a
water bath set to 40 ₒC; higher temperatures (up to 60 °C) were applied only for less volatile
solvents (e.g., PhMe, H2O).

5.1.4. Infrared spectroscopy
Infrared (IR) spectra of neat compounds were recorded over the range 4000-400 cm−1 using a
Bruker ALPHATM ATR-FTIR spectrometer; peaks are reported in cm−1. Only characteristic peaks
are reported.

5.1.5. Mass spectrometry
Electron impact (EI+) spectra were recorded on a ThermoElectron MAT 900 mass spectrometer
using a double focusing sector field mass analyser. Electrospray ionisation (ESI+) spectra were
recorded on a Bruker ESI Micro-Tof mass spectrometer using a time-of-flight mass analyser. Data
are reported in the form of m/z.

5.1.6. Melting points
Melting points (mp) were determined on a Griffin capillary apparatus in capillary melting point
tubes and are uncorrected.
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5.1.7. Air-Sensitive Reactions
Air-sensitive synthetic procedures were performed under an atmosphere of anhydrous nitrogen
gas (N2) using standard Schlenk techniques, on a vacuum line attached to a double manifold
equipped with an oil pump (0.8 mbar). Glassware used for such procedures was oven dried (220
ₒC)

for at least 16 h, and immediately (< 20 s) placed under high vacuum to cool once removed

from the oven. Degassed organic solvents were prepared in Strauss flasks by standard freezepump-thaw procedures (> 3 cycles); degassed H 2O was prepared in a Schlenk flask by purging
thoroughly with a continuous stream of N2 for > 24 h.

5.1.8. Miscellaneous
Room temperature (rt) refers to 20 ± 2 °C. Temperatures of −20 °C to 0 °C for overnight reactions
were obtained using an immersion cooler (LabPlant AP100). Reactions involving heating (> 22
°C) were performed using DrySyn blocks and a contact thermocouple (vials) or a silicone oil bath
(Schlenk flasks, round-bottomed flasks).
All glass microsyringes were cleaned (internal barrel, needle and plunger) as soon as possible
after use, using a sequence of HCl (2 M), H2O, MeOH and Me2CO, and dried in vacuo overnight;
all volumetric glassware was cleaned using the same sequence of washes, but dried at ambient
temperature. Schott reagents bottles for stopped-flow NMR experiments were cleaned similarly
and oven-dried (220 °C, > 24 h). NMR tubes containing exclusively organic samples were cleaned
using a sequence of H2O, MeOH and Me2CO, and dried in vacuo. NMR tubes contaminated with
solid residues that proved unsusceptible to this routine were subject to preliminary cleaning with
aqua regia (3:1 HCl: HNO3), followed by the standard protocol.
Schlenk flasks used for Pd-catalysed Suzuki-Miyaura couplings were cleaned with aqueous HNO3
(3 M), KOH (1 M) in iPrOH:H2O (9:1), H2O, Me2CO, and then oven dried (220 °C, > 24 h); magnetic
stirrers were cleaned with HNO3 (3 M), H2O, Me2CO and oven-dried (220 °C, > 24 h). All NMR
tubes used to analyse crude products generated by Pd-catalysed Suzuki-Miyaura couplings were
subject to preliminary cleaning with aqua regia, irrespective of their physical appearance.
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5.2. Protective Phase-Transfer Catalysis
5.2.1. Synthetic Procedures: N-Alkyl Triazoles
145a-N4

Potassium 1,2,4-triazolate 99-K (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic [PMDBDH+BPh4-]
139 (0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH 2Cl2 (5 mL), and the
resulting suspension was stirred for 10 min under ambient conditions (rt, air); 4-fluorobenzyl
bromide 144a (1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension as a solution
in CH2Cl2. The fully assembled suspension was subsequently stirred vigorously for a further 48 h
at 30 °C. After this time the suspension was filtered, the CH2Cl2 solvent evaporated under reduced
pressure and the crude product purified by flash column chromatography (silica, EtOAc:MeOH,
75:25, Rf = 0.37) to yield a white crystalline solid (0.152 g, 86 %, m.p. 99 – 101 °C, [M] = C9H8FN3).
H NMR (400 MHz, CDCl3) δH / ppm: 5.16 (2H, s, C(2)H2), 6.91 – 7.13 (2H, m, C(5)H), 7.13 –

1

7.23 (2H, m, C(4)H), 8.14 (2H, s, C(1)H).
C NMR (101 MHz, CDCl3) δC / ppm: 48.4 (C2), 116.5 (d, 2JC-F = 21.9 Hz, C5), 129.7 (d, 3JC-

13

F = 8.4 Hz, C4), 130.2 (d, 4JC-F = 3.4 Hz, C3), 142.8 (C1), 163.0 (d, 1JC-F = 248.8 Hz, C6).
F NMR (377 MHz, CDCl3) δF / ppm: -112.18 (m).

19

HRMS (ESI+): [MH]+ Found 178.07750; Required 178.07750 (0 ppm).
IR υfilm / cm-1: 3124, 2996, 2956, 2923, 1603, 1529, 1505, 1455, 1445, 1381, 1329, 1210, 1161,
1074, 970.
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145b-N4

Potassium 1,2,4-triazolate 99-K (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic catalytic
[PMDBDH+BPh4-] 139 (0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH 2Cl2 (5
mL), and the resulting suspension was stirred for 10 min under ambient conditions (rt, air); 2(bromomethyl)naphthalene 144b (1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this
suspension as a solution in CH2Cl2. The fully assembled suspension was subsequently stirred
vigorously for a further 48 h at 30 °C. After this time the suspension was filtered, the CH 2Cl2
solvent evaporated under reduced pressure and the crude product purified by flash column
chromatography (silica, EtOAc:MeOH, 75:25, Rf = 0.43) to yield a white crystalline solid (0.163 g,
78 %, m.p. 172 – 174 °C, [M] = C13H11N3).
H NMR (400 MHz, CDCl3) δH / ppm: 5.34 (2H, s, C(2)H2), 7.27 (1H, dd, J = 8.5, 1.9 Hz, Ar-H),

1

7.51 – 7.56 (2H, m, Ar-H), 7.64 (1H, s, Ar-H), 7.78 – 7.91 (3H, m, Ar-H), 8.22 (2H, s, C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 49.4 (C2), 124.8 (Ar), 127.0 (Ar), 127.1 (Ar), 127.2 (Ar),

13

128.0 (Ar), 129.6 (Ar), 131.6 (Ar), 133.3 (Ar), 143.1 (C1).
HRMS (ESI+): [MH]+ Found 210.10390; Required 210.10257 (1.33 ppm).
IR υfilm / cm-1: 3088, 3054, 1600, 1526, 1507, 1442, 1379, 1322, 1191, 1122, 1075, 978.
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145c-N4

Potassium 1,2,4-triazolate 99-K (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic catalytic
[PMDBDH+BPh4-] 139 (0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH 2Cl2 (5
mL), and the resulting suspension was stirred for 10 min under ambient conditions (rt, air);
cinnamyl bromide 144c (1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension as
a solution in CH2Cl2. The fully assembled suspension was subsequently stirred vigorously for a
further 48 h at 30 °C. After this time the suspension was filtered, the CH 2Cl2 solvent evaporated
under reduced pressure and the crude product purified by flash column chromatography (silica,
EtOAc:MeOH, 75:25, Rf = 0.40) to yield a white crystalline solid (0.137 g, 74 %, m.p. 92 – 94 °C,
[M] = C11H11N3).
H NMR (400 MHz, CDCl3) δH / ppm: 4.79 (2H, dd, J = 6.4, 1.5 Hz, C(2)H2), 6.26 (1H, dt, J = 15.9,

1

6.4 Hz, C(3)H), 6.60 (1H, dt, J = 15.9, 1.5 Hz, C(4)H), 7.09 – 7.55 (5H, m, Ar-H), 8.21 (2H,
s,C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 47.4 (C2), 121.6 (C3), 126.8 (C6), 128.9 (C7), 129.0

13

(C8), 135.2 (C5), 135.5 (C4), 142.8 (C1).
HRMS (ESI+): [MH]+ Found 186.10310; Required 186.10257 (0.53 ppm).
IR υfilm / cm-1: 3108, 3025, 2927, 2852, 1531, 1512, 1449, 1435, 1360, 1177, 1062, 969.
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145d-N4

Potassium 1,2,4-triazolate 99-K (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic catalytic
[PMDBDH+BPh4-] 139 (0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH 2Cl2 (5
mL), and the resulting suspension was stirred for 10 min under ambient conditions (rt, air); allyl
bromide 144d (1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension as a solution
in CH2Cl2. The fully assembled suspension was subsequently stirred vigorously for a further 48 h
at 30 °C. After this time the suspension was filtered, the CH2Cl2 solvent evaporated under reduced
pressure and the crude product purified by flash column chromatography (silica, EtOAc:MeOH,
75:25, Rf = 0.34) to yield a pale yellow oil (0.095g, 88 %, [M] = C5H7N3).
H NMR (400 MHz, CDCl3) δH / ppm: 4.63 (2H, dt, J = 5.9, 1.5 Hz, C(2)H), 5.24 (1H, dt, J = 17.1,

1

1.7 Hz, C(4)Htrans), 5.36 (1H, dt, J = 10.2, 1.7 Hz, C(4)Hcis), 5.95 (1H, ddt, J = 17.1, 10.2, 5.9 Hz,
C(3)H), 8.14 (2H, s, C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 47.6 (C2), 120.2 (C4), 131.2 (C3), 142.8 (C1).

13

HRMS (ESI+): [MH]+ Found 110.07100; Required 110.07127 (-0.27 ppm).
IR υfilm / cm-1: 3107, 2928, 1646, 1530, 1181, 1456, 1422, 1181, 1074, 990, 975, 938.

- 280 -

145e-N4

Potassium 1,2,4-triazolate 99-K (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic catalytic
[PMDBDH+BPh4-] 139 (0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH2Cl2 (5
mL), and the resulting suspension was stirred for 10 min under ambient conditions (rt, air); 3,3dimethylallyl bromide 144e (1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension
as a solution in CH2Cl2. The fully assembled suspension was subsequently stirred vigorously for
a further 48 h at 30 °C. After this time the suspension was filtered, the CH2Cl2 solvent evaporated
under reduced pressure and the crude product purified by flash column chromatography (silica,
EtOAc:MeOH, 75:25, Rf = 0.43) to yield a pale yellow oil (0.108 g, 79 %, [M] = C 7H11N3).
H NMR (400 MHz, CDCl3) δH / ppm: 1.78 (3H, s, CH3), 1.81 (3H, s, CH3), 4.58 (2H, d, J = 7.3

1

Hz, C(2)H2), 5.36 (1H, m, C(3)H), 8.12 (2H, s, C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 18.2 (C6), 25.8 (C5), 43.1 (C2), 117.1 (C3), 140.5 (C4),

13

142.6 (C1).
HRMS (ESI+): [MH]+ Found 138.10290; Required 138.10257 (0.33 ppm).
IR υfilm / cm-1: 3105, 2972, 2916, 2861, 1674, 1529, 1451, 1379, 1319, 1174, 1073, 976.
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145f-N4

Potassium 1,2,4-triazolate 99-K (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic catalytic
[PMDBDH+BPh4-] 139 (0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH 2Cl2 (5
mL), and the resulting suspension was stirred for 10 min under ambient conditions (rt, air);
propargyl bromide 144f (1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension as
a solution in CH2Cl2. The fully assembled suspension was subsequently stirred vigorously for a
further 48 h at 30 °C. After this time the suspension was filtered, the CH 2Cl2 solvent evaporated
under reduced pressure and the crude product purified by flash column chromatography (silica,
EtOAc:MeOH, 75:25, Rf = 0.43) to yield a pale yellow crystalline solid (0.097 g, 80 %, m.p. 64 –
66 °C, [M] = C6H7N3).
H NMR (400 MHz, CDCl3) δH / ppm: 1.87 (3H, t, J = 2.5 Hz, C(5)H3), 4.75 (2H, q, J = 2.5 Hz,

1

C(2)H2), 8.25 (2H, s, C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 3.6 (C5), 35.5 (C2), 70.5 (C3), 84.4 (C4), 142.4 (C1).

13

HRMS (ESI+): [MH]+ Found 122.07160; Required 122.07127 (0.33 ppm).
IR υfilm / cm-1: 3111, 2970, 2921, 2851, 2304, 2237, 1537, 1523, 1464, 1445, 1388, 1338, 1178,
1144, 1077, 964.
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145g-N4

Potassium 1,2,4-triazolate (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic [PMDBDH+BPh4-] 139
(0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH 2Cl2 (5 mL), and the resulting
suspension was stirred for 10 min under ambient conditions (rt, air); 1-bromopinacolone 144g
(1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension as a solution in CH 2Cl2.
The fully assembled suspension was subsequently stirred vigorously for a further 48 h at 20 °C.
After this time the suspension was filtered, the CH2Cl2 solvent evaporated under reduced pressure
and the crude product purified by flash column chromatography (silica, EtOAc:MeOH, 75:25, Rf
= 0.34) to yield a white crystalline solid (0.124 g, 74 %, m.p. 174 – 177 °C, [M] = C8H13N3O).
H NMR (400 MHz, CDCl3) δH / ppm: 1.27 (9H, s, C(5)H3), 5.03 (2H, s, C(2)H2), 8.10 (2H, s,

1

C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 26.3 (C5), 43.6 (C4), 48.8 (C2), 143.5 (C1), 206.0 (C3).

13

HRMS (ESI+): [MH]+ Found 168.11290; Required 168.11314 (-0.24 ppm).
IR υfilm / cm-1: 3095, 3044, 2968, 2869, 1713, 1537, 1479, 1459, 1383, 1364, 1229, 1194, 1080,
1064, 1015, 969.

- 283 -

145h-N4

Potassium 1,2,4-triazolate 99-K (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic [PMDBDH+BPh4-]
139 (0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH 2Cl2 (5 mL), and the
resulting suspension was stirred for 10 min under ambient conditions (rt, air); methyl
bromoacetate 144h (1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension as a
solution in CH2Cl2. The fully assembled suspension was subsequently stirred vigorously for a
further 48 h at 20 °C. After this time the suspension was filtered, the CH 2Cl2 solvent evaporated
under reduced pressure and the crude product purified by flash column chromatography (silica,
EtOAc:MeOH, 75:25, Rf = 0.40) to yield a white crystalline solid (0.109 g, 77 %, m.p. 80 – 82 °,
[M] = C5H7N3O2).
H NMR (400 MHz, CDCl3) δH / ppm: 3.83 (3H, s, C(4)H3), 4.81 (2H, s, C(2)H2), 8.21 (2H, s,

1

C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 46.0 (C2), 53.4 (C4), 143.3 (C1), 166.7 (C3).

13

HRMS (ESI+): [MH]+ Found 142.06090; Required 142.06110 (-0.20 ppm).
IR υfilm / cm-1: 3115, 3095, 2992, 2955, 1729, 1537, 1520, 1459, 1416, 1351, 1215, 1188, 1071,
989, 965.
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146a-N1

Potassium 1,2,3-triazolate 112-K (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic [PMDBDH+BPh4-]
139 (0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH 2Cl2 (5 mL), and the
resulting suspension was stirred for 10 min under ambient conditions (rt, air); 4-fluorobenzyl
bromide 144a (1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension as a solution
in CH2Cl2. The fully assembled suspension was subsequently stirred vigorously for a further 48 h
at 30 °C. After this time the suspension was filtered, the CH2Cl2 solvent evaporated under reduced
pressure and the crude product purified by flash column chromatography (silica, EtOAc, Rf = 0.44)
to yield a white crystalline solid (0.159 g, 90 %, m.p. 42 – 44 °C, [M] = C9H8FN3).
H NMR (400 MHz, CDCl3) δH / ppm: 5.55 (2H, s, C(3)H2), 7.03 – 7.10 (2H, m, C(6)H), 7.24 –

1

7.31 (2H, m, C(5)H), 7.50 (1H, d, J = 1.0 Hz, C(2)H), 7.72 (1H, d, J = 1.0 Hz, C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 53.3 (C3), 116.2 (d, 2JC-F = 21.7 Hz, C6), 123.3 (C2),

13

130.0 (d, 3JC-F = 8.4 Hz, C5), 130.7 (d, 4JC-F = 3.4 Hz, C4), 134.4 (C1), 162.9 (d, 1JC-F = 248.1
Hz, C7).
F NMR (377 MHz, CDCl3) δF / ppm: -112.8 (m).

19

HRMS (ESI+): [MH]+ Found 178.07970; Required 178.07750 (1.20 ppm).
IR υfilm / cm-1: 3132, 3104, 2354, 1606, 1509, 1486, 1438, 1222, 1212, 1075.
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146g-N1

Potassium 1,2,3-triazolate 112-K (0.129 g, 1.2 mmol, 1.2 equiv.) and catalytic [PMDBDH+BPh4-]
139 (0.053 g, 0.10 mmol, 10 mol%) were suspended in anhydrous CH 2Cl2 (5 mL), and the
resulting suspension was stirred for 10 min under ambient conditions (rt, air); 1-bromopinacolone
144g (1.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension as a solution in
CH2Cl2. The fully assembled suspension was subsequently stirred vigorously for a further 48 h at
20 °C. After this time the suspension was filtered, the CH 2Cl2 solvent evaporated under reduced
pressure and the crude product purified by flash column chromatography (silica, EtOAc, Rf = 0.44)
to yield a white crystalline solid (0.142 g, 85 %, m.p. 92 – 94 °C, [M] = C8H13N3O).
H NMR (400 MHz, CDCl3) δH / ppm: 1.28 (9H, s, C(6)H3), 5.41 (2H, s, C(3)H2), 7.63 (1H, d, J =

1

1.0 Hz, C(2)H), 7.73 (1H, d, J = 1.0 Hz, C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 26.3 (C6), 43.8 (C5), 53.5 (C3), 125.3 (C2), 134.1 (C1),

13

206.1 (C4).
HRMS (ESI+): [MH]+ Found 168.11350; Required 168.11314 (0.36 ppm).
IR υfilm / cm-1: 3102, 2976, 1716, 1479, 1365, 1341, 1291, 1219, 1062, 1036, 1014.
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146i-N1

Potassium 1,2,3-triazolate 112-K (0.258 g, 2.4 mmol, 1.2 equiv.) and catalytic [PMDBDH+BPh4-]
139 (0.216 g, 0.40 mmol, 20 mol%) were suspended in anhydrous CH 2Cl2 (5 mL), and the
resulting suspension was stirred for 10 min under ambient conditions (rt, air); ethyl iodide 144i
(2.0 mmol, 1.0 equiv., 0.20 M) was then dispensed to this suspension as a solution in CH 2Cl2.
The fully assembled suspension was subsequently stirred vigorously for a further 48 h at 40 °C.
After this time the suspension was filtered, the CH2Cl2 solvent evaporated under reduced pressure
and the crude product purified by flash column chromatography (silica, EtOAc, Rf = 0.34) to yield
a pale yellow oil (0.173 g, 89 %, [M] = C4H7N3).
H NMR (400 MHz, CDCl3) δH / ppm: 1.56 (3H, t, J = 7.4 Hz, C(4)H3), 4.44 (2H, q, J = 7.4 Hz,

1

C(3)H2), 7.55 (1H, d, J = 1.0 Hz, C(2)H), 7.70 (1H, d, J = 1.0 Hz, C(1)H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 15.7 (C4), 45.3 (C3), 122.7 (C2), 134.0 (C1).

13

HRMS (ESI+): [MH]+ Found 98.07050; Required 98.07127 (-0.77 ppm).
IR υfilm / cm-1: 3123, 2984, 2942, 1640, 1466, 1444, 1284, 1223, 1206, 1115, 1066.
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5.2.2. Synthetic Procedures: Triazolate Salts
99-M

1,2,4-Triazole 98 or 1,2,3-triazole 111 (2.0 g, 28.9 mmol, 1.05 equiv.) and metal (Li+, Na+, K+, Cs+)
hydroxide (27.5 mmol, 1.00 equiv.) were dissolved in H2O (7 ml) and dispensed to a flask with
PhMe (70 mL). The salt was dried azeotropically for 16 h using a standard Dean-Stark apparatus
and the PhMe solvent subsequently removed under reduced pressure. The crude solid was
suspended in anhydrous THF, triturated to remove the small excess of 1,2,4-triazole and filtered
to afford a white crystalline solid, which was then dried in vacuo for 24 h at 40 °C.

99-[nBu4N+]

1,2,4-Triazole 98 (0.691 g, 10.0 mmol) and tetra-n-butylammonium hydroxide 30-hydrate
(nBu4N(OH).30H2O; 8.00 g, 10.0 mmol) were dissolved in MeOH (50 mL), and the resulting
solution was stirred under ambient conditions for 15 min. After this time the solvent was removed
under reduced pressure to afford a viscous, colourless oil; the oily residue was suspended in
PhMe (150 mL) and dried azeotropically using a standard Dean-Stark apparatus. The PhMe
solvent was then removed under reduced pressure (20 mbar, 50 °C) to afford a viscous oil, which
crystallised spontaneously upon cooling to room temperature to afford a pale yellow solid. The
salt was dried vigorously in vacuo for 72 h (0.8 mbar, 50 °C) and then transferred to a nitrogenfilled glovebox for storage and handling.
H NMR (400 MHz, DMSO-d6) δH / ppm: 0.93 (12H, t, J = 7.4 Hz, C(1)H3), 1.31 (8H , sext., J =

1

7.4 Hz, C(2)H2), 1.50 – 1.64 (8H, m, C(3)H2), 3.11 – 3.24(8H, m, C(4)H2), 7.54 (2H, s, [C5]-H).
C NMR (101 MHz, DMSO-d6) δC / ppm: 13.4 (C1), 19.2 (1:1:1 t, 3JC-N = 1.5 Hz, C2), 23.1 (C3),

13

57.5 (1:1:1 t, 1JC-N = 2.7 Hz, C4), 148.9 (C5).
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5.2.3. Synthetic Procedures: Amidinium and Guanidinium Salts
[PMDBDH+][BPh4-] 139

An aqueous solution of sodium tetraphenylborate (2.4 g, 7.0 mmol, 0.140 M) was added to a
solution of 3,3,6,9,9-pentamethyl-2,10-diazabicyclo[4.4.0]dec-1-ene (PMDBD, 1.50 g, 7.2 mmol,
0.144 M) in 10 % HCl(aq)., immediately affording a white precipitate. The resulting suspension was
stirred vigorously for 1 h under ambient conditions and then filtered. The crude precipitate was
washed extensively with H2O and dried in vacuo for 24 h at 40 °C. No further purification was
required (3.03 g, 82 %, m.p. 220 – 225 °C).
H NMR (400 MHz, DMSO-d6) δH / ppm: 1.25 (s, 6H, C(3/4)H3), 1.29 (3H, s, C(8)H3), 1.31 (6H, s,

1

C(3/4)H3), 1.50 – 1.60 (2H, m, C(5/6)H2), 1.84 – 1.67 (4H, m, C(5/6)H2), 1.97 (2H, td, J = 13.7,
3.9 Hz, C(5/6)H2), 6.69 – 6.85 (4H, m, C(12)H), 6.92 (8H, t, J = 7.4 Hz, C(10)H), 7.15-7.21 (8H,
m, C(11)H), 8.10 (2H, s, NH).
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 24.1 (C8), 29.6, 30.2, 30.4, 32.0, 54.3 (C2), 121.5

13

(C12), 126.2 (1:1:1:1 q, 2JC-B = 2.7 Hz, C10), 135.5 (1:1:1:1 q, 3JC-B = 1.2 Hz, C11), 163.3 (1:1:1:1
q, 1JC-B = 49.3 Hz, C9), 168.4 (C1).
B NMR (126 MHz, DMSO-d6) δB / ppm: -6.7 (BPh4).

11
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[TBDH+][BPh4-] 138

An aqueous solution of sodium tetraphenylborate (2.4 g, 7.0 mmol, 0.140 M) was added dropwise
to a solution of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (1.0 g, 7.2 mmol, 0.144 M) in 10 % HCl(aq). (50
mL), immediately affording a white precipitate. The resulting suspension was stirred vigorously
for 1 hr under ambient conditions and then filtered. The crude precipitate was washed extensively
with H2O and recrystallised (4:1 MeOH: CHCl3) to afford a white crystalline solid (1.9 g, 0.42
mmol, 57 %). The 1H, 13C and 11B NMR spectra are consistent with the literature.1-2
H NMR (400 MHz, DMSO-d6) δH / ppm: 1.86 (4H, quint, J = 5.8 Hz, [C2]-H), 3.17 (4H, t, J = 5.8

1

Hz, [C3]-H), 3.25 (4H, t, J = 5.8 Hz, [C1]-H), 6.80 (4H, t, 3J = 7.3 Hz, C8), 6.93 (8H, t, J = 7.3 Hz,
C6), 7.19 (8H, m, C7), 7.40 (2H, s, NH).
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 20.7 (C2), 38.1 (C3), 46.7 (C1), 122.0 (C8), 125.8

13

(1:1:1:1 q, 2JC-B = 2.7 Hz, C6), 136.0 (1:1:1:1 q, 3JC-B = 1.2 Hz, C7), 151.0 (C4), 163.8 (1:1:1:1 q,
1J

C-B =

49.3 Hz, C5).

B NMR (126 MHz, DMSO-d6) δB / ppm: -6.7 (BPh4).

11
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[TBDH+][PF6-]

An aqueous solution (10 mL) of NaPF6 (0.13 g, 0.80 mmol) and TBD·HCl (0.13 g, 0.72 mmol)
was added to CH2Cl2 (15 mL) and the resulting mixture was vigorously stirred for 16 h under an
inert atmosphere of N2. The aqueous layer was extracted with CH2Cl2 and the combined organic
extracts evaporated under reduced pressure to afford a white crystalline solid (0.14 g, 0.49 mmol,
68 %). The relative stoichiometry of the TBDH+ cation and PF6- counteranion (1.0:1.0) was
confirmed by multinuclear ( 1H,

19F)

NMR spectroscopy, using 1-fluoronapthalene as an internal

standard; an extended relaxation delay of d1 = 10 s was employed for both nuclei. The 1H,
19F

13C,

and 31P NMR spectra are consistent with the literature.3

H NMR (400 MHz, DMSO-d6) δH / ppm: 1.88 (4H, quint, J = 5.8 Hz, [C2]-H), 3.18 (4H, t, J = 5.8

1

Hz, [C3]-H), 3.27 (4H, t, J = 5.8 Hz, [C1]-H), 7.40 (2H, s, NH).
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 20.7 (s, C2), 38.1 (s, C3), 46.7 (s, C1), 151.0 (s,

13

C4).
F NMR (377 MHz, DMSO-d6) δF / ppm: -70.2 (d, 1JP-F = 706 Hz, PF6).

19

P NMR (162 MHz, DMSO-d6) δP / ppm: -144.2 (m, 1JP-F = 706 Hz, PF6).

31

[TBDH+][Cl-]

A solution of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (1.0 g, 7.2 mmol) and NH4Cl (0.42 g, 7.9 mmol)
in MeOH (20 ml) was stirred under ambient conditions for 1 hr, after which time the solvent was
removed in vacuo to give a white crude solid. This solid was dissolved in CH 2Cl2 and filtered;
evaporation of the filtrate in vacuo afforded a white crystalline solid (0.82 g, 4.7 mmol, 65 %). The
1H

and 13C NMR spectra are consistent with the literature.3

H NMR (400 MHz, DMSO-d6) δH / ppm: 1.87 (4H, quint, J = 5.8 Hz, [C2]-H), 3.16 – 3.22 (4H, m,

1

[C3]-H), 3.27 (4H, t, J = 5.8 Hz, [C1]-H), 8.06 (2H, s, NH).
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 20.7, 37.9, 46.6, 151.4.

13
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[TBDH+][Br-]

A solution of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (1.0 g, 7.2 mmol) and NH4Br (0.77 g, 7.9 mmol)
in MeOH (20 ml) was stirred under ambient conditions for 1 hr, after which time the solvent was
removed in vacuo to give a white crude solid. This solid was dissolved in CH 2Cl2 and filtered;
evaporation of the filtrate in vacuo afforded a white crystalline solid (0.94 g, 4.3 mmol, 60 %). The
1H

and 13C NMR spectra are consistent with the literature.3

H NMR (400 MHz, DMSO-d6) δH / ppm: 1.87 (4H, quint, J = 5.8 Hz, [C2]-H), 3.16 – 3.22 (4H, m,

1

[C3]-H), 3.28 (4H, t, J = 5.8 Hz, [C1]-H), 7.54 (2H, s, NH).
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 20.7 (C2), 38.0 (C3), 46.7 (C1), 151.1 (C4).

13

[TBDH+][I-]

NaI (0.82 g, 5.4 mmol) was added to a solution of TBD·HCl (0.23 g, 1.3 mmol) in anhydrous
CH2Cl2 and the resulting suspension was vigorous stirred for 16 hr under ambident conditions.
The reaction mixture was filtered through a pad of Celite, and concentrated in vacuo to afford a
yellow crystalline solid (0.19 g, 0.71 mmol, 56 %). The 1H and
with the

13C

NMR spectra are consistent

literature.4

H NMR (400 MHz, DMSO-d6) δH / ppm: 1.88 (4H, quint, J = 5.8 Hz, [C2]-H), 3.19 (4H, t, J = 5.8

1

Hz, [C3]-H), 3.28 (4H, t, J = 5.8 Hz, [C1]-H), 7.39 (2H, s, NH).
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 20.7 (C2), 38.1 (C3), 46.8 (C1), 151.0 (C4).

13
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5.2.4. Synthetic Procedures: Miscellaneous
p-fluorobenzyl iodide 123-I

4-Fluorobenzyl bromide 123-Br (0.65 mL, 5.3 mmol) was dissolved in anhydrous acetone (10 mL)
and added to an excess of NaI (1.5 g, 10 mmol). The resulting suspension was stirred in the dark
for 16 hr – the reaction flask was covered with aluminium foil – after which time the reaction was
quenched with H2O and the aqueous layer extracted with Et2O (3 x 20 mL). The combined
ethereal extracts were washed with saturated aqueous NaCl (2 x 20 mL), dried over anhydrous
Mg2SO4 and evaporated under reduced pressure to afford a pale orange solid that was used
without further purification (0.82 g, 66 %). The isolation procedure was conducted as quickly as
possible, without interruption. Once isolated, the product was immediately dispensed to a foilcovered vial and transferred to the the freezer for storage. The 1H,

13C

and 19F NMR spectra are

consistent with the literature.5
H NMR (400 MHz, CDCl3) δH / ppm: 4.46 (2H, s, [C]-H), 7.01 (2H, m, [C4]-H), 7.38 (2H, m, [C3]-

1

H).
C NMR (101 MHz, CDCl3) δC / ppm: 4.6, 115.9 (d, 2JC-F = 21.8 Hz, C4), 130.6 (d, 3JC-F = 8.3

13

Hz, C3), 135.3 (d, 4JC-F = 3.3 Hz, C2), 162.3 (d, 1JC-F = 247.8 Hz, C5).
F NMR (377 MHz, CDCl3) δF / ppm: -113.5 (m).

19
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5.2.5. Reaction Monitoring
All kinetic studies were performed at 293.1 K (20 °C) with in situ reaction monitoring by 1H NMR
spectroscopy, using anhydrous MeCN-d3 (3 Å MS) and 1,3,5-trimethoxybenzene 193
(ReagentPlus grade, Sigma Aldrich; > 99 %) as an internal standard. All in situ monitoring was
conducted by manual assembly with a Bruker Ascend 400 MHz NMR spectrometer fitted with a
CryoProbe Prodigy unit, using a relaxation delay of d1 = 1.0 s, an acquisition time of AQ = 3.9 s,
four transients per spectrum (NS = 4) and a pre-set delay of at least 10 s between successive
experiments (recycle time tR > 14 s). The ambient temperature of the instrument room was
controlled to within ±2 °C of the specified probe temperature (18 – 22 oC), and a nitrogen gas
flow rate of 535 L h-1 was set to minimise the temperature gradient across the sample once in the
probe. All NMR spectra were processed using standard MestReNova software (Version 11).
Solid compounds were weighed using a high precision analytical balance (resolution = 0.01 mg)
and liquids were dispensed with gas-tight microsyringes. All stock solutions were prepared in
volumetric glassware and typically used on the day of their preparation; all solutions that were
stored on a longer timescale were kept in the fridge (4 oC), and the stability of such solutions was
checked prior to use in monitoring experiments.

Scheme 5.1: General monitoring conditions for the N-benzylation of 1,2,4-triazole 98.

In a typical kinetic experiment (Scheme 5.1), a stock solution of 4-fluorobenzyl bromide 123-Br
(100 mM), 1,2,4-triazole 98 (100 mM) and 1,3,5-trimethoxybenzene 193 (33.0 mM) was freshly
prepared in MeCN-d3 [Stock A] using a volumetric flask. 1,2,4-Triazole 98 and 1,3,5trimethoxybenzene 193 were weighed into a vial, dissolved in MeCN-d3 and transferred to a
volumetric flask with three washes; 4-fluorobenzyl bromide was added directly to the volumetric
flask by microsyringe. Stock A was subsequently diluted to 10.0 mM [Stock B]. A stock solution
of organic base (TMG, DBU, TMGN, MTBD, TBD, P1-tBu) was also prepared at a concentration
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of 200 mM [Stock C]. Under ambient conditions and in the absence of base, a mixed solution of
4-fluorobenzyl bromide (100 mM) and 1,2,4-triazole (100 mM) was found to be stable on the
timescale of days.
Stock B (700 μL) was dispensed to a borosilicate glass NMR tube (Norell, 5 mm) and the sample
loaded into the NMR spectrometer with a probe temperature of 293.1 K (20.0°C). After locking
(1H, MeCN-d2), tuning, shimming and spectrum acquisition (t = 0), the sample was ejected from
the spectrometer; an appropriate volume of stock C was then added directly to the sample by
microsyringe (e.g., 1.0 eq = 35 μL). In quick succession, the sample was inverted three times,
shaken vigorously for ten seconds and re-injected into the spectrometer, whereupon monitoring
was commenced. The dead time between the addition of stock C and the first spectrum was
measured manually with a stopwatch.

5.2.6. Experimental Free Energies
Experimental free energies of activation (Δ‡Gi) were obtained in accordance with classical
transition state theory, using the Eyring-Polanyi equation and bimolecular rate coefficients [ki ;
(dm3 mol-1 s-1)] obtained from kinetic modelling. Boltzmann’s constant kB = 1.38 × 10-23 J K-1, the
molar gas constant R = 8.314 J K-1 mol-1, the temperature T = 293.15 K, Planck’s constant h =
6.626 × 10-34 J s, the transmission coefficient κ = 1 and the standard concentration c° = 1 mol
dm-3.
ℎ𝑐°𝑘𝑖
Δ‡ 𝐺𝑖 = −𝑅𝑇 ln (
)
𝜅𝑘𝐵 𝑇
Experimental free energies of binding

(5.1)

(ΔGa) were obtained in accordance with classical

thermodynamics, using binding equilibrium constants [Ka; (dm3 mol-1)] obtained from kinetic
modelling. The molar gas constant R = 8.314 J K-1 mol-1, the temperature T = 293.15 K and the
standard concentration c° = 1 mol dm-3.
Δ𝐺𝑎 = −𝑅𝑇 ln 𝑐 𝑜 𝐾𝑎

(5.2)
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5.3. Acyl Transfer Organocatalysis
5.3.1. Synthetic Procedures: Salts
Tetra-n-butylammonium triazolate 99-[nBu4 N+]

1,2,4-Triazole 98 (0.691 g, 10.0 mmol) and tetra-n-butylammonium hydroxide 30-hydrate
(nBu4N(OH).30H2O; 8.00 g, 10.0 mmol) were dissolved in MeOH (50 mL), and the resulting
solution was stirred under ambient conditions for 15 min. After this time the solvent was removed
under reduced pressure to afford a viscous, colourless oil; the oily residue was suspended in
PhMe (150 mL) and dried azeotropically using a standard Dean-Stark apparatus. The PhMe
solvent was then removed under reduced pressure (20 mbar, 50 °C) to afford a viscous oil, which
crystallised spontaneously upon cooling to room temperature to afford a pale yellow solid. The
salt was dried vigorously in vacuo for 72 h (0.8 mbar, 50 °C) and then transferred to a nitrogenfilled glovebox for storage and handling. The 1H and 13C and NMR spectra are consistent with the
literature.
H NMR (400 MHz, CD3CN) δH / ppm: 0.95 (12H, t, 3JH1-H2 = 7.4 Hz, [C1]H3), 1.33 (8H , sext., 3JH1-

1

H2 =

3J

H2-H3

= 7.4 Hz, [C2]H2), 1.52 – 1.64 (8H, m, [C3]H2), 3.04 – 3.17 (8H, m, [C4]H2), 7.65 (2H,

s, [C5]-H).
C NMR (101 MHz, CD3CN) δC / ppm: 13.8 (C1), 20.3 (1:1:1 t, 3JC-N = 1.6 Hz, C2), 24.3 (C3),

13

59.3 (1:1:1 t, 1JC-N = 2.9 Hz, C4), 150.5 (C5).
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Tetra-n-butylammonium 4-F-phenol-4-F-phenolate 174-[nBu4N+]

Under ambient conditions, tetra-n-butylammonium hydroxide 30 hydrate ([nBu4N][OH].30H2O;
3.57 g, 4.46 mmol, 1.00 equiv.) and 4-fluorophenol 172 (1.00 g, 8.92 mmol, 2.00 equiv.) were
assembled in MeOH (20 mL), with the resulting solution stirred for 5 min. The MeOH was then
removed under reduced pressure to afford a yellow solid, which was dried azeotropically using
PhMe (3 x 30 mL, 50 °C) and subsequently in vacuo (0.8 mbar, 20 °C, 72 h). A crystalline sample
suitable for X-ray diffraction was prepared by vapour diffusion from MeCN/Et2O.
H NMR (400 MHz, CD3CN) δH / ppm: 0.95 (12H, t, 3JH1-H2 = 7.4 Hz, [C1]H3), 1.33 (8H , sext., 3JH1-

1

H2 =

3J

H2-H3

= 7.4 Hz, [C2]H2), 1.50 – 1.64 (8H, m, [C3]H2), 3.00 – 3.11(8H, m, [C4]H2), 6.49 – 6.56

(4H, m, [C6]H), 6.67 – 6.75 (4H, m, [C7]H).
C NMR (101 MHz, CD3CN) δC / ppm: 13.8 (C1), 20.3 (1:1:1 t, 3JC-N = 1.5 Hz, C2), 24.3 (C3),

13

59.3 (1:1:1 t, 1JC-N = 2.5 Hz, C4), 115.7 (d, 2JC-F = 21.9 Hz, C7), 117.9 (d, 3JC-F = 7.5 Hz, C6), 154.1
(d, 1JC-F = 227 Hz, C8), 162.7 (s, C5).
F NMR (377 MHz, CD3CN) δF / ppm: -134.98 (tt, 4JH-F = 4.9 Hz, 3JH-F = 8.9 Hz, Ar-F).

19
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[DBUH+][PF6-]

1,8-Diazabicyclo[5.4.0]undec-7-ene 130 (DBU; 1.0 equiv.) was dissolved in CH2Cl2 (50 mL) and
the resulting solution was cooled to 0 oC; once cooled, ethereal hydrochloric acid (HCl(Et2O); 2.0
M, 1.2 equiv.) was added. The solution was stirred for 5 min and then combined with an aqueous
solution (30 mL) of sodium hexafluorophosphate (NaPF 6; 3.0 g, 1.5 equiv.) to afford a biphasic
mixture, which was stirred vigorously at ambient temperature under an inert atmosphere of N 2.
After 16 h the organic layer was isolated and the aqueous phase extracted with CH 2Cl2 (3 x 10
mL); the organic extracts were washed with deionised water (10 mL) then combined and the
solvent removed under reduced pressure to afford a pale yellow solid, which was dried vigorously
in vacuo for 48 h (0.8 mbar, 20 oC). The stoichiometry of the salt (1.0:1.0, DBUH +:PF6-) was
confirmed by multinuclear (1H and

19F)

NMR spectroscopy, using 1-fluoronapthalene as an

internal standard and an extended relaxation delay (d1 = 10 s).
H NMR (400 MHz, CD3CN) δH / ppm: 1.61 – 1.78 (6H, m, [C6]H2 + [C7]H2 + [C8]H2), 1.97 (2H,

1

quint., 3JH1-H2 = 3JH2-H3 = 5.9 Hz, [C2]H2), 2.54 – 2.60 (2H, m, [C5]H2), 3.22 – 3.27 (2H, m, [C3]H2),
3.46 (2H, t, 3JH1-H2 = 5.9 Hz, [C1]H2), 3.49 – 3.56 (2H, m, [C9]H2), 7.43 (1H, s, NH).
C NMR (101 MHz, CD3CN) δC / ppm: 19.8 (C2), 24.3 (C6), 26.8 (C7), 29.4 (C8), 34.0 (C5), 39.2

13

(C3), 49.4 (C1), 55.3 (C9), 167.1 (C4).
F NMR (377 MHz, CD3CN) δF / ppm: -72.9 (d, 1JP-F = 707 Hz, PF6).

19

P NMR (162 MHz, CD3CN) δP / ppm: -144.6 (sept., 1JP-F = 707 Hz, PF6).

31
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[DBUH+][BPh4-]

1,8-Diazabicyclo[5.4.0]undec-7-ene 130 (DBU; 0.50 mL, 3.4 mmol) was dissolved in 2.0 M
aqueous hydrochloric acid (HCl(aq), 15 mL), and the resulting solution was vigorously stirred. An
aqueous solution (15 mL) of sodium tetraphenylborate (NaBPh 4; 1.75 g, 5.1 mmol) was added
gradually, leading instantaneously to the precipitation of a white solid. Once addition was
complete, the suspension was stirred vigorously at ambient temperature under an insert
atmosphere of N2; after 1 h the precipitate was isolated by filtration and washed extensively with
deionised H2O. The crude solid was suspended in refluxing CHCl 3 and dissolved by gradual
addition of CH3CN; cooling induced the formation of a white crystalline solid (needles), which was
subsequently isolated by vacuum filtration and dried vigorously in vacuo (0.8 mbar, 20 oC) for 48
h (1.19 g, 74 %).
H NMR (400 MHz, CD3CN) δH / ppm: 1.61 – 1.78 (6H, m, [C6]H2 + [C7]H2 + [C8]H2), 1.97 (2H,

1

quint., 3JH1-H2 = 3JH2-H3 = 5.9 Hz, [C2]H2), 2.54 – 2.60 (2H, m, [C5]H2), 3.19 – 3.24 (2H, m, [C3]H2),
3.41 (2H, t, 3JH1-H2 = 5.9 Hz, [C1]H2), 3.45 – 3.51 (2H, m, [C9]H2), 6.85 (4H, t, 3JH12-H13 = 7.3 Hz,
[C13]H), 7.00 (8H, t, 3JH11-H12 = 7.3 Hz, [C11]H), 7.25 – 7.31 (8H, m, [C12]H).
C NMR (101 MHz, CD3CN) δC / ppm: 19.8 (C2), 24.3 (C6), 26.9 (C7), 29.4 (C8), 34.0 (C5), 39.2

13

(C3), 49.4 (C1), 55.3 (C9), 122.8 (s, C13), 126.6 (1:1:1:1 q, 2JC-B = 2.8 Hz, C11), 136.7 (1:1:1:1
q, 3JC-B = 1.3 Hz, C12), 164.8 (1:1:1:1 q, 1JC-B = 42.9 Hz, C10), 167.1 (C4).
B NMR (126 MHz, CD3CN) δB / ppm: -6.6 Hz (s, BPh4).

11
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5.3.2. Synthetic Procedures: Esters
p-Fluorophenyl acetate 160

p-Fluorophenol 172 (7.3 g, 64.9 mmol, 1.0 equiv.) and triethylamine (NEt3; 9.9 mL, 71.4 mmol,
1.1 equiv.) were dissolved in anhydrous CH2Cl2 (200 mL), and the resulting solution was cooled
to 0 oC under a nitrogen atmosphere. Acetyl chloride (AcCl; 6.1 mL, 84.4 mmol, 1.2 equiv.) was
added gradually over 5 min to the cooled solution; after addition was complete, the solution was
stirred for 30 min at 0 oC and for a further 1 h at ambient temperature. The reaction was quenched
with the addition of aqueous HCl (2.0 M, 30 mL), and the aqueous phase then extracted with
CH2Cl2 (3 x 50 mL). The combined organic extracts were washed with saturated aqueous
NaHCO3 (2 x 50 mL) and saturated aqueous NaCl (50 mL), and then dried over anhydrous
MgSO4. The solvent was removed under reduced pressure to afford a pale yellow oil, which was
subsequently purified by flash column chromatography (silica, 1:2 Et 2O:Petrol, Rf = 0.62) and
distillation under reduced pressure (5 mbar, 75 °C) to afford a colourless liquid (8.2 g, 53.2 mmol,
82 %). The 1H, 13C and 19F NMR spectra are consistent with the literature.6
H NMR (400 MHz, CD3CN) δH / ppm: 2.24 (3H, s, [C1]H3), 7.07 – 7.18 (4H, m, [C4]H + [C5]H).

1

C{1H} NMR (101 MHz, CD3CN) δC / ppm: 21.2 (C1), 116.9 (d, 2JC-F = 23.6 Hz, C5), 124.5 (d,

13

3J

C-F

= 8.6 Hz, C4), 148.0 (d, 4JC-F = 2.8 Hz, C3), 161.1 (d, 1JC-F = 242 Hz, C6), 170.6 (C2).

F NMR (377 MHz, CD3CN) δF / ppm: -119.1 (tt, 4JH-F = 4.9 Hz, 3JH-F = 8.2 Hz).

19
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p-Fluorophenyl [13CO]-acetate [13CO]-160

Prepared analogously to unlabelled p-fluorophenyl acetate 160, from [13CO]-AcCl (0.36 mL, 5.0
mmol, 1.0 equiv.), 4-fluorophenol 172 (0.620 g, 5.5 mmol, 1.1 equiv.) and NEt3 (0.84 mL, 6.0
mmol, 1.2 equiv.) in CH2Cl2 (25 mL). Isolated as a colourless oil following purification by flash
column chromatography on silica, as described above (0.410 g, 2.6 mmol, 53 %, > 99.5 %

13C).

The 1H, 13C and 19F NMR spectra are consistent with the unlabelled (12C) isotopologue.6
H NMR (400 MHz, CD3CN) δH / ppm: 2.25 (3H, d, 2JC2-H = 7.1 Hz, [C1]H3), 7.07 – 7.18 (4H, m,

1

[C4]H + [C5]H).
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 21.2 (d, 1JC1-C2 = 60.5 Hz, C1), 116.9 (d, 2JC-F = 23.6

13

Hz, C5), 124.5 (dd, 3JC2-C4 = 1.5 Hz, 3JC-F = 8.6 Hz, C4), 148.0 (dd, 4JC-F = 2.8 Hz, 2JC2-C3 = 3.6 Hz,
C3), 161.1 (d, 1JC-F = 242 Hz, C6), 170.6 (13C2).
F NMR (377 MHz, CD3CN) δF / ppm: -119.1 (ttd, 6JC-F = 0.9 Hz, 4JH-F = 4.9 Hz, 3JH-F = 8.2 Hz).

19
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p-Fluorophenyl [13CH3]-acetate [13CH3]-160

p-Fluorophenyl [13CH3]-acetate was prepared according to a different procedure from the
unlabelled isotopologue, starting from [13CH3]-acetic acid ([13CH3]-AcOH) instead of the
corresponding acetyl chloride. Under an inert atmosphere of N 2, anhydrous THF (16 mL), NEt 3
(1.1 mL, 7.8 mmol, 2.5 equiv.) and [13CH3]-AcOH (0.19 mL, 3.3 mmol, 1.05 equiv.) were dispensed
to an oven-dried, two-necked flask, and the resulting solution was cooled to 0 °C. Pivaloyl chloride
(PivCl; 0.38 mL, 3.1 mmol, 1.0 equiv.) was then added dropwise over a period of 1 min, leading
to the evolution of a white precipitate. The suspension was stirred rapidly for 10 min at 0 °C,
removed from the ice bath, and stirred for a further 15 min, after which time a solution of 4fluorophenol (0.39 g, 3.4 mmol, 1.1 equiv.) and catalytic 4-(dimethylamino)pyridine (DMAP; 0.076
g, 0.62 mmol, 20 mo%) in anhydrous THF (5 mL) was added. The fully assembled reaction was
subsequently stirred at room temperature, under N2, for 18 h, then quenched with aqueous HCl
(5 mL, 2.0 M). The solvent was removed under reduced pressure, and the crude redissolved in
CH2Cl2. The organic phase was separated, and the aqueous phase extracted with further CH 2Cl2
(3 x 10 mL). The combined organic extracts were washed with saturated NaHCO 3(aq) and
saturated NaCl(aq), dried over anhydrous MgSO4, and evaporated under reduced pressure to
afford a yellow liquid, which was purified by flash column chromatography as described above to
afford a colourless liquid (0.481 g, 3.1 mmol, 70 %, > 98.5 %

13C).

The 1H,

13C

and

19F

NMR

spectra are consistent with the unlabelled (12C) isotopologue.6
H NMR (400 MHz, CD3CN) δH / ppm: 2.25 (3H, d, 1JC1-H = 130.1 Hz, [13C1]H3), 7.07 – 7.18 (4H,

1

m, [C4]H + [C5]H)
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 21.2 (13C1), 116.9 (d, 2JC-F = 23.6 Hz, C5), 124.5 (d,

13

3J

C-F

= 8.6 Hz, C4), 148.0 (d, 4JC-F = 2.8 Hz, C3), 161.1 (d, 1JC-F = 242 Hz, C6), 170.6 (d, 1JC1-C2 =

60.5 Hz, C2)
F NMR (377 MHz, CD3CN) δF / ppm: -119.1 (tt, 4JH-F = 4.9 Hz, 3JH-F = 8.2 Hz)

19
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p-Fluorophenyl acetate-d3 160-d3

Prepared analogously to unlabelled 4-fluorophenyl acetate 160, from acetyl chloride-d3 (AcCl-d3;
0.44 mL, 6.1 mmol, 1.1 equiv.), 4-fluorophenol 172 (0.653 g, 5.3 mmol, 1.0 equiv.) and NEt3 (0.94
mL, 6.7 mmol, 1.2 equiv.) in CH2Cl2 (25 mL). Reaction quenched with aqueous 35% DCl (0.30
mL) and D2O (5 mL) instead of the corresponding protiated species. Isolated as a colourless oil
following purification by flash column chromatography on silica, as described above (0.473 g, 3.0
mmol, 49 %; 86.3 % [CD3], 13.5 % [CD2H], 0.2 % [CDH2]). The 1H, 13C and 19F NMR spectra are
consistent with the protiated (CH3) isotopologue.6
H NMR (400 MHz, CD3CN) δH / ppm: 7.07 – 7.18 (4H, m, [C4]H + [C5]H).

1

H NMR (61 MHz, CD3CN) δD / ppm: 2.20 (s).

2

C{1H} NMR (101 MHz, CD3CN) δC / ppm: 20.5 (m, C1), 116.9 (d, 2JC-F = 23.6 Hz, C5), 124.5 (d,

13

3J

C-F

= 8.6 Hz, C4), 148.0 (d, 4JC-F = 2.8 Hz, C3), 161.1 (d, 1JC-F = 242 Hz, C6), 170.6 (m, C2).

F NMR (377 MHz, CD3CN) δF / ppm: -119.1 (tt, 4JH-F = 4.9 Hz, 3JH-F = 8.2 Hz).

19

5.3.3. Synthetic procedures: 4-substituted pyrazoles
General procedure I

An oven-dried Schlenk flask containing a PTFE-coated magnetic stirrer bar was charged under
air with 4-bromopyrazole 186c-H (0.176 g, 1.2 mmol, 1.0 equiv.), the appropriately 4-substituted
aryl boronic acid (4-XAr-B(OH)2; 2.4 mmol, 2.0 equiv.), anhydrous potassium carbonate (0.497 g,
3.6 mmol, 3.0 equiv.), (4-(N,N-dimethylamino)phenyl)di-tert-butyl phosphine (AtPhos; 0.0381 g,
0.144 mmol, 12 mol %) and palladium(II) acetate (Pd(OAc) 2; 0.0134 g, 0.060 mmol, 5 mol%,).
Following the addition of all solid components, the flask was carefully evacuated under high
vacuum (0.8 mbar, 20 °C) for 15 min, and subsequently refilled with N 2; this sequence was
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repeated twice over, using shorter (5 min) evacuation periods each time. Under a dynamic flow
of N2, degassed p-dioxane (3.6 mL) was then dispensed to the flask, with stirring, followed by
degassed, deionised H2O (2.4 mL). The flask was sealed under N 2, and the reaction mixture (3:2
p-dioxane:H2O) stirred at room temperature. After 15 min, the sealed flask was submerged in a
pre-heated silicone oil bath (100 °C), and the reaction mixture stirred rapidly (500 rpm) for 36 –
48 h. The reaction mixture was subsequently cooled to ambient temperature, exposed to air,
diluted with EtOAc (20 mL), and filtered through a celite pad. Solid residues in the flask were
rinsed with further EtOAc (2 x 20 mL) and filtered. The combined filtrate was washed once with
aqueous NaOH (1.0 M) and once with saturated aqueous NaCl, and dried over anhydrous
MgSO4. The drying agent was removed by gravity filtration and the solvent removed under
reduced pressure (40°C). The crude solid was purified by recrystallisation (THF/hexanes), flash
column chromatography (silica, Et2O or EtOAc), and/or acid-base extraction (HCl/NaOH).
This procedure7 was found to work well for electron-rich aryl boronic acids (e.g., 4-OMeAr-B(OH)2,
4-NMe2Ar-B(OH)

acids (e.g.

2,

4-FAr-B(OH)

4-CF3Ar-B(OH)

2,

2)

, but failed completely for strongly electron-deficient aryl boronic

4-NO2Ar-B(OH)

2,

3,5-CF3Ar-B(OH)

2;

2,3,4,5,6-FAr-B(OH)

2).

Aryl boronic acids

with intermediate electronic properties, e.g.,3,4,5-FAr-B(OH)2, afforded the coupled product in very
modest but ultimately sufficient yields.
Exploratory attempts to couple

4-CF3Ar-B(OH)

2

directly under a range of different conditions,

without N-protection of the corresponding 4-halopyrazole, were unanimously unsuccessful.
Anhydrous conditions (CsF, Ag2O, p-dioxane), alternative bases (K3PO4), more reactive
halopyrazoles (4-iodopyrazole), alternative phosphine ligands (cataXCium A) and inverted
coupling partners (4-bromobenzotrifluoride, 4-pyrazoleboronic acid pinacol ester) all failed to
afford the coupled pyrazole in any appreciable yield. No significant protodebromination of 4bromopyrazole was observed under the general conditions described above, suggesting that
turnover with electron-poor boronic acids is precluded by: (i) inherently slow transmetalation of
electron-deficient boronic acids, such as

4-CF3Ar-B(OH)

2,

or slow reductive elimination of the

corresponding coupled pyrazoles; and/or (ii) by profound product inhibition of the palladium
catalyst following the opening turnover.
No definitive conclusion was sought on this count, but given that the problem was resolved by the
N-benzylation of 4-bromopyrazole (vide infra; General Procedure II), we infer that inhibition of the
palladium catalyst, via the formation of highly stable N-coordinated palladium(II) azoyl complexes,
may be at least partly responsible for the poor coupling efficiency of electron-poor aryl boronic
acids with 4-bromopyrazole. A similar hypothesis has been proposed by Buchwald and coworkers.8
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General procedure II

IIa (coupling): An oven-dried Schlenk flask containing a PTFE-coated magnetic stirrer bar was
charged under air with N-benzyl-4-bromopyrazole 186c-Bn (0.142 g, 0.60 mmol, 1.0 equiv.), the
appropriately substituted aryl boronic acid (XAr-B(OH)2; 1.2 mmol, 2.0 equiv.), anhydrous
cesium(I) fluoride (0.182 g, 1.2 mmol, 2.0 equiv.), silver(I) oxide (0.167 g , 0.72 mmol, 1.2 equiv.),
(4-(N,N-dimethylamino)phenyl)di-tert-butyl phosphine (AtPhos; 0.0191 g, 0.072 mmol, 12 mol%)
and palladium(II) acetate (Pd(OAc)2; 0.0067 g, 0.030 mmol, 5 mol%). Following the addition of all
solid components, the flask was carefully evacuated under high vacuum (0.8 mbar, 20 °C) for 15
min, and subsequently refilled with N2; this sequence was repeated twice over, using shorter (5
min) evacuation periods each time. Under a dynamic flow of N2, degassed, anhydrous p-dioxane
(6.0 mL) was then dispensed to the flask, which was then sealed under N 2. After stirring at ambient
temperature for 15 min, the sealed flask was submerged in a pre-heated silicone oil bath (100
°C), and the reaction mixture stirred rapidly (500 rpm) for 36 – 48 h. The reaction mixture was
subsequently cooled to ambient temperature, exposed to air, diluted with EtOAc (20 mL), and
filtered through a celite pad. Solid residues in the flask were rinsed with further EtOAc (2 x 20
mL), and the suspension filtered. The combined filtrate was washed once with aqueous NaOH
(1.0 M) and once with saturated aqueous NaCl, and dried over anhydrous MgSO 4. The drying
agent was removed by gravity filtration and the solvent was removed reduced pressure at 40°C.
The crude solid 187-Bn was purified by flash column chromatography (silica, Petrol: Et2O). Similar
coupling efficiencies were observed with N-(p-methoxybenzyl)-4-bromopyrazole; N-tertbutyloxycarbonyl (N-Boc) protection, in contrast, proved ineffectual.
IIb (deprotection): Debenzylation of the coupled pyrazole 187-Bn was facilitated by catalytic
transfer hydrogenation, using ammonium formate (NH4HCO2) as a solid, pH-neutral surrogate for
H2. A two-necked round-bottomed flask was charged with stoichiometric Pd/C (10% w/w, 0.54
mmol, 1.0 equiv.) and the appropriate 4-aryl-N-benzyl-pyrazole (0.54 mmol, 1.0 equiv.). The flask
volume was evacuated under high vacuum (0.8 mbar, 20 °C) for 15 min, and subsequently refilled
with N2; this sequence was repeated twice over, using shorter (5 min) evacuation periods each
time, and followed by the addition of anhydrous MeOH (10 mL) to form a suspension. Under a
dynamic flow of N2, excess NH4HCO2 (2.7 mmol, 5.0 equiv.) was added to the stirred suspension,
which was subsequently heated to reflux under N2. Reaction progress was carefully monitored by
TLC (Petrol:Et2O), with further portions of NH 4HCO2 added where necessary to achieve full
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deprotection. Following full consumption of the substrate, the reaction mixture was cooled to room
temperature and exposed to air; the Pd/C was removed by vacuum filtration through a pad of
celite (EtOAc), the flask was rinsed with further EtOAc, and the washings filtered. The filtrate was
then evaporated under reduced pressure to afford the corresponding 4-aryl-1H-pyrazole, which
typically required no further purification.

N-Benzyl-4-[(3,5-bis-trifluoromethyl)phenyl]pyrazole 187a-Bn

Prepared according to General Procedure II with 3,5-bis(trifluoromethyl)phenylboronic acid (0.309
g, 1.2 mmol, 2.0 equiv.). Product obtained as a yellow solid following purification by flash column
chromatography (silica, 1:2 Et2O: Petrol, Rf = 0.33; 0.199 g, 0.54 mmol, 90 %, m.p. 121 – 124 °C,
[M] = C18H12F6N2).
H NMR (400 MHz, CD3CN) δH / ppm: 5.37 (2H, s, C(9)H2), 7.32 – 7.44 (5H, m, C(11)H + C(12)H

1

+ C(13)H), 7.82 (1H, m, C(8)H), 7.99 (1H, d, 4JH-H = 0.8 Hz, C(1)H), 8.11 (2H, m, C(5)H), 8.17
(1H, d, 4JH-H = 0.8 Hz, C(3)H).
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 55.8 (C9), 119.3 (sept, 3JC-F = 3.9 Hz, C8), 120.3 (C2),

13

123.7 (q, 1JC-F = 272 Hz, C7), 125.4 (m, C5), 127.9 (C11), 128.0 (C13), 128.2 (C3), 128.7 (C12),
131.5 (q, 2JC-F = 33.1 Hz, C6), 135.4 (C4), 137.0 (C10), 137.2 (C1).
F NMR (377 MHz, CD3CN) δF / ppm: -63.50 (s, CF3)

19

HRMS (ESI+): [MH]+ Found 371.09710; Required 371.09774 (-0.64 ppm).
IR υfilm / cm-1: 421, 497, 570, 606, 681, 698, 714, 776, 797, 843, 881, 902, 997, 1080, 1109, 1126,
1157, 1277, 1335, 1403, 1565, 1621.
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4-Phenyl-1H-pyrazole 187d-H

Prepared according to General Procedure I with phenyl boronic acid (0.293 g, 2.4 mmol, 2.0
equiv.). Product obtained as a white solid following recrystallisation from THF/hexane (0.082 g,
0.57 mmol, 47 %, m.p. 230 – 235 °C, [M] = C9H8N2).
H NMR (400 MHz, CD3CN) δH / ppm: 7.25 (1H, m, [C7]H), 7.40 (2H, m, [C6]H), 7.60 (2H, m,

1

[C5]H), 7.92 (2H, s, [C1]H + [C3]H), 11.15 (1H, brs, NH). NH exchange leads to single timeaveraged resonance for [C1]H and [C3]H.
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 121.9 (C2), 125.4 (C5), 126.2 (C7), 128.8 (C6), 132.9

13

(C4). Resonances for C1 and C3 not observed in CD3CN as a result of substantial line broadening
arising from NH exchange.
HRMS (ESI+): [MH]+ Found 145.07780; Required 145.07602 (1.78 ppm).
IR υfilm / cm-1: 436, 507, 624, 692, 755, 827, 853, 878, 904, 948, 1034, 1153, 1377, 1605, 2896
(br), 3111 (br).
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4-(4-Chlorophenyl)-1H-pyrazole 187c-H

Prepared according to General Procedure I with 4-chlorophenylboronic acid (0.375 g, 2.4 mmol,
2.0 equiv.). Product obtained as a white solid following recrystallisation from THF/hexane (0.066
g, 0.37 mmol, 30 %, m.p. 180 – 182 °C, [M] = C9H7ClN2).
H NMR (400 MHz, CD3CN) δH / ppm: 7.41 (2H, m, [C6]H), 7.58 (2H, m, [C5]H), 7.92 (2H, s, [C1]H

1

+ [C3]H), 11.22 (1H, brs, NH). NH exchange leads to single time-averaged resonance for [C1]H
and [C3]H.
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 120.7 (C2), 126.9 (C5), 128.8 (C6), 131.2 (C4), 131.8

13

(C7). Resonances for C1 and C3 not observed in CD3CN as a result of substantial line broadening
arising from NH exchange.
HRMS (ESI+): [MH]+ Found 179.03830; Required 179.03705 (1.25 ppm).
IR υfilm / cm-1: 446, 505, 517, 628, 662, 735, 807, 833, 865, 946, 959, 1012, 1035, 1091, 1102,
1109, 1159, 1186, 1295, 1322, 1345, 1356, 1370, 1486, 1509, 2917 (br), 3110 (br).
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4-(4-Methoxyphenyl)-1H-pyrazole 187g-H

Prepared according to General Procedure I with 4-methoxyphenylboronic acid (0.365 g, 2.4
mmol, 2.0 equiv.). Product obtained as a white solid following recrystallisation from THF/hexane
(0.056 g, 0.32 mmol, 27 %, m.p. 230 – 233 °C, [M] = C10H10N2O).
H NMR (400 MHz, CD3CN) δH / ppm: 3.82 (3H, s, [C8]H3), 6.97 (2H, m, [C6]H), 7.51 (2H, m,

1

[C5]H), 7.84 (2H, s, [C1]H + [C3]H), 11.07 (1H, brs, NH). NH exchange leads to single timeaveraged resonance for [C1]H and [C3]H.
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 54.9 (C8), 114.2 (C6), 121.6 (C2), 125.5 (C4), 126.6

13

(C5), 158.3 (C7). Resonances for C1 and C3 not observed in CD 3CN as a result of substantial
line broadening arising from NH exchange.
HRMS (ESI+): [MH]+ Found 175.0880; Required 175.08659 (1.41 ppm).
IR υfilm / cm-1: 494, 520, 528, 605, 626, 635, 659, 719, 793, 819, 863, 930, 948, 962, 1011, 1027,
1109, 1150, 1177, 1244, 1277, 1355, 1371, 1442, 1463, 1498, 1522, 1568, 2954 (br), 3133 (br).
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4-[(3,5-Bis-trifluoromethyl)phenyl]-1H-pyrazole 187a-H

Prepared

according

to

General

Procedure

IIb

with

N-benzyl-4-[(3,5-bis-

trifluoromethyl)phenyl]pyrazole (0.200 g, 0.54 mmol, 1.0 equiv.), and used without further
purification (yellow solid, 0.122 g, 0.44 mmol, 81 %, m.p. 177 – 183 °C, [M] = C11H6F6N2).
H NMR (400 MHz, CD3CN) δH / ppm: 7.84 (1H, sept, 4JH-F = 0.8 Hz, [C8]H), 8.11 (2H, s, [C1]H +

1

[C3]H), 8.16 (2H, m, [C5]H), 11.36 (1H, brs, NH). NH exchange leads to single time-averaged
resonance for [C1]H and [C3]H in CD3CN.
H NMR (400 MHz, DMSO-d6) δH / ppm: 7.82 (1H, s, [C8]H), 8.24 (1H, brs, [C1]H/[C3]H), 8.30

1

(2H, s, [C5]H), 8.57 (1H, brs, [C1]H/[C3]H), 13.19 (1H, brs, NH). NH exchange seemingly slower
in DMSO-d6 than CD3CN, leading to broad but resolved resonances for [C1]H and [C3]H.
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 119.1 (C2), 119.1 (sept., 3JC-F = 3.8 Hz, C8), 123.9

13

(q, 1JC-F = 272.9 Hz, CF3), 125.7 (m, C5), 127.7 (brs, C1/C3), 131.3 (q, 2JC-F = 32.6 Hz, C6), 136.4
(C4), 137.5 (brs, C1/C3).

13C

resonances from C2 and C8 partially overlap, but 3JC-F coupling in

latter can be resolved. NH exchange seemingly slower in DMSO-d6 than CD3CN, leading to broad
but resolved resonances for C1 and C3.
F NMR (377 MHz, DMSO-d6) δF / ppm: -61.36 (s, CF3)

19

HRMS (EI+): [M]+ Found 280.04361; Required 280.04297 (0.64 ppm).
IR υfilm / cm-1: 423, 484, 523, 602, 636, 672, 681, 699, 789, 816, 844, 855, 889, 906, 914, 948,
982, 999, 1043, 1105, 1116, 1142, 1161, 1181, 1275, 1312, 1325, 1338, 1381, 1398, 1535, 1580,
1620, 2941 (br), 3176 (br).
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4-(4-(Dimethylamino)phenyl)-1H-pyrazole 187h-H

Prepared according to General Procedure I with 4-(dimethylamino)phenylboronic acid (0.396 g,
2.4 mmol, 2.0 equiv.), using a modified purification protocol. Following the evaporation of EtOAc,
the crude product was suspended in Et2O and acidified with ethereal HCl (2.0 M in Et2O) to form
a brown precipitate, which was isolated by vacuum filtration, washed liberally with further Et 2O,
and then suspended in EtOAc. Aqueous NaOH (1.0 M) was added dropwise to the vigorously
stirred suspension until the precipitate had fully dissolved, after which the organic layer was
separated and the aqueous phase extracted with further EtOAc. The combined organic extracts
were dried over anhydrous MgSO4 and evaporated under reduced pressure to afford a brown
solid, which was subsequently purified by recrystallisation from THF/hexane (0.068 g, 0.36 mmol,
30 %, m.p. 247 – 250 °C, [M] = C11H13N3).
H NMR (400 MHz, CD3CN) δH / ppm: 2.95 (6H, s, [C8]H3), 6.80 (2H, m, [C6]H), 7.43 (2H, m,

1

[C5]H), 7.79 (2H, s, [C1]H + [C3]H), 11.00 (1H, brs, NH). NH exchange leads to single timeaveraged resonance for [C1]H and [C3]H.
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 39.9 (C8), 113.0 (C6), 121.2 (C4), 122.2 (C2), 126.2

13

(C5), 149.6 (C7). Resonances for C1 and C3 not observed in CD 3CN as a result of substantial
line broadening arising from NH exchange.
HRMS (ESI+): [MH]+ Found 188.11990; Required 188.11822 (1.68 ppm).
IR υfilm / cm-1: 410, 424, 489, 528, 586, 621, 660, 721, 755, 808, 861, 942, 953, 1005, 1031, 1060,
1122, 1150, 1205, 1223, 1276, 1349, 1443, 1477, 1500, 1518, 1573, 1614, 2918 (br), 3111 (br).
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4-(3,4,5-Trifluorophenyl)-1H-pyrazole 187b-H

Prepared according to General Procedure I with 3,4,5-trifluorophenylboronic acid (0.422 g, 2.4
mmol, 2.0 equiv.). Product obtained as a white solid following recrystallisation from THF/hexane
and further purification by flash column chromatography (silica, EtOAc, Rf = 0.54; 0.040 g, 0.20
mmol, 17 %, m.p. 257 – 261 °C, [M] = C9H5F3N2).
H NMR (400 MHz, CD3CN) δH / ppm: 7.35 (2H, m, [C5]H), 7.92 (2H, s, [C1]H + [C3]H), 11.24

1

(1H, brs, NH). NH exchange leads to single time-averaged resonance for [C1]H and [C3]H.
H NMR (400 MHz, DMSO-d6) δH / ppm: 7.62 (2H, m, [C5]H), 8.02 (1H, s, [C1]H/[C3]H), 8.31 (1H,

1

s, [C1]H/[C3]H), 13.06 (1H, brs, NH). NH exchange seemingly slower in DMSO-d6 than CD3CN,
leading to broad but resolved resonances for [C1]H and [C3]H.
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 109.5 (m, C5), 119.4 (m, C2), 129.9 (td, 4JC-F = 4.5

13

Hz, 3JC-F = 8.9 Hz, C4), 137.9 (dt, 2JC-F = 15.6 Hz, 1JC-F = 246.8 Hz, C7), 151.4 (ddd, 3JC-F = 4.4 Hz,
2J

C-F

= 10.0 Hz, 1JC-F = 245.9 Hz, C6). Resonances for C1 and C3 not observed in CD 3CN as a

result of substantial line broadening arising from NH exchange.
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 109.7 (m, C5), 119.3 (m, C2), 127.0 (brs, C1/C3),

13

130.7 (td, 4JC-F = 4.6 Hz, 3JC-F = 9.3 Hz, C4), 137.2 (brs, C1/C3), 137.2 (dt, 2JC-F = 15.6 Hz, 1JC-F =
246.8 Hz, C7), 151.2 (ddd, 3JC-F = 4.4 Hz, 2JC-F = 9.7 Hz, 1JC-F = 245.3 Hz, C6). NH exchange
seemingly slower in DMSO-d6 than CD3CN, leading to broad but resolved resonances for C1 and
C3.
F NMR (377 MHz, CD3CN) δF / ppm: -137.2 (2F, m, [C6]F), -166.8 (1F, tt, 4JH-F = 6.6 Hz, 3JF-F =

19

20.0 Hz, [C7]F).
F NMR (377 MHz, DMSO-d6) δF / ppm: -135.8 (2F, m, [C6]F), -166.0 (1F, tt, 4JH-F = 6.8 Hz, 3JF-

19
F

= 21.8 Hz, [C7]F).

HRMS (ESI+): [MH]+ Found 199.04900; Required 199.04776 (1.24 ppm).
IR υfilm / cm-1: 508, 527, 600, 629, 670, 695, 738, 816, 848, 882, 947, 999, 1033, 1044, 1162,
1241, 1276, 1290, 1332, 1377, 1393, 1449, 1465, 1517, 1543, 1585, 1613, 1631, 2901 (br), 3176
(br).
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4-(1-Napthylenyl)-1H-pyrazole 187f-H

Prepared according to General Procedure I with 1-napthylenylboronic acid (0.412 g, 2.4 mmol,
2.0 equiv.). Product obtained as a white solid following recrystallisation from THF/hexane and
further purification by flash column chromatography (silica, Et2O, Rf = 0.45; 0.088 g, 0.45 mmol,
38 %, m.p. 98 – 101 °C, [M] = C13H10N2).
H NMR (400 MHz, DMSO-d6) δH / ppm: 7.49 – 7.57 (4H, m, [C5]H + [C6]H + [C10]H + [C11]H),

1

7.81 (1H, brs, [C1]H/[C3]H), 7.86 (1H, m, [C7]H), 7.97 (1H, m, [C9]H), 8.10 (1H, brs, [C1]H/[C3]H),
8.15 (1H, m, [C12]H), 13.13 (1H, brs, NH). NH exchange seemingly slower in DMSO-d6 than
CD3CN, leading to broad but resolved resonances for [C1]H and [C3]H.
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 119.6 (C2), 125.7 (C12), 126.1 (C5), 126.3 (C10),

13

126.7 (C11), 127.0 (C6), 127.3 (C7), 128.3 (brs, C1/C3), 128.8 (C9), 131.4 (C8+C13), 134.0 (C4),
139.2 (brs, C1/C3). NH exchange seemingly slower in DMSO-d6 than CD3CN, leading to broad
but resolved resonances for C1 and C3.
HRMS (ESI+): [MH]+ Found 195.09290; Required 195.09168 (1.22 ppm).
IR υfilm / cm-1: 429, 448, 564, 629, 655, 676, 775, 799, 850, 932, 1011, 1022, 1151, 1350, 1506,
1594, 2899 (br), 3093 (br).
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4-(2-Napthylenyl)-1H-pyrazole 187e-H

Prepared according to General Procedure I with 2-napthylenylboronic acid (0.396 g, 2.4 mmol,
2.0 equiv.), using a modified purification protocol. Following the evaporation of EtOAc, the crude
product was suspended in Et2O and acidified with ethereal HCl (2.0 M in Et2O) to form a white
precipitate, which was isolated by vacuum filtration, washed liberally with further Et 2O, and then
suspended in EtOAc. Aqueous NaOH (1.0 M) was added dropwise to the vigorously stirred
suspension until the precipitate had fully dissolved, after which the organic layer was separated
and the aqueous phase extracted with further EtOAc. The combined organic extracts were dried
over anhydrous MgSO4 and evaporated under reduced pressure to afford a white solid, which
was subsequently purified by recrystallisation from THF/hexane (0.111 g, 0.57 mmol, 48 %, m.p.
260 – 265 °C, [M] = C11H13N3).
H NMR (400 MHz, DMSO-d6) δH / ppm: 7.44 (1H, ddd, 4JH9-H11 = 1.4 Hz, 3JH9-H10 = 6.9 Hz, 3JH8-

1

H9 =

7.9 Hz, [C9]H), 7.50 (1H, ddd, 4JH8-H10 = 1.4 Hz, 3JH9-H10 = 6.9 Hz, 3JH10-H11 = 8.3 Hz, [C10]H),

7.81 (1H, m, [C5]H), 7.88 (3H, m, [C6]H + [C8]H + [C11]H), 8.08 (1H, brs, [C1]H/[C3]H), 8.13
(1H, s, [C13]H), 8.31 (1H, brs, [C1]H/[C3]H), 13.00 (1H, brs, NH). NH exchange seemingly slower
in DMSO-d6 than CD3CN, leading to broad but resolved resonances for [C1]H and [C3]H.
C{1H} NMR (101 MHz, DMSO-d6) δC / ppm: 121.6 (C2), 122.9 (C13), 125.0 (C5), 125.6 (C9),

13

126.4 (brs, C1/C3), 126.7 (C10), 127.9 (C11), 128.0 (C8), 128.7 (C6), 131.0 (C4), 132.0 (C7),
134.0 (C12), 137.0 (brs, C1/C3). NH exchange seemingly slower in DMSO-d6 than CD3CN,
leading to broad but resolved resonances for C1 and C3.
HRMS (ESI+): [MH]+ Found 195.09270; Required 195.09168 (1.02 ppm).
IR υfilm / cm-1: 471, 483, 620, 667, 742, 811, 850, 888, 934, 961, 1032, 1132, 1357, 1599, 2917
(br), 3051, 3130 (br).
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5.3.4. Synthetic Procedures: Miscellaneous
Triisopropyl(3-bromo-4-fluorophenoxy)silane 196

3-Bromo-4-fluorophenol (6.30 g, 33 mmol, 1.0 equiv.) and imidazole (5.61 g, 82 mmol, 2.5 equiv.)
were dissolved in anhydrous CH2Cl2 (110 mL) to afford a yellow solution, to which triisopropylsilyl
chloride (TIPSCl; 8.5 mL, 40.0 mmol, 1.2 equiv.) was added gradually over a period of 5 min. The
combined solution was subsequently stirred for 16 h at ambient temperature under a protective
atmosphere of N2. After this time the reaction was quenched with saturated NH 4Cl(aq) and the
aqueous phase extracted with CH2Cl2 (3 x 30 mL). The combined organic extracts were washed
with saturated NaCl(aq), dried over anhydrous MgSO4 and evaporated under reduced pressure to
afford the TIPS-protected phenol as a pale yellow oil, which was subsequently purified by elution
through a silica plug (9:1 petrol:Et2O; 10.3 g, 90 %, 1.21 g mL-1).
H NMR (400 MHz, CDCl3) δH / ppm: 1.12 (18H, d, 3JH7-H8 = 7.3 Hz, [C8]H3), 1.27 (3H, m, [C7]H),

1

6.78 (1H, ddd, 4JH-H = 2.9 Hz, 4JH6-F = 3.9 Hz, 3JH5-H6 = 8.9 Hz, [C6]H), 6.98 (1H, dd, 3JH-F = 8.2
Hz, 3JH5-H6 = 8.9 Hz, [C5]H), 7.08 (1H, dd, 4JH-H = 2.9 Hz, 4JH2-F = 5.7 Hz, [C2]H).
C{1H} NMR (101 MHz, CDCl3) δC / ppm: 12.5 (C7), 17.8 (C8), 108.6 (d, 2JC3-F = 22.4 Hz, C3),

13

116.3 (d, 2JC5-F = 23.6 Hz, C5), 119.7 (d, 3JC6-F = 6.7 Hz, C6), 124.2 (C2), 152.5 (d, 4JC-F = 2.7 Hz,
C1), 153.9 (d, 1JC-F = 242.2 Hz, C4).
F NMR (377 MHz, CDCl3) δF / ppm: -118.3 (ddd, 4JH6-F = 3.9 Hz, 4JH2-F = 5.7 Hz, 3JH-F = 8.2 Hz)

19

Si NMR (80 MHz, CDCl3) δSi / ppm: 17.0 (s)

29

HRMS (EI+): [M]+ Found 346.07736; Required 346.07583 (1.52 ppm).
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3-Deutero-4-fluorophenol [Ar-d1]-172

Under an inert atmosphere of N2, triisopropyl(3-bromo-4-fluorophenoxy)silane 196 (9.0 g, 26
mmol, 1.0 equiv.) was dissolved in anhydrous Et 2O (90 mL), and the resulting solution cooled to
–78 °C. With stirring, nBuLi (13 mL, 33 mmol, 1.3 equiv.; 2.5 M in hexanes) was added gradually
over a period of 5 min, leading to the instantaneous formation of a yellow solution. Stirring was
continued for a further 10 min at –78 °C, after which time the reaction was quenched rapidly with
MeOD (2.6 mL, 65 mmol, 2.5 equiv.). The quenched solution was stirred for 10 min at –78 °C,
and then warmed to room temperature over a period of 30 min. Tetra-n-butylammonium fluoride
(TBAF; 34 mmol, 1.3 equiv.; 1.0 M in THF) was then added to the warmed solution, which was
subsequently stirred for another 2 h at ambient temperature and then quenched with aqueous
HCl (2.0 M). The organic phase was isolated and the aqueous phase extracted with both EtOAc
(2 x 20 mL) and CH2Cl2 (2 x 20 mL); the combined organic extracts were then washed with
saturated NaCl(aq), dried over anhydrous MgSO4, and evaporated under reduced pressure to
afford a crude oil. The crude was purified by flash column chromatography (silica, 7:1
petrol:EtOAc) and Kugelrohr distillation to afford a white crystalline solid (1.86 g, 63 %, m.p. 41 43°C; 98 % [d1], 2 % [d0]). The 1H, 13C{1H} and 19F NMR spectra are consistent with the unlabelled
(protiated, [d0]) isotopologue.
H NMR (400 MHz, CDCl3) δH / ppm: 4.65 (1H, s, OH), 6.74 – 6.80 (2H, m, [C2]H + [C6]H), 6.89

1

- 6.96 (1H, m, [C5]H).
H NMR (61 MHz, CHCl3) δD / ppm: 6.91 (m).

2

C{1H} NMR (101 MHz, CDCl3) δC / ppm: 115.8 (m, 2JC-F = 23.2 Hz, 1JC-D = 25.0 Hz, C3) 116.0

13

(d, 2JC-F = 23.1 Hz, C5), 116.2 (app t, 2JC-F = 7.6 Hz, C2+C6), 151.5 (m, C1), 156.9 (d, 1JC-F = 238
Hz, C4). Apparent triplet (app t) at δC = 116.2 ppm arises from two overlapped doublets, with
coincidental degeneracy of 3JC-F = 2ΔC(D).
F NMR (377 MHz, CDCl3) δF / ppm: -124.47 (m, 3JD-F = 1.1 Hz, 4JH-F = 4.4 Hz, 3JH-F = 8.3 Hz).

19

HRMS (EI+): [M]+ Found 113.03929; Required 113.03817 (1.12 ppm).
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3-Deutero-4-fluorobenzonitrile [Ar-d1]-197

Under an inert atmosphere of N2, anhydrous THF (125 mL) was dispensed to an oven-dried,
three-necked flask fitted with a condenser, septum, and pressure-equalising addition funnel. The
flask was cooled to -78°C (CO2(s)/Me2CO), and n-butyl lithium (nBuLi, 1.6 M in THF; 17.2 mL, 27.5
mmol, 1.10 equiv.) was added, with stirring, over a period of 5 min. The resulting solution was
stirred at -78°C for a further 10 min to ensure thermal equilibration. 3-Bromo-4-fluorobenzonitrile
197 (5.0 g, 25.0 mmol, 1.00 equiv.) in anhydrous THF (25 mL, 1.0 M) was then added dropwise,
via the funnel, to the cooled nBuLi solution (reverse addition) over a period of 20 min, affording
an orange solution. Once addition of the benzonitrile was complete, the fully assembled reaction
was stirred at -78°C for a further 15 min, and then rapidly quenched, in succession, with MeOD
(5.1 mL, 125 mmol, 5.0 equiv.) and D2O (2.5 mL, 125 mmol, 5.0 equiv.), with vigorous stirring.
The quenched reaction mixture was stirred vigorously at -78°C for a further 10 min, after which
time the flask was removed from the CO2(s)/Me2CO bath and stirred for a further 30 min. The
reaction mixture was then exposed to air, quenched with HCl (2.0 M, 10 mL), and diluted with
Et2O; the organic phase separated; and the aqueous phase extracted with further Et2O (3 x 20
mL). The combined organic extracts were washed with saturated NaCl(aq), dried over anhydrous
MgSO4, and evaporated under reduced pressure to afford the deuterated product as a pale yellow
crystalline solid (needles). 2.98 g. 24.4 mmol. 98%. No further purification was required. >99 %
D incorporation (3-[D]-4-benzonitrile). The 1H,

13C{1H}

and

19F

NMR spectra are consistent with

the unlabelled (protiated; 4-F-benzonitrile) isotopologue.
H NMR (400 MHz, CDCl3) δH / ppm: 7.20 (1H, m, [C4]H), 7.71 (2H, m, [C3]H + [C7]H).

1

H NMR (61 MHz, CHCl3) δD / ppm: 7.21 (m).

2

C{1H} NMR (101 MHz, CDCl3) δC / ppm: 108.6 (m, 3JD-C = 1.3 Hz, 4JC-F = 3.7 Hz, C2), 116.6 (m,

13

2J

C6-F

3J

C-F

= 22.7 Hz, 1JC-D = 25.5 Hz, C6), 116.9 (d, 2JC4-F = 22.7 Hz, C4), 118.0 (C1), 134.6 (app t,

= 9.1 Hz, C3+C7), 165.0 (d, 1JC-F = 256.7 Hz, C5). Apparent triplet (app t) at δC = 134.6 ppm

arises from two overlapped doublets, with coincidental degeneracy of 3JC-F = 2ΔC(D).
F NMR (377 MHz, CDCl3) δF / ppm: -102.7 (m, 3JD-F = 1.1 Hz, 4JH-F = 5.1 Hz, 3JH-F = 8.2 Hz).

19
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3-Deutero-4-fluorobenzylamine [Ar-d1]-170

Under an inert atmosphere of N2, lithium aluminium hydride (LiAlH4, 1.0 M in THF; 16.4 mL, 16.4
mmol, 2.5 equiv.) was dispensed to an oven-dried, three-necked flask fitted with a condenser,
septum, and pressure-equalising addition funnel. The LiAlH4 solution was diluted with additional
anhydrous THF (10 mL), and cooled to 0°C. 3-Deutero-4-fluorobenzonitrile [Ar-d1]-197 (0.80 g,
6.6 mmol, 1.00 equiv.) in anhydrous THF (10 mL, 0.66 M) was added dropwise to the cooled
solution, via the funnel, over a period of 10 min, after which the fully assembled reaction was
stirred for a further 30 min at 0°C, and then heated to reflux under N2. After 16 h at reflux, the
reaction solution was cooled to 0°C, diluted with THF (15 mL), stirred vigorously, and then
quenched carefully under N2 via the dropwise addition of aqueous NaOH (10% w/v, 5 mL),
followed by H2O (10 mL). The quenched reaction mixture was, in succession, warmed to room
temperature, stirred vigorously for a further 30 min, diluted with Et 2O (10 mL) and saturated
aqueous NaCl (5 mL), and decanted.The aqueous phase was extracted with further Et2O (3 x 20
mL), and the combined organic extracts dried over anhydrous MgSO 4 and evaporated under
reduced pressure to afford a pale yellow liquid, which was subsequently purified by Kugelrohr
distillation (3 mbar, 50 °C - 80 °C) to afford 3-deutero-4-fluorobenzylamine (3-[D]-4-F-BnNH2) as
a colourless liquid (0.402 g, 3.2 mmol, 49%). The 1H, 13C{1H} and 19F NMR spectra are consistent
with the unlabelled (protiated; 4-F-BnNH2) isotopologue.
H NMR (400 MHz, CD3CN) δH / ppm: 1.49 (2H, brs, NH), 3.79 (2H, s, [C1]H2), 7.07 (1H, m,

1

[C4]H), 7.36 (2H, m, [C3]H + [C7]H).
H NMR (61 MHz, CD3CN) δD / ppm: 7.08 (m).

2

C{1H} NMR (101 MHz, CD3CN) δC / ppm: 45.2 (C1), 114.5 (m, 2JC-F = 21.2 Hz, 1JC-D = 25.0 Hz,

13

C6), 114.7 (d, 2JC-F = 21.2 Hz, C4), 128.7 (app t, 3JC-F = 9.0 Hz, C3+C7), 140.5 (m, C2), 161.4 (d,
1J

C-F

= 241.4 Hz, C5). Apparent triplet (app t) at δC = 128.7 ppm arises from two overlapped

doublets, with coincidental degeneracy of 3JC-F = 2ΔC(D).
F NMR (377 MHz, CD3CN) δF / ppm: -119.2 (m, 3JD-F = 1.3 Hz, 4JH-F = 5.4 Hz, 3JH-F = 9.1 Hz).

19
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[15N]-4-fluorobenzamide [15N]-198

A round-bottomed flask was charged under air with

15NH

4Cl

(0.455 g, 8.3 mmol, 1.0 equiv.),

deionised H2O (4 mL) and Et2O (4 mL). The resulting biphasic mixture was cooled to 0°C, stirred
vigorously (1400 rpm) for 2 min, and 4-fluorobenzoyl chloride (2.0 mL, 16.9 mmol, 2.0 equiv.) was
added. Aqueous NaOH (4 mL, 7.4 M, 29.6 mmol, 3.5 equiv.) was then added dropwise to the
rapidly stirred mixture, still at 0°C, leading to the instantaneous evolution of a white precipitate.
The resulting suspension was stirred vigorously at 0°C for a further 10 min, and then warmed to
room temperature over a period of 15 min with continuous stirring. The precipitate was isolated
by vacuum filtration, washed liberally with H 2O and then sparingly with chilled Et2O (0°C), and
dried in vacuo to afford [15N]-4-fluorobenzamide as a white solid (0.881 g, 6.3 mmol, 76 %). The
1H, 13C{1H}

and

19F

NMR spectra are consistent with the unlabelled (4-fluorobenzamide)

isotopologue.
H NMR (400 MHz, CD3CN) δH / ppm: 6.04 (1H, brd, 1JH-N = 88.5 Hz, NH), 6.77 (1H, brd, 1JH-N =

1

89.2 Hz, NH), 7.21 (2H, m, [C4]H), 7.90 (2H, m, [C3]H).
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 115.2 (d, 2JC-F = 22.0 Hz, C4), 130.0 (d, 3JC-F = 9.1

13

Hz, C3), 130.4 (dd, 4JC-F = 3.0 Hz, 2JC-N = 8.6 Hz, C2), 164.7 (d, 1JC-F = 249.1 Hz, C5), 167.5 (d,
1J

C-N

= 16.1 Hz, C1).

F NMR (377 MHz, CD3CN) δF / ppm: -110.7 (tt, 4JH-F = 5.5 Hz, 3JH-F = 8.9 Hz).

19

N{1H} NMR (41 MHz, CD3CN) δF / ppm: 96.8 (s)

15
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[15N]-4-fluorobenzylamine [15N]-170

Under an inert atmosphere of N2, lithium aluminium hydride (LiAlH4, 1.0 M in THF; 16.0 mL, 16.0
mmol, 2.5 equiv.) was dispensed to an oven-dried, three-necked flask fitted with a condenser,
septum, and pressure-equalising addition funnel. The LiAlH4 solution was diluted with additional
anhydrous THF (10 mL), and cooled to 0°C. [15N]-4-fluorobenzamide [15N]-198 (0.88 g, 6.4 mmol,
1.00 equiv.) in anhydrous THF (10 mL, 0.64 M) was added dropwise to the cooled solution, via
the funnel, over a period of 10 min, after which the fully assembled reaction was stirred for a
further 30 min at 0°C, and then heated to reflux under N2. After 16 h at reflux, the reaction solution
was cooled to 0°C, diluted with THF (15 mL), stirred vigorously, and then quenched carefully
under N2 via the dropwise addition of aqueous NaOH (10% w/v, 5 mL), followed by H 2O (10 mL).
The quenched reaction mixture was, in succession, warmed to room temperature, stirred
vigorously for a further 30 min, diluted with Et2O (10 mL) and saturated aqueous NaCl (5 mL),
and decanted.The aqueous phase was extracted with further Et2O (3 x 20 mL), and the combined
organic extracts dried over anhydrous MgSO4 and evaporated under reduced pressure to afford
a pale yellow liquid, which was subsequently purified by Kugelrohr distillation (3 mbar, 50 °C - 80
°C) to afford the [15N]-4-fluorobenzylamine [15N]-170 as a colourless liquid (0.495 g, 3.9 mmol,
61%). The

1H,

13C{1H}

and

19F

NMR spectra are consistent with the unlabelled (4-

fluorobenzylamine) isotopologue.
H NMR (400 MHz, CD3CN) δH / ppm: 1.46 (2H, brs, NH), 3.79 (2H, s, [C1]H2), 7.07 (2H, m,

1

[C4]H), 7.36 (2H, m, [C3]H).
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 45.2 (d, 1JC-N = 4.1 Hz, C1), 114.7 (d, 2JC-F = 21.3 Hz,

13

C4), 128.8 (d, 3JC-F = 8.0 Hz, C3), 140.5 (d, 2JC-N = 3.1 Hz, C2), 161.5 (d, 1JC-F = 241.3 Hz, C5).
F NMR (377 MHz, CD3CN) δF / ppm: -119.0 (tt, 4JH-F = 5.5 Hz, 3JH-F = 9.2 Hz).

19

N{1H} NMR (41 MHz, CD3CN) δF / ppm: 23.6 (s).

15
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1-Acetyl-1,2,4-triazole I-98

1,2,4-Triazole 98 (5.0 g, 72.4 mmol, 1.0 equiv.) and triethylamine (NEt3; 11 mL, 78.9 mmol, 1.1
equiv.) were dissolved in anhydrous THF (200 mL), and the resulting solution was cooled to 0 oC
under a nitrogen atmosphere. Acetyl chloride (6.2 mL, 86.9 mmol, 1.2 equiv.) was added gradually
over 5 min, affording a white precipitate; once addition was complete, the suspension was stirred
vigorously for 15 min at 0 oC. The suspension was subsequently warmed to ambient temperature,
diluted with Et2O (50 mL) and stirred vigorously for a further 30 min. The white precipitate was
then removed by vacuum filtration, and the solvent removed under reduced pressure (> 50 mbar,
40 oC) to afford a colourless oil, which crystallised spontaneously upon cooling to 4 oC. The crude
product was subsequently sublimed in vacuo (1 mbar, 40 – 60 °C) to afford a white crystalline
solid (6.51 g, 58.6 mmol, 81 %), which was swiftly transferred to a nitrogen-filled glovebox for
storage and handling. The 1H and 13C and NMR spectra are consistent with the literature.9-10
H NMR (400 MHz, CD3CN) δH / ppm: 2.68 (3H, s, [C1]H3), 8.07 (1H, s, [C4]H), 8.95 (1H, s,

1

[C3]H).
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 22.7 (C1), 144.7 (C3), 154.0 (C4), 169.4 (C2).

13

1-Acetyl-1,2,4-triazole-d3 I-98-d0

Prepared and purified analogously to the unlabelled isotopologue I-98, from 1,2,4-triazole 98
(0.77 g, 11.2 mmol, 1.0 equiv.), acetyl chloride-d3 (AcCl-d3; 0.91 mL, 12.3 mmol,1.1 equiv.) and
NEt3 (1.62 mL, 11.6 mmol, 1.05 equiv.) and anhydrous THF (40 mL). Product isolated as a white
crystalline solid following purification by sublimation (1.01 g, 8.9 mmol, 79 %; 97% [CD3], 3 %
[CD2H]). The 1H and 13C and NMR spectra are consistent with the unlabelled isotopologue.9-10
H NMR (400 MHz, CD3CN) δH / ppm: 8.07 (1H, s, [C4]H), 8.95 (1H, s, [C3]H).

1

H NMR (61 MHz, CD3CN) δD / ppm: 2.61 (s).

2

C{1H} NMR (101 MHz, CD3CN) δC / ppm: 22.0 (m, 1JD-C = 19.9 Hz, C1), 144.7 (C3), 154.0 (C4),

13

169.4 (C2).
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1-Acetyl-pyrazole I-154

Pyrazole 154-H (3.0 g, 44.1 mmol, 1.0 equiv.) and triethylamine (NEt 3; 6.7 mL, 48.5 mmol, 1.10
equiv.) were dissolved in anhydrous THF (150 mL), and the resulting solution was cooled to 0 oC
under a nitrogen atmosphere. Acetyl chloride (3.8 mL, 52.9 mmol, 1.2 equiv.) was added gradually
over 5 min, affording a white precipitate; once addition was complete, the suspension was stirred
vigorously for 15 min at 0 oC. The suspension was subsequently warmed to ambient temperature,
and stirred vigorously for a further 30 min. The white precipitate was removed by filtration, and
the solvent removed under reduced pressure (> 100 mbar, 40 oC) to afford a pale yellow oil. The
crude product was subsequently distilled under reduced pressure (25 mbar, 65 °C), affording a
pure, colourless oil (3.66 g, 33.2 mmol, 75 %), which was swiftly transferred to a nitrogen-filled
glovebox for storage and handling. The 1H and

13C

and NMR spectra are consistent with the

literature.11
H NMR (400 MHz, CD3CN) δH / ppm: 2.66 (3H, s, [C1]H3), 6.52 (1H, dd, 3JH4-H5 = 1.5 Hz, 3JH3-H4

1

= 2.9 Hz, [C4]H), 7.76 (1H, m, [C5]H), 8.28 (1H, dd, 4JH3-H5 = 0.7 Hz, 3JH3-H4 = 2.9 Hz, [C3]H).
C{1H} NMR (101 MHz, CD3CN) δC / ppm: 21.1 (C1), 109.7 (C4), 128.0 (C3), 143.9 (C5), 169.5

13

(C2).
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5.3.5. Reaction Monitoring
General comments
Instrumentation
Unless otherwise stated (e.g., for Eyring analysis), all reaction monitoring experiments were
performed at 293.1 K (TNMR = 20.0 °C) using a Bruker Ascend 400 MHz NMR spectrometer, fitted
with a broadband direct-detect CryoProbe Prodigy unit and located in a thermostatted instrument
room. The ambient temperature of the instrument room was controlled to within ±2 °C of the
specified probe temperature (TIRM = 20.0 °C ± 2.0 oC), and a default nitrogen gas flow rate of 450
L h-1 was set on the spectrometer to minimise the temperature gradient across the sample once
in the probe.

Stock solutions
Solid compounds were weighed using a high precision analytical balance (resolution = 0.01 mg)
and liquids were dispensed with gas-tight, glass microsyringes. All stock solutions were prepared
in volumetric glassware, under ambient conditions, and typically used on the day of their
preparation; all solutions stored for longer periods (< 3 days) were flushed with N 2, sealed, kept
in the fridge (4 oC), and their stability/composition assessed by 1H NMR analysis prior to use in
monitoring experiments. Internal integration standards, irrespective of their physical state, were
either weighed directly into volumetric flasks, or weighed into a vial and subsequently transferred
to a volumetric flask with extensive washing.
For each series of kinetics experiments, a parent stock solution of an internal integration standard,
of concentration [IS]0, was freshly prepared in the required solvent, using either 1fluoronapthalene (1-F-Nap; >99 %,

1H/19F

NMR, [IS]0 = 0.0500 ± 0.0010 M) or 1,3,5-

trimethoxybenzene 193 (1,3,5-TMB; > 99 %, 1H NMR, [IS]0 = 0.0333 ± 0.00067 M). Moderately
anhydrous solvents, dried for > 48 h over activated 3 Å molecular sieves, were used to prepare
this stock solution, but no attempts were made to rigorously exclude air or moisture during solution
preparation (no evidence was found to suggest modest concentrations of adventitious water were
overly problematic). All other stock solutions were prepared from this parent solution, ensuring
the concentration of the internal integration standard remained approximately constant
irrespective of the ratios in which the various stock solutions were mixed during reaction assembly
(stock solutions were typically < 0.20 M in any given substrate/reagent).
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NMR processing
All NMR spectra were processed using standard MestReNova software (Version 11), with
phasing (zeroth- and first-order) and baseline (Whittaker Smoother)

corrections optimised

manually. All spectra acquired in a kinetic run were processed identically as a stack, with
exponential line broadening (1H: 0.30 Hz;

19F:

1.0 Hz) applied prior to phasing and baseline

corrections unless precluded by spectral congestion/overlap. Pseudo-2D data (from SF-NMR)
was subjected to preliminary processing with TopSpin 3.6 (xf2; split2D), and then loaded into
MestReNova as a stack of 1D spectra for further processing (apodization, baselining, phasing).
Solute concentrations [x]t were determined by normalisation against an inert integration standard
of known concentration [IS]0 (equation X). It,x(i) and It,IS(j) denote the integrals of the i

th

and j

th

resonances of the solute (x) and internal standard (IS), respectively, and Nx(i), NIS(j) denote the
respective number of nuclei contributing to each resonance.
(𝑖)

[𝑥]𝑡 = (

𝐼𝑡,𝑥

(𝑗)

𝐼𝑡,𝐼𝑆

(𝑗)

).(

𝑁𝐼𝑆

(𝑖)

𝑁𝑥

) . [IS]0

(5.3)

Conventional in situ monitoring
General concerns
All conventional (non-SF) kinetic studies were performed with in situ reaction monitoring by 1D
1H

or 19F NMR spectroscopy (single excitation pulse), using anhydrous MeCN-d3 (1H) / MeCN-h3

(1H/19F) or THF-d8 (1H) / THF-h8 (1H/19F) as solvents, and 1-fluoronapthalene (> 99 %, 1H/19F, cIS
= 0.0500 ± 0.0010 M) or 1,3,5-trimethoxybenzene 193 (> 99 %, 1H, cIS = 0.0333 ± 0.00067 M)
as internal integration standards. Reactions were initiated by manual assembly, under ambient
conditions (TIRM = 20.0 °C ± 2.0 oC), with samples subsequently loaded into the spectrometer via
a Bruker SampleXpress sample changer. All reactions were assembled in Norell 5mm borosilicate
NMR tubes, with sample rotation disabled for all kinetic monitoring experiments.
All reactions monitored in situ were analysed using a standardised set of NMR acquisition
parameters, with the sample remaining in the probe throughout the course of the reaction. In each
kinetic run, the composition of the reaction mixture was analysed periodically using the standard
multi_zgvd program in TopSpin 3.6, with each time point characterised by a 1H or

19F

spectrum

acquired using: (i) a single transient (ns = 1); (ii) a 30° excitation pulse (zg30; 1H/19F); (iii) a
relaxation delay of tD1 = 10.0 s (1H/19F); (iv) an acquisition time of tAQ = 3.98 s (1H) or 3.47 s (19F);
and (v) a pre-set delay of at least tMD = 5.0 s between consecutive spectra (multi_zgvd delay),
affording minimum total recycle times (tR = tAQ + tD1 + tMD) of tR = 19.0 s and tR = 18.5 s for 1H and
19F

NMR monitoring, respectively.
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Typical reaction assembly
All conventional kinetics experiments (non-SF) were carried out according to a standard routine;
a typical reaction assembly is outlined here for Scheme 5.2.
In a standard kinetics experiment, all mutually unreactive components – typically some
combination of an acyl acceptor (e.g., 4-F-BnNH2), base, and/or N-heterocycle catalyst – were
first assembled together in the NMR tube to afford a stable sample with a volume of > 600 uL
(Solution 1); this sample was typically prepared < 2 h prior to reaction initiation. This pre-reactive
sample (Solution 1) was loaded into the NMR probe, automatically tuned to 1H and matched,
locked to the deuterium (2H) signal of the solvent if applicable (MeCN-d3/THF-d8), and subjected
to gradient shimming (2H for MeCN-d3/THF-d8; lockoff 1H for MeCN-h3/THF-h8). For samples
prepared using deuterated solvents (MeCN-d3/THF-d8), the 2H lock level was then further
optimised by refining the Z-X-Y-XZ-YZ-Z shims, using the automated tune routine in TopShim.
The receiver gain was optimised automatically, and a 1H spectrum acquired using standard
acquisition parameters (vide supra); for monitoring by

19F

NMR, the probe was then tuned and

matched to 19F, the receiver gain optimised, and a standard 19F NMR spectrum acquired.
The pre-reactive sample (Solution 1) was subsequently ejected from the spectrometer and
transferred to a proximate fumehood (TIRM = 20.0 °C ± 2.0 oC), whereupon it was uncapped and
the reaction initiated by injection of the appropriate reagent/substrate via a glass microsyringe
(typically an electrophilic acyl donor, e.g. p-F-PhAc; Solution 2). The fully assembled reaction
(Solution 3) was rapidly mixed by inverting the capped sample (three times) and shaking
vigorously (for 5 s), and then swiftly transferred back to the spectrometer, loaded into the probe,
locked (1H monitoring only) and subjected to gradient shimming (1H monitoring only), after which
monitoring was commenced immediately. The total time elapsed between reaction initiation and
acquisition of the first spectrum – the dead time, tDead – was recorded manually; the time point ti
corresponding to the ith spectrum (i = 0 for Solution 1; i = 1,2,3.. for Solution 3) was calculated
according to: ti = tDead + (i-1).tR.
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Scheme 5.2: Typical reaction assembly for in situ NMR monitoring, in this case for monitoring the 1,2,4-triazole-catalysed
aminolysis of p-F-PhAc 160 by p-F-BnNH2 170 in the presence of DBU 130 by 1H NMR spectroscopy. Concentrations
shown correspond to standard catalytic conditions (equimolar 0.10 M p-F-PhAc, p-F-BnNH2, base; 10 mol% azole).
Reactions monitored in either MeCN-d3/THF-d8 (1H NMR), or MeCN-h3/THF-h8 (19F NMR). 1,3,5-Trimethoxybenzene 193
(0.0333 M) was typically used as an internal standard for 1H NMR monitoring experiments; 1-F-napthalene (0.0500 M)
was used for all 19F NMR experiments (and occasionally 1H NMR experiments).
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Stopped-flow NMR monitoring
General concerns
Kinetic studies using stopped-flow NMR (SF-NMR) were typically performed, unless otherwise
stated, at 293.1 K (20.0 °C), using 1H or

19F

NMR spectroscopy, anhydrous MeCN-h3 or THF-h8

as solvents, and 1-fluoronapthalene (>99 %, 1H/19F) or 1,3,5-trimethoxybenzene 193 (> 99%,1H)
as internal integration standards. All reactions were assembled using a Bruker/TgK variable-ratio
SF NMR unit (InsightXpress) and KinetaDrive software, with the temperature of the system
regulated collectively by both the NMR spectrometer (N2) and an external recirculating chiller
(Huber Grande Fleur; aqueous ethylene glycol). Prior to the loading of any stock solutions, the
entire SF-NMR system (vide infra) was flushed with copious anhydrous solvent (MeCN-h3 or
THF-h8, as required) and left to stand for > 1 h. Throughout operation, all three syringes (A, B, C)
of the variable ratio syringe drive (vide infra) were loaded with solutions, even if only two were
required for reaction assembly; in such a case the third was loaded with the appropriate solvent,
rather than being left empty.
The Bruker/TgK InsightXpress unit used to assemble all reactions reported in this work was
reserved exclusively for anhydrous reactions using certain aprotic solvents only (e.g. MeCN, THF,
DCM); to avoid inadvertent exposure to excessive moisture, all reactions in aqueous solution or
other protic media (e.g., MeOH) were assembled using a second, separate InsightXpress unit.
All variable temperature reaction monitoring (10°C – 50°C) was performed by SF-NMR to ensure:
(i) close thermal regulation of both the active reaction volume and the pre-magnetised but
otherwise unmixed reactants; and (ii) access to a large dynamic range of reaction rates, especially
at higher temperatures. For all kinetic runs the temperature of the NMR probe (TNMR) and external
chiller (TCh) were set identically, and production-quality runs were only initiated once both
temperatures had equilibrated to within ± 0.2 °C of the target temperature. Kinetics experiments
conducted at multiple different temperatures – e.g., for Eyring analysis – were performed in order
of increasing temperature, with the probe reshimmed on a typical reaction mixture following each
change in temperature; to save time, gradient shimming ( 1H) was performed prior to full thermal
equilibration, when temperature of the chiller (TCh) had attained a temperature within ± 1.0 °C of
the target.

Instrumentation details
Full details of the Bruker/TgK SF-NMR instrumentation have been reported previously.12 In brief,
it consists of the following key elements: (i) a triple syringe-drive unit, consisting of three
independent glass syringes (A, B, C; 2500 μL each) driven by stepper motors, each connected to
a separate reagent line; (ii) a thermostatted umbilical, encapsulating the outlet reagent lines from
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all three main syringes, that can be inserted directly into the NMR spectrometer; (iii) a mixing cell,
also enclosed within the umbilical and located in the spinner adaptor, at which all three reagent
lines converge; (iv) a glass flow cell (300 uL, 3mm e.d.), held in the NMR probe head, which
captures the output solution from the mixing cell and houses the active volume for the NMR
measurement; and (v) a waste line, leading from the flow cell to an external waste bottle. The
mixing cell is additionally fed by a fourth inlet line (D), connected to an auxiliary syringe unit
(syringe D; 1.0 mL); this is used to flush the mixing and flow cells with clean solvent between
kinetic runs, leaving the reagent lines unaffected.
Immediately before the mixing cell, the three reagent lines (A, B, C) are packed concentrically in
helical coils, so as to pre-magnestise a reservoir of each stock solution (~ 500 – 700 μL each;
volumes slightly different for A, B and C lines); this provides the basis for accurate quantitation
during reaction monitoring. Thermostatting is achieved by virtue of an external recirculating chiller,
which continuously pumps a heat-transfer medium (aqueous ethylene glycol) through the
umbilical and thereby directly over the reactant lines and mixing cell. The process temperature
reported by the chiller (TCh) is monitored by virtue of a Pt 100 resistance probe, located in close
proximity to the mixing cell.
The SF unit and NMR spectrometer communicate through a trigger signal, which instigates, after
a specified trigger delay, the desired pulse sequence once the reaction has been assembled (i.e.,
the syringes have ceased moving).

Typical solution preparation
The follow sections outline details of solution preparation (Scheme 5.3), instrument setup and
reaction assembly for a model reaction: the aminolysis of 1-acetyl-1,2,4-triazole I-98 with p-FBnNH2 170. Under the various conditions reported in this thesis, this reaction is typically complete
in < 1 min – and often much less in the presence of a strong auxiliary base, e.g. DBU 130.
A standard stock solution (250 mL, 0.0500 ± 0.0010 M) of 1-fluoronapthalene (> 99%) in
anhydrous MeCN-h3 was prepared using volumetric glassware (Solution V). The 1fluoronapthalene was dispensed directly to a volumetric flask using a gas-tight glass syringe, and
the flask weighed in situ using a high precision analytical balance (0.01 mg resolution) to
accurately determine the final concentration. All subsequent stock solutions were prepared using
this internal standard solution.
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Scheme 5.3: Typical solution preparation for variable ratio SF-19F NMR monitoring, in this case for monitoring the (autocatalysed) aminolysis 1-acetyl-1,2,4-triazole I-98 by p-F-BnNH2 170. Concentrations shown reflect typical conditions.
Reactions monitored in either MeCN-h3 or THF-h8. Final section shows the nature of syringe loading that would be required
to determine the kinetic order independently for each component, using solutions I-V. In each case, the firing volume of
one syringe, and the total volume, would be kept constant, whilst the firing volumes of the other two syringes would be
varied. With this particular combination of solutions, the kinetic order in p-F-BnNH2 170 (acyl acceptor) can be analysed
in either the absence (solutions I, II, V) or presence (I, III, IV) of exogeneous 1,2,4-triazole 98.

Using the parent stock solution of 1-fluoronapthalene (0.0500 M; solution V), smaller stock
solutions (50 mL) of (I) 1-acetyl-1,2,4-triazole I-98 (0.30 M) + 1-fluoronapthalene (0.050 M); (II) 4fluorobenzyl amine 170 (0.15 M) + 1-fluoronapthalene (0.050 M); and (III) 1-2-4-triazole 98 (0.060
M) + 1-fluoronapthalene (0.050 M) were prepared in volumetric glassware. 1-Acetyl-1,2,4-triazole
I-98 was stored and weighed in a N2-filled glovebox, but its solution was prepared (quickly) under
ambient conditions; 4-fluorobenzyl amine 170 was dispensed under ambient conditions using a
gas-tight glass microsyringe, and 1,2,4-triazole 98 was weighed under ambient conditions. A
fourth solution of (IV) 4-fluorobenzyl amine 170 (0.15 M) + 1,2,4-triazole 98 (0.060 M) + 1fluoronapthalene (0.050 M) was subsequently prepared (25 mL) from solution (II).
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All four solutions (I) – (IV) were subsequently transferred to oven-dried Schott reagent bottles (50
mL), which were subsequently sealed using three valve caps with threaded ports (Diba Labware:
QSeries cap, GL32, 3 ports + valves). A fifth Schott reagent bottle (50 mL) was filled with the
standard solution of (v) 1-fluoronapthalene (0.050 M). A final, larger Schott reagent bottle (250
mL; 4 ports + valves) was filled with anhydrous MeCN-h3 only, without any internal standard.
19F

NMR spectra, alongside 1H NMR spectra with and without solvent suppression, were then

acquired for all five stock solutions (I) – (V), using standard acquisiton parameters (vide supra),
in order to confirm their purity and determine the actual stock concentrations of the various
components. Samples were taken directly from the Schott reagent bottles, after the stock
solutions had been transferred from their original volumetric flasks. All stock solutions were
subsequently analysed by 1H and 19F NMR spectroscopy later in the day, after all kinetic runs had
been completed, to assess their stability under ambient conditions.
In general, none of the stock solutions (I) – (V) displayed any discernible degradation over
durations as long as 8 h when stored under ambient conditions, and even when connected to the
SF syringe drive. Moreover, for a given set of solutions the reaction kinetics remained
reproducible over the same period, provided care was taken to ensure there was no significant
ingress of moisture into any of the reagent lines. The same checks were undertaken for all
reactions monitored by SF-NMR.
Varying trace concentrations of residual acetic acid in different stock solutions of 1-acetyl-1,2,4triazole I-98 led to minor variations in reaction kinetics between experiments – i.e., between
monitoring runs conducted on different days – but generally the effect on the reaction evolution
was minor, and in any case only apparent in the absence of a strong exogeneous base such as
DBU (acetic acid is a competent tautomeric catalyst in the neutral charge state only). Fortunately,
tautomeric autocatalysis by 1,2,4-triazole 98, liberated in situ by aminolysis, largely outcompeted
this effect, provided the concentration of acetic acid was kept sufficiently low. To minimise the
residual concentration of acetic acid in 1-acetyl-1,2,4-triazole I-98, the crude product was doubly
sublimed in vacuo following its initial preparation, stored in a the freezer of an N2-glovebox, and
re-sublimed again if left for more than 1 month. To the same end, N-acetyl pyrazole I-154 was
doubly distilled after synthesis, and stored in the fridge in a sealed vial.

Typical instrument setup
Prior to the loading of stock solutions, the external chiller and NMR probe were both set to the
same temperature (293.1 K; 20.0°C), with the umbilical remaining outside the spectrometer.
Whilst waiting for the temperatures of both instruments to equilibrate, the 5 V trigger output from
the syringe drive unit was connected to the spectrometer console via a BNC/SMA adaptor
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(acquisition rack, T-controller, input 'V', pin 1; SMA connector); the syringe drive unit was also
connected to a PC installed with KinetaDrive software, from which all subsequent commands
(syringe firing, reloading, system flushing) were issued.
The sealed bottle of MeCN-h3 was then connected to all three reagent inlet lines (A, B, C) of the
syringe drive unit via standard HPLC adaptors, and all four valves on the bottle cap were opened.
Using KinetaDrive software, the three syringes were loaded automatically with MeCN-h3 and then
fired in their entirety in one shot [total shot volume VT = 7500 μL; syringe ratios fA = 0.333 (2500
μL), fB = 0.333 (2500 μL), fC = 0.333 (2500 μL)] to remove hexane from the reagent lines, mixing
cell, and flow cell (the system was stored under hexane whilst out of use). The reagent syringes
were refilled with MeCN-h3 and fired a further four times (4 x 7500 μL total), using the same
protocol. The three reagent lines were then disconnected from the Schott bottle of MeCN-h3 and
the flush inlet line (D) connected; the flush syringe (1000 μL) was then filled with MeCN-h3 and
fired, with this flushing cycle repeated six times (6 x 1000 μL).
After ensuring there were no leaks or compromised connections, the syringe drive unit was
manouvered into position, and the umbilical lowered through the sample transit tube (STT) of the
NMR spectrometer until the flow cell was positioned appropriately in the NMR probe head. With
the umbilical docked, the probe was tuned to 1H, matched, and shimmed (1H) without a deuterium
lock, the receiver gain optimised automatically, and a 1H NMR spectrum recorded using the
conventional (vide supra) acquisition parameters to assess the spectral resolution and lineshape,
and purity of sample in the flow cell (to look for contamination from, e.g., internal leaks of
H2O/ethylene glycol).
Next, stock solution (I) was connected to the inlet line of syringe A and two valves on the bottle
cap were opened, including the valve at the connection to the inlet line and one other; stock
solutions (II) and (IV) were similarly connected to the inlet lines of syringes B and C, respectively.
Stock solutions (II) and (V) were reserved for later kinetic runs. Using the KinetaDrive software,
all three reagent syringes (A, B, and C) were automatically loaded with their respective solutions,
and then fired simultaneously, in their entirety, in one shot [total shot volume VT = 7500 μL; syringe
ratios fA = 0.333 (2500 μL), fB = 0.333 (2500 μL), fC = 0.333 (2500 μL)]; all three syringes were
then reloaded and fired a further two times, using the same protocol. After the third firing, the
sample was subjected to further gradient shimming (1H) without a deuterium lock, and a second
1H

NMR spectrum was recorded.

For 19F monitoring experiments, the probe was then tuned/matched accordingly, the receiver gain
optimised automatically, and a conventional

19F

NMR spectrum recorded. Finally, all three

syringes were fully reloaded, and the mixing and flow cells flushed with MeCN-h3 via syringe D (3
x 1 mL).
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Typical kinetic runs
All kinetic runs were initiated using a pseudo2D triggered pulse sequence, with a total shot volume
(VT = 600 μL) of twice the flow cell volume (VFC = 300 uL) and a flow rate of 1.0 mL s-1 used for
all runs. To ensure pre-magnetisation of the reactants, no single syringe was used to fire less
than 40 μL, or more than 400 μL, in a single shot (all three inlet lines hold a reservoir of ≥ 500 μL
pre-magnetised solution). Production-quality kinetic runs were only initiated once the temperature
of the NMR probe (TNMR) and external chiller (TCh) had both equilibrated to within ± 0.2 °C of the
target temperature, typically but not invariably 293.1 K (20.0 °C).
For each run the total volume VT was assembled from the individual volumes (VA, VB, VC) fired
from each of the syringes (A, B, C); in practise, the composition of each shot was controlled by
manipulating the fractional contributions of each syringe (fA, fB, fC) using KinetaDrive software,
whereby:
𝑉𝑇 = 𝑉𝐴 + 𝑉𝐵 + 𝑉𝐶 = (𝑓𝐴 + 𝑓𝐵 + 𝑓𝐶 )𝑉𝑇

(5.4)

In this way, the initial concentration of any component x in the fully assembled reaction, [x]0, was
equal to a linear combination of the stock concentrations of that component in each of the
syringes, [x]s (s = A, B, C).
[𝑥]0 = 𝑓𝐴 . [𝑥]𝐴 + 𝑓𝐵 . [𝑥]𝐵 + 𝑓𝐶 . [𝑥]𝐶

(5.5)

Once all three syringes were loaded with the appropriate stock solutions (vide supra), the
fractional contributions of the three syringes (fA, fB, fC) were configured to achieve the desired
reaction composition (see Tables 5.1 – 5.4), the mixing and flow cells flushed with anhydrous
MeCN-h3, and the triggered pulse sequence primed (via the zg command).
At leisure, the syringes were fired to generate a shot of total volume 600 uL; once the syringes
had ceased moving (tSy ≈ 0.140 s), and following additional trigger (tD20 = 0.040 s) and data writing
(tDW = 30 ms) delays, reaction monitoring was triggered automatically. With monitoring triggered,
1H

or

19F

spectra were acquired continuously for the duration of the experiment, with each

spectrum acquired as a single transient using: (i) a 10 ° excitation pulse; (ii) a relaxation delay of
tD1 = 0.10 s; and (iii) an acquisition time of tAQ = 1.0 s. Successive spectra were acquired back to
back, with a total recycle time of tR = tAQ + tD1 + tDW = 1.13 s and an approximate dead time of tDead
= tSy + tD20 + tDW ≈ 0.21 s; this includes a standard data writing time (tDW = 0.030 s). The time point
corresponding to the nth spectrum was calculated according to tn = tDead + (n-1).tR (n = 1, 2, 3..);
unlike conventional reaction monitoring, no t0 spectrum (n = 0) was acquired.
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Acquisition parameters
Some reactions monitored by SF-NMR remained incomplete after > 30 min, whilst others – such
as those above – attained full conversion in < 30 s. Accordingly, acquisition parameters for SFNMR experiments (i.e., excitation flip angle, tD1, tAQ) were generally optimised on a case-by-case
basis, in an attempt to balance high signal-to-noise with accurate quantitation. Optimised
acquisition parameters, once identified, were held constant within series of kinetic runs, e.g., for
the determination of a kinetic orders under a specific set of conditions, to ensure some degree of
systematic error cancellation.
In general, acquisition parameters were optimised within the following ranges: (i) excitation pulses
with flip angles of 10° - 30°; (ii) relaxation delays of tD1 = 0.10 – 10.0 s; and (iii) acquisition times
of tAQ = 1.0 – 2.0 s. The very fastest reactions (vide supra) were monitored only by SF-19F NMR,
using a 10° excitation pulse, a relaxation delay of tD1 = 0.10 s, and an acquisition time of tAQ = 1.0
s (vide infra); the slowest were monitored by SF-1H or SF-19F NMR, using a 30° excitation pulse,
a relaxation delay of tD1 = 10.0 s and an acquisition time of tAQ = 2.0 s. Others were monitored
using intermediate acquisition parameters.
In all SF-NMR experiments, especially those involving particularly rapid reactions and notably
short recycle times (i.e., tR ≈ 1.1 s), the summed concentrations of related components (e.g., [pF-BnNH2]t + [p-F-BnNHAc]t ; or [p-F-PhAc]t + [p-F-PhOH]t) were monitored carefully to ensure that
integral quantitation was not significantly compromised by differential rates of longitudinal
relaxation in substrate, product, or standard nuclei. Independent measurements of longitudinal
relaxation time constants (T1) were undertaken to corroborate these assessments (vide infra).
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VT / μL

fA

VA / μL

fB

VB / μL

fC

Vc / μL

[I-98]0 / (mol dm-3)

[170]0 / (mol dm-3)

[98]0 / (mol dm-3)

600
600
600
600
600
600

0.333
0.333
0.333
0.333
0.333
0.333

200
200
200
200
200
200

0.000
0.133
0.267
0.467
0.533
0.600

0
80
160
280
320
360

0.667
0.533
0.400
0.200
0.133
0.067

400
320
240
120
80
40

0.100
0.100
0.100
0.100
0.100
0.100

0.100
0.100
0.100
0.100
0.100
0.100

0.040
0.032
0.024
0.012
0.008
0.004

Table 5.1: Fractional syringe contributions (fi), syringe firing volumes (Vi / μL) and initial reactant concentrations [i]0 for SF-NMR monitoring of the aminolysis of 1-acetyl-1,2,4triazole I-98 (0.10 M) with p-F-BnNH2 170 (0.10 M) and variable concentrations of exogeneous 1,2,4-triazole 98 (0 – 0.040 M). Syringe A filled with solution I; syringe B with
solution II; syringe C with solution (IV). [I-98]A = 0.300 M; [170]B = [170]C = 0.150 M; [98]C = 0.060 M. [1-F-Nap]A = [1-F-Nap]B =[1-F-Nap]C = 0.050 M.

VT / μL
600
600
600
600
600

fA
0.333
0.333
0.333
0.333
0.333

VA / μL
200
200
200
200
200

fB
0.667
0.533
0.400
0.267
0.133

VB / μL
400
320
240
160
80

fC
0.000
0.133
0.267
0.400
0.533

Vc / μL
0
80
160
240
320

[I-98]0 / (mol dm-3)
0.100
0.100
0.100
0.100
0.100

[170]0 / (mol dm-3)
0.100
0.080
0.060
0.040
0.020

Table 5.2: Fractional syringe contributions (fi), syringe firing volumes (Vi / μL) and initial reactant concentrations [i]0 for SF-NMR monitoring of the aminolysis of 1-acetyl-1,2,4triazole I-98 (0.10 M) with variable concentrations of p-F-BnNH2 170 (0.020 – 0.10 M) but no exogenous 1,2,4-triazole 98. Syringe A filled with solution I; syringe B with solution
II; syringe C with solution (V). [I-98]A = 0.300 M; [170]B = 0.150 M. [1-F-Nap]A = [1-F-Nap]B =[1-F-Nap]C = 0.050 M
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VT / uL
600
600
600
600
600

fA
0.333
0.267
0.200
0.133
0.067

VA / uL
200
160
120
80
40

fB
0.667
0.667
0.667
0.667
0.667

VB / uL
400
400
400
400
400

fC
0.000
0.067
0.133
0.200
0.267

Vc / uL
0
40
80
120
160

[I-98]0 / (mol dm-3)
0.100
0.080
0.060
0.040
0.020

[170]0 / (mol dm-3)
0.100
0.100
0.100
0.100
0.100

Table 5.3: Fractional syringe contributions (fi), syringe firing volumes (Vi / μL) and initial reactant concentrations [i]0 for SF-NMR monitoring of the aminolysis of variable 1-acetyl1,2,4-triazole I-98 (0.020 - 0.10 M) with p-F-BnNH2 170 (0.10 M) but no exogenous 1,2,4-triazole 98. Syringe A filled with solution I; syringe B with solution II; syringe C with
solution (V). [I-98]A = 0.300 M; [170]B = 0.150 M. [1-F-Nap]A = [1-F-Nap]B =[1-F-Nap]C = 0.050 M.

VT / μL
600
600
600
600
600

fA
0.333
0.333
0.333
0.333
0.333

VA / μL
200
200
200
200
200

fB
0.667
0.533
0.400
0.267
0.133

VB / μL
400
320
240
160
80

fC
0.000
0.133
0.267
0.400
0.533

Vc / μL
0
80
160
240
320

[I-98]0 / (mol dm-3)
0.100
0.100
0.100
0.100
0.100

[170]0 / (mol dm-3)
0.100
0.080
0.060
0.040
0.020

[98]0 / (mol dm-3)
0.040
0.040
0.040
0.040
0.040

Table 5.4: Fractional syringe contributions (fi), syringe firing volumes (Vi / μL) and initial reactant concentrations [i]0 for SF-NMR monitoring of the aminolysis of 1-acetyl-1,2,4triazole I-98 (0.10 M) with variable concentrations of p-F-BnNH2 170 (0.020 – 0.10 M) in the presence of exogenous 1,2,4-triazole 98 (0.040 M). Syringe A filled with solution I;
syringe B with solution III; syringe C with solution (IV). [I-98]A = 0.300 M; [170]B = 0.150 M; [98]B = [98]C = 0.060 M. [1-F-Nap]A = [1-F-Nap]B =[1-F-Nap]C = 0.050 M.
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Longitudinal relaxation times (T1)
General comments
To guide the optimisation of acquisition parameters for NMR reaction monitoring (vide supra),
longitudinal relaxation time constants (T1) were measured explicitly for key nuclei in a range of
major reaction components. Relaxation time constants for 19F and/or 1H nuclei in each compound
were measured by conventional inversion-recovery experiments {tD1--π--τ--π/2--tAQ}, using pure
(single-component) samples prepared in MeCN-d3. In each experiment, the recovery of
longitudinal magnetisation was monitored by repeating the pulse sequence {tD1--π--τ--π/2--tAQ}
for a standardised list of 14 recovery delays (τ = 0.01 s, 0.1 s, 0.5 s, 1.0 s, 1.5 s, 2.0 s, 2.5 s, 4.0
s, 6.0 s, 8.0 s, 10 s, 15 s, 20 s, 40 s), acquiring an integer multiple of four transients per spectrum
(ns = 4 for 1H; ns = 8 for

19F),

and imposing an extended relaxation delay of tD1 = 40 s between

successive transients.
All samples were prepared and analysed analogously, using the same component concentration
(0.100 M), solvent source, and NMR spectrometer (Bruker Ascend 400 MHz). All samples were
assembled in the same manner as monitored reactions, prepared at pertinent concentrations, and
analysed at the same temperature (TNMR = 293.1 K). Both 1H and

19F

inversion-recovery

experiments were undertaken for p-F-PhAc 160, p-F-BnNH2 170, p-F-BnNHAc 171, p-F-PhOH
172, and 1-F-napthalene; 1H experiments only were conducted for 1,2,4-triazole 98, pyrazole 154H, N-acetyl pyrazole I-154 and 1,3,5-trimethoxybenzene 193, in addition to an equimolar mixture
of 1,2,4-triazole 98 and DBU 130 (0.10 M : 0.10 M) (Table 5.5).
Relaxation time constants were extracted from plots of resonance intensities (Iτ) vs τ by non-linear
regression; to account for imperfect inversions from the initial 180° (π) pulse, a three-parameter
model (I∞, k, T1) was used in all cases (equation 5.6).
𝐼𝜏 = 𝐼∞ (1 − 𝑘𝑒

−

𝜏
𝑇1 )

(5.6)

Figure 5.1: Typical inversion recovery profiles for: (A) 1,3,5-trimethoxybenzene 193 (T1(ArH) = 5.3 s; k = 1.87, I∞ =
471794), measured by 1H NMR; and (B) p-F-BnNHAc 171 (T1(F) = 5.7 s, k = 1.44, I∞ = 6695), measured by 19F NMR
spectroscopy. All T1 constants measured at TNMR = 293.1 K in pure (single-component) MeCN-d3 solutions.
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Species

δH / ppm

T1 (1H) / s

δF / ppm

T1 (19F) / s

p-F-PhAc 160

2.26 (CH3)

4.2

-118.87

5.3

7.15 (Ar-H)

6.2

-

-

3.79 (CH2)

4.3

-118.76

5.6

7.07 (Ar-H)

6.3

-

-

7.36 (Ar-H)

6.3

-

-

1.92 (CH3)

4.3

-117.70

5.7

4.31 (CH2)

3.7

-

-

7.08 (Ar-H)

6.2

-

-

7.31 (Ar-H)

6.2

-

-

6.80 (Ar-H)

7.2

-127.08

6.3

6.97 (Ar-H)

7.2

-

-

7.25 (Ar-H)

7.3

-125.02

4.8

7.50 (Ar-H)

7.1

-

-

7.63 (Ar-H)

7.1

-

-

7.75 (Ar-H)

7.0

-

-

7.98 (Ar-H)

7.1

-

-

8.12 (Ar-H)

7.1

-

-

3.78 (CH3)

2.7

-

-

6.12 (Ar-H)

5.3

-

-

6.32 (Ar-H)

8.4

-

-

7.59 (Ar-H)

8.6

-

-

2.67 (CH3)

5.8

-

-

6.53 (Ar-H)

7.7

-

-

7.76 (Ar-H)

8.2

-

-

8.28 (Ar-H)

8.2

-

-

1,2,4-Triazole 98

8.15 (Ar-H)

8.1

-

-

98 (+ DBU 130, 1:1)

7.95 (Ar-H)

7.5

-

-

p-F-BnNH2 170

p-F-BnNHAc 171

p-F-PhOH 172

1-F-Napthalene

1,3,5-Trimethoxybenzene 193

Pyrazole 154-H

N-Acetyl pyrazole I-154

Table 5.5: Longitudinal relaxation (T1) constants for a range of key species pertinent to the main text. All T1 constants
were measured independently by standard inversion recovery experiments (1H or 19F NMR) at TNMR = 293.1 K, using pure
(single-component) MeCN-d3 solutions. A relaxation delay of tD1 = 40 s was used in all inversion recovery experiments (>
4 T1 of the slowest relaxing nucleus).
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F NMR

19

Inversion-recovery experiments were conducted using eight transients (ns = 8) per spectrum, a
relaxation delay of tD1 = 40 s between successive transients, and an acquisition time of tAQ = 1.5
s. All 14 spectra were processed as a stack, with baseline (Whittaker smoother) and phasing
(zeroth and first order) corrections optimised manually.
Unsurprisingly, longitudinal relaxation rates for the 19F nuclei in p-F-PhAc 160, p-F-BnNH2 170, pF-BnNHAc 171, p-F-PhOH 172, and 1-F-napthalene were found to be almost identical to one
another in MeCN-d3, with the largest difference being that between p-F-PhOH (T1(19F) = 6.3 s)
and 1-F-napthalene (T1(19F) = 4.8 s).

H NMR

1

Inversion-recovery experiments were conducted using four transients (ns = 4) per spectrum, a
relaxation delay of tD1 = 40 s between successive transients, and an acquisition time of tAQ = 1.0
s. All 14 spectra were processed as a stack, with baseline (Whittaker smoother) and phasing
(zeroth and first order) corrections optimised manually.
Compared to the T1(19F) constants, the range of T1 constants observed amongst the various 1H
nuclei was larger, with the methyl protons in 1,3,5-trimethoxybenzene 193 (T1(1H, CH3) = 2.7 s)
and doubly degenerate aryl protons in pyrazole 154-H (T1(1H, Ar-H) = 8.6 s) representing limiting
cases amongst the compounds analysed. The addition of equimolar DBU 130 to 1,2,4-triazole 98
lead only to a modest increase in the rate of longitudinal relaxation of these aryl protons, affording
T1(1H, Ar-H) = 7.5 s compared to T1(1H, Ar-H) = 8.1 s under neutral conditions.

Numerical kinetic fitting
Absolute values for individual rate constants, where used in the main text (for, e.g., Eyring
analysis) and unless otherwise stated, were generally determined by numerically fitting
experimental concentration-time profiles to a specified kinetic model. These models were
designed to be kinetically minimal, and are to be distinguished from the microscopic mechanisms
shown throughout the thesis. All fitted rate constants given in the main text are accompanied by
such a model.
Numerical fitting itself was undertaken with the default least-squares fitting routine implemented
in DynoChem 5 (Scale-up Systems), using the Levenberg-Marquardt algorithm (tolerance 10-4)
for non-linear fitting and the Rosenbrock integrator (accuracy 10-3) for solving the underlying
systems of differential equations for each iteration. As rate coefficients were often determined by
simultaneously fitting the concentration-time profiles of multiple species to a single kinetic model
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(e.g., I-154, 160, 170 and 171; Figures 3.38 – 3.40) – some present at significantly lower
concentrations (i.e., I-154) than others throughout a given reaction course – all fitted rate
constants were determined by minimising the weighted sum of squares (weighted SSQ) in each
run.
References in the main text to global numerical fitting (e.g., Figure 3.30, Table 3.1) pertain
specifically to instances where rate constants were determined by fitting a single set of kinetic
parameters to concentration-time data obtained from multiple reactions, conducted under
identical conditions but differing in the initial conditions of one or more components.
Uncertainties in individual rate constants determined by such numerical fitting were estimated
from the 95 % confidence interval calculated in DynoChem, and for rate constants quoted in the
main text relative errors were generally < ± 5 %. Higher uncertainties, up to < ± 15 %, were
obtained in a limited number of cases (e.g., the rate constants of phenolysis, k-1, in Table 3.5).
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5.3.6. Intermolecular competitions
Competitive LFERs
Overview
Linear free energy relationships (LFERs) for the acyl acceptor (benzylic amines) were determined
by intermolecular competition experiments under standard catalytic conditions in both MeCN-h3
and THF-h8.

Scheme 5.4: General procedure for intermolecular competitions between amines.

In each experiment (Scheme 5.4), the reference amine p-F-BnNH2 (170 = 170-F) was assembled
with an equimolar quantity, or two-fold excess, of the appropriately para-substituted amine p-XBnNH2 170-X (i.e., [170-F]0 = [170-X]0, or 2.[170-F]0 = [170-X]0), in addition to appropriate
quantities of auxiliary base (DBU 130), catalyst (1,2,4-triazole 98; 5 mol%) and 1-fluoronapthalene
as an internal integration standard. In all cases the total initial concentration of amine (i.e., [170F]0 + [170-X]0) was constant.
Following initiation with p-F-PhAc 160 (vide infra), each competition reaction was monitored in
situ by 19F NMR spectroscopy, with the concentration of residual p-F-BnNH2 170-F calculated by
direct (sum) integration and normalisation against 1-F-napthalene; the concentrations of p-FPhAc 160, p-F-BnNHAc 171-F and p-F-PhOH 172 (total) were calculated likewise. The
concentration of the competing amine was either calculated directly (if fluorinated, e.g., for 170CF3), or indirectly, in the latter case using approximation that [170-X] = [170-X]0 – ([172]T - [171F]); under standard catalytic conditions, hydrolysis is typically very minor, whilst the steady-state
concentration of 1-acetyl-1,2,4-triazole I-98 was found to be below the detection limit of both
1H/19F

NMR. For non-fluorinated amines, the initial concentration [170-X]0 was calculated by a

preliminary 1H NMR analysis of a pre-reactive solution, prior to the addition of p-F-PhAc 160 (vide
infra). Both the direct and indirect method of quantitation were used for the competition reaction
between 170-F and 170-CF3 to confirm the validity of the indirect approach.
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All competition reactions were initiated in the same manner (vide infra), with relative rate
coefficients (kX/kF) obtained via non-linear regression using the mathematical formalisms
developed by Bigeleisen and Wolfsberg (for first-order competitions).
The measurement of competitive LFERs using p-substituted phenyl acetates was precluded by
intermolecular exchange between the competing esters and liberated phenols, which was
typically kinetically competitive with aminolysis. The measurement of LFERs by absolute rates
was not pursued.

Typical procedure
All solutions were prepared from a parent stock solution of 1-F-napthalene (0.050 M) in MeCN-h3
(see monitoring section for further detail on standard reaction assembly methods).
A pre-reactive stock solution of p-F-BnNH2 170-F (0.0666 M), p-X-BnNH2 170-X (0.0666 M), DBU
130 (0.133 M) and 1,2,4-triazole 98 (0.0067 M, 5 mol%) in MeCN-h3 was assembled using
volumetric glassware, and transferred to a 5mm borosilicate NMR tube (600 μL; solution 1). This
pre-reactive sample was loaded into the NMR probe (TNMR = 293.1 K; 20.0°C), automatically tuned
and matched to 1H, and subjected to gradient shimming with the lock disabled; the receiver gain
was optimised automatically, and a 1H spectrum acquired (without solvent suppression) using
standard acquisition parameters (vide supra) to determine the initial concentration ratio R0 = [170F]0/[170-X]0. The probe was then retuned and matched to 19F, the receiver gain optimised, and a
standard 19F NMR spectrum acquired.
This pre-reactive sample (solution 1) was subsequently ejected from the spectrometer and
transferred to a proximate fumehood (TIRM = 20.0 °C ± 2.0 oC), whereupon it was uncapped and
the reaction initiated by injection of p-F-PhAc 160 (0.40 M, 200 μL, solution 2) with a glass
microsyringe. The fully assembled reaction (800 μL; [160]0 = 0.10 M, solution 3) was rapidly
mixed by inverting the capped sample (three times) and shaking vigorously (for 5 s), and then
swiftly transferred back to the spectrometer, after which monitoring was commenced immediately.
19F

spectra were acquired continuously until the reaction attained > 60 % conversion (F > 0.60;

total amine), with each spectrum acquired using one transient per spectrum (ns = 1), a relaxation
delay of tD1 = 10 s, and an acquisition time of tAQ = 3.5 s (an additional, minimum inter-spectrum
delay of tMD > 10 s was used for all experiments).
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Bigeleisen-Wolfsberg analysis
Relative rate coefficients (kX/kF) were obtained via non-linear regression using the mathematical
formalisms developed by Bigeleisen and Wolfsberg.13 Assuming underlying or empirical firstorder behaviour in the amine, the relative reactivities of the two competing amines kX/kF in each
experiment were obtained from the substrate-focused Bigeleisen-Wolfsberg (B-W) equation:

𝑘𝑋
=
𝑘𝐹

ln ((1 − 𝐹) (

1 + 𝑅0
))
1 + 𝑅𝐹

𝑅
1 + 𝑅0
ln ((1 − 𝐹) ( 𝐹 ) (
))
𝑅0 1 + 𝑅𝐹

(5.6)

where F denotes the overall fractional conversion of both amines, RF = [170-F]F/[170-X]F is the
instantaneous ratio of the two amines after a certain F, and R0 denotes the corresponding ratio at
the start of the reaction (F = 0).
𝐹 =1−

[170 − X]t + [170 − F]𝑡
[170 − X]0 + [170 − F]0

(5.7)

For all competitive LFERs reported in this work, relative rates were determined by non-linear
regression with a rearranged form of the B-W equation:

𝐹 =1−(

𝑘𝑋
𝑘𝐹
𝑅𝐹 𝑅𝐹 1−𝑘𝑋
) ( ) 𝑘𝐹

1+
1 + 𝑅0

𝑅0

(5.8)

with the fractional conversions F and corresponding amine ratios RF determined experimentally
in regular intervals, using concentrations measured by in situ 19F NMR spectroscopy (vide supra).

Non-linear regressions
Relative reactivities were determined under standard catalytic conditions in both MeCN-h3
(Figure 5.2) and THF-h8 (Figure 5.3), with the results of each non-linear regression summarised
below. Note that RF is defined inversely to the relative rate kX/kF, such that amines more reactive
than the reference (170-F) lead to an increase in RF over the course of the reaction, and vice
versa. All reactions in MeCN-h3 were taken to > 60 % conversion (F > 0.60); reactions in THF-h8,
meanwhile, were taken to > 50 % conversion (F > 0.50).
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Figure 5.2: Determination of kX/kF by non-linear regression for six intermolecular competition reactions between p-FBnNH2 170-F (reference) and p-X-BnNH2 170-X under standard catalytic conditions in MeCN-h3 (X = OMe, tBu, H, Cl,
CF3). For each reaction [p-F-PhAc 160]0 = [DBU 130]0 = 0.10 M; [170-F]0 + [170-X]0 = 0.10 M; [124-Triazole 98]0 = 0.0050
M (5 mol%). Approximately equimolar amine loadings (0.05 M : 0.05 M) were used for X = OMe, tBu and H; a twofold
excess of the competitor (0.067 M : 0.033 M) was used for X = Cl and CF 3. All concentrations determined by in situ 19F
NMR spectroscopy. A) X = OMe, R0 = 0.98, kOMe/kF = 1.43. B) X = tBu, R0 = 1.10, ktBu/kF = 1.48. C) X = H, R0 = 0.98, kH/kF
= 1.10. D) X = Cl, R0 = 0.51, kCl/kF = 0.77. E) X = CF3 (direct) R0 = 0.58, kCF3/kF = 0.63. F) X = CF3 (indirect), R0 = 0.54,
kCF3/kF = 0.61.
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Figure 5.3: Determination of kX/kF by non-linear regression for six intermolecular competition reactions between p-FBnNH2 170-F (reference) and p-X-BnNH2 170-X under standard catalytic conditions in THF-h8 (X = OMe, tBu, H, Cl, CF3).
For each reaction [p-F-PhAc 160]0 = [DBU 130]0 = 0.10 M; [170-F]0 + [170-X]0 = 0.10 M; [124-Triazole 98]0 = 0.0050 M (5
mol%). Approximately equimolar amine loadings (0.05 M : 0.05 M) were used for X = OMe, tBu and H; a twofold excess
of the competitor (0.067 M : 0.033 M) was used for X = Cl and CF3. All concentrations determined by in situ 19F NMR
spectroscopy. A) X = OMe, R0 = 0.96, kOMe/kF = 1.28. B) X = tBu, R0 = 0.95, ktBu/kF = 1.11. C) X = H, R0 = 0.93, kH/kF =
1.03. D) X = Cl, R0 = 0.50, kCl/kF = 0.89. E) X = CF3 (direct) R0 = 0.51, kCF3/kF = 0.65.
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X (MeCN-h3)

σp

kX/kF

log10(kX/kF)

OMe
t
Bu
H
F
Cl
CF3

-0.268
-0.197
0
0.062
0.227
0.540

1.43
1.48
1.10
1.00
0.77
0.61
ρ

0.155
0.170
0.042
0.000
-0.111
-0.212
-0.50

Table 5.6: Hammett substituent constants (σp), relative rates (kX/kF) and reaction constant (ρ) determined by
intermolecular competition for the 1,2,4-triazole-catalysed 98 aminolysis of p-F-PhAc 160 by p-F-BnNH2 170-F/p-X-BnNH2
170-X (X = OMe, tBu, H, Cl, CF3) and DBU 130 in MeCN-h3. [98]0 = 0.005 M (5 mol%); [160]0 = [130]0 = 0.10 M. [170-F]0
+ [170-X]0 = 0.10 M.

X (THF-h8)

σp

kX/kF

log10(kX/kF)

OMe
t
Bu
H
F
Cl
CF3

-0.268
-0.197
0
0.062
0.227
0.540

1.28
1.12
1.03
1.00
0.89
0.65
ρ

0.108
0.049
0.013
0.000
-0.052
-0.187
-0.34

Table 5.7: Hammett substituent constants (σp), relative rates (kX/kF) and reaction constant (ρ) determined by
intermolecular competition for the 1,2,4-triazole-catalysed 98 aminolysis of p-F-PhAc 160 by p-F-BnNH2 170-F/p-X-BnNH2
170-X (X = OMe, tBu, H, Cl, CF3) and DBU 130 in THF-h8. [98]0 = 0.005 M (5 mol%); [160]0 = [130]0 = 0.10 M. [170-F]0 +
[170-X]0 = 0.10 M.
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C/13C KIE

12

Overview
To corroborate natural abundance

12C/13C

KIEs (vide infra), the

12C/13C

KIE for the carbonyl

carbon (C-2) in p-F-PhAc 160 was independently determined using isotopically labelled
substrates. Specifically, the carbonyl
competition between
(> 99 %

13C),

[13CH

3]-p-F-PhAc

using the large direct

12C/13C

KIE was determined through an intermolecular

13

[ CH3]-160 (> 98% 13C) and [13CO]-p-F-PhAc [13CO]-160

13C-1H

coupling (1JC1-H ≈ 130 Hz) in the former to distinguish

its CH3 resonance from that of the carbonyl

13C-labelled

isotopologue (2JC2-H ≈ 7 Hz). To

determine the KIE, the competing isotopologous substrates were monitored continuously under
standard catalytic conditions (p-F-BnNH2 170, DBU 130, 1,2,4-triazole 98, TNMR = 293.1 K) by in
situ 1H NMR spectroscopy, with the KIE extracted by non-linear regression using the full
substrate-focused Bigeleisen-Wolfsberg equation (vide supra). Due to intractable spectral
congestion in THF-d8, the KIE was determined in this manner for the reaction in MeCN-d3 only.

Scheme 5.5: Conditions for the measurement of the carbonyl 12C/13C KIE.

Attempts to directly monitor the competing substrates by

13C{1H}

IG

NMR spectroscopy were

ultimately unsuccessful: to accommodate the significant disparity in the rates of longitudinal
relaxation between the 13CO and 13CH3 nuclei (T1(13CO) ≈ 37 s; and T1(13CH3) ≈ 10 s), very large
relaxation delays were required during monitoring, in turn precluding the acquisition of spectra
with sufficient signal-to-noise. Alternative strategies for measuring the
in a manner analogous to the determination of the amine

14N/15N

12C/13C

KIE by

19F

NMR,

KIE (vide infra), were ultimately

precluded by kinetically-competitive self-exchange between p-F-PhAc 160 and p-F-PhOH 172
(usually inconsequential, but fundamentally problematic when relying on remote isotopic labels
on the phenol ring to distinguish the competing isotopologues of p-F-PhAc 160).
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Reaction assembly
To preserve the small quantities of [13CH3]-160 and [13CO]-160 that were available, the
competition reaction was assembled slightly differently to the standard approach. A stock solution
of p-F-BnNH2 170 (0.12 M), 1,2,4-triazole 98 (0.010 M) and 1-F-napthalene (0.025 M) in MeCNd3 was first dispensed to a 5 mm borosilicate NMR tube (Solution1; 700 μL); this sample was
prepared < 3 h in advance of monitoring. Immediately prior to monitoring, [13CH3]-160 (4.5 μL,
0.035 mmol; 0.05 M) and [13CO]-160 (4.5 μL, 0.035 mmol; 0.05 M) were then injected directly into
this sample as neat liquids to afford a metastable solution (Solution 2); immediately thereafter,
the sample was loaded into the spectrometer, tuned and matched to 1H, locked to the 2H signal
of MeCN-d3, subjected to gradient shimming, the receiver gain optimised automatically, and a 1H
NMR spectrum recorded to assess the initial ratio of the competing isotopologues, R0. In the
absence of DBU 130, and at the concentrations in question, aminolysis of p-F-PhAc 160 was
negligible during this time (< 5 min).
Having acquired the initial 1H spectrum, the sample was quickly ejected from the spectrometer
and uncapped in a proximate fumehood, whereupon catalysis was initiated with the addition of a
slight excess of DBU 130 (12.5 μL; 0.084 mmol; 0.12 M) as a neat liquid. On account of the rapid
initial turnover in MeCN-d3, as soon as DBU 130 was added the NMR tube was capped, rapidly
inverted and shaken, loaded into the NMR probe, locked, rapidly re-shimmed, and monitored
continuously thereafter. Although this sequence was undertaken rapidly and without delay, care
was nevertheless taken to re-shim the sample sufficiently well to ensure high resolution and good
lineshape during monitoring (for accurate quantitation, it proved important to avoid even relatively
modest overlap between the CH3 resonances of the competing substrates with the myriad other
upfield 1H resonances). The combination of a rapid initial rate and spectral congestion meant
reaction assembly was challenging, and had to be repeated several times to achieve the required
resolution without sacrificing too much of the reaction progress.
During monitoring, 1H spectra were acquired back-to-back using a standard pulse-acquire
sequence and a specially configured set of acquisition parameters, including: (i) a 30° excitation
pulse; (ii) a single transient per spectrum (ns = 1); (iii) a large relaxation delay of tD1 = 60 s (tR >>
5T1 of CH3 in p-F-PhAc 160); and (iv) an extended acquisition time of tAQ = 8.0 s (65536 points).
For the production run, 1H spectra were acquired continuously from 50 % conversion (F = 0.5) to
95 % (F = 0.95); despite several attempts, the first half of the reaction evolution was too rapid to
be captured following manual reaction assembly (the requirement to obtain high resolution, and
thereby to reshim the sample following initiation with DBU, ultimately imposed a minimum bound
on the dead time).
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Data analysis
1H

spectra obtained over the course of monitoring were then processed together as a stack, with

zero-filling (128k points), and phasing (zeroth order only) and baseline (first-order Bernstein
polynomial) corrections, applied consistently to all spectra. To avoid other, nearby resonances
compromising the quantitation of the two isotopologous substrates, no exponential weighting
functions were applied to any of the FIDs.
Concentrations of the competing isotopologues at time each point were quantified by direct (sum)
integration and normalisation against 1-F-napthalene, using constant integration ranges for all
spectra, and the ratio RF and the fractional conversion F were determined according to standard
methods (vide supra).
𝑘12𝐶𝑂
𝑘13𝐶𝑂
𝑅𝐹 𝑅𝐹 1−𝑘12𝐶𝑂
) ( ) 𝑘13𝐶𝑂

1+
𝐹 =1−(
1 + 𝑅0

(5.9)

𝑅0

Non-linear regression of F, in accordance with equation 5.15, in turn afforded a relative rate of
k13CH3/k13CO = 1.041(2) (see main text). Assuming a secondary

12C/13C

KIE of unity at the methyl

carbon in p-F-PhAc 160 (i.e, k12CH3/k13CH3 = 1.0000), a likely excellent approximation, this value
corresponds to the intrinsic KIE at the carbonyl carbon, i.e., k12CO/k13CO = 1.041(2). The uncertainty
in this value was estimated by linear regression of ln(RF), using the logarithmic form of equation
5.15.

N/15N KIE

14

Overview
Amine

14N/15N

KIEs were determined through intermolecular competition between [Ar-d1]-p-F-

BnNH2 [Ar-d1]-170 (> 99% D) and [15N]-p-F-BnNH2 [15N]-170 (> 98 %

15N),

with the secondary

isotope shift 3ΔF(D) used to distinguish the para-19F resonances of the two isotopologues (3ΔF(D)
≈ 0.27 ppm) (Scheme 5.6). In each experiment the competing substrates were subjected to
standard catalytic conditions (p-F-PhAc 160, DBU 130, 1,2,4-triazole 98/pyrazole 154-H, TNMR =
293.1 K) and monitored in situ by

19F{1H}

NMR spectroscopy with inverse-gated 1H decoupling

(elimination of 19F-1H couplings lead to a useful enhancement in signal-to-noise). For catalysis by
1,2,4-triazole 98, the 14N/15N KIE was determined in both MeCN-h3 and THF-h8; for pyrazole 154H, the

14N/15N

KIE was determined in MeCN-h3 only. In each case a control intermolecular

competition, between [Ar-d1]-170 (> 99% D) and 170, was conducted to account for any KIE
arising from mono-deuteration of aryl ring; this was essentially negligible in all cases (i.e., 1.000
– 1.005), as expected.
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Scheme 5.6: Conditions for the measurement of the amine 14N/15N KIE.

Reaction assembly
Intermolecular competition reactions were assembled in the standard manner. Typically, a stock
solution of [Ar-d1]-170 (0.066 M), 170/[15N]-170 (0.066 M), DBU 130 (0.16 M), 1,2,4-triazole
98/pyrazole 154-H (0.0133 M) and 1-F-napthalene (0.025 M) in MeCN-h3/THF-h8 was first
prepared and dispensed to a 5 mm borosilicate NMR tube (Solution 1; 700 μL); this sample was
prepared < 3 h in advance of monitoring. At leisure, this sample was loaded into the spectrometer,
tuned and matched to 1H, subjected to gradient shimming with the lock off (topshimfindsolvent),
the receiver gain optimised automatically, and a 1H NMR spectrum (without solvent suppression)
recorded to assess the purity of the sample. Thereafter, the probe was retuned and matched to
19F,
1H

the receiver gain optimised automatically, and a 19F{1H} spectrum acquired with inverse-gated

coupling to assess the initial ratio of the isotopologoues, R0. Finally, the probe was retuned

and matched to 1H, in preparation for shimming the fully assembled reaction.
At this point, the pre-reactive sample was ejected from the spectrometer and uncapped in a
proximate fumehood, whereupon catalysis was initiated with the addition of a modest excess of
p-F-PhAc 160 (200 uL, 0.48 M; Solution 2) as a solution in the appropriate solvent. Immediately
after initiation, the NMR tube was capped, rapidly inverted and shaken, loaded into the NMR
probe, rapidly re-shimmed, retuned and matched to

19F,

and monitored continuously. Although
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this sequence was undertaken rapidly and without delay, care was nevertheless taken to re-shim
the sample sufficiently well to ensure high resolution and good lineshape during monitoring.
During monitoring,

19F{1H}

spectra were acquired back-to-back using a specially configured set

of acquisition parameters, including: (i) a 30° excitation pulse; (ii) a four transients per spectrum
(ns = 4); (iii) a relaxation delay of tD1 = 10 s between transients; and (iv) an acquisition time of tAQ
= 3.5 s (131072 points). For self-consistency, all reactions were monitored to roughly the same
level of conversion (F ≈ 0.83); higher conversions were avoided on account of insufficient signalto-noise.

Data analysis
19F{1H}

spectra obtained over the course of each reaction were processed together as a stack,

with zero-filling (256k points), exponential line broadening (0.4 Hz), and both phasing (zeroth and
first order) and baseline (third-order Bernstein polynomial) corrections applied consistently to all
spectra. Concentrations were quantified by direct (sum) integration and normalisation against 1F-napthalene, using constant integration ranges for all spectra; the isotopologue ratio RF and
fractional conversion F were calculated according to standard definitions.
As all

14N/15N

KIEs were found to be very small, each KIE was determined using a simplified

version of the substrate-focused B-W equation (essentially exact for heavy atom KIEs 0.97 –
1.03). Specifically, each

14N/15N

KIE was determined by both non-linear regression of RF and

linear regression of ln(RF), according to:
1
𝑘14𝑁
𝑅𝐹
= (1 − 𝐹) 𝑘15𝑁
𝑅0

ln 𝑅𝐹 = (

1
𝑘14𝑁
𝑘15𝑁

Both forms of regression lead to identical

−1

− 1) ln(1 − 𝐹) + ln 𝑅0

14N/15N

(5.10)

(5.11)

KIEs (to three decimal places). For simplicity,

the uncertainty in each KIE, εKIE, was therefore estimated from the standard error, εm, in the
gradient m of the linear regression, using:
𝜀𝐾𝐼𝐸 = 𝜀𝑚 (

𝑘14𝑁 2
)
𝑘15𝑁

(5.12)
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5.3.7. Natural abundance 12C/13C KIEs
Overview
Natural abundance
pulse

13C{1H}

IG

12C/13C

KIEs were determined for all positions in p-F-PhAc 160 by single-

NMR spectroscopy, using the approach developed by Singleton and coworkers.

KIEs were determined under standard catalytic conditions in both MeCN-h3 and THF-h8 (0.10 M
p-F-PhAc 160; DBU 130, 0.10 M; 10 mol% 1,2,4-triazole 98), using a modestly substoichiometric
quantity of p-F-BnNH2 170 (~ 0.080 M, vide infra) in each case. The reaction kinetics under
standard catalytic conditions were found to be highly reproducible by extensive in situ 1H/19F NMR
monitoring, so each reaction was run only once; however, measurements of relative

13C

ratios

(Ri/Ri,0) in each sample were repeated extensively, using a range of NMR acquisition parameters,
to assess the uncertainty in the measured KIE.

Scheme 5.7: Conditions for the measurement of the carbonyl 12C/13C KIE at natural abundance.

Isolation of residual p-F-PhAc
An oven-dried two-necked flask (500 mL) with a headspace of N2 was charged with p-fluorophenyl
acetate 160 (p-F-PhAc; 3.33 mL, 0.0260 mol), 1-fluoronapthalene (1.68 mL, 0.0130 mol) and
anhydrous MeCN-h3 (260 mL). Under a dynamic flow of N2, catalytic 1,2,4-triazole 98 (0.179 g,
0.0026 mol, 10 mol%) was added to the flask, and the suspension stirred until full dissolution of
98; an aliquot (1.0 mL; aliquot A) was subsequently withdrawn from the reaction mixture and
transferred to an NMR tube. Substoichiometric p-fluorobenzyl amine 170 (p-F-BnNH2; 2.36 mL,
0.0208 mol) was then dispensed to the reaction solution in one addition, followed swiftly by
stoichiometric 1,8-diazabicyclo[5.4.0]undec-7-ene 130 (DBU; 3.87 mL, 0.0260 mol). A second
aliquot was immediately withdrawn from the fully assembled reaction (1.0 mL; aliquot B) and
transferred to an NMR tube. The bulk reaction was then stirred at room temperature (20 - 22°C),
under N2, overnight; the NMR tube containing aliquot B, sealed with parafilm, was left to stand at
room temperature without physical agitation.
After 16 h, a third aliquot (1.0 mL; aliquot C) was withdrawn from the reaction mixture, and
transferred to a clean NMR tube. After the withdrawal of aliquot C, the full reaction solution was
evaporated under reduced pressure, the crude solid suspended in Et2O, and the ethereal

- 351 -

suspension washed with H2O and aqueous NH4Cl(sat); strongly acidic and basic conditions were
avoided during this stage to prevent the hydrolysis of p-F-PhAc 160. The ethereal layer was
separated, the aqueous phase extracted with further Et2O (3 x 30 mL), and the combined ethereal
layers dried over anhydrous MgSO4. The Et2O was removed by rotary evaporation (40 °C, 50
mbar), and the crude product purified by flash column chromatography (silica, 6:1 Petrol:Et 2O, Rf
= 0.40) to afford a colourless oil (recovered: 0.469 g, 3.0 mmol, 12 %, i.e. F < 0.880).
The same procedure, affording a comparable quantity of recovered p-F-PhAc 160, was also
repeated using THF-h8 as the reaction solvent. In both cases the initial loading of p-F-PhAc 160
was taken from the same batch.

C/13C KIE determination

12

Overview
The determination of
13C-isotopomer

12C/13C

KIEs at natural abundance ultimately requires a comparison of the

distribution in a sample of substrate (p-F-PhAc 160) recovered from an

incomplete reaction with the

13C-isotopomer

distribution in a sample of the unreacted substrate.

To an excellent approximation, the KIE (k12C/k13C)i at any position i can be determined at natural
abundance (13C ~ 1.1%) using the simplified, substrate-focused Bigeleisen-Wolfsberg equation:
(

𝑘12𝐶
) ≈
𝑘13𝐶 𝑖

ln(1 − 𝐹)

(5.13)

𝑅
ln ((1 − 𝐹) ( 𝑖 ))
𝑅𝑖,0

where F is the overall fractional conversion of all isotopologues/isotopomers of the substrate; Ri
denotes the relative abundance of the isotopomer of interest (with
respect to some reference isotopomer (with

13C

13C

at a specified site, i) with

at some unreactive position, ref) in the recovered

substrate; and Ri,0 denotes the analogous ratio in the unreacted substrate. The relative
fractionation, Ri/Ri,0, can be determined directly from integrals (I) obtained from quantitative
13C{1H}

IG

spectra acquired identically on samples of recovered (Ii/Iref)F and unreacted (Ii/Iref)0

substrate:
𝐼
( 𝑖 )
𝐼𝑟𝑒𝑓 𝐹
𝑅𝑖
=
𝑅𝑖,0 ( 𝐼𝑖 )
𝐼𝑟𝑒𝑓 0

(5.14)
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Fractional conversion F
The fractional conversion F was determined by quantitative 19F NMR analysis of aliquots A, B and
C, immediately after the withdrawal of aliquot C from the bulk reaction.

19F

NMR spectra were

acquired identically for each aliquot, using 16 transients per spectrum, a 30° excitation pulse, an
extended relaxation delay of tD1 = 30 s and acquisition time of 1.5 s in each case (T1(19F, MeCNd3) = 4.8 s for 1-F-Napthalene; T1(19F, MeCN-d3) = 5.3 s for p-F-PhAc 160). The fractional
conversion itself was calculated according to:
𝐹 =1−

[160]F
[160]F [IS]
= 1−(
.
)
[160]0
[IS] [160]0

(5.15)

where the concentration ratio [160]0/[IS] was determined by q-19F NMR analysis of aliquot A, and
[160]F/[IS] was determined analogously from aliquots B and C as an average. The reaction in
MeCN-h3 was taken to 84.3 % conversion (F = 0.843), whilst that in THF-h8 was taken to 85.7 %
(F = 0.857).

Sample preparation
For each reaction (MeCN-h3, THF-h8), the relative isotopic fractionations Ri/Ri,0 were determined
at natural isotopic abundance by quantitative

13C{1H}

IG

analysis of recovered and unreacted p-F-

PhAc 160, with unreacted 160 taken from the same batch as the initial loadings of 160 used in
both reactions (in MeCN-h3, THF-h8). All three samples of 160 were prepared identically, using
volumetric glassware, as 2.0 M solutions in anhydrous MeCN-d3, and transferred (800 μL) to
rigorously cleaned, dry NMR tubes. The NMR tubes were subsequently capped, sealed with
parafilm, and stored in the freezer when not undergoing analysis.
Carbon-13 longitudinal relaxation time (T1(13C)) constants for each isotopomer [i-13C]-160 were
measured independently for both recovered samples and the unreacted sample at natural
abundance (TNMR = 300.0 K), using conventional inversion-recovery experiments and a
standardised time list of 14 recovery delays (τ). In each case,

13C{1H}

IG

spectra were acquired

with inverse-gated 1H decoupling, using eight transients per spectrum (ns = 8), an acquisition time
of tAQ = 1.5 s and an extended relaxation delay of tD1 = 300 s between successive transients. For
each inversion-recovery experiment the 14 spectra were processed as a stack, using exponential
line broadening of 1.0 Hz, manual phasing (zeroth and first order) and manual baseline (Whittaker
smoother) corrections. No significant inter-sample variations in T1(13C) constants were observed
(Table 5.8).
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T1 (13C) / s

T1 (13C) / s

T1 (13C) / s

(unreacted)

(recovered, MeCN-h3)

(recovered, THF-h8)

1

10.4

10.6

10.4

115.9

5

7.4

7.5

7.5

123.5

4

7.5

7.5

7.5

147.0

3

41.2

42.3

39.5

160.1 (ref)

6

14.6

15.3

14.6

169.6

2

37.4

38.4

36.3

δC / ppm

i

20.2

Table 5.8: Longitudinal relaxation time constants (T1) for three samples of p-F-PhAc 160 (2.0 M) in MeCN-d3 (20 °C),
including one sample of unreacted 160, and two samples of recovered 160 from reactions in MeCN-h3 and THF-h8. T1
constants measured by 13C{1H}IG inversion-recovery experiments, using eight transients per spectrum (ns = 8), an
acquisition time of tAQ = 1.5 s, an extended relaxation delay of tD1 = 300 s between successive transients, fit using threeparameter model (k > 1.8). Samples prepared identically as 2.0 M in MeCN-d3; solvents specified in table correspond to
reaction solvents.

Isotopic fractionations Ri/Ri,0
All three samples were subsequently subjected to quantitative
determine the isotopic fractionation, Ri/Ri,0, at each position i. All

13C{1H}

13C{1H}

IG

IG

NMR analysis to

spectra were acquired

at TNMR = 300.0 K, using inverse-gated (IG) 1H decoupling and self-consistent acquisition
parameters for each sample, including: (i) a 90° excitation pulse; (ii) 32 transients (ns = 32) per
spectrum; (iii) a relaxation delay of tD1 = 400 s (> 9T1 of the slowest relaxing carbon; δC = 147.0
ppm) between successive transients; and (iv) an acquisition time of tAQ > 5.0 s (vide infra), with
sample spinning disabled for all experiments to avoid spectral interference from spinning side
band artefacts. In addition to the parameters above, which were fixed for all measurements, the
exact acquisition time (tAQ), spectral width (SW) and offset (o1p) were varied to afford three
distinct sets of acquisition parameters (Methods I – III). For each method (j), a total of n(j)0 spectra
were recorded for the unreacted sample of p-F-PhAc 160; a total of n(j)MeCN for the sample of 160
recovered from the reaction in MeCN-h3; and a total of n(j)THF for the sample of 160 recovered
from the reaction in THF-h8.
Method I: tAQ = 5.0 s; SW = 240 ppm, o1p = 90 ppm (n(I)0 = 4; n(I)MeCN = 4; n(I)THF = 4)
Method II: tAQ = 7.0 s; SW = 120 ppm, o1p = 140 ppm (n(II)0 = 5; n(II)MeCN = 5; n(II)THF = 5)
Method III: tAQ = 10.0 s; SW = 120 ppm, o1p = 140 ppm (n(III)0 = 3; n(III)MeCN = 3; n(III)THF = 2)
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In an attempt to minimise random instrumental variations, the three samples were analysed in
blocks, with the three (identical)

13C{1H}

IG

experiments running strictly back-to-back within each

block without any intervening samples. Overall, a total of 36

13C{1H}

IG

spectra were acquired in

12 blocks, affording 12 independent KIE measurements for the reaction in MeCN-h3 and 11 for
the reaction in THF-h8 (spectral distortions precluded the use of one of the

13C{1H}

IG

spectra

acquired using Method III; THF-h8).
All 13C{1H}IG spectra acquired within a given block were processed identically using MNova (11.0),
with each FID multiplied by the same exponential weighting function (0.40 Hz) and zero-filled to
1024k points prior to Fourier transformation. Phase corrections (zeroth and first order) were
optimised manually for each spectrum using the

13CN

signal from MeCN-d3 as the pivot, paying

careful attention to the symmetry of doublet arising from the carbonyl carbon in p-F-PhAc 160 (δC
= 169.6 ppm). Spectra acquired using Method I (i.e., SW = 240 ppm) were subjected to 6th order
Bernstein polynomial baseline corrections, whilst spectra acquired with smaller widths (i..e,
Methods II, II; SW = 120 ppm) were subjected to cubic corrections; these were the lowest-order
polynomial corrections that gave satisfactory baselines in each case (Whittaker smoother
baseline corrections, in contrast, gave highly erratic results).
Integrals (I) were obtained numerically for each resonance by direct (sum) integration, with a
constant integration range of ±30.FWHM (Hz) used for each peak (typically FWHM ≈ 0.55 Hz
after apodization). For each sample, all resonances of p-F-PhAc 160 were carefully inspected for
the presence of trace impurities within the integration range (including by, e.g., the application of
exploratory resolution-enhancing weighting functions); where resonances from any such
impurities were identified, their effect on the overall integral was removed by line deconvolution
and peak integration (of the minor resonance).
Isotopic fractionations (Ri/Ri,0) were calculated for each position in p-F-PhAc 160 by assuming
that the isotopic composition of the para-position (i = 6; 1JC-F = 242 Hz) remained unaffected by
aminolysis; in practice, the upfield half-doublet at δ = δC6-1JC-F/2 was used as the reference
resonance, due to the presence of a trace impurity in the integration range of the downfield halfdoublet (at δ = δC6+1JC-F/2). Fractionations were calculated independently for each block of
13C{1H}

IG

spectra and subsequently averaged to give the values in Table 5.9; uncertainties in the

fractionations were estimated by the standard deviation [σ(Ri/Ri,0)]. No significant differences
were observed between the three sets of acquisition parameters (Methods I, II, III), so the values
in Table 5.9 reflect the average fractionations over all measurements (nMeCN = 12; nTHF = 11*).
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(Ri/Ri,0)

(k12C/k13C)i

(Ri/Ri,0)

(k12C/k13C)i

t-valued

MeCN-h3

MeCN-h3

THF-h8

THF-h8

(Welch’s)

1

1.010(6)

1.005(3)

1.003(12)

1.002(6)

0.99

0.38

115.9

5

1.005(11)

1.003(6)

1.007(12)

1.003(6)

0.24

0.81

123.5

4

1.005(10)

1.003(6)

1.005(13)

1.003(7)

0

1.0

147.0

3

1.002(9)

1.001(5)

1.001(13)

1.001(7)

0.23

0.82

159.0ref

6b

1.000

1.000

1.000

1.000

-

-

161.4

6c

1.001(9)

1.000(5)

0.997(13)

0.999(6)

0.82

0.42

169.6

2

1.071(6)

1.038(4)

1.063(9)

1.032(5)

3.07

0.0064

δC / ppm

i

20.2a

p-value

Table 5.9: 12C/13C KIEs calculated at natural isotopic abundance using quantitative single-pulse 13C{1H}IG NMR
spectroscopy for the aminolysis of p-F-PhAc 160 recovered from reactions assembled under standard catalytic conditions
(vide supra; MeCN-h3 or THF-h8). The reaction in MeCN-h3 was taken to 84.3 % conversion (F = 0.843), whilst that in
THF-h8 was taken to 85.7 % (F = 0.857), as determined by quantitative 19F NMR spectroscopy; the uncertainty in F was
conservatively estimated at εF ≈ 0.02 (2 %). n = 12 independent measurements of isotopic fractionation were conducted
for the sample of p-F-PhAc recovered from the reaction in MeCN-h3; n = 11 for the reaction in THF-h3. Standard deviations
(not standard errors) shown in brackets for the isotopic fractionations and calculated KIEs. (a) n = 4 for 12CH3/13CH3 KIE in
MeCN-h3 and THF-h8. (b) The 13C resonance for [6-13C]-p-F-PhAc is a doublet with a large C-F coupling constant of 1JC-F =
242 Hz. The upfield half-doublet at δ = (δC6-1JC-F/2) = 158.96 ppm was used as a reference resonance (to determine Iref),
due to the presence of a trace impurity close to the upfield half-doublet at δ = (δC6+1JC-F/2) = 161.36 ppm. (c) Under ideal
processing conditions, the “KIE” calculated for the other, downfield half-doublet at δ = (δC6+1JC-F/2) = 161.36 ppm ought
to be exactly 1.0000. (d) Welch’s t-test strongly indicates that the carbonyl 12C/13C KIEs determined for the reactions in
MeCN-h3 and THF-h8 are not equal (statistically significant at the 1 % level (p < 0.01)).
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KIE calculation
12C/13C

KIEs for each position in p-F-PhAc 160 were calculated using the simplified, substrate-

focused Bigeleisen-Wolfsberg equation (equation 5.19) and average fractionations (Ri/Ri,0) for
each position, assuming a KIE of unity at the para-position (i.e., k12C/k13C = 1.0000 for [6-13C]-pF-PhAc; i = 6). The uncertainty εKIE,i in the KIE at each position i was calculated by error
propagation (equation 5.22), assuming an uncertainty of εF = 0.02 (i.e., ± 2 %) in the fractional
conversion F and an uncertainty of εR,i ≈ σ(Ri/Ri,0) in the fractionation Ri/Ri,0 at that position.
1

𝜀𝐾𝐼𝐸,𝑖

2
2 2
𝑅𝑖
𝜀
ln
(
)
𝐹
1
𝜀𝑅,𝑖 ln(1 − 𝐹)
𝑅𝑖,0
≈
) +(
)
2 ( (1
𝑅
− 𝐹)
𝑅𝑖
( 𝑖)
[ln ((1 − 𝐹) ( ))] {
𝑅𝑖,0
}
𝑅𝑖,0

(5.16)
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5.3.8. 1H DOSY NMR
Overview
1H-detected

diffusion-ordered NMR spectroscopy (1H DOSY NMR) was used to probe the homo-

and heteroconjugation of p-F-PhOH 172 in MeCN under a range of basic conditions. To
accommodate solutions of differing compositions and viscosities – especially those generated
during titrations with strong bases, leading to solutions of variable ionic strengths – all DOSY
measurements were undertaken with internal calibration.

In contrast to measurements of

absolute diffusion coefficients, internally calibrated DOSY NMR provides a means of solutionphase molecular weight determination that hinges primarily upon the relative mobilities – i.e., the
microscopic structures – of solutes, and not the global properties of the solution per se. Internallycalibrated molecular weight measurements are thus much less sensitive to inter-experiment
fluctuations in temperature, viscosity, and convection currents, yet retain the ability to impart
information about the temperature-sensitivity of microscopic structure (i.e., intermolecular
association). The measurement of molecular weights by internally-calibrated DOSY NMR also
circumvents the need for exacting instrumental calibrations of, e.g., the maximum gradient
strength of the probe.
To achieve internal calibration, all samples subjected to 1H DOSY NMR measurements were
prepared using a common suite of five internal diffusion standards, comprising: Et 2O 190 (0.025
M, Mw = 74.1 g mol-1), cyclohexane 191 (CyH; 0.015 M, 84.2 g mol-1), tetramethylbutane 192
(TMBu; 0.010 M, 114.1 g mol-1), 1,3,5-trimethoxybenzene 193 (1,3,5-TMB; 0.015 M, 168.2 g mol1)

and 1,3,5-triiropropylbenzene 194 (1,3,5-TIB; 0.015 M, 204.4 g mol-1). These five internal

standards – all non-protic, poor hydrogen bond acceptors, and weakly polar – were selected after
extensive screening, in a deliberate attempt to: (i) minimise spectral congestion; (ii) ensure
chemical compatibility, both with each other and with likely analytes (i.e., strong organic bases,
N-heterocycles, organic anions and cations); (iii) avoid confounding intermolecular interactions,
either between standards or between a standard and analyte; (iv) provide geometric, and density,
consistency with p-F-PhOH 172 and its aggregates (i.e., dissipated ellipsoids, or compact spheres
of 100 < MW < 150 g mol-1, were favoured; first-row elements only); and (v) provide a pertinent
range of molecular weights for accurate linear regression. All five internal diffusion standards were
deployed at consistent concentrations across all samples, with the concentration of each standard
adjusted qualitatively to obtain signals of similar intensity to the other four (i.e., concentrations
were varied to account for differences in the number of spins contributing to, and extent of
homonuclear coupling in, the various 1H resonances of the five standards).
In accordance with standard practice, logarithmic calibration curves (log 10(Mw) vs log10(DT)) were
constructed independently for each DOSY experiment, with the unknown molecular weight of the
analyte(s) in turn determined by inter-/extrapolation (see main text).
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Data acquisition
Translational self-diffusion coefficients (DT) for internal standards and analytes were measured
using 1H-detected diffusion-ordered NMR spectroscopy (1H DOSY NMR), with all studies
performed at TNMR = 293.1 K (20.0 °C) on a Bruker Ascend 400 MHz NMR spectrometer fitted
with a broadband direct-detect CryoProbe Prodigy unit (maximum gradient strength of gmax = 53.5
G cm-1). All samples were prepared in anhydrous MeCN-d3 (3 Å MS), and dispensed to
borosilicate NMR tubes (5mm, Norrell; 600 – 800 μL sample volume). The ambient temperature
of the instrument room was controlled to within ± 2 °C of the specified probe temperature (TIRM =
20.0 ± 2.0 oC), and an elevated nitrogen gas flow rate of 535 L h -1 was set on the spectrometer
to minimise the temperature gradient across the sample once in the probe; higher flow rates, and
sample spinning, were avoided to ensure sample stability.
All 1H DOSY experiments were performed using a longitudinal eddy current delay sequence with
bipolar gradient pulses and two spoil gradient pulses (ledbpgp2s), with sinusoidal gradient shapes
(SINE.100) used throughout. The bipolar gradient pulse duration (p30 = δ/2 = 550 μs), Eddy
current delay (d21 = 5 ms) and gradient recovery delay (d16 = 0.20 ms) were fixed for all
experiments, whilst the diffusion delay (d20 = Δ) was optimised for each sample; typically d20 =
60–100 ms. Production quality 1H DOSY NMR spectra were obtained by collecting 16 gradient
increments in the diffusion (F1) direction, with quadratic ramping between initial and final gradient
amplitudes of 5 % (fZ = 0.05) and 95 % (fZ = 0.95), respectively. Each spectrum along the diffusion
(F1) direction was acquired with 16 transients (ns = 16), four dummy transients (ds = 4), an
acquisition time of tAQ = 2.0 s and a relaxation delay of tD1 = 10 s between successive transients,
giving a total experiment time of approximately 53 min. No apparent improvements in data quality
at TNMR = 293.1 K were observed with Bruker’s convection-compensated double stimulated echo
pulse sequence (dstebpgp3s), or with 3 mm NMR tubes.
Each experiment was processed initially as a stack of 1D 1H spectra, with each FID subjected to
exponential apodization (4.0 Hz), manual phasing (zeroth and first order) and Whittaker smoother
baseline corrections. Pseudo two-dimensional 1H DOSY spectra, in turn, were generated in
MNova (Version 11) using the Bayesian DOSY transform, one repetition, a resolution factor of
1.0 and 256 points in the diffusion dimension.
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Data analysis
Translational self-diffusion constants were typically extracted directly from pseudo-2D DOSY
spectra, obtained following an automatic Bayesian transformation of the 1D diffusion data in
MNova. The robustness of this processing routine was confirmed by comparing the diffusion
coefficients obtained from MNova with those extracted manually, using stacked 1D diffusion data,
for a reference sample (MeCN-d3) comprising the five internal diffusion standards in their typical
concentrations (in addition to PhF). The analysis underlying the manual approach is outlined here.
For

1H

DOSY experiments performed with bipolar gradient pulse sequences, the signal

attenuation I/I0 observed following the application of a longitudinal field gradient (gz = fz gmax),
relative to the absence of such a gradient (I0), is given by:
𝐼
ln ( ) = − (γH δσ𝑓𝑧 𝑔max )2 Δef 𝐷𝑇
𝐼0

(5.17)

(2κ − 2λ − 1)δ τ
− )
4
2

(5.18)

Δef = (Δ +

where γH = 2.6752 × 104 rad s-1 G-1 is the gyromagnetic ratio of the proton; Δ (s) is the diffusion
delay; κ, λ and σ are dimensionless parameters that depend upon the exact shape of the gradient
pulse; δ (s) is the total duration of the gradient pulses (twice the length of each individual bipolar
pulse); τ is the total delay between the two bipolar gradient pulses, comprising both the gradient
recovery delay and the duration of the intervening 180° pulse; gmax (G cm-1) is the maximum
gradient strength of the probe; fz is the fraction of the maximum gradient strength applied to the
sample; and DT (cm2 s-1) is the translational self-diffusion coefficient. Δef is the effective diffusion
time, accounting for the particulars of the pulse sequence and gradient pulse shape. For sine bell
gradient pulses (e.g., Bruker’s SINE.100), κ = 3/8, λ = 1/2, and σ = 2/π, leading to:
𝐼
4
5δ τ
ln ( ) = − 2 (γδ𝑓𝑧 𝐺max )2 (Δ −
− )𝐷
𝐼0
π
16 2 𝑇

(5.19)

Given that δ is about two orders of magnitude smaller than Δ, and τ shorter still, this equation is
often simplified (including, apparently, by MNova) to the form:
𝐼
4
δ
ln ( ) ≈ − 2 (γδ𝑓𝑧 𝐺max )2 (Δ − ) 𝐷𝑇
𝐼0
π
3

(5.20)

During manual analysis, the diffusion coefficient DT of each component was obtained by linear
regression of the signal attenuation observed in a corresponding resonance as a function of
applied gradient strength.
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The stacked 1D spectra, obtained in 16 increments with quadratic gradient ramping (fz = 0.05 –
0.95), are shown in Figure 5.4; the corresponding linearised Stejskal-Tanner plots for each of the
five standards (Et2O, CyH, TMBu, 1,3,5-TMB, 1,3,5-TIB) in Figure 5.5; and the Bayesiantransformed 2D 1H DOSY spectrum, generated with MNova, in Figure 5.6.
The logarithmic calibration curves obtained in each case (1D, 2D) show that both approaches
lead to similarly accurate estimates of the molecular weights of the five standards, displaying
excellent room-mean square errors (RMSE) of 1.5 g mol-1 and 1.4 g mol-1, respectively.

Figure 5.4: Stacked diffusion data obtained by 1H DOSY NMR on a sample of Et2O 190 (0.025 M), CyH 191 (0.015 M),
TMBu 192 (0.010 M), 1,3,5-TMB 193 (0.015 M), 1,3,5-TIB 194 (0.015 M) in MeCN-d3. Fluorobenzene (PhF; 0.050 M) was
added for self-consistency with 1H DOSY titrations involving p-F-PhOH 172, which required a 19F chemical shift internal
standard. 1H spectra obtained in 16 increments along the diffusion dimension, with quadratic (q) ramping between 5 % (fz
= 0.05) and 95 % (fz = 0.95) of the maximum gradient strength of the probe, using Bruker’s ledbpgp2s pulse sequence, a
diffusion delay of Δ = 75 ms, bipolar pulse duration of δ/2 = 550 μs, Eddy current delay of 5 ms, gradient recovery delay
of 0.20 ms, and sine bell-shaped shaped gradient pulses.

- 361 -

Figure 5.5: Linearised Stejskal-Tanner plots calculated from the stacked diffusion data shown in Figure 5.5, using
integrals of resonances at δH = 0.90 ppm (TMBu 192, s), 1.46 ppm (CyH 191, s), 3.44 (Et2O 131, q), 3.77 ppm (1,3,5TMB 193, s) and 6.97 ppm (1,3,5-TIB 194, s). The gradient of each trendline (bold) equals the (negative) translational
self-diffusion coefficient of the corresponding internal diffusion standard (i.e., -DT, in cm2 s-1). Excellent linearity (R2 >
0.999) was observed for all resonances, indicating that diffusion was not perturbed significantly by convection currents.
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Mw / (g mol-1)

Mw,1D / (g mol-1)

Mw,2D / (g mol-1)

Et2O

74.1

73.7

75.6

CyH
TMBu
1,3,5-TMB
1,3,5-TIB

84.2
114.1
168.2
204.4

84.8
113.4
170.6
202.4

83.4
112.0
168.4
206.1

RMSE / (g mol-1)

1.5

MeCN-d2 1.4

PhF
Et2O
CyH
TMBu
1,3,5-TMB

1,3,5-TIB

Figure 5.6: Pseudo-2D 1H DOSY spectrum obtained following Bayesian transformation of the stacked 1D spectra in
Figure 5.5. Key resonances for the five internal diffusion standards highlighted, alongside signal of PhF and residual
solvent (MeCN-d2).

Figure 5.7: Logarithmic calibration curves calculated using diffusion coefficients (DT) obtained by manual (1D; Figure 5.5)
and automatic (2D; Figure 5.6) processing of diffusion data.
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Mw / (g mol-1)

Mw,1D / (g mol-1)

Mw,2D / (g mol-1)

Et2O

74.1

73.7

75.6

CyH
TMBu
1,3,5-TMB
1,3,5-TIB

84.2
114.1
168.2
204.4

84.8
113.4
170.6
202.4

83.4
112.0
168.4
206.1

RMSE / (g mol-1)

1.5

1.4

Table 5.10: Calculated molecular weights for the five internal diffusion standards in MeCN-d3 (Et2O 190 (0.025 M), CyH
191 (0.015 M), TMBu 192 (0.010 M), 1,3,5-TMB 193 (0.015 M), 1,3,5-TIB 194 (0.015 M)) obtained following linear
regression of log10(DT) vs log10(Mw) (Figure 5.9). Diffusion coefficients extracted either manually (1D), via linearised
Stejskal-Tanner plots, or automatically (2D), from pseudo-2D transformed 1H DOSY spectra. First column shows actual
molecular weights. RMSE = Root-mean-square error.

Reproducibility
To assess the reproducibility of the internally calibrated DOSY experiments, and to explore their
sensitivity towards key technical parameters, the reference sample was reanalysed a total of six
times, using the standard ledbpgp2s sequence, a diffusion delay of Δ = 75 ms, and variable
number of increments in the diffusion dimension (n = 8, 16, 32) and ramping functions (linear, l;
quadratic, q; exponential, exp). The calibration curves from all six experiments are shown overlaid
in Figure 5.8, whilst the molecular weight estimates for the standards (denoted Mw[n,l/q/exp])
obtained in each case are summarised across Tables 5.11 – 5.13.
The average and standard deviations of the molecular weight estimates over all six experiments,
summarised in Table 5.13, shows that internal calibration leads to molecular weight estimates
that are indeed reproducible, and independent of common experimental parameters. With these
findings in mind, all production-level 1H DOSY experiments were undertaken, essentially
arbitrarily, with quadratic ramping and 16 increments in the diffusion direction, affording equally
spaced data points in linearised Stejskal-Tanner plots.

- 364 -

Figure 5.8: Six overlaid linear regressions of log10(DT) vs log10(Mw), obtained from six independent 1H DOSY analyses of
a sample of Et2O 190 (0.025 M), CyH 191 (0.015 M), TMBu 192 (0.010 M), 1,3,5-TMB 193 (0.015 M) and 1,3,5-TIB 194
(0.015 M) in MeCN-d3. Diffusion coefficients in each case were extracted from pseudo-2D 1H DOSY spectra and measured
using a different gradient ramping function (l, q, exp; 16 increments) or number of diffusion increments (8, 16, 32; quadratic
ramping), but otherwise identical acquisition parameters (ledbpgp2s; Δ = 75 ms, δ/2 = 550 μs, Eddy current delay of 5
ms, gradient recovery delay of 0.20 ms; Tables 5.11-5.13).

Mw / (g mol-1)

Mw[16,q] / (g mol-1)

Mw[16,l] / (g mol-1)

Mw[16,exp] / (g mol-1)

Et2O

74.1

75.6

75.4

75.4

CyH

84.2

83.4

83.5

83.6

TMBu
1,3,5-TMB
1,3,5-TIB

114.1
168.2
204.4
RMSE / (g mol-1)

112.0
168.4
206.1
1.4

112.0
169.1
205.4
1.3

111.7
169.8
204.9
1.5

Table 5.11: Calculated molecular weights for five internal diffusion standards in MeCN-d3 (Et2O 190 (0.025 M), CyH 191
(0.015 M), TMBu 192 (0.010 M), 1,3,5-TMB 193 (0.015 M), 1,3,5-TIB 194 (0.015 M)) obtained following three independent
1
H DOSY analyses of a single sample. Molecular weights determined by linear regression of log10(DT) vs log10(Mw) in each
case, with 1H spectra acquired in 16 increments along the diffusion dimension with linear (l), quadratic (q) or exponential
(exp) ramping between 5 % (fz = 0.05) and 95 % (fz = 0.95) of the maximum gradient strength of the probe. All other
acquisition parameters were identical. First column shows actual molecular weights. RMSE = Root-mean-square error.
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Mw / (g mol-1)

Mw[16,q] / (g mol-1)

Mw[32,q] / (g mol-1)

Mw[8,q] / (g mol-1)

Et2O

74.1

75.6

75.5

75.0

CyH

84.2

83.4

83.2

83.9

TMBu
1,3,5-TMB
1,3,5-TIB

114.1
168.2
204.4
RMSE / (g mol-1)

112.0
168.4
206.1
1.4

112.1
169.9
204.6
1.4

112.1
169.1
205.2
1.1

Table 5.12: Calculated molecular weights for five internal diffusion standards in MeCN-d3 (Et2O 190 (0.025 M), CyH 191
(0.015 M), TMBu 192 (0.010 M), 1,3,5-TMB 193 (0.015 M), 1,3,5-TIB 194 (0.015 M)) obtained following three independent
1
H DOSY analyses of a single sample. Molecular weights determined by linear regression of log10(DT) vs log10(Mw) in each
case, with 1H spectra acquired in 8, 16 or 32 increments along the diffusion dimension with quadratic ramping between 5
% (fz = 0.05) and 95 % (fz = 0.95) of the maximum gradient strength of the probe. All other acquisition parameters were
identical. First column shows actual molecular weights. RMSE = Root-mean-square error.

Mw / (g mol-1)

Mw,av / (g mol-1)

σMw / (g mol-1)

Et2O

74.1

75.2

0.5

CyH

84.2

83.6

0.4

TMBu
1,3,5-TMB
1,3,5-TIB

114.1
168.2
204.4

112.3
169.1
205.1

0.9
0.7
0.6

Table 5.13: Average molecular weights and standard deviations (σMw) calculated for the five internal diffusion standards
in MeCN-d3 (Et2O 190 (0.025 M), CyH 191 (0.015 M), TMBu 192 (0.010 M), 1,3,5-TMB 193 (0.015 M), 1,3,5-TIB 194
(0.015 M)). Averages and standard deviations calculated from six independent measurements of diffusion coefficients on
a single sample using different ramping functions (l, q, exp) or diffusion increments (8, 16, 32) but otherwise identical
acquisition parameters (Tables 5.11, 5.12).
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5.3.9. 1H/19F NMR Titrations
Overview
To explore the various dynamic equilibria established in solution with different azoles (AzH),
bases (B) and p-F-PhOH 172, an array of of acid-base titrations were undertaken in MeCN and
THF. Titrations monitored by 1H or

19F

NMR spectroscopy, and deliberately conducted at

catalytically pertinent concentrations (i.e., 5 – 100 mM) for comparison to kinetic data. In each
titration, small aliquots of a neutral organic base – typically, but not invariably, DBU 130 (vide
infra) – were dispensed sequentially to a larger, more dilute solution of a neutral organic acid, in
the form of p-F-PhOH 172 or one of a range of azoles (AzH). In all cases a single time-averaged
set of resonances was observed for both the acid and the base, with the position of each
resonance

reflecting

the

speciation-weighted

average

of

all

exchanging

species.

Phenomenological equilibrium constants (Kc) in each case were determined by monitoring the
chemical shift of a key 1H (MeCN-d3/THF-d8) or

19F

(MeCN-h3/THF-h8) resonance from the acid,

which was always kept at a constant concentration throughout each titration (typically ≈ 0.050
M), and fitting to an appropriate equilibrium model (Appendix).
Intrinsic chemical shifts of species not directly observable by experiment – i.e., for coupled
equilibria that preclude the direct observation of certain limiting shifts – were instead predicted by
carefully calibrated KS-DFT calculations at the GIAO/PBE0+GD3BJ//6-311+G(2d,p)/IEFPCM
level (vide infra).

Typical titration
Data acquisition
A solution of p-F-PhOH 172 (0.0280 g, 0.250 mmol, 0.0500 M) and 1-F-napthalene (16.2 μL,
0.125 mmol, 0.0250 M) was prepared in anhydrous MeCN-h3 (5 mL) under ambient conditions,
using volumetric glassware (Solution 1) and an analytical balance (0.01 mg). A portion of this
stock solution (500 μL) was transferred to a 5 mm borosilicate NMR tube. To ensure constant
concentrations of p-F-PhOH 172 and 1-F-napthalene throughout the titration, solution 1 was in
turn used to prepare a solution of DBU 130 (74.6 μL, 0.500 mmol, 0.50 M, 1 mL; solution 2) in a
separate volumetric flask (i.e., [172]T = 0.050 M). Both stock solutions were prepared immediately
(< 1 h) prior to the titration.
Prior to the addition of any DBU 130, the NMR tube containing solution 1 was loaded into the
NMR probehead (TNMR = 293.1 K, 20.0 °C; TIRM = 20 ± 2 °C), after which the probe was tuned
and matched to 1H, the sample shimmed with the lock off (lock was used for titrations in MeCNd3), the receiver gain optimised automatically, and a quantitative 1H NMR spectrum acquired
without solvent suppression (30° excitation pulse, ns = 4, tAQ = 4.0 s, tD1 = 10 s). The probe was
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subsequently retuned and matched to
quantitative

19F

19F,

the receiver gain optimised automatically, and a

spectrum acquired (30° excitation pulse, tAQ = 1.50 s) in a single transient (ns =

1). After the acquisition of the 19F spectrum, the sample was ejected from the probe, uncapped in
a proximate fumehood, and a small aliquot of solution 2 (5 μL) was added, whereafter the tube
was re-capped, inverted three times, shaken vigorously for 10 s, loaded back into the NMR
probehead, and analysed as previously (1H and 19F analysis). This sequence was repeated for a
further 11 aliquots of the same volume (5 μL), six aliquots of 10 μL, and 3 aliquots of 20 μL. In
each case a single time-averaged

19F

signal was observed from p-F-PhOH 172. To ensure

optimal lineshapes and accurate chemical shifts, the sample was reshimmed following the
addition of each aliquot.

Data analysis
The speciation-weighted 1Hortho (δHo,obs), 1Hmeta (δHm,obs) and

19F

(δF,obs) chemical shifts of p-F-

PhOH 172 were measured relative to that of the internal standard (δF,IS = -125.02 ppm; δH,IS =
7.764 ppm), 1-F-napthalene; to avoid inconsistencies with titrations conducted in MeCN-d3, as
opposed to MeCN-h3, the reference 1H shift of 1-F-napthalene (δH,IS = 7.764 ppm) was itself
independently referenced against the residual solvent signal (δH,MeCN-d2 = 1.970 ppm) in a
separate solution (MeCN-d3). The total concentration of p-F-PhOH 172 was constant throughout
the titration ([172]T), whilst the total accumulated concentration of DBU 130 following each aliquot
addition ([130]T) was determined by direct (sum) integration and normalisation against 1-Fnapthalene (cIS = 0.0250 M) in the 1H spectrum. The 1Hortho, 1Hmeta and

19F

unionised p-F-PhOH (δF,172, δHo,172, δHm,172) were determined in the first

and

1H

chemical shifts of
19F

NMR spectra

of the titration, in the absence of any DBU (solution 1).
The evolution of δHo,obs, δHm,obs and δF,obs as functions of [DBU]T/[p-F-PhOH]T are shown in Figure
5.10 (e.g., Δδi,obs = δi,obs – δi,172). In all cases, the addition of DBU 130 induced upfield shifts in
both the 1H and

19F

resonances of p-F-PhOH 172, consistent with ionisation. Interestingly, the

normalised isotherms in Figure 5.10 show that the p-19F nucleus and meta protons (1Hm) respond
analogously to the addition of DBU 130, with both tending towards their (apparent) limiting shifts
(δi,lim) after the addition of just 0.5 equivalents of DBU 130 (Δδi,lim = δi,obs – δi,lim). The evolution of
δHo,172 (1Ho) exhibits qualitatively similar behaviour, yet is quantitatively inconsistent with the
normalised isotherms arising from δF,172 and δHm,172. Taken together, these observations appear
consistent with the homoconjugation of p-F-phenoxide; fuller interpretations are discussed in the
main text.
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Figure 5.9: Isotherms obtained by 1H and 19F NMR in the titration of p-F-PhOH 172 ([p-F-PhOH]T = 0.050 M) with DBU
130 ([DBU]T = 0.005 – 0.13 M) in MeCN-h3. (A) Isotherm obtained from monitoring the evolution of 1Hm in 172; (B) Isotherm
obtained from monitoring the evolution of 1Ho in 172; (C) Isotherm obtained from monitoring the evolution of the p-19F
nucleus in 172. (D) Normalised isotherms for all three nuclei. All titrations conducted in the presence of 1-F-napthalene
(0.025 M) at TNMR = 20.0 °C. Δδi,obs = δi,obs – δi,172, where δi,obs is the observed shift at each titration point and δi,172 is the
intrinsic shift of unionised 172. Δδi,lim = δi,obs – δi,lim, where δi,lim corresponds to the observed shift at the final titration point.

- 369 -

Chapter 6

6. Computational Methods
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6.1. General Notes
6.1.1. Software
Kohn-Sham density functional theory (KS-DFT) calculations were conducted with the Gaussian09
(Rev. E.01) suite of programs.14 Ab initio wavefunction-based calculations were carried out with
the Molpro (2015.1) (CCSD(T)-F12, DF-LCCSD(T)-F12)15-21 and ORCA (4.0.0.2) (DLPNOCCSD(T))22-28 packages. All calculations were undertaken using the high performance computing
cluster Eddie3 at the University of Edinburgh.

6.1.2. Input Files
Geometries and harmonic frequencies
Geometry optimisations and harmonic vibrational analyses were invariably implemented using
restricted Kohn-Sham density functional theory (RKS-DFT). Unless otherwise stated, optimised
geometries and harmonic frequencies of all stationary points were obtained using the hybrid
variant of the Perdew-Burke-Ernzerhof functional [PBE0]29 in combination with a moderately
augmented, polarised triple-zeta basis set [6-311+G(d,p) (5d,7f)], Grimme’s D3 empirical
dispersion correction with Becke-Johnson damping [GD3BJ]30-32, and an ultrafine integration grid
as standard. Harmonic frequencies were calculated analytically in all cases. Further details are
described below, in two separate summaries, for each of the projects outlined in this thesis.
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Wavefunction methods
CCSD(T)-F12 (Molpro 2015.1)
Canonical CCSD(T)-F12 energies were computed using the 3C(FIX) wavefunction ansatz and
the specially optimised correlation consistent cc-pVDZ-F12 basis set for all atoms except
bromine, for which the def2-TZVPP basis was applied. With the exception of bromine, the
optimised CABS basis set of Peterson was used for the resolution of identity (RI), the aug-ccpVDZ basis for density fitting (DF) and the cc-pVDZ basis for density fitting in the calculation of
the Fock and exchange operators (JK); for bromine the def2-TZVPP (RI, JK) def2-ATZVPP (DF)
basis sets were employed instead. Unless specified otherwise, default options were used
throughout and all energies correspond to the CCSD(T)-F12b approximation.

memory,750,M
geometry={
ANGSTROM
C,
0.2533850000,
Br,
2.5260270000,
C,
-3.9048280000,
C,
-2.8371160000,
N,
-1.9443860000,
N,
-4.1025170000,
N,
-2.6288090000,
H,
-4.7138260000,
H,
-2.5494660000,
H,
0.3748530000,
C,
0.4088950000,
C,
0.4816780000,
H,
0.5045600000,
C,
0.5184450000,
H,
0.5716780000,
C,
0.4816990000,
H,
0.5045980000,
C,
0.4089160000,
H,
0.3748920000,
C,
0.3729390000,
H,
0.0738290000,
H,
0.0738310000,
}

0.8465700000,
1.4223380000,
1.5025180000,
-0.2759410000,
0.7136270000,
0.1671350000,
1.8750640000,
2.2233590000,
-1.3195470000,
-0.7775850000,
-1.3258220000,
-2.7112720000,
-3.2489470000,
-3.4115680000,
-4.4959560000,
-2.7112700000,
-3.2489430000,
-1.3258200000,
-0.7775820000,
-0.6167170000,
1.3742650000,
1.3742620000,

0.0000010000,
-0.0000030000,
0.0000070000,
-0.0000050000,
-0.0000020000,
0.0000010000,
0.0000060000,
0.0000130000,
-0.0000110000,
-2.1364600000,
-1.2007450000,
-1.2020120000,
-2.1450760000,
0.0000010000,
0.0000020000,
1.2020150000,
2.1450790000,
1.2007470000,
2.1364610000,
0.0000000000,
-0.9196560000,
0.9196600000,

set,charge=-1
basis=vdz-f12,Br=def2-tzvpp
hf
basis={
default=vdz-f12,Br=def2-tzvpp
set,df
default=avdz/mp2fit,Br=def2-atzvpp/mp2fit
set,jk
default=vdz/jkfit,Br=def2-tzvpp/jkfit
set,rib
default=vdz-f12/optri,Br=def2-tzvpp/jkfit
}
ccsd(t)-f12,df_basis=df,df_basis_exch=jk,ri_basis=rib,ansatz=3C(FIX)
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DF-LCCSD(T)-F12 (Molpro 2015.1)
Local DF-LCCSD(T)-F12 energies were computed using the 3*A(LOC) wavefunction ansatz and
the specially optimised correlation consistent cc-pVDZ-F12 basis set for all atoms except
bromine, for which the def2-TZVPP basis was applied. A similar combination of auxiliary basis
sets were used as for CCSD(T)-F12 calculations. Valence orbitals were localised using the default
Pipek-Mizey procedure, with the orbital domains determined in accordance with the method of
Boughton and Pulay with a completeness criterion of 0.980. Localisation was improved by
removing the contribution of the two most diffuse basis functions for each angular momentum
type. Unless specified otherwise, default options were used throughout and all energies
correspond to the DF-LCCSD(T)-F12b approximation.

memory,750,M
gdirect ! direct integral evaluations
symmetry,nosym,noorient ! recommended for local calculations
geometry={
ANGSTROM
C,
0.2533850000,
Br,
2.5260270000,
C,
-3.9048280000,
C,
-2.8371160000,
N,
-1.9443860000,
N,
-4.1025170000,
N,
-2.6288090000,
H,
-4.7138260000,
H,
-2.5494660000,
H,
0.3748530000,
C,
0.4088950000,
C,
0.4816780000,
H,
0.5045600000,
C,
0.5184450000,
H,
0.5716780000,
C,
0.4816990000,
H,
0.5045980000,
C,
0.4089160000,
H,
0.3748920000,
C,
0.3729390000,
H,
0.0738290000,
H,
0.0738310000,
}

0.8465700000,
1.4223380000,
1.5025180000,
-0.2759410000,
0.7136270000,
0.1671350000,
1.8750640000,
2.2233590000,
-1.3195470000,
-0.7775850000,
-1.3258220000,
-2.7112720000,
-3.2489470000,
-3.4115680000,
-4.4959560000,
-2.7112700000,
-3.2489430000,
-1.3258200000,
-0.7775820000,
-0.6167170000,
1.3742650000,
1.3742620000,

0.0000010000,
-0.0000030000,
0.0000070000,
-0.0000050000,
-0.0000020000,
0.0000010000,
0.0000060000,
0.0000130000,
-0.0000110000,
-2.1364600000,
-1.2007450000,
-1.2020120000,
-2.1450760000,
0.0000010000,
0.0000020000,
1.2020150000,
2.1450790000,
1.2007470000,
2.1364610000,
0.0000000000,
-0.9196560000,
0.9196600000,

set,charge=-1
basis=vdz-f12,Br=def2-tzvpp
hf
basis={
default=vdz-f12,Br=def2-tzvpp
set,hf
default=avdz/jkfit,Br=def2-atzvpp/jkfit
set,df
default=avdz/mp2fit,Br=def2-atzvpp/mp2fit
set,jk
default=vdz/jkfit,Br=def2-tzvpp/jkfit
set,rib
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default=vdz-f12/optri,Br=def2-tzvpp/jkfit
}
df-hf,df_basis=hf
locali,pipek;pipek,delete=2
df-lccsd(t)-f12,df_basis=df,df_basis_exch=jk,ri_basis=rib,ansatz=3*A(loc)

DLPNO-CCSD(T) (ORCA 4.0.0.2)
Domain-based local pair natural orbital coupled-cluster (DLPNO-CCSD(T) computations were
typically conducted with the minimally augmented Karlsruhe basis set ma-def2-TZVPP, with the
unaugmented version of this basis set (def2-TZVPP/C) employed for integral transformations. In
accordance with the standard defintions in ORCA 4.0, tight SCF convergence criteria and PNO
theshholds were imposed for all calculations (TCutPairs = 10-5, TCutDO = 5 x 10-3, TCutPNO = 10-7,
TCutMKN = 10-3), with the MP2 part of the calculation treated in a fully iterative manner (DLPNOMP2). All Local Energy Decomposition calculations (DLPNO-CCSD(T)-LED) were carried out with
the same basis sets and settings.

! DLPNO-CCSD(T) ma-def2-tzvpp def2-tzvpp/C TightSCF TightPNO PAL4
%maxcore 3684
*xyz -1 1
C
0.2533850000
0.8465700000
0.0000010000
Br
2.5260270000
1.4223380000 -0.0000030000
C
-3.9048280000
1.5025180000
0.0000070000
C
-2.8371160000 -0.2759410000 -0.0000050000
N
-1.9443860000
0.7136270000 -0.0000020000
N
-4.1025170000
0.1671350000
0.0000010000
N
-2.6288090000
1.8750640000
0.0000060000
H
-4.7138260000
2.2233590000
0.0000130000
H
-2.5494660000 -1.3195470000 -0.0000110000
H
0.3748530000 -0.7775850000 -2.1364600000
C
0.4088950000 -1.3258220000 -1.2007450000
C
0.4816780000 -2.7112720000 -1.2020120000
H
0.5045600000 -3.2489470000 -2.1450760000
C
0.5184450000 -3.4115680000
0.0000010000
H
0.5716780000 -4.4959560000
0.0000020000
C
0.4816990000 -2.7112700000
1.2020150000
H
0.5045980000 -3.2489430000
2.1450790000
C
0.4089160000 -1.3258200000
1.2007470000
H
0.3748920000 -0.7775820000
2.1364610000
C
0.3729390000 -0.6167170000
0.0000000000
H
0.0738290000
1.3742650000 -0.9196560000
H
0.0738310000
1.3742620000
0.9196600000
*
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6.2. Protective Phase-Transfer Catalysis
6.2.1. Geometry Optimisations
Optimised geometries and harmonic vibrational frequencies for all species were computed with
restricted KS-DFT (RKS-DFT) using an ultrafine integration grid and tight optimisation criteria, as
implemented in Gaussian09. Unless otherwise stated, the hybrid variant of the Perdew-BurkeErnzerhof functional [PBE0]29 was used alongside Grimme’s D3 empirical dispersion correction
[GD3BJ]30-32 (with Becke-Johnson damping) and a moderately augmented, polarised triple-zeta
basis set [6-311+G(d,p) (5d,7f)]. Optimised geometries were routinely characterised as minimumenergy structures or transition states in accordance with a harmonic frequency analysis, with the
latter characterised by a Hessian matrix with a single negative eigenvalue (a single imaginary
frequency).
Overall, this method corresponds to PBE0+GD3BJ/6-311+G(d,p)/Ultrafine (Method 1), and
potential energies calculated at this level are denoted Eg(1).

6.2.2. Thermochemistry
Molecular partition functions were first computed at T = 298.15 K (25.0 °C) and p = 1 atm (0.041
mol dm-3), with all harmonic vibrational frequencies scaled by a linear factor [fs = 0.95]. Gasphase free energies Gg(1) at the optimisation level of theory (Method 1), corresponding to a
standard state of 1 atm, were obtained from molecular partition functions in accordance with one
of two statistical mechanical approximations: (i) the ideal-gas rigid-rotor harmonic-oscillator
approximation [Gg(1)(IGRRHO)], as implemented in Gaussian09; and (ii) the quasi rigid-rotor
harmonic-oscillator approximation disclosed by Grimme31 and implemented in Python, in which
the contributions to the vibrational entropy made by normal modes with frequencies below a cutoff
of ωc = 100 cm-1 were obtained from the free-rotor approximation [Gg(1)(qRRHO)].
Solvated free energies (GS) corresponding to a standard state of 1 mol dm-3 were obtained from
a hybrid approach. For RKS-DFT methods, separate, single-point calculations at a level of theory
2-PCM, including implicit solvation, were conducted on the gas-phase optimised structures (1) to
obtain solvated potential energies ES(2). Solvated geometry optimisations were attempted, but in
several structures this approach lead to multiple spurious low vibrational frequencies and thus to
large artificial perturbations in vibrational entropies. Benchmarking studies established that the
integral equation formalism of the polarisable continuum model (IEFPCM) in conjunction with
universal force-field (UFF) radii offered the closest agreement with experimental kinetic data in
MeCN, and also suggested that Dunning’s minimally-augmented quadruple-zeta basis set
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[spaug-cc-pVQZ] was more than sufficient to eliminate a large degree of systematic error arising
from basis-set incompleteness. Thus, level 2-PCM corresponds to [PBE0+GD3BJ/spaug-ccpvQZ/IEFPCM(UFF)/Ultrafine]. Composite solution-phase free energies, GS(2-PCM), were then
obtained via
(2−𝑃𝐶𝑀)

𝐺𝑆

(2−𝑃𝐶𝑀)

= 𝐸𝑆

(1)

(1)

+ (𝐺𝑔 − 𝐸(𝑔) ) + 𝑅𝑇 ln (

𝑐°
𝑐1𝑎𝑡𝑚

(6.1)

)

which includes: (i) the solution-phase potential energy, ES(2), obtained via KS-DFT with a large
basis set (spaug-cc-pVQZ) and implicit solvation; (ii) the thermal free energy correction, given by
Gg(1) – Eg(1), computed using gas-phase partition functions; and (iii) a standard state correction to
the translational free energy, RT ln(c°/c1atm), where c° corresponds to the appropriate standard
state concentration (c° = 1.00 mol dm-3 for each solute molecule) and c1atm = 0.0409 mol dm-3 is
the concentration of an ideal gas at a pressure of 1 atm (Gaussian09 outputs free energies at
c1atm by default). At T = 298.15 K, the standard state correction increases the free energy of each
molecule by +7.9 kJ mol-1, thereby favouring associative processes relative to the gas-phase
standard state of c1atm.
For ab-initio wavefunction-based methods (CCSD(T)-F12, DF-LCCSD(T)-F12, DLPNOCCSD(T)), the approach adopted to compute composite free energies, generally GSWF, was
slightly different. As before, gas-phase RKS-DFT optimised structures were used. However, two
further single-point calculations were then carried out on each structure: first, the solvated
potential energy of each structure was recomputed with RKS-DFT using the optimisation level of
theory 1, but with the sole addition of implicit solvation to the method (i.e., 1-PCM); this energy is
denoted ES(1-PCM), so that the solvation free energy of any given structure was then approximated
by ΔGsolv ≈ ES(1-PCM) - Eg(1), with both ES(1-PCM) and Eg(1) calculated with respect to the same (gasphase) geometry in each case. Secondly, the gas-phase potential energy Eg(WF) of each optimised
structure was computed using a given wavefunction-based method (denoted WF). With these
energies in hand, composite solution-phase free energies, GS(WF), were calculated according to
(𝑊𝐹)

𝐺𝑆

(𝑊𝐹)

= 𝐸𝑔

(1−𝑃𝐶𝑀)

+ (𝐸𝑆

(1)

(1)

(1)

− 𝐸𝑔 ) + (𝐺𝑔 − 𝐸(𝑔) ) + 𝑅𝑇 ln (

𝑐°
𝑐1𝑎𝑡𝑚

)

(6.2)
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6.3. Acyl-Transfer Organocatalysis
6.3.1. Geometry Optimisations
Optimised geometries and harmonic vibrational frequencies for all species were computed with
restricted KS-DFT (RKS-DFT) using an ultrafine integration grid and tight optimisation criteria, as
implemented in Gaussian09. Unless otherwise stated, the hybrid variant of the Perdew-BurkeErnzerhof functional [PBE0] was used alongside Grimme’s D3 empirical dispersion correction
[GD3BJ] (with Becke-Johnson damping) and a moderately augmented, polarised triple-zeta basis
set [6-311+G(d,p) (5d,7f)]. Implicit solvation, using the integral-equation formalism of the
polarisable continuum model (IEFPCM) and universal force-field (UFF) radii, was implemented
during all optimisations and subsequent frequency calculations, using the parameters for either
MeCN or THF as appropriate. Optimised geometries were routinely characterised as minimumenergy structures or transition states in accordance with a harmonic frequency analysis, with the
latter characterised by a Hessian matrix with a single negative eigenvalue (a single imaginary
frequency). Unless otherwise stated, the free energies (vide infra) of all species were
approximated from the free energies of their lowest energy conformers.
Overall, this method corresponds to PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(UFF)/Ultrafine
(Method 1-PCM), and potential energies calculated at this level are denoted ES(1-PCM). Gas phase
potential energies calculated at the same level, but without implicit solvation, are denoted Eg(1);
the solvation free energy of any given structure was approximated by ΔGsolv ≈ ES(1-PCM) - Eg(1),
with both ES(1-PCM) and Eg(1) calculated with respect to the same (solution-phase) geometry in each
case.

6.3.2. Thermochemistry
Molecular partition functions
Molecular partition functions and thermochemical data were computed at T = 298.15 K (25.0 °C)
and p = 1 atm (0.0409 mol dm-3) using the quasi rigid-rotor harmonic-oscillator approximation, as
implemented in the Goodvibes program developed by Paton and co-workers. Molecular masses
and rotational constants calculated in Gaussian09 were used directly for the calculation of
translational and rotational enthalpies and entropies; prior to the calculation of vibrational
enthalpies, however, all harmonic frequencies obtained from Gaussian09 were linearly scaled (fs
= 0.95), whilst small imaginary frequencies that could not be eliminated by repeated reoptimisation, or by the imposition of stricter geometry convergence criteria, were inverted (to real,
positive values). Vibrational entropies were calculated from the scaled harmonic frequencies in
accordance with a modification of the harmonic-oscillator approximation outlined by Grimme,31 in
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which contributions to the vibrational entropy from very low harmonic frequencies – those below
a certain cutoff (ωc) – are calculated by interpolation between expressions for the entropy of a
harmonic oscillator and a rigid rotor. In this work, all vibrational entropies were calculated using a
cutoff frequency of ωc = 50 cm-1. Free energies calculated in this way, using KS-DFT and solutionphase vibrational frequencies, are denoted [GS(1-PCM)].

Composite free energies
Deficiencies in the KS-DFT surface, and accordingly the free energies GS(1-PCM), were corrected
by subjecting all structures to supplementary DLPNO-CCSD(T) calculations. Unless otherwise
stated, all DLPNO-CCSD(T) calculations were conducted using the minimally augmented but
extensively polarised ma-def2-TZVPP basis set (with def2-TZVPP/C), using tight SCF
convergence criteria (TightSCF) and the default suite of tight cutoff thresholds (TightPNO)
specified in ORCA 4.0.0.2, without any implicit solvation or RI approximations for either the
Coulomb or HF exchange integrals. Potential energies calculated in this way are denoted
Eg(DLPNO).Composite free energies, GS(DLPNO), incorporating DLPNO-CCSD(T) corrections to the
potential energy surface, and appropriate standard state corrections (vide infra), were calculated
in accordance with:
(𝐷𝐿𝑃𝑁𝑂)

𝐺𝑆

(𝐷𝐿𝑃𝑁𝑂)

= 𝐸𝑔

(1−𝑃𝐶𝑀)

+ (𝐸𝑆

(1)

(1−𝑃𝐶𝑀)

− 𝐸𝑔 ) + (𝐺𝑆

(1−𝑃𝐶𝑀)

− 𝐸𝑆

𝑐°
) + 𝑅𝑇 ln (
)
𝑐1𝑎𝑡𝑚

(6.3)

which includes: (i) the accurate gas-phase potential energy, Eg(DLPNO); (ii) the solvation free
energy, approximated by ES(1-PCM) - Eg(1); (iii) the thermal free energy correction, given by GS(1-PCM)
– ES(1-PCM); and (iv) a standard state correction to the translational free energy, RT ln(c°/c1atm),
where c° corresponds to the appropriate standard state concentration (c° = 1.00 mol dm-3 for each
solute molecule; c° = 19.2 mol dm-3 for MeCN, when modelled explicitly) and c1atm = 0.0409 mol
dm-3 is the concentration of an ideal gas at a pressure of 1 atm (Gaussian09 outputs free energies
at c1atm by default). At T = 298.15 K, the standard state correction increases the free energy of
each molecule by +7.9 kJ mol-1, and a molecule of (solvent) MeCN by +15.2 kJ mol-1, thereby
favouring associative processes relative to the gas-phase standard state of c1atm (especially
solute-solvent associations). This is essentially equivalent to the method used in the calculation
of composite free energies GS(WF) in Protective Phase Transfer Catalysis, but differs in that
geometries – and thereby thermal free energy corrections – were computed in the solution phase.
Equivalently, as all geometries and harmonic frequencies were calculated with implicit solvation,
the composite solution-phase free energies GS(DLPNO) may be expressed as:
(𝐷𝐿𝑃𝑁𝑂)

𝐺𝑆

(1−𝑃𝐶𝑀)

= 𝐺𝑆

(𝐷𝐿𝑃𝑁𝑂)

+ (𝐸𝑔

𝑐°
(1)
− 𝐸𝑔 ) + 𝑅𝑇 ln (
)
𝑐1𝑎𝑡𝑚

(6.4)
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6.3.3. Aminolysis pathways
Conformational searching
Free energy profiles for the azole-catalysed aminolysis of p-F-PhAc 160 by p-F-BnNH2 170 and
DBU 130 were assembled using composite free energies, with DLPNO-CCSD(T)/ma-def2TZVPP corrections to the potential energy (vide supra), standard state corrections to translational
entropies (c° = 1.0 mol dm-3) and quasi rigid-rotor harmonic-oscillator corrections to vibrational
entropies (ωc = 50 cm-1). The free energy of each intermediate and transition state was generally
approximated by the free energy of the lowest energy conformation for the corresponding state,
identified after extensive, manual conformational searches and stability assessments at the
optimisation level of theory (i.e., G(1)PCM). No attempt was made to calculate Boltzmann-weighted
free energies for the various intermediates and transitions states, given the negligible difference
such an approach has previously made in comprehensive studies of other highly associative
organic reactions,34 and the prohibitive computational burden such an approach would impose.
Typical conformational preferences of the various tetrahedral species proposed as key
intermediates in azole-catalysed aminolysis – including the zwitterionic intermediate II, neutral
hemiaminal IV, and alkoxide intermediate V - are summarised in Figure 6.1. In general, all
tetrahedral intermediates feature extensive intramolecular hydrogen bonding between the amino
fragment, carbonyl oxygen and azole catalyst, presumably a critical feature for efficient catalysis.
Furthermore, irrespective of the azole, the lowest energy conformations of tetrahedral species IV
and V, with pyramidal nitrogen centres, were almost invariably characterised by an antiperiplanar
alignment of the amino lone pair (nN) and the antibonding σ*C-N orbital between the tetrahedral
centre and the azole fragment. In all tetrahedral species (II, IV, V), the preferred orientation of the
azole fragment is apparently dictated by intramolecular hydrogen bonding between the polarised
C-H5 bond of the azole and the tetrahedral oxygen.
These conformational preferences are common to 1,2,4,-triazole 98 and 4-substituted pyrazoles
(154-H; 186(a-d)-H; 187(a-h)-H); more options present themselves in tetrahedral intermediates
arising from alternative azoles, such as 1,2,3-triazole 111-H, benzotriazole 155-H and tetrazole,
where conformational preferences in the tetrahedral species are tensioned against the intrinsic
stabilities of the various azole regioisomers (N1 substitution is typically overwhelmingly favoured
for 1,2,4-triazole 98 in solution).
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Figure 6.1: General conformational preferences for key intermediates II, IV and V (see main text) involved in the
aminolysis of N-acetylated azoles I with primary amines.

For computed reaction pathways in which DBU 130 is explicitly engaged as a general base, the
lowest energy conformations of DBU 130 and DBUH+ 130-H+ were determined independently, in
the absence of intermolecular complexation with the amine or II, to minimise the effect of
numerical noise in the free energy profiles, and these same conformations were used without
distortion for all pathways featuring DBU/DBUH+. The conformational spaces of intermolecular
complexes between DBU and II (i.e., DBU.II) or DBUH+ and V (III’, III’’) were explored by
perturbing the orientation and/or binding site of DBU/DBUH + with respect to the tetrahedral
intermediate, but without perturbing the (independently refined) internal conformations of either
fragment (geometry optimisations of the complexes did not perturb the internal conformations of
each fragment).

Microsolvation
To assess whether implicit solvation methods (i.e., IEFPCM, SMD) alone are sufficient for
assessing the solvation free energies of putative intermediates in the azole-catalysed aminolysis
of p-F-PhAc 160 with p-F-BnNH2 170, the microsolvation35 of zwitterionic intermediate II-98, and
of DBUH+, by MeCN were explored explicitly by highly correlated DLPNO-CCSD(T)
computations. Specific solute-solvent interactions between MeCN and (pseudo) cationic solutes
are typically more substantial than those of neutral or anionic solutes, so the microsolvation of IV98 and V-98 were not explored in the same way (MeCN is an extremely poor hydrogen bond
donor, but a better, although still modest, hydrogen bond acceptor).
To this end, the structures of explicitly unsolvated II-98, II-98 with one explicitly coordinated
molecule of MeCN, II-98.MeCN, and II-98 with two explicitly coordinated molecules of MeCN, II98.(MeCN)2 – in addition to MeCN itself – were optimised by KS-DFT (Figure 6.2) with additional
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implicit solvation (1-PCM), and their composite free energies calculated as described above,
using the full complement of DLPNO-CCSD(T)/ma-def2-TZVPP corrections to gas-phase
potential energies, standard state corrections to translational entropies, and quasi rigid-rotor
harmonic-oscillator corrections to vibrational entropies. Analogous calculations were also
undertaken for DBUH+ and DBUH+(MeCN). For the calculation of translational entropies, DBUH+,
DBUH+(MeCN), II-98, II-98.MeCN and II-98.(MeCN)2 were treated as having standard states of
c° = 1.0 mol dm-3, as for all other solutes, whilst the standard state of MeCN itself was set at
c°MeCN = 19.2 mol dm-3 (the concentration of pure MeCN).

Figure 6.2: Microsolvated complexes of the tetrahedral zwitterion II-98 with MeCN.

The relative free energies of the various association states are shown in Table 6.1. Interestingly,
for both II-98 and DBUH+, intermolecular associaton with explicit MeCN leads to higher free
energies than the unbound species, suggesting that implicit solvation models are adequate, if still
inherently flawed, for modelling the azole-catalysed aminolysis of p-F-PhAc 160 in MeCN.
Equivalent calculations using the implicit SMD model (MeCN) lead to analogous conclusions,
suggesting no need for microsolvation.

Association state

GPCM(DLPNO) / (kJ mol-1)

GSMD(DLPNO) / (kJ mol-1)

II-98 + 2 MeCN

0

0

II-98.MeCN + MeCN

+6.2

+15.5

II-98.(MeCN)2

+14.0

+28.3

DBUH+ + MeCN

0

-

DBUH+(MeCN)

+6.4

-

Table 6.1: Free energies of the various solvated states of the zwitterion II-98 and DBUH+ (MeCN).
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6.3.4. Heavy atom KIE calculations
Bigeleisen-Mayer equation
Theoretical heavy atom kinetic isotope effects (KIEs; kL/kH) for the 1,2,4-triazole- and pyrazolecatalysed aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 and DBU 130 were computed using
the Bigeleisen-Mayer equation (T = 293.1 K) in conjunction with the one-dimensional Bell
correction for quantum tunnelling, as implemented in PyQuiver (equation 6.5).
For each KIE calculation, isotope-independent Cartesian force constants for the reactant (A) and
transition state (‡) of interest were supplied by preluding electronic structure calculations (RKSDFT) in Gaussian09 (Rev E.01). Isotope-dependent harmonic frequencies for each species (e.g.,
{υ(A)L,i} for the light isotopologue of A), including the imaginary frequencies for the isotopologous
transition states (iυ(‡)L,TS; iυ(‡)H,TS), were in turn calculated from these force constants by PyQuiver,
using appropriate isotope masses (m12C = 12.0000; m13C = 13.003355; m14N = 14.003 074; m15N
= 15.000109) and linear scaling as required (vide infra), with translational and rotational modes
projected out.
𝜎𝐿
) 𝑓]
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Force constant calculations
Default methodology
Unless otherwise stated, optimised geometries and Cartesian force constants for reactants (A)
and transition states (‡) were calculated analytically by RKS-DFT following geometry
optimisation, using the hybrid variant of the Perdew-Burke-Ernzerhof functional [PBE0], Grimme’s
D3 empirical dispersion correction with Becke-Johnson damping [GD3BJ], a moderately
augmented, polarised triple-zeta basis set [6-311+G(d,p) (5d,7f)] and the integral-equation
formalism of the polarisable continuum model (IEFPCM), using parameters for MeCN or THF as
appropriate. Small imaginary frequencies unrelated to transition vectors were vigorously
eliminated by the use of tight convergence criteria and an ultrafine integration grid; persistent
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small imaginary frequencies (< 50i cm-1) that could not be eliminated in this way were neglected
in KIE calculations (these were present in only a handful of structures). Prior to the calculation of
KIEs, all harmonic frequencies were scaled linearly, using a ZPVE scaling factor of fs = 0.980.36

Method testing
To provide a reliable benchmark for experiment, the sensitivity of heavy atom KIE calculations to
the underlying potential energy surface was explicitly explored for a complement of conventional
(saddle-point) transition state models in MeCN involved in the 1,2,4-triazole-catalysed aminolysis
of p-F-PhAc 160 with p-F-BnNH2 170 and DBU 130. For each transition state model, absolute
12C/13C

KIEs were calculated with respect to the carbonyl (CO; 12/13kCO) and methyl (CH3; 12/13kCH3)

carbons in p-F-PhAc 160, and

14N/15N

KIEs with respect to the amino nitrogen (NH 2;

14/15k

NH2)

in

p-F-BnNH2 170, using the Bigeleisen-Mayer equation (T = 293.1 K) and Cartesian force constants
obtained on range of RKS-DFT surfaces. The normalised carbonyl

12C/13C

KIE (12/13kCO/12/13kCH3)

was also calculated for each transition state model to provide a direct comparison to the
experimental

12C/13C

KIE, determined by intermolecular competition between [13CO]-160 and

[13CH3]-160 (and by natural abundance 12C/13C NMR).
Tables 6.2 – 6.8 summarise the average KIEs and standard deviations for each transition state
model across a total of eight different surfaces, all of which differ from the default KIE surface (1PCM) in a single respect. Changes to the exchange-correlation functional (ωB97XD, M06-2X; 1PCM = PBE0+GD3BJ), solvation model (IEFPCM vs SMD; MeCN), and basis set (6-31+G(d,p),
6-311++G(2d,p), def2-TZVP, cc-pVTZ; 1-PCM = 6-311+G(d,p)) were all explored, with the former
having the greatest influence.
In general, all 12C/13C KIEs were either normal or else inverse but very close to unity; 14N/15N KIEs
for all transition state models were inverse. Strikingly, calculations on the vast majority of transition
state models, even charged transition states or those leading to charge separation (i.e., to the
formation of a zwitterionic intermediate), afforded both

12C/13C

and

14N/15N

KIEs that were

essentially insensitive to the underlying PES, with standard deviations typically less than, or
comparable to, experimental uncertainties. Where applicable, theoretical KIEs (in MeCN) quoted
in the main text thus pertain to average KIEs calculated across all eight surfaces; for transition
state models not included in method testing, theoretical KIEs reported in the main text pertain to
those computed at the default level of theory (1-PCM).
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Transition state models

Method change

12/13

kCO

12/13

kCH3

14/15

kNH2

12/13

kCO/12/13kCH3

None

1.0446

0.9999

0.9918

1.0447

6-31+G(d,p)

1.0442

0.9995

0.9945

1.0447

6-311++G(2d,p)

1.0452

0.9995

0.9921

1.0457

def2-TZVP

1.0427

1.0002

0.9887

1.0425

cc-pVTZ

-

-

-

-

SMD(MeCN)

1.0448

0.9998

0.9937

1.0450

M06-2X

1.0470

0.9993

0.9930

1.0477

wB97XD

1.0448

0.9997

0.9906

1.0451

Average
Std deviation

1.0448
0.0013

0.9997
0.0003

0.9921
0.0020

1.0451
0.0016

Table 6.2: 12C/13C and 14N/15N KIEs computed for TS2 using the Bigeleisen-Mayer equation (20 °C) and Bell’s onedimensional tunnelling correction. 12C/13C KIEs computed relative to p-F-PhAc 160 and 14N/15N KIEs relative to p-F-BnNH2
170. Default force constants (“none”) obtained at the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN,UFF) level.
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Method change

12/13

kCO

12/13

kCH3

14/15

kNH2

12/13

kCO/12/13kCH3

None

1.0361

1.0003

0.9718

1.0358

6-31+G(d,p)

1.0364

1.0002

0.9717

1.0362

6-311++G(2d,p)

1.0369

1.0001

0.9711

1.0368

def2-TZVP

1.0370

1.0001

0.9720

1.0369

cc-pVTZ

1.0373

1.0001

0.9728

1.0372

SMD(MeCN)

1.0372

1.0008

0.9705

1.0364

M06-2X

1.0376

1.0002

0.9711

1.0374

wB97XD

1.0414

1.0001

0.9703

1.0413

Average
Std deviation

1.0375
0.0017

1.0002
0.0002

0.9714
0.0008

1.0372
0.0017

Table 6.3: 12C/13C and 14N/15N KIEs computed for TSu using the Bigeleisen-Mayer equation (20 °C) and Bell’s onedimensional tunnelling correction. 12C/13C KIEs computed relative to p-F-PhAc 160 and 14N/15N KIEs relative to p-F-BnNH2
170. Default force constants (“none”) obtained at the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN,UFF) level.
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Method change

12/13

kCO

12/13

kCH3

14/15

kNH2

12/13

kCO/12/13kCH3

None

1.0310

1.0015

0.9951

1.0295

6-31+G(d,p)

1.0284

1.0014

0.9954

1.0270

6-311++G(2d,p)

1.0348

1.0010

0.9946

1.0338

def2-TZVP

1.0356

1.0009

0.9941

1.0347

cc-pVTZ

1.0353

1.0010

0.9948

1.0343

SMD(MeCN)

1.0351

1.0014

0.9948

1.0337

M06-2X

1.0371

1.0009

0.9978

1.0362

wB97XD

1.0412

1.0003

0.9965

1.0409

Average
Std deviation

1.0348
0.0038

1.0011
0.0004

0.9954
0.0012

1.0337
0.0042

Table 6.4: 12C/13C and 14N/15N KIEs computed for TSc using the Bigeleisen-Mayer equation (20 °C) and Bell’s onedimensional tunnelling correction. 12C/13C KIEs computed relative to p-F-PhAc 160 and 14N/15N KIEs relative to p-F-BnNH2
170. Default force constants (“none”) obtained at the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN,UFF) level.
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Method change

12/13

kCO

12/13

kCH3

14/15

kNH2

12/13

kCO/12/13kCH3

None

1.0283

1.0001

0.9753

1.0282

6-31+G(d,p)

1.0271

1.0000

0.9754

1.0271

6-311++G(2d,p)

1.0283

0.9998

0.9751

1.0285

def2-TZVP

1.0286

1.0000

0.9761

1.0286

cc-pVTZ

1.0292

1.0001

0.9771

1.0291

SMD(MeCN)

1.0298

1.0006

0.9747

1.0292

M06-2X

1.0297

0.9993

0.9748

1.0304

wB97XD

1.0281

0.9997

0.9735

1.0284

Average
Std deviation

1.0286
0.0009

1.0000
0.0004

0.9753
0.0011

1.0287
0.0009

Table 6.5: 12C/13C and 14N/15N KIEs computed for TS’PT using the Bigeleisen-Mayer equation (20 °C) and Bell’s onedimensional tunnelling correction. 12C/13C KIEs computed relative to p-F-PhAc 160 and 14N/15N KIEs relative to p-F-BnNH2
170. Default force constants (“none”) obtained at the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN,UFF) level.
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Method change

12/13

kCO

12/13

kCH3

14/15

kNH2

12/13

kCO/12/13kCH3

None

1.0458

1.0011

0.9813

1.0447

6-31+G(d,p)

1.0454

1.0010

0.9810

1.0444

6-311++G(2d,p)

1.0463

1.0008

0.9808

1.0455

def2-TZVP

1.0454

1.0007

0.9811

1.0447

cc-pVTZ

1.0448

1.0008

0.9818

1.0440

SMD(MeCN)

1.0477

1.0015

0.9812

1.0461

M06-2X

1.0467

1.0004

0.9810

1.0463

wB97XD

1.0458

1.0008

0.9800

1.0450

Average
Std deviation

1.0460
0.0009

1.0009
0.0003

0.9810
0.0005

1.0451
0.0008

Table 6.6: 12C/13C and 14N/15N KIEs computed for TS’5 using the Bigeleisen-Mayer equation (20 °C) and Bell’s onedimensional tunnelling correction. 12C/13C KIEs computed relative to p-F-PhAc 160 and 14N/15N KIEs relative to p-F-BnNH2
170. Default force constants (“none”) obtained at the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN,UFF) level.
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Method change

12/13

kCO

12/13

kCH3

14/15

kNH2

12/13

kCO/12/13kCH3

None

1.0458

0.9998

0.9786

1.0460

6-31+G(d,p)

1.0454

0.9998

0.9784

1.0456

6-311++G(2d,p)

1.0460

0.9996

0.9788

1.0464

def2-TZVP

1.0461

0.9995

0.9784

1.0466

cc-pVTZ

1.0444

0.9996

0.9795

1.0448

SMD(MeCN)

1.0479

1.0001

0.9786

1.0478

M06-2X

1.0457

0.9994

0.9791

1.0463

wB97XD

1.0460

0.9997

0.9786

1.0463

Average
Std deviation

1.0459
0.0010

0.9997
0.0002

0.9788
0.0004

1.0462
0.0009

Table 6.7: 12C/13C and 14N/15N KIEs computed for TS’’5 using the Bigeleisen-Mayer equation (20 °C) and Bell’s onedimensional tunnelling correction. 12C/13C KIEs computed relative to p-F-PhAc 160 and 14N/15N KIEs relative to p-F-BnNH2
170. Default force constants (“none”) obtained at the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN,UFF) level.
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Method change

12/13

kCO

12/13

kCH3

14/15

kNH2

12/13

kCO/12/13kCH3

None

1.0492

1.0015

0.9822

1.0476

6-31+G(d,p)

1.0492

1.0013

0.9819

1.0478

6-311++G(2d,p)

1.0501

1.0011

0.9820

1.0489

def2-TZVP

1.0488

1.0012

0.9822

1.0475

cc-pVTZ

1.0475

1.0016

0.9825

1.0458

SMD(MeCN)

-

-

-

-

M06-2X

1.0521

1.0006

0.9825

1.0515

wB97XD

1.0501

1.0012

0.9819

1.0488

Average
Std deviation

1.0496
0.0014

1.0012
0.0003

0.9822
0.0003

1.0483
0.0017

Table 6.8: 12C/13C and 14N/15N KIEs computed for TS6 using the Bigeleisen-Mayer equation (20 °C) and Bell’s onedimensional tunnelling correction. 12C/13C KIEs computed relative to p-F-PhAc 160 and 14N/15N KIEs relative to p-F-BnNH2
170. Default force constants (“none”) obtained at the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN,UFF) level.
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6.3.5. pKa calculations
General methods
Logarithmic acid dissociation constants of various neutral (pKa) and cationic (pKaH) acids in
MeCN were computed by the isodesmic method,37 using composite DLPNO-CCSD(T) free
energy computations and experimental pKa values of analogous acids as anchors. In general,
pKacalc of acids of unknown acidity, Ai-H, were computed according to:
exp

p𝐾𝑎calc (Ai − H) = p𝐾a

(ARef − H) +

Δ𝐺𝑆,𝑃𝑇
𝑅𝑇 ln 10

(6.8)

where ΔGS,PT corresponds to the solution-phase Gibbs free energy change accompanying the
transfer of a proton from an arbitrary acid Ai-H to the reference anion, ARef-. For all theoretical pKa
values in this work, ΔGS,PT was computed ab initio using composite solution-phase Gibbs free
energies

obtained

in

the

standard

manner

(DLPNO-CCSD(T)/ma-def2-

TZVPP/TightPNO//PBE0+GD3BJ/6-311+G(d,p)/MeCN), with geometries optimised using the
IEFPCM solvation model (but single-points energies with both IEFPCM and SMD). In each case,
the reference acid ARef-H was chosen so as to resemble the acid of interest Ai-H as closely as
possible, both in structure and thermodynamic strength. When more extensive experimental data
on closely related acids was available in the literature, uncorrected pKacalc values were refined by
calibration. Specifically, calibrated pKa values for acids of unknown acidity, pKacalb(Ai-H), were
determined according to
p𝐾𝑎calb (Ai − H) = 𝑎 p𝐾𝑎calc (Ai − H) + 𝑏

(6.9)

where the calibration parameters (a, b) were determined independently by a linear regression of
pKaexp vs pKacalc for a series of structurally analogous acids of known acidities.

Azoles (AzH)
Uncorrected acidities pKacalc(Az-H)
The uncorrected, directly computed pKa values of various neutral azoles in MeCN, pKacalc(Az-H),
were computed relative to imidazole (pKaexp(156-H) = 29.3) according to:
exp

p𝐾𝑎calc (Az − H) = p𝐾a

(Im − H) +

Δ𝐺𝑆,𝑃𝑇 (Az − H)
𝑅𝑇 ln 10

(6.10)

where ΔGS,PT(Az-H) corresponds to the solution-phase Gibbs free energy change accompanying
the transfer of a proton from an arbitrary azole Az-H to the imidazolate anion, 156.
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Paramaterisation
Calibrated acidities for all azoles, pKacalb(Az-H), were determined using parameters obtained from
the linear regression of experimental and ab initio pKa data for a range of electron-deficient indoles
(InX-H) in MeCN, including 2-, 3-, 4-, 5- and 7-nitroindole, 3-cyanoindole, and indole itself,
spanning ten pKa units.38 Theoretical acidities of the variously substituted indoles, pKacalc(InX-H),
were calculated from ΔGS,PT(InX-H) in the standard manner, using composite DLPNO-CCSD(T)
and KS-DFT computations, either the IEFPCM or SMD solvation model with appropriate
parameters for MeCN, and imidazole (pKaexp(156-H) = 29.3) as an experimental anchor.

Linear regressions of pKaexp(InX-H) and pKacalc(InX-H), using theoretical acidities obtained with
both the IEFPCM and SMD solvation models, afforded the results in Table 6.9 and Figure 6.3
and the calibration parameters a(PCM), b(PCM), a(SMD) and b(SMD). Directly computed acidities for the
various indoles, pKacalc(InX-H), were remarkably accurate when computed with the IEFPCM model
(RMSE = 0.34 pK units); calibration reduced the error further, but only modestly, to 0.31 pK units.
Directly computed acidities obtained with SMD, in contrast, were considerably poorer (RMSE =
1.11 pK units), but improved more significantly following calibration (RMSE = 0.71 pK units).

Indole

pKaexp

pKacalc

pKacalb

pKacalc

pKacalb

(InX-H)

(MeCN)

(PCM)

(PCM)

(SMD)

(SMD)

3-NO2-Indole

22.77

22.92

22.97

24.88

23.41

2-NO2-Indole

23.64

23.36

23.40

24.62

23.12

3-CN-Indole

26.01

25.75

25.71

26.62

25.35

4-NO2-Indole

27.89

28.06

27.94

29.18

28.20

5-NO2-Indole

28.18

28.64

28.51

29.74

28.83

7-NO2-Indole

29.99

30.59

30.39

31.43

30.72

Indole

32.57

32.36

32.11

32.06

31.42

RMSE

0.34

0.31

1.11

0.71

Table 6.9: Experimental (pKaexp),38 directly computed (pKacalc) and calibrated (pKacalb) acidities for seven variously
substituted indoles (InX-H) in MeCN. pKacalc determined using imidazole (pKaexp(156-H) = 29.3) as an anchor, and proton
transfer free energies (ΔGS,PT) computed at the DLPNO-CCSD(T)/ma-def2-TZVPP/TightPNO//PBE0+GD3BJ/6311+G(d,p)/MeCN level, using either the IEFPCM or SMD solvation model and the quasi rigid-rotor harmonic-oscillator
approximation of Grimme (ωc = 50 cm-1). Linear regression parameters: a(PCM) = 0.968, b(PCM) = 0.786. a(SMD) = 1.11; b(SMD)
= - 4.32.
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Figure 6.3: Linear regressions of experimental (pKaexp) 38 and directly computed (pKacalc) acidities of seven monosubstituted indoles (InX-H) in MeCN. pKacalc values determined using imidazole (pKaexp(156-H) = 29.3) as an anchor, and
proton
transfer
free
energies
(ΔGS,PT(InX-H))
computed
at
the
DLPNO-CCSD(T)/ma-def2TZVPP/TightPNO//PBE0+GD3BJ/6-311+G(d,p)/MeCN level, using either the IEFPCM or SMD solvation model and the
quasi rigid-rotor harmonic-oscillator approximation of Grimme (ωc = 50 cm-1). Linear regression parameters: a(PCM) = 0.968,
b(PCM) = 0.786. a(SMD) = 1.11; b(SMD) = - 4.32.

Figure 6.4: Azoles studied in this thesis as catalysts in the aminolysis of p-F-PhAc 160 with p-F-BnNH2 170 and DBU
130.
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Azole

pKaexp

pKacalb

pKacalb

(Az-H)

(DMSO)

(MeCN,PCM)

(MeCN,SMD)

155-H

11.9

22.15

20.65

186a-H

-

22.38

22.38

111-H

13.9

23.67

21.98

98-H

14.8

24.64

23.60

186b-H

-

25.90

25.23

186c-H

-

26.91

26.35

186d-H

-

27.04

26.77

187a-H

-

27.68

27.42

187b-H

-

28.15

27.69

187c-H

-

28.73

28.11

156-H

18.6

29.15

28.34

187d-H

-

29.13

28.38

187e-H

-

29.05

28.43

187f-H

-

29.32

28.65

187g-H

-

29.51

28.75

187h-H

-

29.79

28.89

154-H

19.8

30.08

29.03

186e-H

-

31.21

30.20

Table 6.10: Calibrated acidities (pKacalb) for various azoles (Az-H) in MeCN, determined according to pKacalb = a.pKacalc +
b and pKacalc = pKaexp(Im-H) + ΔGS,PT/(RT.ln 10), where a(PCM) = 0.968, b(PCM) = 0.786, a(SMD) = 1.11, b(SMD) = - 4.32,
pKaexp(156-H) = 29.3 is the reference pKa of imidazole in MeCN, and ΔGS,PT(Az-H) was calculated ab initio for each azole
using composite DLPNO-CCSD(T) and KS-DFT computations. pKacalc values for ambident azoles determined with respect
to the most stable tautomer of the acid,39-52 as determined by computation; the most favourable tautomers were found to
be 2H-1,2,3-triazole, 1H-benzotriazole, 1H-1,2,4-triazole and 1H-tetrazole. 1H- and 2H-1,2,3-triazole are apparently
nearly degenerate in MeCN.
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Calibrated acidities pKacalb(Az-H)
Calibrated pKa values for various azoles, pKacalb(Az-H), shown in Table 6.10, were determined
by:
p𝐾𝑎calb (Az − H) = 𝑎 p𝐾𝑎calc (Az − H) + 𝑏

(6.11)

where the directly computed acidities, pKacalc(Az-H), were determined as described above, and
the parameters a and b, pertaining to either a(PCM)/b(PCM) or a(SMD)/b(SMD) (Figure 6.3), were
determined by the linear regression of experimental and directly computed acidities of various
indoles (vide supra). Experimental acidities in MeCN (pKaexp(MeCN)) have seemingly not been
reported in the literature for the vast majority of azoles; Bordwell has reported the acidities of
several key azoles in DMSO, however, and these are also shown in Table 6.10 for comparison.53

α-C-H acids
Uncorrected acidities pKacalc(X(CO)CH3)
The uncorrected, directly computed C-H acidities of p-F-PhAc 160 and 1-acetyl-1,2,4-triazole I98 in MeCN, generally pKacalc(X(CO)CH3), were computed relative to 9-CO2Me-fluorene Fl-H
(pKaexp(Fl-H) = 23.50) in accordance with:
exp

p𝐾𝑎calc (X(CO)CH3 ) = p𝐾a

(Fl − H) +

Δ𝐺𝑆,𝑃𝑇 (X(CO)CH3 )
𝑅𝑇 ln 10

(6.12)

where ΔGS,PT(X(CO)CH3) corresponds to the solution-phase Gibbs free energy change
accompanying the transfer of a proton from the α-position of a carbonyl compound to the
conjugate base of 9-CO2Me-fluorene (Fl-).
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Paramaterisation
Calibrated acidities for p-F-PhAc 160 and 1-acetyl-1,2,4-triazole I-98 were determined using
parameters obtained from the linear regression of experimental and ab initio pKa data for a range
of electron-deficient C-H acids (Cα-H) in MeCN,38 including various disubstituted acetonitriles and
fluorenes. Theoretical acidities of the various C-H acids, pKacalc(Cα-H), were calculated from
ΔGS,PT(Cα-H) in the standard manner, using composite DLPNO-CCSD(T) and KS-DFT
computations, either the IEFPCM or SMD solvation model with appropriate parameters for MeCN,
and 9-CO2Me-fluorene (pKaexp(Fl-H) = 23.50) as an experimental anchor.

Linear regressions of pKaexp(Cα-H) and pKacalc(Cα-H), using theoretical acidities obtained with both
the IEFPCM and SMD solvation models, afforded the results in Table 6.11 and Figure 6.5 and
the calibration parameters a(PCM), b(PCM), a(SMD) and b(SMD). Directly computed acidities for the
various C-H acids, pKacalc(Cα-H), were reasonably accurate when computed with the IEFPCM
model (RMSE = 0.61 pK units); calibration reduced the error significantly, to 0.36 pK units. Directly
computed acidities obtained with SMD, in contrast, were slightly poorer (RMSE = 0.85 pK units),
and also not improved at all by calibration (RMSE = 0.84 pK units).

Figure 6.5: Linear regressions of experimental (pKaexp) 38 and directly computed (pKacalc) acidities of eight electron-deficient
C-H acids (Cα-H) in MeCN. pKacalc values determined using 9-CO2Me-fluorene Fl-H (pKaexp(Fl-H) = 23.50) as an anchor,
and
proton
transfer
free
energies
(ΔGS,PT(Cα-H))
computed
at
the
DLPNO-CCSD(T)/ma-def2TZVPP/TightPNO//PBE0+GD3BJ/6-311+G(d,p)/MeCN level, using either the IEFPCM or SMD solvation model and the
quasi rigid-rotor harmonic-oscillator approximation of Grimme (ωc = 50 cm-1). Linear regression parameters: a(PCM) = 0.865,
b(PCM) = 2.99. a(SMD) = 0.923; b(SMD) = 1.80.
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Carbon acid

pKaexp

pKacalc

pKacalb

pKacalc

pKacalb

(Cα-H)

(MeCN)

(PCM)

(PCM)

(SMD)

(SMD)

CH(CO2Et)(CN)(Ar2)

18.07

17.82

18.20

18.76

18.8

CH(CN)(Ar1)(Ar2)

21.10

21.64

21.57

22.06

22.0

9-CN-Fluorene

21.35

21.25

21.23

20.74

20.7

9-CO2Me-Fluorene

23.54

23.50

23.21

23.50

23.4

Fluoradene

23.92

23.67

23.37

22.34

22.3

Octafluorofluorene

24.49

25.60

25.06

25.75

25.5

CH(CN)(Ph)(Ar1)

26.16

26.44

25.81

26.32

26.1

9-C6F5-Fluorene

28.14

29.22

28.25

28.19

27.9

RMSD

0.61

0.36

0.85

0.84

Table 6.11: Experimental (pKaexp),38 directly computed (pKacalc) and calibrated (pKacalb) acidities for various electrondeficient C-H acids (Cα-H) in MeCN. Ar1 = C6F5; Ar2 = p-H-C6F4. pKacalc determined using 9-CO2Me-fluorene (pKaexp(Fl-H)
= 23.50) as an anchor, and proton transfer free energies (ΔGS,PT) computed at the DLPNO-CCSD(T)/ma-def2TZVPP/TightPNO//PBE0+GD3BJ/6-311+G(d,p)/MeCN level, using either the IEFPCM or SMD solvation model and the
quasi rigid-rotor harmonic-oscillator approximation of Grimme (ωc = 50 cm-1). Linear regression parameters: a(PCM) = 0.865,
b(PCM) = 2.99; a(SMD) = 0.923, b(SMD) = 1.80.

Calibrated acidities pKacalb(X(CO)CH3)
Calibrated

pKa

values

for

p-F-PhAc

160

and

1-acetyl-1,2,4-triazole

I-98,

generally

pKacalb(X(CO)CH3), shown in Table 6.12, were determined by:
𝑝𝐾𝑎calb (X(CO)CH3 ) = 𝑎 p𝐾𝑎calc (X(CO)CH3 ) + 𝑏

(6.13)

where the directly computed acidities, pKacalc(X(CO)CH3), were determined as described above,
and the parameters a and b, pertaining to either a(PCM)/b(PCM) or a(SMD)/b(SMD) (Figure 6.5), were
determined by the linear regression of experimental and directly computed acidities of various
electron-deficient disubstituted acetonitriles and 9-substituted fluorenes (Cα-H).

Carbon acid

pKacalb

pKacalb

(X(CO)CH3)

(MeCN,PCM)

(MeCN,SMD)

160

37.3

39.5

I-98

30.9

32.7

Table 6.12: Calibrated acidities (pKacalb) for p-F-PhAc 160 and 1-acetyl-1,2,4-triazole I-98 in MeCN, determined according
to pKacalb = a.pKacalc + b and pKacalc = pKaexp(Fl-H) + ΔGS,PT(X(CO)CH3)/(RT.ln 10), where a(PCM) = 0.865, b(PCM) = 2.99,
a(SMD) = 0.923, b(SMD) = 1.80, pKaexp(Fl-H) = 23.50 is the reference pKa of 9-CO2Me-fluorene in MeCN, and
ΔGS,PT(X(CO)CH3) was calculated ab initio using composite DLPNO-CCSD(T) and KS-DFT computations.
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7.1. NMR monitoring: quantitation
All reactions monitored in this work (conventional and SF) by NMR spectroscopy were monitored
in situ, without ejection from the NMR probehead, using a continuous loop of the pulse-acquire
sequence: {p1--tAQ--tD1--tMD}. This sequence consists of: (i) a single, non-selective excitation pulse
(p1); (ii) an acquisition time (tAQ); and (iii) a relaxation delay tD1 + tMD (tMD = 0 for SF-NMR
monitoring; tMD > 5.0 s for conventional monitoring), and overall corresponds to a regular train of
excitation pulses separated by a constant recycle time of tR = tAQ + tD1 + tMD, i.e., {p1--tR}n (n = 1,
2, 3..). In almost all cases, temporal concentration profiles ([x] t vs t) were assembled by acquiring
a spectrum with a single transient at each time point, tn = tDead + (n-1).tR (n = 1, 2, 3..), with
concentrations in turn determined by integration and normalisation against an inert internal
standard (vide supra).
Notwithstanding random errors arising from processing deficiencies or imperfect signal-to-noise,
the accuracy of any given temporal concentration profile acquired in this way will be governed
primarily by the relative magnetisations of the nuclei in the analyte and internal standard at each
time point. For recycle times that are similar in length to, or shorter than, the longer longitudinal
relaxation time constant (i.e., for tR < 10 T1 for the slower relaxing nucleus), the relative
magnetisations of any two nuclei will in general be non-unity and time-dependent, with its value
contingent upon the duration of the excitation pulse (the flip angle), recycle time, and any
difference in the rate of longitudinal relaxation time constants between the two nuclei. Essentially
all reactions monitored in this work fall under this regime (vide supra).
The underlying pulse sequence and sample treatment of this monitoring setup are equivalent to
those employed in the FLIPS method, recently developed in the Lloyd-Jones laboratory. FLIPS
was originally devised as an efficient methodology for measuring unknown T1 constants; however,
when used in conjunction with independently measured T1 constants – determined by, e.g.,
inversion-recovery – it can also be used to assess the temporal evolution of the bulk
magnetisation for any nucleus subjected to a continuous, regular train of excitation pulses (i.e.,
during reaction monitoring when spectra are acquired using a single transient).
Specifically, the underlying mathematics of FLIPS allows one to calculate the xy-projection Mxy of
the bulk magnetisation vector M0 for an arbitrary nucleus immediately after excitation, which is in
turn proportional to the intensity I of the corresponding signal observed in the Fourier-transformed
spectrum.
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Assuming all nuclei are fully magnetised – i.e., at thermal equilibrium – prior to the first excitation
pulse (n = 1), the xy-projection of the bulk magnetisation, Mxy,n(α), for a given nucleus α,
immediately after the nth excitation pulse, i.e., at t’n = (n-1).tR (n = 1, 2, 3…), is given by:
(𝛼)

𝑀0 sin(𝜃) ,
(𝛼)
𝑀𝑥𝑦,𝑛
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The xy-magnetisation after the nth excitation pulse, Mxy,n(α), can alternatively be derived iteratively:
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For recycle times that are similar in length to, or shorter than, the longitudinal relaxation time
constant (i.e., for tR < 10 T1), the detected signal will decrease with each excitation pulse, with the
system eventually evolving towards a steady state. In this limiting regime, the xy-magnetisation
Mxy,SS(α) remains invariant between successive time points, such that Mxy,SS(α) = Mxy,n(α) = Mxy,n(α)
1 ,

giving:
𝑡𝑅
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cos(𝜃) − 𝑒 𝑇1,𝛼
To assess the effect of these nuances on monitoring quantitation, the relative magnetisation
Mn(α/β), and corresponding errors εn(α/β), of various pairwise combinations of nuclei (α, β) from Table
7.1 were simulated under a range of real monitoring conditions (vide supra). Simulations were
conducted for four “worst-case” (i.e., least quantitative) scenarios, using pairwise combinations of
analyte and standard nuclei with the most disparate T1 constants, and the minimum recycle times
typically employed for reaction monitoring (conventional NMR: θ = 30°, tR(1H) > 19 s, tR(19F) >
18.5 s; SF-NMR: θ = 10°, tR(1H,

19F)

> 1.1 s). Given the underlying proportionality, the relative

magnetisation Mn(α/β) translates to the relative intensities, In(α/β), of the signals from nuclei α and β
observed in the nth spectrum, such that:
𝛼
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As expected, quantitation errors in the relative magnetisation Mn(α/β) were found to increase over
time, tending towards a maximum in the steady state regime. Under typical conditions for
conventional NMR monitoring (Figures 7.1A,B), a steady state is realised within the first few time
points; for SF-NMR monitoring of the very fastest reactions – i.e., those that reach full conversion
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in < 60 s – the relative magnetisation typically evolves throughout the bulk of the reaction,
reaching a steady state only in the final stages, if at all.

Figure 7.1: Simulated integration errors, arising from differential rates of longitudinal relaxation, for various limiting NMR
reaction monitoring regimes used in this work (Table 7.1). Errors pertain to deviations of relative integrals from unity for a
given pair of nuclei (α, β) subjected to a continuous pulse-acquire sequence (recycle time tR, flip angle θ). (A) Errors in
relative integrals arising from nuclei with T1 constants of 2.7 s (i.e., 1,3,5-TMB 193, CH3) and 8.6 s (i.e., pyrazole 154-H,
ArH) (θ = 30°; tR = 19.0 s; conventional 1H NMR monitoring); (B) Errors in relative integrals arising from nuclei with T1
constants of 4.8 s (i.e., 1-F-Napthalene, ArF) and 6.3 s (i.e., p-F-PhOH 172, ArF) (θ = 30°; tR = 19.0 s; conventional 19F
NMR monitoring); (C) Errors in relative integrals arising from nuclei with T1 constants of 2.7 s (i.e, 1,3,5-TMB 193, CH3)
and 8.6 s (i.e., pyrazole 154-H, ArH) (θ = 10°; tR = 1.1 s; SF-1H NMR monitoring); (D) Errors in relative integrals arising
from nuclei with T1 constants of 4.8 s (i.e., 1-F-Napthalene, ArF) and 6.3 s (p-F-PhOH 172, ArF) (θ = 10°; tR = 1.1 s; SF19
F NMR monitoring). α corresponds to faster relaxing nucleus in each case (i.e., ε > 0).

Crucially, the simulations in Figure 7.1 show that the maximum quantitation error encountered in
conventional in situ 1H and

19F

monitoring, and SF-19F NMR monitoring, ought to be < 2 % for all

reactions reported in this work. Even under the most demanding conditions, i.e., SF-1H NMR
monitoring of the very fastest reactions (tR = 1.1 s, θ = 10°), these simulations suggest that the
maximum quantitation error ought to be < 8 %. In general, quantitation errors arising from
differential rates of longitudinal relaxation are much smaller for SF-19F NMR than SF-1H NMR
monitoring, given the apparent insensitivity of T1(19F) constants in aryl fluorides to various forms
of aryl substitution; for this reason, SF-19F NMR monitoring was favoured over SF-1H NMR for
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monitoring the very fastest reactions in this work (i.e, θ = 10°, tAQ = 1.0 s, tD1 = 0.1 s). For very
fast reactions, SF-1H NMR was only used if absolutely necessary – to extract, e.g., additional
information/species not observable by

19F

NMR – with corroboration provided in each case by

independent SF-19F NMR measurements of the overall reaction evolution.
These simulations are only an indicative guide of the likely quantitation errors encountered during
reaction monitoring, primarily because the T1 constants of compounds measured in singlecomponent solutions are likely to differ to some extent from the true relaxation rates when that
component is present alongside many others in a complex mixture. Fortunately, in this respect
the simulated quantitation errors above likely constitute upper bounds on quantitation errors
encountered during reaction monitoring: amongst small organic molecules there exists a wellcharacterised, inverse relationship between longitudinal relaxation time (T1) constants and
solution viscosity, and in general fully assembled reactions in organic solvents are likely to be
more viscous than pure solutions of the individual, neutral compounds at comparable
concentrations. The formation of salts under standard catalytic conditions (e.g., 173-[DBUH+])
would presumably lead to pronounced increases in viscosity, and in turn to materially diminished
T1 constants during reaction monitoring.

- 406 -

7.2. Acid-base titration models: derivations
7.2.1. Acid-base equilibria in aprotic solvents
To achieve self-consistency with kinetic data, all acid-base titrations reported in this thesis were
undertaken in the absence of exogenous electrolyte (unbuffered), at catalytically pertinent
concentrations (i.e., 5 – 100 mM), and with neutral organic acids and neutral bases (DBU 130,
(dma)5-P2Et 189). This section summaries the complexities that arose in interpreting the results
of these titrations, and describes the various models constructed in an attempt to simulate
experimental acid-base isotherms obtained by NMR spectroscopy. Interpretations are discussed
more fully in the main text.
Acid-base equilibria in non-aqueous solvents are often multifaceted (Scheme 7.1), and especially
so when proton transfer between a neutral acid (AH) and a neutral base (B) leads to charge
separation (i.e., to the formation of A- and BH+). A key complexity is that charge separation
increases the likelihood, and scope, of intermolecular association during an acid-base titration.
Ionic solutes, especially those capable of donating or accepting hydrogen bonds, are inclined not
only to form ion pairs in solution (KIP), but also to promote swathes of other associative equilibria,
including first- (KAHC,1) and higher-order (KAHC,2) anion homoconjugation, cation homoconjugation
(KCHC,1), and various combinations of heteroconjugation (if multiple acids, e.g., A 1H, A2H, are
present together). In weakly polar media, for the formation of neutral hydrogen bond complexes
(KHB) may also arise.

Scheme 7.1: General equilibria arising from acid-base reactions between neutral acids and bases in aprotic media.

These ionic equilibria are necessarily coupled to the primary proton transfer reaction, and thus
generally serve to increase the apparent acidity of AH relative to BH+ (or, equivalently, the
apparent basicity of B relative to A-). By their associative nature, such equilibria are also acutely
sensitive to dilution; during a titration, the extent of proton transfer will be contingent not only upon
intrinsic acidities (pKa), temperature, ionic strength (vide infra) and relative concentration of the
acid and base – i.e., the stoichiometry – but also upon their absolute concentrations.
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The prevailing nature of association will in general depend on nature of the medium. MeCN, for
example, is fairly polar (εr = 37.5, ET30 = 45.6), moderately polarising (π* = 0.75), a modest
hydrogen bond acceptor (β = 0.31) but a very poor hydrogen bond donor (α = 0.19). THF, in
contrast, is much less polar (εr = 7.6, ET30 = 37.4, π* = 0.58) and virtually incapable of donating
hydrogen bonds (α = 0), yet is a surprisingly powerful strong hydrogen bond acceptor (β = 0.55).
The high polarity of MeCN favours ionisation and generally disfavours ion-pairing relative to THF;
the disparity in its ability to accept and donate hydrogen bonds, however, means cations are
strongly solvated by MeCN but anions (e.g., A-) weakly so, leading the latter to seek stability from
conjugative associations with alternative hydrogen bond donors in solution (vide infra). On
account of its modest ionising strength, ion-pairing is ubiquitous in THF, and generally prevails
over conjugative associations.
As a consequence of coupled intermolecular associations, reconciling phenomenological acidbase equilibrium constants obtained by experiment (e.g., by NMR) with literature or theoretical
pKa data is often challenging for non-aqueous solvents. Literature pKa scales in such solvents,
typically assembled by UV-vis spectrophotometry in contemporary studies, deliberately sidestep
complications arising from weak and moderately favourable associative equilibria by relying
primarily on titrations conducted at very high dilution (i.e., 10-4 – 10-5 M). Such pKa scales,
furthermore, are conventionally assembled in an interative, ladder-like manner, using series of
competitive titrations between pairs of acids (A1H vs A2H), or bases (B1 vs B2), of very similar
character; in this way, associative equilibria of any kind will tend to influence both acids, or both
bases, similarly. Inevitably, pKa scales constructed in such ways will be of questionable relevance
for titrations conducted at higher concentrations (i.e., > 5 – 100 mM, vide supra), especially when
the competing acids, or bases, have disparate molecular and electronic structures (e.g., AH vs
BH+); unfortunately, both cases apply to the titrations reported in this work.
For a generalised proton transfer reaction between a neutral acid AH and neutral base B, the
various equilibria commonly encountered in aprotic solvents are summarised in Scheme 5.7. The
primary proton transfer reaction itself, AH + B → A- + BH+, is characterised by the thermodynamic
equilibrium constant K°PT:
𝐾°𝑃𝑇 =

𝑎{BH+} 𝑎{A− }
𝑎{B} 𝑎{AH}

(7.6)

where a{BH+} is the equilibrium activity of the unbound, cationic conjugate acid BH +, and the
activities of the other isolated species (a{i}; I = AH, B, A-, BH+) are defined analogously. K°PT is
commonly expressed in terms of the acid dissociation constants of AH and BH+ (Ka{i}), where:
𝐾°𝑃𝑇 =

𝐾𝑎{𝐴𝐻}
𝑝𝐾
+ −𝑝𝐾
= 10 𝑎{𝐵𝐻 } 𝑎{𝐴𝐻}
𝐾𝑎{𝐵𝐻 +}

(7.7)
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K°PT is commonly factorised into a product of a phenomenological concentration equilibrium
constant, KCPT, and a ratio of activity coefficients (γ{i}); KCPT is the (pseudo) constant typically
obtained experiment, including by all the 1H/19F NMR titrations undertaken in this work (vide infra).
𝐾°𝑃𝑇 =

𝛾{𝐵𝐻 +} 𝛾{𝐴−}
[BH + ][A− ] 𝛾{𝐵𝐻 +} 𝛾{𝐴−}
𝐶
= 𝐾𝑃𝑇
[B][AH] 𝛾{𝐵} 𝛾{𝐴𝐻}
𝛾{𝐵} 𝛾{𝐴𝐻}

𝐶
𝐾𝑃𝑇
= 10

𝑝𝐾𝑎{𝐵𝐻+} −𝑝𝐾𝑎{𝐴𝐻}
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𝛾{𝐵} 𝛾{𝐴𝐻}
)
𝛾{𝐵𝐻 + } 𝛾{𝐴− }

(7.8)

(7.9)

The activity coefficients of neutral solutes, in this case unionised base B and acid AH, are
frequently assumed to be equal to unity. The activity coefficients of the ionic solutes, in this case
BH+ and A-, are conventionally assumed to be equal but less than unity (< 1), however, such that:
𝐶
𝐾𝑃𝑇
= 10

𝑝𝐾𝑎{𝐵𝐻+}−𝑝𝐾𝑎,{𝐴𝐻}

(

1

),
2
𝛾{𝐵𝐻
+ ,𝐴− }

𝛾{𝐵𝐻 + ,𝐴− } = √𝛾{𝐵𝐻 +} 𝛾{𝐴−}

(7.10)

The mean activity coefficient of the free ions, γ{BH+,A-}, is most practically obtained from the
extended Debye-Huckel (D-H) law, below, in which α (mol-1/2 dm3/2) and β (Å-1 mol-1/2 dm3/2) are
constants, d is the effective average diameter of the two ions (Å) – an apparently ill-defined
parameter, typically set to 3 – 5 Å – εr is the relative permittivity (dielectric constant; εr{MeCN} = 37.5;
εr{THF} = 7.6) of the solvent, I is the ionic strength (mol dm-3) of the solution and T is the absolute
temperature. For a simple proton transfer AH + B → A- + BH+, electroneutrality requires I = [BH]+
in the absence of exogenous electrolyte.

log10 (𝛾{𝐵𝐻 + ,𝐴− } ) = −

𝛼=

1.825
√(𝜀𝑟

𝑇)3

× 106

𝛼𝑧{𝐵𝐻 +} 𝑧{𝐴− } √𝐼
1 + 𝛽𝑑√𝐼
𝛽=

(7.11)

50.29
√𝜀𝑟 𝑇

The mean ion activity coefficient γ{BH+,A-}, according to the extended D-H law, will always be less
than unity, so in general will have the effect of increasing the apparent acidity of AH relative to
BH+ (i.e., KCPT > K°PT): the extent of ionisation will in general be greater than one would predict
on the basis of (infinite dilution) pKa data. The magnitude of the deviation from ΔpKa will in general
depend critically upon both the ionic strength of the solution in question, and the dielectric
constant (relative permittivity) of the solvent.
The majority of titrations reported in this thesis involved the sequential addition of a neutral,
monoprotic base B (DBU 130, P2-Et 189) to a monoprotic acid AH (e.g., p-F-PhOH 172, 1,2,4triazole 98) of constant total concentration [AH]T = 0.050 M, in the absence of an exogeneous
electrolyte. Under such a regime, the ionic strength I of the titrated solution will evolve throughout
the course of the titration; in the limiting scenario of complete monoionisation, and neglecting
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associative equilibria (vide infra), the ionic strength will be I = [AH]T = 0.05 mol dm-3. At 20.0°C,
and assuming an effective diameter of d = 5 Å, the limiting mean activity coefficients would then
be γ{BH+,A-}(MeCN) = 0.59 and γ{BH+,A-}(THF) = 0.017, respectively, in MeCN and THF. This
suggests that activity effects may exert only a modest influence on acid-base titrations undertaken
in MeCN (KCPT/K°PT(MeCN) = 2.9) with [AH]T = 0.05 M, but potentially a profound influence in THF
(KCPT/K°PT(MeCN) = 3483).
The preceding analysis pertains strictly to proton transfer reactions that generate two unbound
ions of opposite charge (A-, BH+). In this scheme, the ions interact with each other only vaguely,
through non-specific, long range Coulombic interactions: they are regarded, if somewhat
arbitrarily, as independent entities, with their stabilising interactions captured by the activity
coefficient γ{BH+,A-}. Depending upon the polarity of the solvent and the ionic strength, however,
ionic solutes may also undergo more intimate association, leading to the formation of solventshared or contact ion pairs. The thermodynamic and concentration equilibrium constants for
intimate ion-pairing, K°IP and KCIP, respectively, are:
𝐾°𝐼𝑃 =

𝑎{BH+ :A−}
𝑎{BH+ } 𝑎{A−}

=

[BH + : A− ] 𝛾{𝐼𝑃}
𝛾{𝐼𝑃}
𝐶
= 𝐾𝐼𝑃
2
2
[𝐵𝐻 + ][𝐴− ] 𝛾{𝐵𝐻
𝛾{𝐵𝐻 +,𝐴− }
+ ,𝐴− }

(7.12)

The activity of the ion-pair, γIP, is frequently, but not necessarily rightly, regarded as unity –
resembling, simplistically, an overall uncharged molecule – in which case:
2
𝐶
𝐾𝐼𝑃
= 𝐾°𝐼𝑃 𝛾{𝐵𝐻
+ ,𝐴− }

(7.13)

The general consensus in the literature appears to be that ion-pairing for monovalent (1:1)
electrolytes will only be appreciable, to the extent of being readily discernible by experiment, in
media with εr < 30. Such generalisations, however, are typically made from the perspective of
simple electrolytes, i.e., those comprised of spherical ions that might reasonably be modelled as
point charges, and which interact exclusively through Coulombic forces. Given the self-evident
potential for the formation of charge-assisted hydrogen bonds between A- and BH+, the welldocumented orbital character inherent in such hydrogen bonds, and the inherent asymmetry of
many organic ions, it would nevertheless seem imprudent to discount the prospect of reinforced
ion-pairing in more polar media, with εr > 30 (e.g., MeCN), especially at elevated concentrations.
In weakly polar media (εr < 15), such as THF, the literature consensus suggests in contrast that
monovalent electrolytes will be almost fully associated into discrete ion-pairs solution at moderate
and high dilution (10-2 – 10-5 M), even in the absence of any additional stabilisation arising from
specific donor-acceptor orbital interactions. Higher concentrations can afford higher order
aggregates.
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In such regimes, where the population of unbound ions is expected to be minimal, it is useful to
consider a telescoped equilibrium constant, K°PTIP, for proton transfer between a neutral acid AH
and neutral base B leading exclusively to the ion-paired complex:
𝑐
𝑐
𝑐
𝐾°𝑃𝑇𝐼𝑃 = 𝐾𝑃𝑇𝐼𝑃
= 𝐾𝑃𝑇
𝐾𝐼𝑃
=

[BH + : A− ]
[AH][B]

(7.14)

For moderately polar solvents that differentially stabilise cations and anions, and do not engage
effectively in hydrogen bonding, proton transfers reactions between a neutral base (B) and neutral
acid (AH) can also result in the formation of associative conjugates. These are hydrogen-bonded
complexes between a cationic hydrogen bond donor and neutral hydrogen bond acceptor
(cationic conjugates, B--H-B+), or alternatively an anionic hydrogen bond acceptor and neutral
hydrogen bond donor (anionic conjugates, A-H--A-). If the donor and acceptor are
interchangeable by virtue of proton transfer alone, the complexes are homoconjugates; if the
donor and acceptor are otherwise structurally dissimilar, they are heteroconjugates. First-order
anionic and cationic homoconjugation are characterised by the equilibrium constants K°AHC,1 and
K°CHC,1; higher-order homoconjugation, leading to the formation of [A -(AH)2] or [BH+(B)2] is also
possible.
𝐶
𝐾°𝐴𝐻𝐶,1 = 𝐾𝐴𝐻𝐶
=

[AH: A− ]
𝑎{AH:A− }
=
𝑎{AH} 𝑎{A− } [AH][A− ]

(7.15)

𝐶
𝐾°𝐶𝐻𝐶,1 = 𝐾𝐴𝐻𝐶
=

[AH: A− ]
𝑎{AH:A−}
=
𝑎{AH} 𝑎{A−} [AH][A− ]

(7.16)

Anionic homoconjugation can be profound in polar aprotic solvents that are both weak hydrogen
bond acceptors and very weak hydrogen bond donors. MeCN is the archetypal example of such
a solvent; phenols, carboxylic acids and sulfonic acids readily undergo homoconjugation under
basic conditions, often yielding homoconjugates with substantial thermodynamic stability (i.e.,
K°AHC,1 > 103 – 104 for certain phenols).

7.2.2. Equilibria models
To simulate atypical acid-base isotherms obtained in MeCN with p-F-PhOH 172 and various
azoles, a range of equilibrium models, beyond elementary proton transfer, were therefore
devised, and equations for the acid speciation in each case derived by hand. Using mass balance
and electroneutrality considerations, a single polynomial equation was derived for each model;
solving this equation – either analytically or numerically – afforded the simulated concentrations
of each acid-derived species at a given titration point, for given a set of initial conditions ([AH] T,
[B]T) and phenomenological equilibrium constants ({KCi}). With known initial conditions for each
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titration point, a least squares fit of the experimental isotherm was used to determine {KCi}, and
any unconstrained intrinsic chemical shifts. For mathematical tractability, and fundamental
limitations associated with titrations conducted under fast exchange conditions (vide infra),
models consisting of a maximum of two coupled equilibria only were considered. The various
titration models are summarised in the following section, alongside key mathematical derivations.
One unsurprising but nevertheless unavoidable complication in simulating experimental
isotherms with models of coupled equilibria was that all acid-base titrations monitored by NMR
afforded a single time-averaged spectrum for the acid (AH), with resonances at chemical shifts
reflecting the population-weighted average shifts of all species in rapid exchange (i.e., for AH,
AH, A-, [A--H-B]+, [H-A--A]-, etc.). Deconvoluting coupled equilibria under a fast exchange regime
is often difficult: it requires the observed chemical shift to be sensitive to each of the microscopic
equilibria, and also requires knowledge of at least three intrinsic chemical shifts, at least one of
which will frequently be inaccessible to direct experimental characterisation. Whilst primary
ionisation frequently leads to large perturbations in the intrinsic chemical shifts of an acid or base,
intermolecular association (ion-pairing, homoconjugation etc.) need not, necessarily, lead to any
detectable perturbation; in the limiting regime that association has precisely no effect on the
observed chemical shift, the corresponding equilibrium will be present but spectroscopically
hidden.
To assist the fitting of experimental isotherms with coupled equilibria, ab initio calculations of
isotropic shielding constants (σi) were therefore undertaken for each acid and its various
association states, using the established GIAO/PBE0+GD3BJ/6-311+G(2d,p)/IEFPCM method
(see below for technical details). In light of the reasonable but nevertheless insufficient precision
of uncalibrated, or even broadly calibrated, 1H and

19F

shifts calculated by KS-DFT, especially

without rovibrational corrections, these calculations were deployed carefully, using one of two
approaches (vide infra).
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Titration model 1:

The phenomenological concentration equilibrium constant, KCPT, for an elementary proton
transfer reaction is:
𝐶
𝐾𝑃𝑇
=

[A− ][BH + ]
[AH][B]

(7.17)

For a total acid concentration [AH]T and total base concentration [B]T, the equilibrium
concentrations [AH], [A-], [B], and [BH+] are defined by mass balance and electroneutrality
considerations in accordance with:
[B]T = [B] + [BH + ]

(7.18)

[AH]T = [AH] + [A− ]

(7.19)

[A− ] = [BH + ]

(7.20)

Substitution and rearrangement affords a quadratic equation in [A -] ([AH]T was kept constant
throughout each titration, whilst [B]T increased between each successive titration point):
𝐶
𝐾𝑃𝑇
=

[A− ]2
([AH]T − [A− ])([B]T − [A− ])

𝐶 )[𝐀− ]𝟐
𝐶 ([B]
𝐶
−
(1 − 𝐾𝑃𝑇
+ 𝐾𝑃𝑇
T + [AH]T )[𝐀 ] − 𝐾𝑃𝑇 [B]T [AH]T = 0

(7.21)
(7.22)

which can in turn be solved analytically, yielding:
[𝐀− ] =

𝐶 ([B]
𝐶 2
𝐶 2
𝐶
2
−𝐾𝑃𝑇
T + [AH]T ) ± √(𝐾𝑃𝑇 ) ([B]T + [AH]T ) + 4(𝐾𝑃𝑇 ) (1 − 𝐾𝑃𝑇 )[B]T [AH]T
𝐶 )
2(1 − 𝐾𝑃𝑇

(7.23)

The observed chemical shift of the acid under a fast exchange regime, δ(A)obs, will be the molefraction weighted average of the intrinsic shifts δAH and δA-, such that:
(𝐴)

𝛿𝑜𝑏𝑠 = (1 − 𝑥𝐴− )𝛿𝐴𝐻 + 𝑥𝐴− 𝛿𝐴−

(7.24)

(𝐴)

[𝐀− ] = (

𝛿𝑜𝑏𝑠 − 𝛿𝐴𝐻
) [AH]T
𝛿𝐴− − 𝛿𝐴𝐻

(7.25)
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Titration model 2:

The phenomenological concentration equilibrium constant, KCPTIP, for an elementary proton
transfer reaction affording an intimate ion-pair directly is:
𝐶
𝐾𝑃𝑇𝐼𝑃
=

[BH + : A− ]
[AH][B]

(7.26)

For a total acid concentration [AH]T and total base concentration [B]T, the equilibrium
concentrations [AH], [B], and [BH+:A-] are defined by mass balance considerations:
[B]T = [B] + [BH + : A− ]

(7.27)

[AH]T = [AH] + [BH + : A− ]

(7.28)

Substitution and rearrangement affords a quadratic equation in [BH +:A-] ([AH]T was kept constant
throughout each titration, whilst [B]T increased between each successive titration point):
𝐶
𝐾𝑃𝑇𝐼𝑃
=

[BH + : A− ]
([B]T − [BH + : A− ])([AH]T − [BH + : A− ])

(7.29)

𝐶
𝐶
𝐶
𝐶
[𝐁𝐇 + : 𝐀− ]2 − (1 + 𝐾𝑃𝑇𝐼𝑃
[B]T + 𝐾𝑃𝑇𝐼𝑃
[AH]T )[𝐁𝐇 + : 𝐀− ] + 𝐾𝑃𝑇𝐼𝑃
[B]T [AH]T = 0
𝐾𝑃𝑇𝐼𝑃

(7.30)

which can in turn be solved analytically, yielding:
2

[𝐁𝐇 + : 𝐀− ]

𝐶
𝐶
𝐶
𝐶
𝐶
[B]T + 𝐾𝑃𝑇𝐼𝑃
[AH]T ) ± √(1 + 𝐾𝑃𝑇𝐼𝑃
[B]T + 𝐾𝑃𝑇𝐼𝑃
[AH]T )2 − 4 (𝐾𝑃𝑇𝐼𝑃
) [B]T [AH]T
(1 + 𝐾𝑃𝑇𝐼𝑃

=

𝐶
2𝐾𝑃𝑇𝐼𝑃

(7.31)

The observed chemical shift of the acid under a fast exchange regime, δ(A)obs, will be the molefraction weighted average of the intrinsic shifts δ{AH} and δ{BH+:A-}, such that:
(𝐴)

𝛿𝑜𝑏𝑠 = (1 − 𝑥{𝐵𝐻 + :𝐴− } ) 𝛿𝐴𝐻 + 𝑥{𝐵𝐻 +:𝐴− } 𝛿{𝐵𝐻 + :𝐴− }

(7.32)

(𝐴)

[𝐁𝐇 +

−]

:𝐀

𝛿𝑜𝑏𝑠 − 𝛿𝐴𝐻
=(
) [AH]T
𝛿{𝐵𝐻 +:𝐴−} − 𝛿𝐴𝐻

(7.33)
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Titration model 3:

The phenomenological concentration equilibrium constant, KCPTHC, for the formally concerted
formation of an unbound anionic homoconjugate is:
𝐶
𝐾𝑃𝑇𝐻𝐶
=

[AH: A− ][BH + ]
[AH]2 [B]

(7.34)

For a total acid concentration [AH]T and total base concentration [B]T, the equilibrium
concentrations [AH], [AH:A-], [B], and [BH+] are defined by mass balance and electroneutrality
considerations:
[B]T = [B] + [BH + ]

(7.35)

[AH]T = [AH] + 2[AH: A− ]

(7.36)

[BH + ] = [AH: A− ]

(7.37)

Substitution and rearrangement affords a cubic equation in [AH:A -] ([AH]T was kept constant
throughout each titration, whilst [B]T increased between each successive titration point):
[AH: A− ]2
([𝐵] 𝑇 − [AH: A− ])([AH]T − 2[AH: A− ])2

(7.38)

𝐴[𝐀𝐇: 𝐀− ]𝟑 + 𝐵[𝐀𝐇: 𝐀− ]𝟐 + 𝐶[𝐀𝐇: 𝐀− ] + 𝐷 = 0

(7.39)

𝐶
𝐾𝑃𝑇𝐻𝐶
=

with the polynomial coefficients A, B, C and D. The cubic equation can be solved analytically or
numerically.
𝐶
𝐴 = 4𝐾𝑃𝑇𝐻𝐶

𝐶
𝐶
[B]T − 4𝐾𝑃𝑇𝐻𝐶
[AH]T
𝐵 = 1 − 4𝐾𝑃𝑇𝐻𝐶

𝐶
[AH]T (4[B]T + [AH]T )
𝐶 = 𝐾𝑃𝑇𝐻𝐶

(7.40)

𝐶
[B]T [AH]2T
𝐷 = −𝐾𝑃𝑇𝐻𝐶

The observed chemical shift of the acid under a fast exchange regime, δ(A)obs, will be the molefraction weighted average of the intrinsic shifts δ{AH} and δ{AH:A-}, such that:
(𝐴)

𝛿𝑜𝑏𝑠 = 𝛿𝐴𝐻 𝑥𝐴𝐻 + 2δ{AH:A−} 𝑥{AH:A−} ,

𝑥𝑖 =

[i]
[AH]T

𝑥𝐴𝐻 + 2𝑥{AH:A− } = 1

(7.40)
(7.41)

(𝐴)

1
𝛿 − 𝛿𝐴𝐻
[𝐀𝐇: 𝐀− ] = ( ) ( 𝑜𝑏𝑠
) [AH]T
2 δ{AH:A}− − 𝛿𝐴𝐻

(7.42)
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Titration model 4:

The phenomenological concentration equilibrium constant, KCPTHCIP, for the formally concerted
formation of an ion-paired anionic homoconjugate is:
𝐶
𝐾𝑃𝑇𝐻𝐶𝐼𝑃
=

[AH: A− : BH + ]
[AH]2 [B]

(7.43)

For a total acid concentration [AH]T and total base concentration [B]T, the equilibrium
concentrations [AH], [AH:A-:BH+], and [B] are defined by mass balance considerations:
[B]T = [B] + [AH: A− : BH + ]

(7.44)

[AH]T = [AH] + 2[AH: A− : BH + ]

(7.45)

Substitution and rearrangement affords a cubic equation in [AH:A-:BH+] ([AH]T was kept constant
throughout each titration, whilst [B]T increased between each successive titration point):
𝐶
𝐾𝑃𝑇𝐻𝐶𝐼𝑃
=

[AH: A− : BH + ]
([𝐵] 𝑇 − [AH: A− : BH + ])([AH]T − 2[AH: A− : BH + ])2

𝐴[𝐀𝐇: 𝐀− : 𝐁𝐇 + ]𝟑 + 𝐵[𝐀𝐇: 𝐀− : 𝐁𝐇 + ]𝟐 + 𝐶[𝐀𝐇: 𝐀− : 𝐁𝐇 + ] + 𝐷 = 0

(7.46)
(7.47)

with the polynomial coefficients A, B, C and D. The cubic equation can be solved analytically or
numerically.
𝐶
𝐴 = 4𝐾𝑃𝑇𝐻𝐶𝐼𝑃

𝐶
([B]T + [AH]T )
𝐵 = −4𝐾𝑃𝑇𝐻𝐶𝐼𝑃

𝐶
[AH]T (4[B]T + [AH]T )
𝐶 = 1 + 𝐾𝑃𝑇𝐻𝐶𝐼𝑃

(7.48)

𝐶
[B]T [AH]2T
𝐷 = −𝐾𝑃𝑇𝐻𝐶𝐼𝑃

The observed chemical shift of the acid under a fast exchange regime, δ(A)obs, will be the molefraction weighted average of the intrinsic shifts δ{AH} and δ{AH:A-:BH+}, such that:
(𝐴)

𝛿𝑜𝑏𝑠 = 𝛿𝐴𝐻 𝑥𝐴𝐻 + 2δ{AH:A− :BH+ } 𝑥{AH:A− :𝐵𝐻 + } ,

𝑥𝑖 =

[i]
[AH]T

𝑥𝐴𝐻 + 2𝑥{AH:A− :𝐵𝐻 + } = 1

(7.49)
(7.50)

(𝐴)

1
𝛿𝑜𝑏𝑠 − 𝛿𝐴𝐻
[𝐀𝐇: 𝐀− : 𝐁𝐇 + ] = ( ) (
) [AH]T
2 δ{AH:A−:𝐵𝐻 +} − 𝛿𝐴𝐻

(7.51)
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Titration model 5:

If ion-pairing and homoconjugation are competitive, and the speciation of AH is finely balanced,
simulations of experimental isotherms require models with multiple, coupled equilibria. In the
model above, there are two phenomenological concentration equilibrium constants: KCPTIP, for the
formally concerted formation of the ion-pair; and (ii) KCHC1s, for the formally substitutive first-order
homoconjugation of A-, in which AH competes with BH+ for hydrogen-bonding with A-.
[BH + : A− ]
[AH][B]

(7.52)

[AH: A− ][BH + ]
[AH][BH + : A− ]

(7.53)

𝐶
𝐾𝑃𝑇𝐼𝑃
=

𝐶
𝐾𝐻𝐶1𝑠
=

For a total acid concentration [AH]T and total base concentration [B]T, the equilibrium
concentrations [AH], [AH:A-], [BH+:A-], [BH+]

and [B] are defined by mass balance and

electroneutrality considerations:
[B]T = [B] + [BH + ] + [BH + : A− ]

(7.54)

[AH]T = [AH] + [BH + : A− ] + 2[AH: A− ]

(7.55)

[BH + ] = [AH: A− ]

(7.56)

Substitution affords a pair of simultaneous equations in [AH] and [AH:A -]:
𝐶
𝐾𝑃𝑇𝐼𝑃
=

[AH]T − [AH] − 2[AH: A− ]
[AH]([B]T − [AH]T + [AH] + [AH: A− ] )

(7.57)

[AH: A− ]2
[AH]([AH]T − [AH] − 2[AH: A− ])

(7.58)

𝐶
𝐾𝐻𝐶1𝑠
=

Extensive rearrangement in turn gives a quartic equation in [AH] ([AH]T was kept constant
throughout each titration, whilst [B]T increased between each successive titration point):
𝐴[𝐀𝐇]𝟒 + 𝐵[𝐀𝐇]𝟑 + 𝐶[𝐀𝐇]𝟐 + 𝐷[𝐀𝐇] + 𝐸 = 0

(7.59)

with the polynomial coefficients A, B, C, D and E. The quartic equation can be solved analytically
or numerically.
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For notational simplicity, KCPTIP = K1 and KCHC1s = K2 in the expressions below:
𝐴 = 𝐾1 2 (1 − 𝐾2 )

(7.60)

𝐵 = 𝐾1 (2 + 2𝐾1 [B]T − 2𝐾1 [B]T − 2𝐾1 𝐾2 [B]T + 𝐾1 𝐾2 [AH]T − 2𝐾2 )

(7.61)

2

2

𝐶 = 𝐾1 2 [AH]T − 2𝐾1 2 [AH]T [B]T + 𝐾1 2 [B]T − 4𝐾1 [AH]T + 2𝐾1 [B]T + 1 − 4𝐾1 𝐾2 [B]T + 2𝐾1 𝐾2 [AH]T

𝐷 = 2[AH]T (𝐾1 [AH]T − 𝐾1 [B]T − 1)
𝐸 = [AH]T

(7.62)

(7.63)

2

(7.64)

The observed chemical shift of the acid under a fast exchange regime, δ(A)obs, will be the molefraction weighted average of the intrinsic shifts δ{AH}, δ{AH:A-}, and δ{BH+:A-}, such that:
(𝐴)

𝛿𝑜𝑏𝑠 = 𝛿𝐴𝐻 𝑥𝐴𝐻 + δ{BH+:A−} 𝑥{BH+:A−} + 2δ{AH:A−} 𝑥{AH:A−} ,

𝑥𝑖 =

[𝑖]
[𝐴𝐻] 𝑇

𝑥𝐴𝐻 + 𝑥{BH+:A−} + 2𝑥{AH:A−} = 1

(7.65)
(7.66)

Assuming the intrinsic shift δ{AH:A-} to be a weighted average of the other two intrinsic shifts, with
a single weighting coefficient w (vide supra), then:
δ{AH:A−} = 𝑤𝛿𝐴𝐻 + (1 − 𝑤)δ{BH+:A−}

𝑤=

(𝐴)

δ{AH:A−} − δ{BH+:A−}
𝛿𝐴𝐻 − δ{BH+:A−}

𝛿𝑜𝑏𝑠 = 𝛿𝐴𝐻 (𝑥𝐴𝐻 + 2𝑤𝑥{AH:A−} ) + δ{BH+:A−} (𝑥{BH+:A−} + 2(1 − 𝑤)𝑥{AH:A−} )

(7.67)

(7.68)

(7.69)
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Titration model 6:

In contrast to titration model 5, the homoconjugate AH:A - may itself be ion-paired. Such a scenario
is adequately modelled by the coupled two equilibria above, including the phenomenological
equilibrium constants: (i) KCPTIP, for the formally concerted formation of the primary ion-pair BH+:A; and (ii) KCHC1IP, for the formally associative first-order homoconjugation of BH+:A-, leading to a
doubly hydrogen-bonded complex of A- in which AH coexists alongside BH+ (AH:A-:BH+). Such a
scenario appears plausible for both phenolates (two lone pairs, single site) and ambident azoles
(two lone pairs, different sites).
[BH + : A− ]
[AH][B]

(7.70)

[AH: A− : 𝐵𝐻 + ]
[AH][BH + : A− ]

(7.71)

𝐶
𝐾𝑃𝑇𝐼𝑃
=

𝐶
𝐾𝐻𝐶1𝐼𝑃
=

For a total acid concentration [AH]T and total base concentration [B]T, the equilibrium
concentrations [AH], [BH+:A-], [B], and [AH:A-:BH+] are defined by mass balance considerations:
[B]T = [B] + [BH + : A− ] + [AH: A− : BH + ]

(7.72)

[AH]T = [AH] + [BH + : A− ] + 2[AH: A− : BH + ]

(7.73)

Substitution affords a pair of simultaneous equations in [AH] and [AH:A -:BH+]:
𝐶
𝐾𝑃𝑇𝐼𝑃
=

[BH + : A− ]
[AH]T − [AH] − 2[AH: A− : 𝐵𝐻 + ]
=
[AH][B]
([B]T − [AH]T + [AH] + [AH: A− : 𝐵𝐻 + ] )[AH]

(7.74)

[AH: A− : 𝐵𝐻 + ]
[AH: A− : 𝐵𝐻 + ]
=
[AH][BH + : A− ] ([AH]0 − [AH] − 2[AH: A− : BH + ]])[AH]

(7.75)

𝐶
𝐾𝐻𝐶1𝐼𝑃
=

Rearrangement in turn gives a cubic equation in [AH] ([AH]T was kept constant throughout each
titration, whilst [B]T increased between each successive titration point):
𝐴[𝐀𝐇]3 + 𝐵[𝐀𝐇]2 + 𝐶[𝐀𝐇] + 𝐷 = 0

(7.76)

with the polynomial coefficients A, B, C, and D. The cubic equation can be solved analytically or
numerically.
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For notational simplicity, KCPTIP = K1 and KCHC1IP = K2 in the expressions below:
B = 𝐾1 (1 − 𝐾2 [AH]T + 2𝐾2 [B]T )

𝐴 = 𝐾1 𝐾2

𝐶 = 𝐾1 [B]T − 𝐾1 [AH]T + 1

(7.77)

𝐷 = −[AH]T

The observed chemical shift of the acid under a fast exchange regime, δ(A)obs, will be the molefraction weighted average of the intrinsic shifts δ{AH}, δ{AH:A-}, and δ{BH+:A-}, such that:
(𝐴)

𝛿𝑜𝑏𝑠 = 𝛿𝐴𝐻 𝑥𝐴𝐻 + δ{BH+:A−} 𝑥{BH+:A−} + 2δ{AH:A−:𝐵𝐻+} 𝑥{AH:A−:𝐵𝐻+} ,

𝑥𝑖 =

[𝑖]
[𝐴𝐻] 𝑇

𝑥𝐴𝐻 + 𝑥{BH+:A−} + 2𝑥{AH:A−:𝐵𝐻+} = 1

(7.78)
(7.79)

Assuming the intrinsic shift δ{AH:A-:BH+} to be a weighted average of the other two intrinsic shifts,
with a single weighting coefficient w (vide supra), then:
δ{AH:A−:𝐵𝐻+} = 𝑤𝛿𝐴𝐻 + (1 − 𝑤)δ{BH+:A−}

𝑤=

(𝐴)

δ{AH:A−:𝐵𝐻+} − δ{BH+:A−}
𝛿𝐴𝐻 − δ{BH+:A−}

𝛿𝑜𝑏𝑠 = 𝛿𝐴𝐻 (𝑥𝐴𝐻 + 2𝑤𝑥{AH:A−:𝐵𝐻+} ) + δ{BH+:A−} (𝑥{BH+ :A−} + 2(1 − 𝑤)𝑥{AH:A−:𝐵𝐻+} )

(7.80)

(7.81)

(7.82)
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Titration model 7:

According to work by Coetzee, and Kolthoff, certain phenols (including PhOH itself and
presumably, therefore, p-F-PhOH also) readily undergo both first- and second-order
homoconjugation, leading to the formation of both AH:A- and AH:A-:HA. However, threeequilibrium models incorporating both associations, in addition to primary ionisation, as separate
equilibria led to intractable algebra.
The model above was therefore devised as an approximation to this regime, with validity in the
limiting scenario that the populations of both the free anion, A -, and the primary ion-pair, A-:BH+,
are vanishingly small, and homoconjugation, rather than ion-pairing, provides the primary driving
force for ionisation. The model consists of the phenomenological equilibrium constants: (i) KCPTHC,
for the formally concerted formation of the first-order homoconjugate AH:A-; and (ii) KCHC2, for
formally associative second-order homoconjugation of A-, leading to the formation of the doubly
hydrogen-bonded complex AH:A-:AH. An analogous model, involving the ion-paired first-order
homoconjugate, AH:A-:BH+, was also considered, but it lead to intractable polynomials.
𝐶
𝐾𝑃𝑇𝐻𝐶
=

𝐶
𝐾𝐻𝐶2
=

[AH: A− ][BH]+
[AH]2 [B]

(7.83)

[AH: A− : AH]
[AH][AH: A− ]

(7.84)

For a total acid concentration [AH]T and total base concentration [B]T, the equilibrium
concentrations [AH], [AH:A-], [B], [BH+] and [AH:A-:AH] are defined by mass balance and
electroneutrality considerations:
[B]T = [B] + [BH + ]

(7.85)

[AH]T = [AH] + 2[AH: A− ] + 3[AH: A− : AH]

(7.86)

[BH + ] = [AH: A− ] + [AH: A− : AH]

(7.87)

Substitution affords a pair of simultaneous equations in [AH:A-] and [AH:A-:AH]:
𝐶
𝐾𝑃𝑇𝐻𝐶
=

([B]T −

[AH: A− ]
𝐶
𝐾𝐻𝐶2
=

[AH: A− ]([AH: A− ] + [AH: A− : AH] )
− [AH: A− : AH] )([AH]T − 2[AH: A− ] − 3[AH: A− : AH])2

[AH: A− : AH]
[AH: A− ]([AH]T − 2[AH: A− ] − 3[AH: A− : AH])

(7.88)

(7.89)
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Extensive rearrangement in turn gives a quintic equation in [AH:A-] ([AH]T was kept constant
throughout each titration, whilst [B]T increased between each successive titration point):
𝐴[𝐀𝐇: 𝐀− ]5 + 𝐵[𝐀𝐇: 𝐀− ]4 + 𝐶[𝐀𝐇: 𝐀− ]𝟑 + 𝐷[𝐀𝐇: 𝐀− ]𝟐 + 𝐸[𝐀𝐇: 𝐀− ] + F = 0

(7.90)

with the polynomial coefficients A, B, C, D, E and F. The quintic equation can only be solved
numerically. For notational simplicity, KCPTHC = K1 and KCHC2 = K2 in the expressions below:
𝐴 = 9𝐾2 3

(7.91)

𝐵 = 15𝐾2 2 + 4𝐾1 𝐾2 + 9𝐾2 3 [AH]T
𝐶 = 7𝐾2 + 6𝐾2 2 [AH]T − 12𝐾1 𝐾2 [B]T + 4𝐾1
𝐷 = 1 + 𝐾2 [AH]T − 4𝐾1 [B]T + 12𝐾1 𝐾2 [B]T [AH]T − 4𝐾1 [AH]T − 3𝐾1 𝐾2 [AH]T
2

2

𝐸 = 4𝐾1 [B]T [AH]T − 3𝐾1 𝐾2 [B]T [AH]T + 𝐾1 [AH]T + 𝐾1 𝐾2 [AH]T
𝐹 = −𝐾1 [B]T [AH]T

2

3

2

The observed chemical shift of the acid under a fast exchange regime, δ(A)obs, will be the molefraction weighted average of the intrinsic shifts δ{AH}, δ{AH:A-}, and δ{AH:A-:AH}, such that:
(𝐴)

𝛿𝑜𝑏𝑠 = 𝛿𝐴𝐻 𝑥𝐴𝐻 + 2δ{AH:A−} 𝑥{AH:A−} + 3δ{AH:A−:AH} 𝑥{AH:A−:AH} ,

𝑥𝑖 =

[𝑖]
[𝐴𝐻] 𝑇

𝑥𝐴𝐻 + 2𝑥{AH:A−} + 3𝑥{AH:A−:AH} = 1

(7.92)
(7.93)

Assuming the intrinsic shift δ{AH:A-:AH} to be a weighted average of the other two intrinsic shifts, with
a single weighting coefficient w (vide supra), then:
δ{AH:A−:AH} = 𝑤𝛿𝐴𝐻 + (1 − 𝑤)δ{AH:A−}
𝑤=

δ{AH:A−:AH} − δ{AH:A−}
𝛿𝐴𝐻 − δ{AH:A−}

(𝐴)

𝛿𝑜𝑏𝑠 = 𝛿𝐴𝐻 (𝑥𝐴𝐻 + 3𝑤𝑥{AH:A−:AH} ) + δ{AH:A−} (2𝑥{AH:A−} + 3(1 − 𝑤)𝑥{AH:A−:AH} )

(7.94)
(7.95)

(7.96)

The robustness of the derivation was checked by comparing the simulated isotherms from the
model with those afforded by titration model 3, to which this model reduces in the limit of KCHC2 →
0. To within numerical simulation, both models afforded identical isotherms.
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7.3. Computational benchmarking
7.3.1. Overview
Calculating accurate potential energy surfaces with wavefunction-based electronic structure
calculations requires large basis sets. A series of benchmarking calculations were therefore
undertaken to assess the robustness of the DLPNO-CCSD(T) method with respect to basis set
size, and to alternative, explicitly correlated methods (i.e., CCSD(T)-F12), using the 1,2,4triazolate-mediated regioisomerisation of 1-acetyl-1,2,4-triazole I-98 (pseudo self-exchange) as a
model process (Figure 7.2). This benchmarking reaction was chosen for several reasons: it
involves multiple structures of clear pertinence to azole-catalysed aminolysis; the transition states
are sufficiently small to permit the deployment of substantial basis sets, up to aug-cc-pVQZ,
without major issues, yet are inherently associative; and all species along the pathway are
anionic, for which basis set augmentation is reputedly essential but also costly.
A reference free energy profile was first calculated using DLPNO-CCSD(T) free energies obtained
at the nominal complete basis set (CBS) limit. Composite free energies (GS(DLPNO-CBS)) were
calculated as described above, using gas-phase DLPNO-CCSD(T) potential energies obtained
by complete basis set extrapolation (EgDLPNO-CBS; vide infra) in conjunction with solvation free
energies (ES(1-PCM) – Eg(1)) and thermal free energy corrections (GS(1-PCM) – ES(1-PCM)) obtained via
KS-DFT, with translational entropies adjusted to reflect a standard state of c° = 1.0 M.

Figure 7.2: Regioisomerisation of 1-acetyl-1,2,4-triazole I-98 to 4-acetyl-1,2,4-triazole I-98-N4 mediated by 1,2,4triazolate 99.
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Complete basis set extrapolation
Reference gas-phase DLPNO-CCSD(T)/CBS potential energies (Eg(DLPNO-CBS)) were obtained
using separate basis set extrapolation schemes to estimate the Hartree-Fock energy (EgHF-CBS)
and correlation energy (EgCorr-CBS), via:
𝐸𝑔𝐷𝐿𝑃𝑁𝑂−𝐶𝐵𝑆 = 𝐸𝑔𝐻𝐹−𝐶𝐵𝑆 + 𝐸𝑔𝐶𝑜𝑟𝑟−𝐶𝐵𝑆
𝐸𝑔𝐻𝐹−𝐶𝐵𝑆 =

𝐸𝑔𝐻𝐹−𝑁 𝑒 −𝛼𝑁𝑀√𝑀 − 𝐸𝑔𝐻𝐹−𝑀 𝑒 −𝛼𝑁𝑀√𝑁

𝐸𝑔𝐶𝑜𝑟𝑟−𝐶𝐵𝑆 =

𝑒 −𝛼𝑁𝑀√𝑀 − 𝑒 −𝛼𝑁𝑀√𝑁
𝐸𝑔𝐶𝑜𝑟𝑟−𝑁 𝑀−𝛽𝑁𝑀 − 𝐸𝑔𝐶𝑜𝑟𝑟−𝑀 𝑁 −𝛽𝑁𝑀
𝑀−𝛽𝑁𝑀 − 𝑁 −𝛽𝑁𝑀

(7.97)

(7.98)

(7.99)

where N and M, in general, are the cardinal numbers of any orbital two basis sets belonging to
the same systematic class; αNM and βNM are empirically optimised parameters specific to that pair
of basis sets; and EgHF-N/M and EgCorr-N/M are the Hartree-Fock (SCF) and correlation energies
computed using either N or M.
In this work, CBS energies were obtained by 3,4 extrapolation using the augmented variants of
Dunning’s correlation-consistent basis sets, with N = 3 (aug-cc-pVTZ), M = 4 (aug-cc-pVQZ), α34
= 5.79 and β34 = 3.05.33

7.3.2. Benchmarking analysis
Having assembled a reference free energy profile (GPCM(DLPNO-CBS)), a range of finite-basis
electronic structure methods were subsequently deployed with the aim of identifying an efficient
method for closely reproducing the benchmark at significantly reduced cost. The accuracy of each
method was assessed relative to the DLPNO-CCSD(T)/CBS benchmark, using the four free
energies of activation in Figure 7.2 as target parameters; the underlying solvation energies and
thermal free energy corrections for each method are identical, and included only for presentational
reasons, so the root-mean-square-deviation (RMSD; kJ mol-1) obtained for each method purely
reflects the accuracy of the underlying potential energy calculation. Table 7.2 summarises the
outcome of these calculations, spanning different orbital basis set classes (e.g.,def2-TZVPP vs
cc-pVTZ), cardinal numbers (e.g., cc-pVDZ vs cc-pVTZ vs cc-pVQZ) and augmentation (e.g., ccpVQZ, aug-cc-pVQZ; def2-tzvpp vs ma-def2-TZVPP), as well as different theories (DLPNOCCSD(T) vs CCSD(T)-F12) and integral approximations/auxiliary basis sets (e.g., RIJCOSX vs
RI-JK). Unless otherwise specified, all methods correspond to DLPNO-CCSD(T) calculations
undertaken with ORCA 4.0, using tight SCF convergence criteria and default tight DLPNO cutoffs
(TightPNO).
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Δ‡G1,4

Δ‡G-1,4

Δ‡G4,1

Δ‡G-4,1

RMSD

DLPNO-CCSD(T)/CBS

57.2

16.3

45.8

21.2

-

def2-TZVP

52.6

13.9

40.8

18.4

3.9

def2-TZVPP

52.3

14.1

40.4

18.4

4.1

ma-def2-TZVPP

55.1

14.2

43.6

18.8

2.2

ma-def2-QZVPP

56.5

15.3

44.9

20.0

1.0

cc-pVDZ

46.6

7.3

31.8

12.6

10.8

cc-pVTZ

49.4

13.4

37.2

18.1

6.2

cc-pVQZ

53.1

15.4

41.2

20.0

3.2

aug-cc-pVDZ

43.0

13.8

32.3

18.8

9.9

aug-cc-pVTZ

50.1

15.4

38.9

20.2

5.0

aug-cc-pVQZ

54.6

15.9

43.2

20.8

1.8

ma-def2-TZVPP/RIJCOSX (A)
ma-def2-TZVPP/RIJCOSX (B)
ma-def2-TZVPP/RIJK (A)
ma-def2-TZVPP/RIJK (C)

54.7
54.7
55.2
55.1

13.8
13.7
14.2
14.2

42.5
42.7
43.6
43.5

17.6
17.6
18.7
18.7

3.0
3.0
2.2
2.3

CCSD(T)-F12/cc-pVDZ-F12 (D)

55.5

13.6

44.0

18.6

2.2

PBE0+GD3BJ/6-311+G(d,p)

44.5

12.3

30.4

20.7

10.2

Table 7.2: Theoretical free energies of activation (Δ‡G4,1, Δ‡G-4,1, Δ‡G1,4, Δ‡G-1,4; kJ mol-1) for the 1,2,4-triazolate-mediated
regioisomerisation of 1-acetyl-1,2,4-triazole I-98 in MeCN (Figure 6.1), with the underlying gas-phase potential energies
computed at various levels of theory. Solvation free energies and thermal free energy corrections (c° = 1.0 M), computed
by KS-DFT at the PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN)/Ultrafine level using the ideal-gas rigid-rotor harmonicoscillator approximation (T = 298.15 K), were applied identically to all methods. Unless otherwise specified (e.g.,
CCSD(T)-F12), all methods correspond to DLPNO-CCSD(T)/TightSCF/TightPNO. The root-mean-sqaure deviation
(RMSD) in each case was calculated relative to DLPNO-CCSD(T)/CBS, with the complete basis set limit approximated
by standard extrapolation with aug-cc-pVTZ and aug-cc-pVQZ (α34 = 5.79; β34 = 3.05). For DLPNO-CCSD(T) calculations
using orbital basis sets of the form (ma-)def-XZVP(P), the corresponding def-XZVP(P)/C auxiliary basis set was used for
integral transformations (e.g., def2-TZVP/C was used for def2-TZVP; def2-QZVPP/C was used for ma-def2-QZVPP); for
orbital basis sets of the form (aug-)cc-pVXZ, the corresponding cc-pVXZ/C auxiliary basis was used. Other auxiliary basis
sets include: (A) = aug-cc-pVTZ/JK; (B) def2/J; (C) def2/JK; and (D) cc-pVDZ-F12-CABS. The automatic generation of
large auxiliary basis sets in ORCA 4.0 for DLPNO-CCSD(T) led to significantly longer calculations– but provided no
improvements in accuracy relative to the auxiliary basis sets described above.

Although not a fair comparison, it worthwhile to note that potential energies obtained at the
geometry optimisation level of theory (1) afforded substantial (> 10 kJ mol-1) errors in the
activation free energies, and moreover that the application of DLPNO-CCSD(T) with woefully
insufficient basis sets (e.g., cc-pVDZ, aug-cc-pVDZ) afforded similarly egregious errors. The most
accurate method, in contrast, was DLPNO-CCSD(T)/ma-def2-QZVPP (RMSD = 1.0 kJ mol-1),
despite the latter calculation typically taking less than half the time of aug-cc-pVQZ (RMSD = 1.8
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kJ mol-1), and despite the benchmark CBS energies having been determined by extrapolation
from aug-cc-pVTZ/pVQZ. Qualitatively, however, the optimum compromise of time efficiency and
accuracy was provided by DLPNO-CCSD(T)/ma-def2-TZVPP (RMSD = 2.2 kJ mol-1): whilst the
deviation from the benchmark was slightly higher than the corresponding quadruple zeta basis,
calculations with ma-def2-TZVPP typically took only one sixth of the time of ma-def2-QZVPP, and
in any case offered essentially identical accuracy to both explicitly-correlated CCSD(T)-F12/ccpVDZ-F12 calculations (RMSD = 2.2 kJ mol-1) and DLPNO-CCSD(T)/aug-cc-pVQZ (RMSD = 1.8
kJ mol-1).
Various integral approximations, including resolution of identity, had fairly small effects on both
the accuracy and time-efficiency of DLPNO-CCSD(T)/ma-def2-TZVPP calculations, although in
both respects using the resolution of identity for Coulomb and HF exchange integrals (RI-JK) was
favourable to RIJCOSX (the time differential between RI-JK and RIJCOSX would likely change
with larger systems, in favour of the latter). Basis set augmentation, unsurprisingly, afforded
moderate improvements in accuracy across the board, although minimal augmentation (i.e. madef2-TZVPP vs def2-TZVPP) is apparently more than sufficient in this respect.
The errors in Table 7.2 suggest that DLPNO-CCSD(T)/ma-def2-TZVPP(/TightSCF/TightPNO)
calculations, without any resolution of identity treatments of Coulomb or HF exchange integrals,
should provide gas-phase potential energies close to chemical accuracy for molecules comprised
exclusively of first-row elements, including formally anionic systems, so this method was chosen
for detailed computational studies of azole-catalysed aminolysis. Whilst the errors in Table 7.2
are likely to be inherently optimistic for the experimental system monitored in this work (i.e., p-FPhAc 160, p-F-BnNH2 170, DBU 130), especially in light of the artificial preference for association
(i.e., lower Δ‡G4,1 and Δ‡G1,4) indicated by incomplete basis sets and the formally termolecular
transition

states

implicated

in

aminolysis,

DLPNO-CCSD(T)/ma-def2-

TZVPP(/TightSCF/TightPNO) calculations clearly represent a substantial improvement over KSDFT energies, and were used as standard in the calculation of composite free energies.
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7.4. NMR shift calculations
7.4.1. General methods
1H

and 19F isotropic shielding constants (σH, σF) in MeCN were computed using KS-DFT and the

Gauge-Independent Atomic Orbital (GIAO) method. All shielding constants were computed with
the hybrid variant of the Perdew-Burke-Ernzerhof functional [PBE0], alongside Grimme’s D3
empirical dispersion correction [GD3BJ] (with Becke-Johnson damping), a moderately
augmented, polarised triple-zeta basis set [6-311+G(2d,p) (5d,7f)] and implicit MeCN solvation,
using the integral-equation formalism of the polarisable continuum model (IEFPCM) and universal
force-field (UFF) radii. Geometries were optimised in the standard manner, using the same
method as described above but with a slightly less polarised basis set [6-311+G(d,p) (5d,7f)].
Shielding constants were generally computed for the lowest energy regioisomer of each species,
and in turn the lowest energy conformer of that regioisomer, although Boltzmann-weighted
shielding constants were computed when multiple near-degenerate conformers were identified.
Shielding constants for dynamically equivalent nuclei – those likely to be in rapid conformational
exchange on the NMR timescale – were averaged for comparison to experiment. Referenced but
otherwise uncorrected chemical shifts for 1H nuclei (δH,icalc) were calculated from the isotropic
shielding constant of the corresponding nucleus (σH,i), the mean isotropic shielding constant of
the methyl protons in MeCN (σH,MeCN) and the reference 1H chemical shift of MeCN (δH,MeCNref =
1.970 ppm) according to:
ref
δcalc
H,i = δH,MeCN + (σH,MeCN − σH,i )

(7.100)

Referenced but otherwise uncorrected chemical shifts for 19F nuclei (δF,icalc) were calculated from
the isotropic shielding constant of the corresponding nucleus (σF,i), the isotropic shielding constant
of the

19F

napthalene

nucleus in 1-F-napthalene (σF,F-Nap) and the reference
(δF,F-Napref

19F

chemical shift of 1-F-

= -125.0 ppm) according to:
ref
δcalc
F,i = δF,F−Nap + (σF,F−Nap − σF,i )

In general, 1H and

19F

(7.101)

chemical shifts were refined by tailored calibrations, with independent

calibrations undertaken for specific classes of nuclei. Calibrated 1H and 19F chemical shifts, δH,icalb
and δF,icalb, were generally computed according to:
calc
δcalb
H,i = a δH,i + 𝑏

(7.102)

where the calibration parameters a and b were evaluated by the linear regression of experimental
(δH/F,iexp) and computed (δH/F,icalc) shifts for a suitable subset of compounds. The reference subset
of compounds in each case was carefully tailored to the context, so as to emulate the molecular
and electronic structures of the species with unknown shifts as closely as possible.
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7.4.2. N-Acetylated azoles
Theoretical 1H chemical shifts (Figure 7.3, Table 7.3) of the acetyl protons (CH3) in N-acetylated
azoles I, for example, were calibrated according to:
calc
δcalb
CH3 ,I = a δCH3 ,I + 𝑏

(7.103)

where δCH3,Icalc denotes the directly computed, referenced but otherwise uncorrected 1H chemical
shifts of the methyl groups in any N-acetylated azole I and the parameters a and b were obtained
via the linear regression of experimental and directly computed 1H shifts for a subset of reference
acetylated azoles. Calibrated shifts were mostly identical to experimental shifts to within 2 dp
precision, including for 1-acetyl-1,2,4-triazole I-98, which was synthesised and analysed
independently (all other experimental shifts were determined under standard catalytic conditions
by in situ 1H NMR monitoring).

Figure 7.3: Linear regression of experimental (δCH3,Iexp) and directly computed (δCH3,Icalc) 1H chemical shifts for the acetyl
protons of various N-acetylated azoles I in MeCN-d3 (δMeCN ref = 1.970 ppm). Outlier corresponds to N-acetyl imidazole I156; shift of I-186f included also (but not included in kinetic analysis). Calibration parameters are a = 0.967; b = 0.0419
ppm.
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Azole (Az-H)

δCH3,Iexp / ppm

δCH3,Icalc / ppm

δCH3,Icalb / ppm

156-H

2.558

2.635

2.590

186e-H

2.610

2.644

2.599

186c-H

2.638

2.682

2.635

186d-H

2.636

2.685

2.638

187h-H

2.663

2.694

2.647

187g-H

2.674

2.713

2.665

154-H

2.666

2.713

2.666

187b-H

2.685

2.729

2.682

98-H

2.680

2.733

2.685

187c-H

2.685

2.735

2.687

187d-H

2.689

2.737

2.689

186b-H

2.701

2.745

2.697

187a-H

2.710

2.757

2.708

187e-H

2.713

2.766

2.717

186a-H

nd

2.780

2.730

187f-H

2.755

2.813

2.763

111-H

nd

2.833

2.782

155-H

nd

3.048

2.990

RMSE / ppm

0.048

0.010

Table 7.3: Experimental (δCH3,Iexp), directly computed (δCH3,Icalc) and calibrated (δCH3,Icalb) 1H chemical shifts for the acetyl
protons in various N-acetylated azoles I. Computed shifts (δCH3,Icalc) calculated with respect to the lowest energy conformer
of all N-acetylated azoles except for those derived from imidazole (I-156) and 4-(2-Np)-pyrazole (I-187e), for which two
near-degenerate conformers were located and shifts were computed by Boltzmann-weighting (using GS(1-PCM)). Computed
shifts for I-98 and benzotriazole I-155 correspond to N1-acetylated regioisomer; shift for I-111 corresponds to N2acetylated regioisomer. All experimental 1H shifts, except that of the acetyl group in 1-acetyl-1,2,4-triazole I-98, were
measured in situ under catalytic conditions (0.10 M p-F-PhAc 160, 0.10 M p-F-BnNH2 170, 0.10 DBU 130; MeCN-d3) at T
= 293.1 K (20.0°C); the 1H shift of 1-acetyl-1,2,4-triazole I-98 was measured for a pure solution of an independently
synthesised sample in MeCN-d3 (1-acetyl-1,2,4-triazole I-98 was not detected under standard catalytic conditions).
Independently synthesised N-acetyl pyrazole I-154 afforded 1H shifts with an overall root-mean-square-deviation (RMSD)
of just 0.009 ppm from the corresponding shifts measured in situ under catalytic conditions. nd = Not detected under
catalytic conditions, and not independently synthesised.
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7.4.3. Acid-base titration shifts
To attain a high level of precision, theoretical 1H shifts of all the C-H protons (δH,i), and the

19F

shift of the para-fluoro substituent (δF), in p-F-PhOH 172, and its assorted ionisation states and
association complexes, were calibrated differently to the general procedure. Specifically,
calibrated 1H and 19F shifts, generally δicalb, were determined according to:
𝛿𝑖𝑐𝑎𝑙𝑏 = 𝑎 𝛿𝑖𝑐𝑎𝑙𝑐 + 𝑏
𝑒𝑥𝑝

𝑎=(

(7.103)

𝑒𝑥𝑝

𝛿𝑖,172 − 𝛿𝑖,173
𝑐𝑎𝑙𝑐
𝑐𝑎𝑙𝑐
𝛿𝑖,172
− 𝛿𝑖,173

)

𝑒𝑥𝑝

𝑐𝑎𝑙𝑐
𝑏 = 𝛿𝑖,172 − 𝑎. 𝛿𝑖,172

(7.104)

where a and b were determined in a linear regression of experimental and directly computed shifts
of two limiting species: un-ionised p-F-PhOH 172 (δiexp(172), δicalc(172)), and fully ionised,
uncoordinated p-F-phenolate 173 (δiexp(173), δicalc(173)), in MeCN-d3/h3 (1H/19F). Experimental
shifts of 173 (Table 6.15) were measured experimentally by the addition of an excess of the
overwhelmingly strong phosphazene base P2-Et 189 (pKBH+(MeCN) = 32.9) to a solution of 172
(0.050 M; pKa(MeCN) ≈ 27.3) in MeCN-d3 at T = 293.1 K.
The validity of this approach was confirmed by several control experiments (see main text). A full
19F

NMR titration of p-F-PhOH 172 (0.050 M) with P2-Et 189 in MeCN-d3 led to an isotherm that

was essentially linear up to one equivalent of 189 (vide supra), and which remained essentially
unchanged thereafter, suggesting that 189 is sufficiently strong to deprotonate both p-F-PhOH
172 itself and all order homoconjugates, thereby leading to the nominally unconjugated p-F-PhOanion 173 (a very small but perceptible deflection in the isotherm appeared after roughly 0.5
equivalents of 189, presumably because the first-order homoconjugate 174 is a much weaker
acid than p-F-PhOH 172 itself). Furthermore, to rule out even minor perturbations in the shift of
173 by hydrogen-bonding with the conjugate phosphazenium cation 189-H+, the ntetrabutylammonium salt of the first-order homoconjugate 174-[nBu4N+] was independently
synthesised, dried azeotropically and in vacuo, crystallised, and subjected to 1H and

19F

NMR

analysis. Reassuringly, the experimentally measured shifts (δ Fexp = -134.91 ppm; δHoexp = 6.543
ppm; δHoexp = 6.740 ppm) of the first-order homoconjugate 174-[nBu4N+] were almost identical to
those predicted by calibrated theory (δFcalb = -134.48 ppm; δHocalb = 6.547 ppm; δHocalb = 6.739
ppm). This result, in addition to discounting the prospect of significant hydrogen bonding between
the phosphazenium cation 189-H+and 173, also suggested that aqueous solvation of the naked
p-F-phenolate anion 173 by any adventitious moisture in the solvent was not a significant concern,
although small effects could not be ruled out completely.

- 430 -

With a calibration strategy in hand, the 1H and

19F

shifts of a range of homoconjugates,

heteroconjugates and ion-pairs were computed to assist in the interpretation of various acid-base
titrations. The various species subjected to theoretical analysis in this way are summarised in
Figure 7.4, and the corresponding calibrated shifts of each species (δ Fcalb, δHocalb for ortho protons,
δHmcalb for meta protons) are shown in Tables 7.4-7.5. For each structure, the computed shifts of
nominally distinct but dynamically equivalent nuclei – i.e., those engaged in relatively rapid
conformational exchange, but in unique environments in the static optimised structures – were
averaged for comparison to experiment. For the most flexible aggregates (e.g., 174.(98-H))
several distinct conformers/regioisomers were located; the computed shifts in Tables 7.4-7.5, and
the structures in Figure 7.4, pertain to the most stable conformer in each case.

Figure 7.4: Assorted ion-pairs, homoconjugates and heteroconjugates of p-F-PhOH 172 subjected to theoretical 1H/19F
shift prediction at the GIAO/PBE0+GD3BJ/6-311+G(2d,p)/IEFPCM(MeCN) level, using geometries optimised at
PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN). For heteroconjugates of p-F-PhOH and 1,2,4-triazole 98, N1/N2
coordination was found to be moderately favoured over N4 coordination, although the differences in computed (KS-DFT)
free energies were of a magnitude that suggest both coordination modes may coexist in appreciable quantities in MeCN
solution. Due to the difficulties associated with the calculation of accurate free energies for non-covalent complexes,
computed shifts reported in this work generally pertain to those of the lowest energy conformer of the shown species; this
approach is necessarily, but unavoidably, subject to a fairly significant degree of uncertainty.
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Species

δFexp / ppm

δFcalc / ppm

δFcalb / ppm

172

-127.08

-130.18

-127.08*

173

-141.69

-153.07

-141.69*

174

-134.92

-141.77

-134.48

175

-

-137.15

-131.53

173-[DBUH+]

-

-145.50

-136.86

174-[DBUH+]

-

-137.41

-131.69

99.(172)

-

-136.35

-131.02

173.(98-H)

-

-144.72

-136.36

99.(172)2

-

-135.72

-130.62

174.(98-H)

-

-138.74

-132.55

Table 7.4: Experimental (δFexp), directly computed (δFcalc) and calibrated (δFcalb) 19F chemical shifts for unionised p-F-PhOH
172, ionised p-F-PhO- 173, and assorted ion-pairs, homoconjugates and heteroconjugates, in MeCN-h3. Computed shifts
obtained at the GIAO/PBE0+GD3BJ/6-311+G(2d,p)/IEFPCM(MeCN) level using the lowest energy conformer located for
each species, optimised at PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN). Calibrated shifts determined as described in
the main text. Experimental 19F shift of first-order homoconjugate 174 pertains to independently synthesised 174-[nBu4N+]
(0.025 M); experimental 19F shift of p-F-phenolate anion 173 pertains to in situ-generated 173-[P2Et-H+] (0.050 M). During
titration, the observed 19F shift of p-F-PhOH 172 (0.050 M) following the addition of 0.51 equiv P2-Et 189 (0.025 M) was
δFobs = -134.40 ppm, was in very close agreement with the independently determined shift of 174-[nBu4N+]. Experimental
and directly computed 19F shifts referenced to 1-F-napthalene (0.025 M, -125.02 ppm).
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Species

δHoexp / ppm

δHocalb / ppm

δHmexp / ppm

δHmcalb / ppm

172

6.800

6.761

6.967

6.964

173

6.102

6.090

6.568

6.622

174

6.543

6.547

6.740

6.739

175

-

6.711

-

6.726

173-[DBUH+]

-

6.277

-

6.719

174-[DBUH+]

-

6.613

-

6.801

99.(172)

-

7.522

-

6.928

173.(98-H)

-

6.594

-

6.739

99.(172)2

-

6.444

-

6.451

174.(98-H)

-

6.808

-

6.803

Table 7.5: Experimental (δHexp), directly computed (δHcalc) and calibrated (δHcalb) 1H chemical shiftsfor un-ionised p-F-PhOH
172, ionised p-F-PhO- 173, and assorted ion-pairs, homoconjugates and heteroconjugates, in MeCN-h3. Ho = ortho
protons. Hm = meta protons. Computed shifts obtained at the GIAO/PBE0+GD3BJ/6-311+G(2d,p)/IEFPCM(MeCN) level
using the lowest energy conformer located for each species, optimised at PBE0+GD3BJ/6-311+G(d,p)/IEFPCM(MeCN).
Calibrated shifts determined as described in the main text, with calibration parameters determined by the linear regression
of δHoexp and δHmexp together. Experimental 1H shifts of first-order homoconjugate 174 pertain to independently synthesised
174-[nBu4N+] (0.025 M); experimental 1H shifts of the p-F-phenolate anion 173 pertain to in situ-generated 173-[P2Et-H+]
(0.050 M). Experimental and directly computed 1H shifts referenced to 1-F-napthalene (0.025 M, δH,F-Nap = 7.764 ppm),
which was in turn independently referenced against the residual solvent signal in a separate MeCN-d3 solution (δMeCNref =
1.970 ppm).
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