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Abstract

Boronic acids and esters are indispensable building blocks in modern synthetic
chemistry. Furthermore, their usage is widespread, spanning a broad range of
applications, and yet it is often hampered by the inescapable nature of these
substrates to undergo decomposition, commonly by means of
protodeboronation, involving formal protonation of the C-B bond. In different
circumstances, the ability to effectively remove remaining boronic acid/ester
starting material post process is highly desirable. Therefore, studying the
kinetics and mechanism of protodeboronation is of importance to understand
and modulate their reactivity as required. Whilst the protodeboronation of a
diverse range of boronic acids has been extensively studied in the LIoyd-Jones
group, revealing an assortment of behaviors for electron-rich, polyfluorinated
examples and heteroaromatic systems, the pathway by which their boronic
esters react is relatively unknown. Given the complexity of pH-rate profiles for
the protodeboronation of boronic acids and the dependence upon the exact
nature of the substrate, the prospect of direct protodeboronation of boronic
esters or alternatively the potential for a hydrolysis-protodeboronation
sequence presents a more difficult kinetic challenge.

This research has centred on discerning the various pathways by which
boronic esters undergo protodeboronation, with the ultimate aim of
understanding and controlling the efficient application of these substrates in
modern synthetic chemistry. By exploiting the use of in-situ and stopped flow
("°F, 'H and "'B) NMR spectroscopy for reaction monitoring, the kinetics and
mechanism of the base-catalysed hydrolysis and protodeboronation of a series
of boronic esters, encompassing eight different polyols, and including ten
polyfluoroaryl and heteroaryl moieties have been probed. These investigations
were facilitated by pH-rate dependence studies, isotopic entrainment, 'H/?H
KIEs and KS-DFT computations. The study reveals the phenomenological
stability of boronic esters in basic 50% aq.-dioxane media, at 27 °C, to be

highly nuanced (Scheme 1). Contrary to common assumption, esterification



does not necessarily impart greater stability compared to the corresponding
boronic acid. In fact, protodeboronation by the pre-hydrolytic pathway
dominates for most esters studied, and the rate of hydrolysis is augmented by

self-, auto- and phenolic catalysis when the pH is close to the pKj of the boronic
acid/ester.
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Scheme 1. Half-lives of protodeboronation for pinacol ester 2b and its homologue 2i,
relative to the 2,6-difluorophenylboronic acid 2a (fos = 33 h, 7 sec and 9 min
respectively).
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Lay Summary

Recognised in 2010 by the Nobel Prize awarded to Akira Suzuki for its
discovery, the Suzuki-Miyaura reaction is considered to be one of the most
important reactions in modern synthetic chemistry. This reaction is frequently
incorporated as a key step towards the production of active ingredients for
medicines and herbicides. However, one of the chemicals commonly used as
starting material is susceptible to decomposition under the reaction conditions
which can hinder its industrial application. This chemical is called a boronic
ester and can decompose by means of a process called protodeboronation
(Scheme 2). A richer understanding of the mechanism by which boronic esters
decompose is crucial for ensuring the mitigation of this undesirable side
reaction. Boronic esters can also breakdown into their free acid forms by
reaction with water in a process called hydrolysis (Scheme 2). Until now, the
hydrolysis of boronic esters has largely been studied within the context of
carbohydrate sensing, and scant kinetic information is available relating to their
hydrolysis at basic pH and at concentrations routinely used in synthesis.

In this research, a broad range of boronic esters which are unstable under
basic conditions were studied. To reflect the conditions used in reactions which
employ boronic esters, including the Suzuki-Miyaura reaction, experiments
were performed in basic aqueous-organic media. The analytical technique of
Nuclear Magnetic Resonance spectroscopy was employed to measure the
rates of hydrolysis and protodeboronation of boronic esters. Reaction
monitoring by NMR spectroscopy facilitated the detailed structural analysis
and differentiation of the organic substances involved.

Hydrolysis Protodeboronation
,OH 2 ROH ,OR pR
R_B\ _— R—B\ - s + HO—B\
OH H,0 OR ﬁ OR
boronic acid boronic ester
protodeboronation

- - product

Scheme 2. Pathways for hydrolysis and protodeboronation of boronic esters.
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Chapter 1

Introduction




1.1 Boronic acid derivatives

1.1.1 Structure and properties

Organoboron compounds are derivatives of BH3 containing a carbon-boron
bond, a simple example being a trialkyl borane, specifically triethyl borane."
Boronic acids and their ester derivatives belong to this family of compounds.?
The generic structures of an organoborane and examples of oxygenated

organoboron compounds are highlighted in Figure 1.

R3 JOH JOH OR JOH
R—B. R—B, Ri—B, R—B, HO-B_

R, R» OH OR OH

borane borinic acid boronic acid boronic ester boric acid

Figure 1. Organoboron compounds.

The organoboron compounds shown in Figure 1 adopt a trigonal planar
geometry as a result of the bonding electrons located within the outer shell of
the boron atom (2s2, 2p') which may participate in three sp2-hybridised bonds.3
These trivalent boron-containing organic compounds are highly electrophilic
due to a vacant p-orbital which exists orthogonal to the plane (Figure 2). This
non-bonding, empty p-orbital dictates both the physical characteristics and

reactivity of the neutral boron species.*

vacant p-orbitalﬂ_%\OH
0 OH

Figure 2. Trigonal planar geometry of a boronic acid.

1.1.2 Boronic acids

The Lewis acidity of boronic acids is attributed to the electron deficiency of the
central boron atom.®> Upon coordination with a Lewis base, anionic tetrahedral
complexes are formed which are sp3-hybridised. The term borate is associated
with all derivatives of boric acid, and includes both trigonal BO3 and tetrahedral



BOa species, the tetrahedral ‘ate’ complexes of organoboron species are more
commonly referred to as boronates.? Water has an affinity for the vacant p-
orbital, and hence aqueous solution of boronic acids become slightly acidic.
Scheme 3 highlights the equilibrium of ionisation established between a
boronic acid and the respective boronate anion, or conjugate base, formed in
the presence of water.® K, represents the association constant for the
equilibrium of ionisation of water by a boronic acid in aqueous solution, and is
described by equation (1). The assumption that water is in excess, and hence
[H20] is a constant, in aqueous solutions, accounts for its omission in the
equilibrium equation (1). The equilibrium position can be modified by altering

the pH of the solution.

OH o oH ®
R-B, + 2HO0 ———————= R-B-OH +  H30
OH OH
boronic acid boronate

Scheme 3. Equilibrium of ionisation for a boronic acid in aqueous solution.

_ [RB(OH);]"[H;0]*
" [RB(OH),]

(1)

Substituents on the aromatic ring of phenylboronic acids exhibit a significant
effect on the electron density of both the ring and boron atom, the extent of
which is dependent on the nature and position of the substituent. In the case
of ortho-substituents, steric interactions with the boronic acid group will be
apparent. A review comparing the inductive and steric effects for para- and
ortho-substituted phenylboronic acids was reported by Adamczyk-Wozniak et
al. (Figure 3).7

. . Inductive and coupling versus steric
B. B, and bonding effects for para- and
OH OH, ortho-substituted phenylboronic
X X acids respectively.

Figure 3. Influence of substituent position on the phenyl ring on the types of effects
observed for phenylboronic acids.’



The nature of the substituents and substitution pattern on the phenyl ring
affects the acidity of phenylboronic acids. Halogens, in particular fluorine, are
electron withdrawing in an inductive capacity. The acidity constant (pKa) was
measured by Adamczyk-Wozniak et al., utilising spectrophotometric and
potentiometric techniques, for all isomers of polyfluorinated phenylboronic acid
(F1-Fs).” The ortho-fluoro derivative has a lower-than-expected pKa when
compared with other members of Table 1. This has been attributed to a stable
6-membered hydrogen-bonding arrangement between the fluorine atom and
the neighbouring hydroxyl group. A correlation between increasing fluorination
on the phenyl ring and increasing acidity of the derivatives was observed
(Table 1). The presence of fluorine substituents, and their position on the ring
of phenylboronic acids, has been shown to influence their susceptibility to
undergo decomposition by protodeboronation, and this will be discussed
further in section 1.3.8

Table 1. Acid dissociation constant, Ka measured by spectrophotometry at 25 °C for
phenylboronic acid and fluorinated substrates prepared in aq. buffer solutions.®

F
L o O
B(OH)2 B(OH)2 B(OH)2 B(OH)2

Phenylboronic acid 2-F 3-F 4-F
F F F
i F F. i F F F
B(OH), B(OH), B(OH),
F
2,3-F, 2,3,4-F5 2,3,4,6-F,
Phenylboronic acid derivative Ka (in H20)
- 8.8
2-F 7.89 £0.01
3-F 8.09+£0.01
4-F 8.77 £ 0.01
2,3-F2 6.99 £ 0.04
21354_F3 697 + 001
2,3,4,6-F4 6.17 £ 0.04




1.1.3 Boronic esters

Reaction of a boronic acid with an alcohol induces the replacement of both
hydroxyl (-OH) groups with alkoxy groups (-OR) giving rise to boronic esters.
This transformation results in a boronic ester being less polar relative to its
corresponding boronic acid, due to the lack of hydrogen bonding facilitated by
the hydroxyl groups present in boronic acids. There is little definitive kinetic
evidence in the literature to support the speculation that boronic esters are
generally more stable than boronic acids, due to the reduced Lewis acidity at
the boron centre in the former.® Considering the relative inductive power of
alkyl versus hydrogen, this improved stability is speculated to arise from the
increased electron donating capacity of alkoxy groups compared to hydroxyl
groups on boron. For example, RO-B where R = Me versus HO-B. This
enables conjugation of the oxygen lone pairs into the electron-deficient boron
centre to be more readily achieved.? In terms of Hammett sigma values, if OGmeta
= 0 for H, a negative sigma value would be expected for Me or Et groups as
electron-donating substituents, compared with a halogen or other electron-
withdrawing substituents, which would have positive sigma values. The
magnitude of Ometa is dictated by electronic effects and depends on the relative
inductive power of the substituents, determined by differences in
electronegativity. It has been shown however, by Denmark and co-workers,
that many arylboronic esters are more reactive to transmetallation than their
corresponding arylboronic acids.'® Catechol boronic esters are considered to
be more Lewis acidic due to the presence of an aromatic ring and hence
phenolic oxygens.? The catechol ester of 4-fluorophenylboronic acid was
reported to undergo transmetallation approximately 4 times faster than the

boronic acid.®

Some common boronic esters are shown in Figure 4 below, including catechol
boronic ester in addition to five- and six-membered moieties.? Comparative
studies for the stability of five- versus six-membered rings have been reported
in the literature. Under neutral conditions, six-membered boronic esters were

more stable towards hydrolysis than five-membered structures."” Bulky



boronic esters, for example pinacol and pinanediol boronic esters, were
revealed to be more resistant towards hydrolysis than those less sterically
hindered. It was concluded that increasing the number of methyl substituents
on the ring resulted in more stable boronic esters. It has been postulated for
2-methyl-2,4-pentanediol esters, that the presence of 1,3-diaxial interactions
between the methyl group and boron centre hinders the attack of water during

hydrolysis, imparting greater stability in this instance (Figure 4).2

0 0o O—Pr 0 0
R-B, R-B :@ R-B R-B :>< R-B
0 0 O—i-Pr o o)

pinacol ester catechol ester diisopropyl ester neopentyl glycol ester pinanediol ester
0 — o OH  _—— O R
O\B‘R O~IB‘ \B’
(R )( OH,

2-methyl-2,4-pentanediol ester

Figure 4. Six commonly encountered boronic esters; pinacol, catechol, diisopropyl,
neopentyl glycol, pinanediol and 2-methyl-2,4-pentanediol esters. Stability towards
hydrolysis, resultant from 1,3-diaxial interactions, for the latter ester is shown.?

Subsequently, a series of boronic esters were investigated to deduce their
relative thermodynamic stabilities. The composition of products resultant at
equilibrium, following the transesterification of 2-phenyl-1,3,2-dioxaborolane
with a range of diols, was analysed by NMR spectroscopy in deuterated
chloroform by Roy et al.'>'® The trends observed included the increased
stability of six-membered boronic esters in comparison to five-membered
rings, and boronic esters formed from 1,2-diols possessing alkyl substituents
on the a-carbon were found to be more stable, undergoing slower

transesterification.

1.1.4 Utility

Synthesis
Boronic acids and boronic esters are indispensable building blocks in modern

synthetic chemistry (Scheme 4).2



Oxidative Heck Liebeskind-Srogl

Suzuki-Miyaura R , 0
y \/\R JL
R'—R R™OR

CuTC = copper(l)
thiophene-2-carboxylate
TFP = tris(2-furyl)phosphine

AR
Pd(ll) cat.

Pd(0) cat.
CuTC
TFP

Pd cat.
Base

R'—XH
> R’X‘R' Chan-Evans-Lam
Cu(ll) cat.

base X =0, NR', S, NCOR', NSO,R’
0O, R =Ar

Catalysis and
saccharide
sensing

H™ R

Lewis acid R R4
o R cat. or A \ /‘\
R1MR2 OH R4 R4 R R2R1
Rh cat. conjugate addition o R®

Ry
2 3
R® R® Allylation of aldehydes

Scheme 4. Use of boronic acids in synthesis, catalysis, and saccharide sensing.

The synthetic utility of boronic acid and ester derivatives is widespread,
spanning a broad range of applications, from cross-couplings to saccharide
sensing and catalysis. Boronic acid catalysis has been leveraged in Diels-
Alder reactions and amide formation. Organoboron compounds have been
utilised to produce lead compounds in the manufacture of drugs and
herbicides. Abemaciclib, a drug developed by Eli Lilly and Co. for the treatment
of HR+, HER2- advanced and metastatic breast cancer, involves a Suzuki-
Miyaura cross-coupling reaction between a pinacol boronic ester and chloro-
pyrimidine, as a key step in the process (Scheme 5).' The 2,4,5-trisubstituted-
3(2H)-pyridazinone is a common structural feature encountered in
agrochemicals and pharmaceutics.' A synthetic procedure towards arylated
3(2H)-pyridazinones enabled by a Suzuki-Miyaura coupling reaction of

arylboronic acids with chloro-3(2H)-pyridazinones has also been reported.’®



F

F
E \
N\>_ + H\( Cl PdCIy(PPhg), 3 mol%, DME, « N>—
O. N N__N Na,CO . |
? Y 2,005, 80 °C N
|
0 )\ Cl f

Scheme 5. Suzuki-Miyaura cross-coupling step in the synthesis of abemaciclib.

Reagents

Since the advent of the Suzuki-Miyaura cross-coupling reaction, first reported
in the late 1970s, an insatiable demand amongst the synthetic community for
a diverse range of boronic acids has ensued.'®'” This reaction provides an
elegant and efficient means of access to symmetrical and unsymmetrical
biaryls, abundant in natural products.? Since the discovery of this reaction,
significant advancements have been made and these improvements have
allowed for its consideration as a viable option for use in the synthesis of
complex molecules and the industrial manufacture of drugs. The initial
requirement for high catalyst loadings has been overcome, the substrate
scope has expanded, the boron reagent adapted, and the reaction may be
conducted at significantly lower temperatures.®> A general mechanism for
Suzuki-Miyaura aryl-aryl coupling is shown in Scheme 6. This is a generic
cycle of oxidative addition, transmetallation and reductive elimination steps.'®

Oxidative Ar
Addition LyPd®
Ar—X X
Ar'—B(OH),
Transmetallation
“OH
X HO—B(OH),

Activation
Pdl] —— » L,Pd®

cis/trans ligand
isomerisation

Ar—Ar'

Reductive
Elimination

Scheme 6. General catalytic cycle for a biaryl Suzuki-Miyaura coupling.



A surge in the use of boronic esters, in particular the ubiquitous pinacol boronic
ester, in Suzuki-Miyaura couplings as alternative reagents to boronic acids has
necessitated research focused on their properties and role in such reactions.
Denmark and co-workers recently reported a detailed mechanistic study in an
effort to understand the participation of boronic esters in Suzuki-Miyaura
reactions in context of the transmetallation step in the catalytic cycle.'® °
Pinacol boronic esters have been found to undergo transmetallation directly'®
in comparison to methyliminodiacetic acid (MIDA) boronates which must
initially be subject to hydrolysis.?® The previously discussed synthesis of
abemaciclib employs an arylboronic acid pinacol ester as a key coupling
reagent and is just one example of the use of boronic esters in Suzuki-Miyaura
couplings in the industrial manufacture of drugs (Scheme 5).4

There are numerous other classic examples of cross-coupling reactions
(Scheme 4)? which rely on the use boronic acids and boronic esters as key
reagents, notably oxidative Heck,?' Chan-Evans-Lam?>?4 and Liebeskind-
Srogl couplings.?®> The oxidative boron Heck reaction emerged as an
alternative to the traditional Mizoroki-Heck reaction. In contrast to the Pd(0)-
catalysed Mizoroki-Heck reaction, oxidative Heck reactions are Pd(ll)-
catalysed. Where originally the first step of the catalytic cycle involved
oxidative addition of Pd(0) into a halide or triflate, the oxidative Heck reaction
utilises boronic acids which undergo transmetallation with the Pd(Il) catalyst.
Re-oxidation of Pd(0) to Pd(ll) once the catalytic cycle is complete can be
achieved through use of an oxidant like Oz, benzoquinone or Cu(OAc)2.%
Carbon-heteroatom bond formation can be accomplished by the copper-
catalysed Chan-Evans-Lam reaction. This oxidative coupling of arylboronic
acids with O-, N- and S-containing compounds including phenol, amines,
amides, carbamates, thiols and sulfonamides is conducted in air and at room
temperature.? Arylboronic acid pinacol esters are characteristically less
reactive coupling reagents than their respective arylboronic acids in the Chan-
Evans-Lam reaction.?” Suspected catalyst inhibition of Cu(OAc). by pinacol
accounts for the lower reactivity of arylboronic acid pinacol esters as



substrates in this reaction.?® Mechanistic insight by Watson et al. revealed that
B(OH)s can be used to promote reactivity by acting a sequestering agent for
free pinacol generated during the course of the reaction.?® The Liebeskind-
Srogl synthesis of ketones is a carbon-carbon bond-forming reaction between
a boronic acid and thioester which proceeds under neutral conditions,
catalysed by Pd(0) and mediated by stoichiometric Cu(l).2°-3°

Additional reactions utilising boronic acid derivatives include the Petasis
reaction, the allylation of carbonyl compounds and rhodium-catalysed
conjugate addition of organoboronic acids (Scheme 4).2 The Petasis reaction,
also known as the boronic acid Mannich reaction, allows for the synthesis of
amines and a-amino acids, through a boronic acid mediated condensation of
suitable carbonyl and amine compounds.3'-3? The efficient preparation of 1-
amino-1H-indenes, enabled by a multistep synthesis involving both a Petasis
reaction and a Suzuki-Miyaura reaction, was reported using 1,2-bis(boronates)
as the starting material (Scheme 7).33

Br

OHC \/\R1 Rs
) ArBr = | ] N-R4
BPin ,\’R2 Ar R3R4NH R1\

PinB._~ PinB\%
PdCl,(dppf), KsPOj,

R THF/H,O R

Scheme 7. Preparation of amino-1H-indenes.*

Acetate and propionate units are common in natural products and their
stereoselective synthesis can be realised through the addition of allylboronates
to aldehydes, a reaction which may be thermally or Lewis acid-catalysed.3*-3%
Catalytic asymmetric allylation reactions between carbonyl compounds or
imines with allylic boronic acids or boronic esters have also been realised.3¢
The transition metal-catalysed conjugate addition of boronic acids to a,f3-
unsaturated compounds has been developed using rhodium catalysis.?” This

reaction has since been progressed to afford an asymmetric method by
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replacing the original 1,4-bis(diphenylphosphino)butane, dppb ligand used
with BINAP, a chiral phosphine ligand.3®

Catalysis

Boronic acids and polyfluorinated arylboranes,®*® have found use as effective
catalysts. They have been utilised to achieve the catalytic formation of amide
bonds*®4 and catalyse Diels-Alder reactions and cycloadditions.4: 47-4°
Synthetic methods enabling the efficient, direct condensation of an amine and
carboxylic acid are desirable from an atom economy and green chemistry
perspective.?° Improved access to amide bond formation has been achieved
by means of boronic acid and boronic ester catalysis (Scheme 8).4: 45

o) Cat. B(OR)3 o)

ZT

B N S ‘X Ry
Ry~ “OH Ry Ry , Ry N

|
Rz

Scheme 8. Use of boronate esters as catalysts for amide formation

Boronic acid catalysis®!-52 has been applied by Hall and co-workers. for the
activation of unsaturated carboxylic acids, specifically acrylic acid and 2-
alkynoic acids, to participate as dienophiles in [4+2] cycloadditions with a

variety of both cyclic and acyclic dienes (Scheme 9).47
O (0]

~ OH
A

via H

Scheme 9. Arylboronic acid-catalysed Diels-Alder [4+2] cycloaddition of a diene and
unsaturated carboxylic acid (dienophile).

Carbohydrate recognition

Cyclic boronic esters are generated by reaction of a boronic acid and diol
(Scheme 10).%3-%* Their formation is reversible under aqueous conditions, and
this process, first studied by Lorand and Edwards,*® has been exploited in
sensing and the molecular recognition of saccharides.’%5" The affinity of
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boronic acids towards diols is influenced by pH and hence, design of boronic-
acid based saccharide sensors necessitates consideration of the pH-

dependence of boronic acid-diol interactions.%8-64

OH  HO 0
R-B + ) ————— R-B > + HO
OH HO 0

Scheme 10. Reaction of a generic boronic acid and a diol to form the respective cyclic

boronic ester.

Other Uses
Boronic acid derivatives are vital in polymers,®>-72 as blocking and directing
groups and as pharmacophores’®75.

For example, there are currently several approved boronic acid and ester-
based drugs (Figure 5).”° The first to reach the market was Bortezomib
(Velcade®), a proteasome inhibitor approved by the U.S. FDA in 2005 to treat
myeloma, a form of bone marrow cancer. While Bortezomib is taken via weekly
injection, Ixazomib (Ninlaro®) followed as a second-generation drug 10 years
later, with the same mode of action but facilitating oral administration. 1 year
prior to Ixazomib, Tavaborole (Kerydin®) was approved globally by the U.S.
FDA for the treatment of onychomycosis, a fungal infection affecting finger and
toenails. Another example of a boron-containing drug is Crisaborole

(Eucrisa™), which was approved in 2016 to combat eczema.

Al odrdir

HO “OH HO “OH
Bortezomib Ixazomib
F. O
B NZ B
OH OH
Tavaborole Crisaborole

Figure 5. A selection of boron-containing drugs. Boronic acid-based include
Bortezomib and Ixazomib and ester-based include Tavaborole and Crisaborole.”®
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One rationale for the incorporation of boron in drugs, in terms of drug design,
is the capacity for boronic acids to act as bioisosteres, in particular for
carboxylic acids. Both functional groups do not differ substantially in a
structural sense but at physiological pH, approximately 7.4, the boronic acid
remains unionised in contrast to a carboxylic acid moiety. The impact of
boronic acid incorporation on both drug activity and bioavailability has been
explored. The electrophilic character of boronic acids and hence, their ability
to undergo reversible covalent binding, for example with a serine residue in an
enzyme active site, underpins the mechanism of action of boronic acid-

containing drugs as protease inhibitors.”

The boronic acid moiety has been employed as a blocking group enabling
ortho-functionalisation of phenols and as a directing group for meta-
functionalisation. Protodeboronation was utilised in this scenario for efficient

removal of the boronic acid group revealing the desired products (Scheme 11).

OH 5 OH oH |

NBS (1 equiv.) : DMSO, H,0 '

8 DCM, 1t . "% Br A B |
o ’ : HO '

E ortho-functionalised '

“blocking”
phenol

H
|
1. N NH
OMe Me” ~ V2

5 OH OH
Toluene, reflux 1 1. BBrg DCM, rt
HO‘B : HO\B !
' 2. (TMP),Mg, THP, -78 °C ! HO | 2. DMSO, A |

HO 3. Ip, 1t

“directing” 4- NH4Cl |
i i meta-functionalised
' Protodeboronation phenol '

Scheme 11. Ortho- and meta-functionalisation of phenols.
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1.2 Boronic acid-diol complexation

The factors which influence the equilibrium between boronic esters and their
corresponding acids have been reported in considerable detail>3-5% 58 60-63 gnd
general processes for the pH-dependent hydrolysis of boronic esters have
been elucidated by Pizer’®-78 and Ishihara.”®-%? However, the scope for such
studies has largely been in context of carbohydrate recognition.%6-57:9.64 There
is minimal kinetic information relating to the hydrolysis of boronic esters of
simple diols e.g. pinacol,®® at high pH and concentrations routinely employed

in organic synthesis.

A reduced pKs' is resultant for boronic esters, formed by the reaction of a
boronic acid and cis-1,2-diol (Keqtig), in comparison to the corresponding

boronic acid pKa (Scheme 12).82 One exception is for weakly binding diols.>

HO

+ ] Keq-trig

,OH HO /o )
R _B\ —_— R—B\ ] 1 pKa
OH H,0 o)

Scheme 12. Equilibrium (Keq-tig) between boronic acid and ester in the presence of
1,2-ethanediol.

Given pKa = -log1o(Ka), the association constant, K, is increased i.e. Ka > Ka.
At a given pH, the position of equilibrium will be shifted more towards the
boronic ester favouring to exist in its “ate” form (Scheme 13), relative to the
same process for boronic acids.
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HO

+ ] Keq-trig

OH HO

OH H,O

HO e
R-B, j “ate” form
©o0

Scheme 13. Equilibrium between neutral, trigonal boronic ester and anionic,
tetrahedral ester boronate (Ka ).

At high pH, boronic acid boronate will be the dominant species present
(Scheme 14) and diol binding and ester formation is favourable (Keg-tet).8? An
increased binding constant (Ka) will result for boronic acids with a reduced pKa.

/OH
R—B\
OH
Ka
H@
HO
+ j Keq—tet
© OH HO HO O
R—B/—OH —_ RéB\ j “ate” form
OH H,0 o

Scheme 14. Equilibrium between neutral, trigonal boronic acid and anionic,
tetrahedral acid boronate (Ka) and equilibrium (Keq-et) between acid boronate and
ester boronate in the presence of 1,2-ethanediol.

It can be inferred from KaKiet = Ka'Kiig, Where Ka > Ka, that formation of the
anionic, tetrahedral boronic ester boronate, (Keq-tet), is more favourable than
the neutral, trigonal boronic ester (Keg-trig) and so, Keg-tet > Keq-trig-23 A complete
picture for the two pathways possible for the equilibration of boronic acid and
boronic ester in addition to acid boronate and ester boronate is represented
schematically below (Scheme 15).
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+ j Keq-trig

/OH HO Jo)

R-B — R-B j
OH H,0 o)
Hzo HZO
Ky K,
H® H®
HO
+ j Keq-tet
o OH HO HQ O
R—B\—OH —_— RéB‘
OH Hz0 °

Scheme 15. Complexation pathways for the equilibration between boronic acid and
ester species in their neutral and boronate forms.

The optimal pH for binding may not always be the most appropriate pH in
context of saccharide sensor construction and the optimal pH for boronic acid-
diol complexation is not always greater than the pKa of the boronic acid.>® For
example, with acidic ligands such as a-hydroxy carboxylic acids, the optimal
pH for binding is lower than the pKa of the boronic acid.”” In addition to the
impact of pH on the equilibrium of this system, the esterification is also pH-
dependent. If the boronic acid is quite acidic (reduced pKa), and hence its
boronate form is weakly basic, faster complexation with diols will result for the
neutral, trigonal species. For example, m-NO2-PhB(OH). will undergo
complexation more rapidly than m-NO2-PhB(OH)s". In comparison, MeB(OH)2
which will be subject to slower complexation than its respective boronate,
MeB(OH)s~.”” While this is a summary of some of the general trends observed
in the literature, the process of boronic acid-diol complexation is seemingly
case-dependent. Put rather succinctly by Pizer in 2017, “boron acid
complexation reactions in alkaline media may proceed via either trigonal boron
acids and/or their conjugate bases and the relative reactivity is a function of
pKa and pK, values of the conjugate boron acid/borate base pair,
respectively.”’” Hence, the mechanistic understanding for hydrolysis of boronic
esters and esterification of their corresponding acids, for both the neutral and

boronate species, is far from fully substantiated.
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1.3 Protodeboronation

1.3.1 Reaction background

Boronic acids are susceptible to undergo protonolysis by protodeboronation, a
reaction also commonly referred to in the literature as protodeborylation
(Scheme 16). Overall, cleavage of the carbon-boron bond and formation of a
carbon-hydrogen bond gives the protodeboronation product and boric acid as
a side product.?

S S
R-B, R-H + -8
OH OH

Scheme 16. Protodeboronation reaction of a boronic acid.

Protodeboronation is one of the major pathways by which boronic acids can
decompose. The stability of boronic acids is variable, dependent on the
structural differences between substrates and reaction conditions used. Early
studies showed that protodeboronation could be catalysed by trace metal ions,
for example by Hg(ll) found in water.2 8 Ainley and Challenger subsequently
reported the formation of benzene from phenylboronic acid and investigated
the impact of varying the reaction conditions on the protodeboronation of
phenylboronic acid.> 8 This included heating the substrate under acidic
conditions (conc. HCI) and basic conditions (NaOH), with hot solutions of
copper sulphate, cadmium bromide and zinc chloride and with water under
pressure. Hammett plots were constructed to investigate the influence of pH
and substituent effects for the metal-catalysed protodeboronation of
arylboronic acids by Kuivila and co-workers.® Kinetic studies were performed
for the reaction catalysed by cadmium ions and the pH-rate profile revealed
catalysis between pH 3-6. An Se2 mechanism was postulated for the reaction
(Scheme 17). The impact of other metal ions on the rate of reaction was
probed. Cu?*ions were found to be the most effective at accelerating the rate

of protodeboronation and Ni?* ions the least.®

17



Do - [@, |2, - oo
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. (OH), -H*
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Scheme 17. Aromatic bimolecular electrophilic substitution (Ar-Sg2) for the
protodeboronation of phenylboronic acid.

Further studies in the field of metal-catalysed protodeboronation were initiated
by Liu et al. with the development of a Cu-cat. protodeboronation procedure,
promoted by oxygen, for arylboronic acids in aqg. ethanol.8” Other protocols
include the Ag-cat. protodeboronation of arylboronic acids and esters,
promoted by base Au-cat. protodeboronation®® and the Bi-cat
protodeboronation of triborylated indole heterocycles.®°

Some boronic acids and esters undergo rapid protodeboronation in aqueous
media and under basic conditions, which is problematic in context of the
Suzuki-Miyaura cross-coupling reaction. Significant yield losses in the
synthesis of diflunisal were attributed to protodeboronation.®’ Sterically-
hindered, electron-deficient boronic acids and esters, used in a Suzuki-
Miyaura reaction by Cammidge and Crépy, proved to be challenging coupling
partners due to their propensity to undergo protodeboronation under the
reaction conditions.%? Catalytic palladium was found to accelerate the
protodeboronation of these substrates and formation of the boronate was
postulated to be critical for decomposition by this pathway. The authors noted
deceleration of the reaction rate when dry reagents and solvents were used.
The susceptibility towards protodeboronation of sterically hindered boronic

acids has also been reported by Watanabe and co-workers.%

Various strategies have been successfully implemented to suppress or bypass
protodeboronation in cross-couplings,®-9° a process which leads to undesired
consumption of reagent or loss of function. These include direct
transmetallation of boronic esters, 10 19.9%-97 the ‘slow-release’ of boronic acids
from trifluoroborates, MIDA boronates and esters (Figure 6),° and specialised
catalysts.%9-100
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R-B-O =0 K~ R-B-F
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MIDA boronate Potassium

organotrifluoroborate

Figure 6. Boronic acids masked as MIDA boronates and organotrifluoroborates.

Carrow and co-workers reported the efficient Suzuki-Miyaura cross-coupling
of polyfluorophenylboronic acids with a range of aryl halides (Scheme 18). The
reaction was realised with minimal protodeboronation product formation using
Pd(PAds)(p-FCsH4)Br, described in the report as an “on-cycle pre-catalyst”.%®
The authors noted that while the improved stability of boronic esters compared
to their respective boronic acids under anhydrous conditions was recognised,®
the rate of protodeboronation of pentafluorophenylboronic acid pinacol ester
in the presence of EtsN was accelerated with increasing equivalents of water.
Optimised coupling conditions were developed to include Na>S04.10H20,
allowing for the slow release of water during the reaction.

X X
" [Bl  Pd(PAds)(p-FC4H,)Br, A
Z”_:/ ArBr, EtsN, rt Z”_:/
\% ror, 3N, r v
[B] = B(OH), X/Y/Z = F, Cl, OR

or BPin

Scheme 18. Reaction conditions for Suzuki-Miyaura cross-couplings using an “on-
cycle pre-catalyst”.%

In some circumstances, protodeboronation is desirable, enabling the traceless
rectification of overborylation'’®! and, given that some arylboronic acids are
suspected bacterial mutagens, the effective removal of remaining boronic acid
reagent post process.’%?

1.3.2 Mechanistic studies

Until recently, despite the ubiquitous nature of boronic acids in organic
synthesis, limited mechanistic information was available for the

protodeboronation of these reagents under aqueous conditions. Kuivila and
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co-workers pioneered the early mechanistic work behind the
protodeboronation of arylboronic acids under aqueous conditions.86: 103-106 \/-
Visible spectroscopy enabled Kuivila to investigate the reaction kinetics for the
protodeboronation of arylboronic acids in aqueous media, revealing acid and
base-catalysed processes. Absorptions arising in the UV-Vis spectra due to
boronic acid oxidation unfortunately prevented the authors from drawing
conclusions about the mechanism under more basic conditions (pH > 7).
These studies were conducted prior to the advent of the Suzuki-Miyaura cross-
coupling reaction and the importance of understanding the mechanistic
pathways for protodeboronation at high pH was yet unknown.

The protodeboronation of p-methoxyphenylboronic acid was investigated
under acidic conditions using sulfuric acid, perchloric acid, formic acid and
phosphoric acid. Hammett plots for aq. acids were compared at a range of
temperatures (25 °C, 40 °C and 60 °C). The evidence presented by Kuivila
was considered to be indicative of a general acid-catalysed process,
supportive of a rate-determining proton transfer.'% Based on subsequent
solvent isotope effect studies,’® the authors deemed an A-1 mechanism

(Scheme 19) unlikely to be occurring.

H® 7= H2O
‘ @' - 5
B’OH _— - H H

| B(OH),
OH - B(OH),

Scheme 19. A-1 mechanism for arylboronic acids, which was eliminated from

consideration based on solvent KIEs. "%

Instead, the pathway postulated for the acid-catalysed protodeboronation of
arylboronic acids was instead an Sg2, with the mechanism involving a slow

proton-transfer step prior to fast carbon-boron bond cleavage (Scheme 17).

Several years later, mechanistic investigations were reported by Kuivila and
co-workers for base-catalysed protodeboronation between pH 2.0 and 6.7.

(Scheme 20).'% The pH-rate profile for 2,6-dimethoxyphenylboronic acid
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revealed a change in mechanism, from general acid catalysis by an Sg2
process, at approximately pH 4.8. The impact of varying substituents on the
phenyl ring was investigated and kops for the reaction was found to increase in
all cases.'®® At pH 6.7, ortho-substitution of the phenyl ring resulted in an
increased rate of protodeboronation for both electron-donating and electron-
withdrawing groups. The rate increase was more substantial for the boronic
acid with ortho-fluorine substitution in comparison to a methoxy group. Despite
obtaining a p value of unusually small magnitude for an electrophilic aromatic
substitution, — 2.3, this negative p value from the Hammett plot was still an
indication of positive charge development in the transition state.

)
L > L " L
—_— ©) e
g-OH B(OH), H

OH
- B(OH),

Scheme 20. Protodeboronation mechanism of arylboronic acids (pH 2.0 to 6.7).

In the early 2000s, Frohn et al. investigated the base-catalysed
protodeboronation for a range of fluorinated boronic acids.'®” Boronic acid
substrates possessing ortho-fluoro substitution were more reactive, with
pentafluorophenylboronic acid giving the fastest rate of protodeboronation. An
investigation was subsequently reported, by Perrin, examining the
protodeboronation under basic conditions of (hetero)arylboronic acids and
esters possessing 2,6-disubstitution, specifically electron-withdrawing groups
(Scheme 21).1%8 A range of electron-withdrawing groups including halogens
(F, Cl, Br), -NO2 and —CF3 were tested and the substitution pattern on the
phenyl ring was varied.

o X
X OH H,0
OH =——— S) —_—
B B\(OH)z o H
X O Xy 0© - B(OH),
o
X = electron-withdrawing O-H
group

Scheme 21. Mechanism for the specific base-catalysed protodeboronation of
electron-deficient, di-ortho-substituted arylboronic acids.
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Recent work in the Lloyd-Jones group examined the protodeboronation
reaction (between pH 1-13 in aqueous-organic media, specifically 1:1 1,4-
dioxane/H20, at 70 °C) of a diverse range of arylboronic acids including
polyfluorinated examples and heteroaromatic systems.8 1% The boronic acids
studied could be categorised into different groups based on their reactivity;
non-basic boronic acids, basic heteroaromatic boronic acids and
polyfluorophenyl boronic acids. From profiles of pH versus log kobs (Figure 7)
the stability of the substrate of interest could be evaluated and potential
mechanisms predicted for each category of boronic acid. These studies
highlighted that for the reactive systems tested, the pH determines the boronic
acid speciation between N-protonated, neutral and boronate. This governs
which mechanistic pathways are viable and is hence responsible for
determining the overall rate of protodeboronation.

pH-rate profile Mechanism

log k Electron-deficient arylboronic acids:

Anionic dissociative

Basic heteroarylboronic acids:
Ylidic

Electron-rich arylboronic acids:
Neutral concerted

0 pH 13
! MeO -
F F HO 5 o1 \©Hqu/OH
§ .BJ
& Xr- OH A
~.__OH \ / Vv OH
F ‘B/S' _N_ / 8 |\_|
HO™ 1 “H HO—
F™ oH ®H
to.5 3 msec to.5 26 sec to.5 5 weeks

Figure 7. pH-rate profiles for polyfluorinated, heteroaromatic and electron-rich

boronic acids.?

Initial studies aimed to classify the reactivity of 16 heterocyclic boronic acids
across a wide pH range in order to establish the pH-stability regions for each
substrate specifically and identify the contributing mechanistic pathways for
protodeboronation. For the boronic acids studied, including cyclopropyl and
vinyl boronic acids, the rates observed exhibited a pH-dependence, with rates
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spanning 6 orders of magnitude. Kinetic analysis was facilitated by considering
three different speciation states for the boronic acids studied; N-protonated
(related to nitrogen-containing basic heterocycles), neutral and anionic,

boronate forms.

Four non-basic heterocycles were studied, all of which were found to be most
reactive at high pH. (Figure 8). Simulations for furyl and both thienyl boronic
acids incorporated the mechanistic pathways established by Kuivila in addition
to an autocatalytic process. Mechanistic analysis of pyrrolyl required inclusion
of a water autoionization process between pH 3 and 6.

H H S H |
5\1 EI;’O S |I3’O = B 0 o _OH
S OH OH OH CI)H

N-Ts-2-pyrrolyl 2-thienyl boronic 3-thienyl boronic furyl boronic
boronic acid acid acid acid

Figure 8. Non-basic heterocyclic boronic acids

Select examples of heteroaromatic boronic acids, for example the 2-pyridyl
system, were found to be stabilised by base and most reactive at neutral pH
(Figure 7). Other substrates within the class of basic heteroaromatics, for
example 5-pyrazolyl and 5-thiazolyl, were found to be most reactive at high
pH.

2-Pyridyl and 5-thiazolyl boronic acids underwent rapid protodeboronation via
a fragmentation mechanism of zwitterionic intermediates (tos = 25 and 48 s
respectively at pH 6.2 to0 6.9, 70 °C). Lewis acid additives were found to either
reduce or accelerate decomposition depending on the nature of the substrate
(Figure 9). The decelerated protodeboronation rate for the 2-pyridyl system
arises from complexation of metal (M = Cu or Zn) with nitrogen, thereby
reducing the availability of zwitterion present to decompose by fragmentation.
For the 5-thiazolyl boronic acid, the anti-bonding orbital S-C ¢* acts as a proxy
hydrogen-bond, thereby stabilising the B(OH)s leaving group. This effect is
magnified through N-metal complexation, giving rise to an accelerated rate of
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protodeboronation. Cyclopropyl, vinyl, 3- and 4-pyridyl boronic acids exhibited
slower rates of protodeboronation, with half-lives of to.5 > 1 week under basic
conditions (pH 12, 70 °C).

reactive

SN reactive N
(ﬁj\gm \f»fﬂyg/\%:
| ‘ ~OH S-C o* SDA\&

H----OH “H

less M] more

M .
X, reactive ®\N reactive
le o o N 9 on
N B(OH)3 85 L‘D"OH
\ S-Co k@
M] “H
2-pyridyl 5-thiazolyl

Figure 9. Effect of Lewis acid additives on the protodeboronation of 2-pyridal boronic
acid and 5-thiazolyl boronic acid."®®

Subsequent studies were focused on the protodeboronation of 30
polyfluorinated arylboronic acids at high pH. Under these conditions, the
arylboronic acid exists exclusively as the anionic, boronate form.
Polyfluorinated arylboronic acids with additional substituents including nitro,
methoxy and trifluoromethyl groups were also tested. The range of half-lives
observed in this study was vast, spanning nearly 10 orders of magnitude
(Table 2) from fo.5 = 7 months for the 3-fluorophenylboronic acid to fos = 2.6 ms
for the pentafluorophenylboronic acid. Ortho-fluorinated arylboronic acids are
subject to rapid protodeboronation with 2-fluorophenylboronic acid exhibiting
fos = 19 h and the 2,6-difluoro substrate fos = 5 s. The acceleration in
protodeboronation rate induced both by ortho-fluoro substitution and
increasing number of fluorine atoms on the phenyl ring is consistent with

observations by Frohn et al.'%’
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Table 2. Impact of fluorination (number of fluorine atoms and substitution pattern) on
the half-lives of protodeboronation for arylboronates (pH 13, 70 °C in 1:1 1,4-

dioxane/H,0).8: 109

N pK, kepB N
Fir P F o Fa
B(OH), B(OH); Z>H

1:1 1,4-dioxane/H,0, 1:1 1,4-dioxane/H,0,
70°C 70 °C
Boronic acid ~tos
3-F 7 months
H 6 months
4-F 4 months
3,4-F» 3 months
3,4,5-F3 7 weeks
2-F 19h
2,3-F 2h
2,3,5-F3 10 min
2,3,4,5-F4 3 min
2,6-F 5s
2,3,4,6-F4 66 ms
2,3,4,5,6-Fs 2.6ms

Electron-deficient boronic acids with a Swain-Lupton parameter (osL) of
greater than 0.7 were most reactive under highly basic conditions. This
substituent parameter is an extension of the Hammett value (o) taking into
consideration both resonance and field effects (R and F respectively). These
substrates were proposed to undergo protodeboronation via a dissociative
mechanism (Scheme 22). A modest PKIE, supportive of an early transition
state, has been observed for “naked” aryl anions which undergo protonation in
aqueous media.'"® The partitioning factor (Ar-H/Ar-D) observed for this class
of substrates was on average 1.2 + 0.05. The absence of a rate-determining
proton transfer was indicated by knw/kp = 1.00. This mechanistic pathway is
accompanied by the conversion in geometry at the boron centre from

tetrahedral to trigonal.
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Scheme 22. Protodeboronation of electron-deficient arylboronic acids via an anionic
dissociative mechanism.

In contrast, electron-rich boronic acids protodeboronate at a slower rate under
basic conditions, likely via a concerted mechanism (Scheme 23). The boronic
acids in this category are destabilised under acidic conditions and exhibit

self/auto catalysis when the pH = pKa.

o o-H
X OH X 0 N X
A A pon —— T _loon A X
7 7 ~OH B-OH
OH OH HO’\OH

Scheme 23. Protodeboronation of electron-rich arylboronic acids via a neutral,
concerted-type mechanism.
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1.4 This work

Boronic esters are generally considered to be more stable towards
protodeboronation than their corresponding boronic acids, and yet there is little
kinetic data to corroborate or refute this assumption.> ® The research
presented herein was centred on discerning the various pathways by which a
diverse range of (hetero)arylboronic esters undergo protodeboronation at high
pH. This work was focused on the esterification of boronic acids which are
especially susceptible to protodeboronation (Figure 10) and those which are
most reactive under highly basic conditions, including polyfluorophenyl,

thiazolyl and isoxazolyl systems.
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Figure 10. Selected pH-rate profiles for pentafluorophenylboronic acid (electron-
deficient), 2-pyridyl, 5-thiazolyl and 3,5-dimethylisoxazolylboronic  acids
(heteroaromatic) and 4-methoxyboronic acid (electron-rich). Half-lives indicated are
at 70 °C in 50% aq. 1,4-dioxane at pH 13 except for 2-pyridyl which is for the reaction
at pH 7.8.1%

Initial studies concentrated on the protodeboronation of arylpinacolboronate
esters, ubiquitous as reagents and intermediates in organic synthesis. The
influence of modifying the ester component, using a series of simple diols and
one triol, was subsequently probed using 2,6-difluorophenylboronic acid as a
reference. The reaction to liberate the protodeboronation product for boronic
esters was considered as a function of two separate, contributory pathways;

indirect (pre-hydrolytic) versus direct protodeboronation.
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In general, and unless specified otherwise, experiments were performed in
50% aqueous 1,4-dioxane, at 27 °C and at pH >13. This solvent system was
employed in order to corroborate with previous work,? 1% and proved to be an
optimum medium for both boronic acid and potassium hydroxide solubility over
a wide span of pH values. Trifluoroacetic acid (TFA or as its potassium salt
under basic conditions) was utilised as an internal NMR reference standard for
kinetic studies but also acted as a stabiliser for boronic acid/ester stock
solutions.® Thereby the stock solutions were maintained under acidic
conditions, necessary to avoid decomposition of boron reagent at higher pH.
Reaction monitoring was facilitated by in-situ ('°F, 'H and ''B) NMR
spectroscopy, with stopped-flow techniques harnessed for particularly rapid
reactions.
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Chapter 2

Results and Discussion
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2.1 Hydrolysis and protodeboronation of
pinacol esters

2.1.1 Direct versus indirect protodeboronation of boronic
esters

This thesis is centred on the esterification of boronic acids which are most
reactive at high pH.®2 Boronic esters can undergo base-catalysed
protodeboronation via two distinct pathways; direct (kse) and indirect pre-
hydrolytic (knya, kea) protodeboronation (Scheme 24). The direct process
involves rate-limiting C-B bond cleavage of the boronic ester to liberate the
corresponding protodeboronation product (Ar-H) and boric ester (Scheme 24,
Path I). The alternative decomposition pathway for boronic esters occurs first
via hydrolysis to afford the corresponding boronic acid and subsequent
protodeboronation affords the product and boric acid (Scheme 24, Path ).
The prospect of solely direct protodeboronation, a hydrolysis-
protodeboronation sequence, or alternatively the potential for both pathways
to be contributory under the same reaction conditions, presents an additional
kinetic challenge. Deconvolution of the contribution of both routes for the
protodeboronation of boronic esters is critical to understand the stabilising or
destabilising influence of esterification of boronic acids (ksa/kse).

tetrahedral, anionic
boronates
Path |

. _B/o H,0 HO o Kee HO o
r—B — Ar=B_ ) Ar— + HO-B
0 pH > pK, + 2 ©0 20 ©o0
. direct
trigonal, neutral
boronic acid/ester Kest || Knyd
HO> H,0 Path Il
HO
HO oH kea HO oH
Ar—B! 5 Ar— * HO-B(
©OH 2 © OH

pre-hydrolytic

Scheme 24. Path |, direct (kse) and Path Il, pre-hydrolytic indirect (knyq, kea) pathways
for protodeboronation of arylboronate esters under basic conditions.
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2.1.2 Hydrolysis and esterification of 2-
fluorophenylboronic acid 1a and its pinacol ester 1b

The speciation of boronic acid/esters between the trigonal, neutral boron and
the tetrahedral, anionic boronate forms is affected by pH (Scheme 25), and
this influences the overall reactivity to hydrolysis and protodeboronation. A
dynamic equilibrium is set up between boronic acid/ester and hydroxyboronate
species upon addition of substoichiometric hydroxide base. Following the
addition of excess hydroxide, exclusive and instantaneous conversion to the

hydroxyboronate is achieved.

protodeboronation

OR ‘OH, rapid o OH H,O
Ar—B — < = A-B-OR - >  Ar—H
OR KOH = 105 M-1 OR

Scheme 25. Equilibrium between boronic acid/ester and respective
hydroxyboronates in the presence of hydroxide, and subsequent protodeboronation
reaction to liberate the protodeboronation product.

The Lewis acidity, Ka of ArB(OR). towards H20 is shown in equation (2) and
the equilibrium constant for autoionization of water, to generate OH-and H3O",
is represented by Kw, equation (3). The affinity of the boronic ester, ArB(OR)
for hydroxide, OH" is represented by Kown, which can be described by reference
to both Ka and Kw, equation (4) and (5).

[ArB(OH)(OR),]"[H;0]*

Ka= [ArB(OR),] (2)

K. = [OH]"[H;0]* (3)

K, _ K 4
OH—KW()

[ArB(OH) (OR),]”

Kon = [ArB(OR),|[OH]~ ®)
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The speciation of boronate, xson is described by equation (6) and is pH-
dependent, equation (7). From equation (7), the speciation of boronate can be
determined at a given pH (see Appendix 6.1 for further detail). For example, at
pH =2 units above the pKa, speciation is xg <0.01 (mol-fraction of neutral boron
acid/ester) and xson >0.99 (mol-fraction of boronate acid/ester).

[ArB(OH) (OR), ™
ArB(OR),] + [ArB(OH)(OR),]"

(6)

xgou = (1 —xp) = [

XBOH = 7717 1 (PKa—pH) ™)

The effect of pH on the rates of hydrolysis (knyd) and esterification (Kest) for 2-
fluorophenylboronic acid 1a and its pinacol ester 1b was investigated in 50%
aq. dioxane at 300 K. Both substrates are subject to very slow
protodeboronation under these conditions and across a wide pH range,
enabling the pH-dependence of the hydrolysis/esterification pathways to be
studied by '9F NMR spectroscopy, without significant side reactions
complicating the analysis. The esterification of 1a was initiated by addition of
2 equivalents of pinacol S1, at the desired pH, and the kinetics of equilibrium
of 1a with pinacol ester 1b was analysed by simulations of temporal-
concentration profiles (Figure 11, B). Aqueous HCI or KOH was added to
achieve acidic or basic reaction conditions, respectively. The pH-rate profiles
were elucidated from either one or both of the time-averaged '°F NMR signals
for neutral, trigonal boronic acid/anionic, tetrahedral boronate [1a/1aon] and
pinacol ester/boronate [1b/1bonr] (Figure 11, C). The chemical shift for 1a and
1b is shifted upfield as the pH is increased, relative to the internal standard
potassium trifluoroacetate (IS = KTFA). At pH >13, achieved by addition of
excess KOH (>1 equiv.),® these species are quantitatively converted from their
trigonal to tetrahedral form (1a and 1b) and exist exclusively as boronates,
[1aon] and [1bon] (Figure 11, D). The speciation of 1a with [1aon] and 1b with
[1boH], described by equations (8) — (11), can be specifically calculated using
equation (7).
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Figure 11. A) Reaction conditions and NMR tube set-up. Order of addition of
reagents, in 1:1 1,4-dioxane/H20: 0.6 mL 1a/IS, followed by HCI or KOH added to
achieve desired pH. 0.4 mL pinacol added to initiate the reaction and pH measured.
Internal standard (IS) = difluoroanisole, TFA or its potassium salt. B) graphical
analysis for the esterification of 1a by 2 equivalents pinacol at pH 5.23 to afford the
corresponding pinacol ester 1b. Rate coefficients kestand knyq by kinetic modelling of
temporal-concentration profiles, under conditions of varying pH (example at pH 5.23
in graph B of the time-averaged '°F signals for 1a/[1aon] and 1b/[1bon]). C) Stacked
spectra of reactions, 4 mins after reaction initiation, across a wide pH range, including
chemical shifts for KTFA, 1a/[1aon] and 1b/[1bon]. D) Speciation between neutral
boron and boronate forms for a generic aryl boronic acid/ester.

XBOoH1a — 1 + 10(PKala—pH) (®)

10(PKala—pH)

xg1a = (1 — xgoyla) = 1+ 100Kata—pi) (10)
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10(PKalb—pH)
XB1b = (1_xBOH1b) = 1+ 10(PKalb—pH) (11)

Following an extensive series of individual reactions, and subsequent kinetic
modelling, a pH-rate profile, for the interconversion of [1a/1aor] with [1b/1bon]

in the presence of pinacol, was generated (Figure 12).

Khyd
0O . _OH HO
2 H,0 + B — B! +
o kest OH HO
F 1

F

27 °C, 1a
dioxane/H,0O
pH > pK, analysis pH > pK,
by 1°F NMR
Knya OH
HO o Y , HO
E O kest F
[1bonl [MaonI

pKa(»]a) =10.7

pKa(—] b) =10.2

|Og10 k

Figure 12. Pathways for hydrolysis (kwd) and esterification (kest) of 2-
fluorophenylboronic acid 1a, in the presence of 2 equivalents pinacol, across a wide
pH range, at 300 K, in 50% aq. dioxane and analysed by in-situ 'F NMR
spectroscopy. Rates of interconversion of acid 1a/[1aon] with ester 1b/[1bon]. Data
points (filled red/blue circles: [B]ror= 50 mM, [H.O] = 27.75 M) plotted as logok versus
pH. Kinetic model (solid red/blue lines: ku:[H'] + k™20 + Khzo + ksa + Katta) + Ka(tb),
[ArOH] = 0 mM). For pinacol boronates, the impact of kon was found to be negligible.
Dashed lines: [Blror < 5 mM, and self/auto-catalysis (ksa) is negligible.

The full profile was simulated using the following constants: ku+, k"9420, k2o,
Kon, ksa, Ka(1a), Ka(b). For pinacol boronates, the impact of kon was found to be

negligible. The summed processes for the hydrolysis and esterification rate
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coefficients (knyd and kest) are described below and individual simulated pH-
rate profiles for the processes ku:[H*] + k"9"[H20] + k*tH[H.O] and kon[OH] are

shown in Figure 13.

Summed processes for hydrolysis and esterification rate coefficients,
knya and kest respectively:

Rate = Knya[1b]; units for khyq s™

Knyd = Xg1b(kHH+[H*] + K900 + kHsa[10n]) + XBoH1b(kHH20 + kHon[OH])

Rate = kest([1a][pinacol]; units for kest M' s

Kest = Xa1a(KEn+[H™] + k''9Epin + kEsa[10H]) + XBoH1a(KEpin + kEoH[OH])

[1a] + [1b] + [1agy]™ + [1boy]™
1+ 10((0.5pKala+0.5 pKalb)—pH)

(12)

where [1g4] ~

[H*] = 10°" and [OH] = KY/[H]; pK" set as 15.75 for 1:1 1,4-dioxane/H20.8 109

'
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Figure 13. Individual simulated pH-rate profiles for the processes ki.[H'] + kK"9"[H.O]
+ K*M[H,0] kon[OH] and ksa[1on]. Co-plot of the five contributory processes with black
dashed line representing the sum of these processes.

Acceleration of the rate of hydrolysis of 1b at low pH, approx. pH 1-4, was
evident from the pH-rate profile (Figure 12). The speciation between neutral

boron and anionic boronate forms, at pH 2 for example, is xg >0.99 and xgon
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<0.01, where the pKsof 1a = 10.7. The potential for specific acid catalysis (kx+),
is supported by the negative slope (slope = -1) observed within this pH-range
and is consistent with the acid-catalysed processes proposed by Pizer’678 and
Ishihara.”®82 Given the nature of the solvent blend, 50% aq. dioxane, the
acceleration of the rate of reaction likely originates from catalysis specifically
by protonated solvent, in this case H3O", generated in the presence of strong
acid, aq. HCI (kinetic model: kn+[H']). Considering the rate enhancement
observed under acidic conditions, for the acid-catalysed process (kn+),
protonation at the boronate oxygen, followed by attack of H.O at the boron

centre, can be envisaged to generate the mono-coordinate ester (Scheme 26).

0 H*, Kns O OH H,0 OH
B, _— B _— B, +  pinacol
O pH << pKa OH OH

F b F F

1a

Scheme 26. Postulated pathway for the acid-catalysed hydrolysis (ku+) of pinacol
ester 1b in 50% aq. dioxane (pH 1-4, pH << pKa) and postulated pathway.

A plateau in the rate of hydrolysis (logok, slope = 0) was observed between
pH 5-8 (Figure 12), indicative of the pH-independent hydrolysis of neutral,
trigonal boronic ester 1b within this pH range (kinetic model: k''920). The
speciation between neutral boron and anionic boronate forms, at pH 6 for
example, is xg >0.99 and xson <0.01, where the pKs of 1a = 10.7. In this case,
trigonal hydrolysis was postulated to proceed initially by attack of H-O at the
boron centre, followed by a subsequent proton transfer to afford the mono-
ligated pinacol ester (Scheme 27).
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Scheme 27. The pH-independent hydrolysis (k"h20) of neutral, trigonal pinacol ester
1b in 50% aq. dioxane (pH 5-8, pH < pKa).

At pH >13, 1b undergoes conversion to the tetrahedral, anionic boronate and
the rate of hydrolysis of [1bon]” was decelerated under basic conditions (Figure
12). Hence, base-catalysis (kon) of the pinacolate ester 1b is negligible and at
pH >13, the overall rate of hydrolysis is independent of the pH. A possible
mechanism for this pathway is postulated and described in section 2.2.1
(Scheme 32).

2.1.3 Self/auto-catalysis

Dashed lines in the pH-rate profile indicate the predicted model in the absence
of any catalysis between pH 9-11 (Figure 12). When [Blwt (= 1a + 1b + [1aon]
+ [1bon]) is set to zero, the curved dashed lines are obtained. If no catalysis
within this pH range was evident, a continuation of the plateau observed for
the values of log1ok at neutral pH (k"9420) would be expected. This trend would
then be followed by the reduction in the rate of hydrolysis observed as the pH
rises, to approach pH >13, at which point ko is negligible. However, as the pH
approaches the substrate pKa (10.2 and 10.7 for 1b and 1a respectively), the
rate of hydrolysis rises. The rate then decays as the pH values become greater
than the pKs (Figure 12, model: solid coloured lines). This feature of the pH-
rate profile is suggestive of an self/auto-catalytic process (ksa). When the pH

= pKa, equal and maximum concentrations of both boron/ate species exist in
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solution (xs =0.50 and xson =0.50). Previously the potential for self/auto-
catalysis, when the pH values are close to the pKa, has not been identified for
the hydrolysis of boronic esters. This is likely due to previous works employing
UV-Vis spectroscopic analysis for studying the kinetics of hydrolysis of boronic
esters, using dilute solutions in neutral or acidic media, and hence working at

substantially lower substrate concentrations.53-55: 58, 60-63, 76-82

Since a self/auto-catalytic process is dependent on the total boron
concentration, the correlation between the rate of esterification (kest), of 1a in
the presence of pinacol, and concentration was independently probed at pH
10.8 and a linear correlation was confirmed (Figure 14). This supports a
deceleration in the logiok as the total boron concentration is reduced, at pH
values close to the pKa (Figure 12, dashed lines in kinetic model: [Blror — 0).
When the total boron concentration is raised, an enhancement in the rate of
hydrolysis of 1b is observed when self/auto-catalysis dominates, within the
limits of pH = pKa = 1.5 and [1]tor = 5mM.

F 2 equiv. pinacol
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B(OH),
dloxane/HZO
1a (1/1) 300 K
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Figure 14. Graphical analysis of the linear dependence of rate of esterification (Kest)
verus total boron concentration ([Bror] / M) at pH 10.8.
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2.1.4 Phenolic catalysis

The presence of aerobically generated hydroperoxides in ethereal solvents
can give rise to phenols from the corresponding arylboronates. The resulting
2-fluorophenol, produced from [1bon] by an oxidative process, was found to
accelerate the general-acid catalysed hydrolysis (karon) of pinacol ester
boronate [1bon] (Scheme 28).

ArOH HO
OH
HO O kArOH o OH i :‘ Q
cat. ArOH Q
[boul [aonl

+ pinacol
HO o [0] HO" N
Be OH Qo

F F

[1bon]

Scheme 28. A) General acid-catalysed hydrolysis of [1bon] by the resulting 2-
fluorophenol (karon) and B) generation of 2-fluorophenol by oxidation of [1bon].

A linear correlation between the total rate of hydrolysis (kobs, where Kobs = Knyd
+ keat{ArOH]) and 2-F-phenol concentration was observed at pH 10.5 (Figure
15 A). Greater equivalents of phenol (0.2-0.9 equivalents) in the reaction lead
to an increase in kobs and decrease in pH of the solution (Figure 15 B). The
extent of phenolic catalysis was explored for this system and revealed
oxidative general-acid catalysis to prevail only at pH values close to the
boronate pKa. As per self/auto-catalysis (ksa), phenolic catalysis (karon) was

only contributory at total boron concentration > 5mM.
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Figure 15. A) Graphical analysis at pH 10.5 of the linear dependence of Kobs versus
2-F-phenol concentration. B) pH change versus equivalents 2-F-phenol.

The pKan of 2-F-phenol was independently measured and estimated to be 10.0

(Figure 16). The pH of a solution of 2-F-phenol in 50% aq. dioxane was

measured, using a pH probe, following each subsequent addition of potassium

hydroxide, from 0.2 to 0.475 equivalents relative to 2-F-phenol.
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Figure 16. Plot of pH versus equivalents KOH. Taking the average pH across the
plateau (0.2 to 0.475 equiv.) gives a pKan of 10.0 for 2-F-phenol.
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2.1.5 Hydrolysis and esterification of 2,6-
fluorophenylboronic acid 2a and its pinacol ester 2b, and
pathways for protodeboronation

Since 2-fluorophenylboronic acid 1a is subject to very slow protodeboronation
at 27 °C in 50% ag. dioxane (fos= 19 h at 70 °C),® this substrate proved ideal
for exclusively monitoring hydrolysis of the pinacol ester. In order to investigate
the impact of esterification by pinacol on protodeboronation, the more reactive
2,6-difluorophenylboronic acid 2a was selected. The presence of an additional
ortho-fluorine on the phenyl ring is responsible for the greater reactivity of 2a
towards protodeboronation compared with 1a (see 1.1.3 and 1.3 for details).”
8,107 Additionally, 2a is most reactive under basic conditions when the boronate
[2aoH] is dominant,® and therefore protodeboronation of the pinacolate ester
[2bon]” was investigated at pH >13, at 27 °C in 50% aq. dioxane. The solvent
blend, containing 500 g H20 per litre ([H20] = 27.75 M), was optimised in
earlier studies for adequate boronic acid solubility across pH 1-13, salt
concentrations and boronic acid identities, and was retained in this study for

facile comparisons with previous work.8

The addition of 2 equivalents pinacol to boronic acid 2a, in 50% aq. dioxane,
gave a final equilibrated mixture of 75:25 2a/2b. Conversion to the respective
boronates [2aon] and [2bon]” occurred after the addition of excess base (3
equivalents relative to [2]roT), and a temporal concentration profile of the base-
catalysed protodeboronation of both species was elucidated. The stacked plot
of '9F spectra obtained for the reaction highlights the decay of the mixture of
[2aor] and [2bon] and formation of the protodeboronation product over time.
An upfield shift relative to boronic acid/ester 2a/2b, following the addition of
KOH, is experienced by boronates [2aon]/[2bon] (Figure 17).
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Figure 17. Reaction conditions, temporal-concentration profile and stacked plot of
spectra for the protodeboronation, at pH > 13, of 2,6-difluorophenylboronic acid 2a
pre-equilibrated with pinacol.

Temporal concentration profiles differed for the addition of a KOH/pinacol
mixture to boronic acid 2a (Figure 18 A) compared with the addition of KOH to
ester 2b (Figure 18 B). The addition of excess base ensured almost
instantaneous and complete conversion to the anionic, tetrahedral boronate
species. Negligible (£1%) [2bon] or [2aoH]” was detected in the respective
scenarios, indicative of slow conversion between acid and ester boronates
under basic conditions. This observation is in line with the behaviour of [1bon]
at high pH. Kinetic analysis of the pH-rate profile for [1bon] revealed the
absence of base-catalysed hydrolysis of the pinacolate for the 2-
fluorophenylboronate system, and hence slow hydrolysis at pH >13. At pH
>13, the rate of formation of protodeboronation product (m-CeHsF2) from
pinacolate ester [2bon]” was found to be approximately two orders of
magnitude slower than from trihydroxyboronate [2aon] (log1o ksa/kee 2.3; tos
33 h and 9 min respectively). The rate of protodeboronation of [2aor]/[2bon]

in the presence of pinacol was unaffected by the rate of addition of base.
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Figure 18. A) Base-catalysed protodeboronation of [2aon] in the presence of 2
equivalents pinacol and B) of [2bon], analysed by in-situ '°F NMR spectroscopy (data
points) and kinetic simulations (solid lines), at pH >13, 300K, in 50% ag. dioxane
([H20] = 27.75 M). Arrows on profiles refer to [2bon] and [2aoH] plotted on a secondary
axis in A and B respectively.

At pH >13 (3 equiv. KOH), the rate of formation of product (m-CsH4F2) for the
protodeboronation of 2b was insensitive to the addition of exogenous pinacol
(Figure 19 A). However, when only 0.5 equivalents KOH were utilised, the rate
of evolution of protodeboronation product decreased with increasing

43



equivalents pinacol (Figure 19 B). At this reduced pH, equilibration with
[2a/2aon] is faster and protodeboronation can proceed by the indirect pre-
hydrolytic pathway (ksa). The further addition of pinacol shifted the process in
favour of protodeboronation by the direct pathway (kse) due to the greater
presence of [2b/2boH]".

F F
3/0.5 equiv. KOH
BPin _— H
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F (1/1), 300 K F

X equiv. pinacol
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Figure 19. A) Plots of evolution of m-CeHaF2 overtime for the protodeboronation of
2b, in the presence of increasing pinacol (0, 1, 3 and 6 equivalents), at pH >13 (3
equiv. KOH) and B) reduced pH (0.5 equiv. KOH).

Kinetic simulations enabled extraction of the rates of the two competing
protodeboronation processes for 2b. At pH >13, arylboronate esters are
subject to protodeboronation via two distinct pathways (Scheme 24). Hence,
[2bon]T can undergo direct protodeboronation to generate product.
Alternatively, hydrolysis of [2bon]” can occur and leads to indirect
protodeboronation from [2aoH]".

In order to confirm the relative contributions of both processes; direct (kse) and

indirect pre-hydrolytic (knyd, kea) protodeboronation, an isotopic entrainment

experiment''-112 was performed. Isotopic entrainment involves the addition of
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a small quantity of labelled species into a running reaction to induce the flux,
in this case of [3,5-D2-2bo+]", through a reaction sequence involving unlabelled
reactants. This experiment was used to probe the kinetic behaviour of [2bon]
and the reversibility of formation of species ([2aon] and protodeboronation
product m-CsHsF2) in the overall process from [2bon]".

[3,5-D2-2b], prepared in 5 steps from the 3,5-difluoroaniline® was spiked into
an active reaction after 23% net fractional conversion to protodeboronation
product m-CeHaF2 (Figure 20). A rapid isotopic perturbation of the reaction was
induced following the manual addition of [3,5-D2-2b], which was immediately
converted to the boronate [3,5-D2-2bon] in-situ.

F F
BPin H
2b 3 equiv. KOH
F 50% ag. dioxane F
F 300 K o F
2a/2b/D,-2b H
Fo2a o F

[3,5-D>-2b]
added

0.05 |

0.04 -

0.03 -

0.02 A

Concentration / M

0.01
o TSRS m-CgDoHoF>
0.00 sersaeum cenpermER R I, s Dy-[2apy]
0 20 40 60 80 100 120

Time / min

Figure 20. Reaction conditions and temporal concentration profile for isotopic
entrainment experiment. Protodeboronation, at pH >13, of a mixture of [2aoH]
and [2bon] (25 mM and 11 mM at time of addition of 50 mM [3,5-D2-2bon]").
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Evolution of the deuterium-labelled species was monitored, taking advantage
of the isotope effect on the '°F chemical shift. In all cases, an approximately
0.5 ppm upfield shift was experienced by the deuterium-labelled species, with
respect to their non-labelled analogues, in the 'F NMR spectrum (Figure 21).

Do-[2bor]
m-CegHsF>
KTFA
[2boH] D230l
| [2a0n] e i CaDafzF2
i ] X

-75.0 -75.5 -76.0 -102.0  -102.5  -103.0  -103.5 -105.5  -106.0  -106.5 -111.0  -1115
(ppm)

Figure 21. "F NMR spectrum from isotopic entrainment experiment at t = 46 min; -
75.51S (KTFA), -102.6 ([2bon]), -102.9 (D2-[2bon] ), -105.8 ([2aoH] ), -106.2 (D2-[2aoH]
), -111.0 (m-C6H4F2) and -111.4 (4,6-D2-m-CeD2H2F2).

Analysis of the isotope ratios as a function of reaction progress (indicated as
% conversion of substrate), with the aid of kinetic simulations, enabled
evaluation of the mechanistic pathway for the protodeboronation of [2bon].
The presence of [3,5-D2-2aon] and 4,6-D2-m-CsHsF2 were detected during the
reaction by '°F NMR spectroscopy, confirming the potential for a hydrolysis-
protodeboronation sequence. Substantial accumulation of [3,5-D2-2aonH]” was
not observed since [2aoH] is the significantly more reactive species towards
protodeboronation. The rate of liberation of m-CeHsF2> was previously
established to be 50 times faster from trihydroxyboronate [2aon] at pH >13, in
50% aq. dioxane, compared with the pinacolate ester [2bon] (Figure 18).

Analysis of the deuterium fraction in each component by 'F NMR
spectroscopy revealed the dominant flux to be by the following sequence: [3,5-
D2-2boH]T — [3,5-D2-2aon] — 4,6-Do>-m-CeHasF> (Figure 22) 81% Do-

incorporation was retained by [2bon]” and approached by [2aown]. This
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stipulated [2aon] to be a genuinely productive intermediate from the pinacolate
ester [2bon]” and is a result of negligible esterification (kest) and rapid
protodeboronation (fo.5 =9 min) of [2aoH]". An increase in the deuterium content
(%) in protodeboronation product m-CsH4F2 was observed, but the rate of rise
of isotope incorporation into the product was attenuated to some extent since
it is dependent on the intermediate [2aor]. The kinetic model confirmed the
potential for indirect protodeboronation of [2bon]” via a hydrolysis-
protodeboronation sequence (knyd, kea) as the predominant pathway (70%).
The pinacolate ester [2bon]” was shown to be two orders of magnitude more
stable than the corresponding acid boronate [2aon] at pH >13 (log1o krel PDB
2.3). However, the potential for hydrolysis of [2bon] (knyd) and the subsequent
fast protodeboronation of [2aoH] (kea) leads to the phenomenological stability
of [2boH] being lessened relative to that predicted by kgse only. The half-life for
protodeboronation of [2bon] at high pH, taking into consideration the hydrolytic
equilibrium with [2aon], is 10 h (kse and knya combined).
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Figure 22. Pathways for protodeboronation of [2bon] evaluated by isotope
entrainment. [2aon]0 50 mM, [pinacol]o 99 mM, [2bon]o 10 mM; then [3,5-D»-2b] (50
mM) added after 23% net fractional conversion; simulation (solid lines through data)
confirmed the dominant sequence to be [3,5-D2>-2bon] — [3,5-D2-2aon] — 4,6-D2-m-
CeH4F2. Approx. 5% of m-CeHsF2 amd 4,6-D,-m-CeD2H2F2 phase-separated from the
50% aq. dioxane during the reaction; product concentrations were corrected for this.

Computations were performed by collaborators Dr Andrew Leach and Michele
Assante to probe the difference in behaviour between the 2,6-difluorophenyl
and 2-fluorophenyl pinacol esters, in terms of hydrolysis versus
protodeboronation. All calculations were performed at the MO6L/6-311++**
level in Gaussian09. A dissociative process for the hydrolysis (Scheme 29)
revealed similar behaviour for both boronate ester systems 2b and 1b, despite
gross differences in reactivity to protodeboronation. Transition states weren’t
identified for direct Sn2 or addition of water at the ester boronate center. The
relative free energies in kcal/mol for the pinacol esters of 2,6-

difluorophenylboronic acid and 2-fluorophenylboronic acid (2b and 1b), for
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water-mediated step 1 and 2 transition states were 27.6/28.0 (2b/1b), and
32.2/31.1 (2b/1b) for the respective steps.

o OH
HO,
oBp- ! N
~OB-0 N B\O&OH H,0 N 8\O&OH
| \J oH — | \ — .
F Fn Fn

step 1 step 2
“ step 3
O
HO_OH 0
B.
N goH  HO N[ oH
Nz ) Nz
Fn Fn
step 4

Scheme 29. Dissociative process for the hydrolysis of fluorinated pinacol boronate
esters.

The identity, strength and concentration of the base employed in reactions
involving aryl B-Pin reagents, conducted in basic aq.-organic media, for
example the Suzuki-Miyaura cross-coupling,'® can impact the behaviour of the
boronate. Thus, the influence of both K.CO3 and NEts, compared with KOH,
was explored for the protodeboronation of [2bon]. Conditions were as per
Figure 18 A, and a mixture of base (3 equiv.)/pinacol was added to 2a to initiate
the reaction. At pH 11, when K2CO3 was utilised, equilibration of [2aon]” with
[2bon]  was rapid (via ksa and kn20) and overall protodeboronation proceeded
with a half-life of 20 minutes (Figure 23 A). Contribution of self/auto-catalysis
(ksa) under these conditions is comparable with the significant acceleration of
the hydrolysis of [1b/1bon]™ evident from the pH-rate profile when the pH is
close to the pKa. At pH 10, when NEtz was utilised, rapid equilibration of [2aon]
with [2bon]” was also observed. The rate of protodeboronation was reduced
(to.5= 40 min) because the mol-fraction of boronate [2aon] was lower at this pH
(Figure 23 B).
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Figure 23. A) Base-catalysed protodeboronation of [2ao+]/[2bon] analysed by in-situ
YF NMR spectroscopy, at pH 11.03, and B) pH 10.11, 300K, in 50% aq. dioxane
([H20] = 27.75 M). Base was added as a pre-mixed solution with pinacol to intiate the
reaction.

Previous work found the initial rates (kobs/s™) of protodeboronation for 2,6-
difluorophenylboronic acid 2a, with varying equivalents of hydroxide, to reach
saturation following the addition of 1 equivalent KOH.8 The effect of increasing
equivalents of hydroxide on the initial rates (s™') for the protodeboronation of
2a in the presence of pinacol was probed. The same plateau in rate beyond 1
equivalent KOH was not observed in this case (Figure 24) due to the impact of
hydrolysis of pinacol ester [2bon]” catalysed by hydroxide, and subsequent
protodeboronation of boronic acid [2aoH]".
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Figure 24. Reaction conditions for the protodeboronation of 2a in the presence of
pinacol and graphical analysis of initial rates (kos/s™”) versus [KOH].

2.1.6 Summary and general trends for pinacol esters

Following the extensive mechanistic analysis of [2bown], the impact of
esterification by the ubiquitous pinacol moiety was further probed for a series
of (hetero)aromatic systems 1a-9a and 10a. These included five
polyfluorinated aryl examples and four heteroaromatic systems; thiazolyl,
pyrazolyl, isoxazolyl and pyridyl (Table 3).
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Table 3. Kinetics of overall protodeboronation (kse and ksa) and hydrolysis (knyd) Of
(hetero)aryl pinacol ester boronates 1b-9b at 300 K, in 50% aq. dioxane, at pH >13
and pinacol ester 10b at pH 7.

direct
) ;§< LN
(het)Ar— B(/—— O

\ HKhyd S
(het)Ar—

) OH
B—OH
\
OH

OH

Kee

(het)Ar-H
/" dioxane/H,0

dioxane/H,0O
indirect

H,O

F F F F F F
@BPM QBPM MeOQBPin FQBPin Qspin
1b F 2p Fap F a4 F F 5

F F
F%}Bpm '\]1\;\>—BPin Q—BPin NC') _)—BPin QBPin
F Feb 7b Me 8b 9b 10b
Pinacol boronate ksa kse |Og Krel khyd pKhyd
fos fos PDB fos
(kea/kse)
1 2-Fluorophenyl[1bon] -2 -2 -2 94h 1.2
2  2,6-Difluorophenyl [2bon] 9.2min 33.0h 23 141h 04
3  2,6-Difluoro-4-anisyl [3bon] 19.2 334h 2.0 13.7h 04
min
4  2,4,6-Trifluorophenyl [4bon] 39min 55h" 19 --b --b
5 2,3,5,6-Tetrafluorophenyl 11s 2.3 2.1 --¢ --°
[SboH] min
6 2,3,4,56-Pentafluorophenyl 0.1s¢ 107s 20 --° --°
[6bon]
7  5-Thiazolyl [7bon] 4.6 h 7.3d 1.6 3.6d <25
8 1-Me-1H-5-pyrazolyl [8bon] 211d 1.7y 15 290h 1.3
9  3,5-Dimethylisoxazolyl [9bor] 78.7d >5y® 21.9° 80h 14
10 2-Pyridyl [10bx on] 240 140 020 39 28
min

#Protodeboronation product, CeHsF undetected. °Direct protodeboronation (kse)
298.5% and maximum 0.05% [4aon] detected. °“Rate of hydrolysis (khya) and Khnya not
determined; kse > knya. “Value previously determined and reported.'™ °Kinetic
simulations utilised to estimate lower limits. 'Rate coefficients for 10b were determined
at neutral pH. The dominant speciation, at neutral pH, is zwitterionic [104,0n1] and at
pH >13, ksa[10acH] fos= 35 h.
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The rate of protodeboronation of each boronic acid was independently
determined, i.e. in the absence of pinacol, at pH >13 for 1a-9a and at neutral
pH for 10a. Reactions for 1a-9a were initiated, in 50% aq. dioxane at 27 °C, by
the addition of excess base to ensure the instantaneous and quantitative
conversion to the boronate form. The (pseudo) first order decay of boronic acid
boronate (Bowr) is pH-dependent and the rate constant for protodeboronation
(kea/s™) can be extracted by plotting In([Bon]o/[Bon]:) versus time. Kinetic
simulations of temporal concentration profiles for the protodeboronation at pH
>13 of pinacolate esters 1b-9b enabled extraction of rate coefficients, which
were compared against the rate of protodeboronation (ksa) for the
corresponding trihnydroxyboronates 1a-9a. In the case of 10a and 10b, the
addition of an acetic acid buffer ensured a neutral pH of approximately 7 was
maintained over the course of the reaction. Half-lives (fo5), are based on
protodeboronation proceeding exclusively by the direct pathway (kse), or by
irreversible hydrolysis (knya), reported in Table 3. However, the
phenomenological stability of the boronic esters studied depends on the rate
and equilibria (knyd, Knyd) of indirect protodeboronation (kga).

Esterification by pinacol attenuated the rate of direct protodeboronation (kse)
by approximately two orders of magnitude (logio ksa/kee 1.9 +0.4) across all
(hetero)aryl substrates studied at pH >13 (2b-9b). The stability imparted arises
from the four methyl groups in pinacol which can sterically shield the O and B
centres and therefore hinder the attack of water, but do not cause significant
steric strain between the pinacol group and aryl ring. Compared to the span of
rates observed for protodeboronation (ksa and kse, Table 1), the rate of ester
hydrolysis (knya) proved relatively insensitive to the identity of the
heteroaromatic and aromatic ring (fo.5 = 8 h to 4 d), and stabilisation imparted
by pinacol esterification was most pronounced in the reactive polyfluorophenyl
systems (entries 4-6).

While the rate of direct protodeboronation (kse) and hydrolysis (knyd) for

(hetero)aryl pinacol ester boronates 2b-9b was probed at pH >13, the 2-pyridyl
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pinacol ester was tested at pH 7. The protodeboronation of 2-pyridylboronic
acid 10a was monitored under neutral conditions as it has previously been
reported to be most reactive when the zwitterionic boronate complex [104,0H]
is dominant at pH 7. This is in contrast to boronic acids 2a-9a, including
polyfluorophenyl and non-basic heteroaromatic substrates pyrazolyl, thiazolyl
and isoxazolyl, which are most reactive under basic conditions.® 1% The half-
life of protodeboronation for 2-pyridylboronic acid [10aocn] was measured at
pH >13 (to.5 = 35 h) by "H NMR spectroscopy.

At neutral pH, zwitterionic speciation is favourable for pinacol ester 10b and
neighbouring-group interaction arises between the 2-pyridinium proton and
boronate oxygen. From DFT computations by collaborators Dr Andrew Leach
and Michele Assante, this neighbouring-group participation by the 2-pyridinium
proton is likely responsible for the accelerated rate of both hydrolysis (khyd fo.5
= 4 min) and protodeboronation (fo.s = 1.4 h; logiokrel PoB (KBa/kBe) = -0.2)
observed in contrast to the other (hetero)aryl pinacol esters studied (Figure
25).

5 Q:%: H

HO N
N 0 H20 N® @
hydrolysis — \OH \

H

[10ay oH]
[10by oH]

/H N . E:’\O
_N - H (0]
& C
\éf protodeboronation

Figure 25. Hydrolysis and protodeboronation at neutral pH of zwitterionic [10bn o],
with neighbouring-group participation by the 2-pyridinium proton. Transition state (TS)
structures calculated by DFT (kcal mol™'; MO6L/6-311+G**).
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2.2 Effect of ester identity

2.2.1 Summary and general trends for 2,6-
difluorophenylboronic esters

Esterification by pinacol suppressed direct protodeboronation by
approximately two orders of magnitude across the series of (hetero)aryl
systems studied. Following on from these investigations, the kinetics and
mechanism of base-catalysed protodeboronation for boronic esters,
encompassing eight different polyols including simple diols and a triol, was
probed. 2,6-Difluorophenylboronic acid 2a proved to be an ideal system for
these investigations and the series was explored by means of reaction
monitoring utilising both in-situ and stopped-flow '°F NMR spectroscopy. As
per the pinacol esters, rate coefficients were extracted by kinetic simulations
of concentration-time plots and half-lives (fo.5) calculated were based on the
direct protodeboronation (kse) of boronic esters and irreversible hydrolysis
(knyd)- The influence of an extensive range of polyols explored for 2a revealed
an unexpectedly expansive scale of overall rates, with half-lives spanning four
orders of magnitude, for the protodeboronation of boronic esters at high pH
(Table 4).
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Table 4. Kinetics of overall protodeboronation (kse and ksa) and hydrolysis (knyq) Of
2,6-difluorophenylboronates 2a-2i and 1i at 300 K, in 50% aq. dioxane, at pH >13.

/" dioxane/H,0 Q

F

F

direct
©0R
Q S
OH

\  Ahyd ©,0H
B OH
dioxane/H,0O

indirect

F F F F
0 0 o 0
! I O QD
0 O 0 e}
F F F F
2b 2c 2d 2e

QWQX Q

\

/

Acid / Ester boronate kepg l0g10 ket Khyd PKhyd
t0.5 PDB t0_5
(kea/kse)
1 Trihydroxyboronate [2aoH] 9.2min - -
2 Pinacol ester [2bon] 33.0 h. 2.3 141h 04
3  Catechol ester [2con] 30.1h* 23 <1s® 15
4  Ethylene glycol ester [2don] 23.9h 1.4 1s 0.7
5  1,3-Propanediol ester [2eon] 15.0 min 0.2 44 s 0.4
6° 2-Hydroxymethyl-2-methyl-1,3- 12.6 min 0.1 513s 14
propanediol ester [2fon]
7 Neopentylglycol ester [2gon] 2.4 min -0.6 129s 0.3
89 2-Methylpentan-2,4-diol ester [2hon] 23.1s -1.4 8.6s -f
9 2,4-Dimethylpentan-2,4-diol ester 7.7s -1.9 3.4 -
[2ioH] min
10" 2,4-Dimethylpentan-2,4-diol ester? -9 -9 25 -0.7
[1 iOH]' min

“Determined in the presence of 1.3 equiv. KOH and excess catechol to reduce excess
hydroxide. The tys may be underestimated due to the impact of kon on Knya.
®Determined at pH >13 where kon dominates knya. [2for] is present as an equilibrium
mixture of diastereoisomers (relative abundance (%): 45/25/35). “[2hon] is present as
an equilibrium mixture of diastereoisomers (relative abundance (%): 81/19). 'Knya not

determined. 9[1ion] is the mono ortho-fluoro isomer
product, CsHsF1 undetected.
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Contrary to common assumption, greater stability is not necessarily imparted
by esterification of boronic acids. Both pinacol [2bon] and catechol [2con]
esters exhibited rates of direct protodeboronation approximately two orders of
magnitude slower than the corresponding trihydroxyboronate [2aor] compared
with the 2,4-dimethylpentan-2,4-diol ester [2ion] which underwent direct
protodeboronation at a rate approximately two orders of magnitude faster. The
half-life for protodeboronation (fo.5) can be considered on a scale relative to
that of 9 minutes for [2aon], with a substantially longer half-life for [2bon]” and
[2coH] (fo.s = 33.0 h and 230.1 h respectively) and only 7.7 seconds for [2ioH] .

Influence of counter-cation (M*) identity

Previous studies on the kinetics of protodeboronation of arylboronic acids in
50% aqg. dioxane at 70 °C, found the identity of the counter-cation (M*) to
influence the rate of protodeboronation only slightly.® The counter-cations
investigated included Li*, K* and BusN* for boronate [2aon]. The impact of the
same counter-cations on the rate of protodeboronation was probed at 27 °C in
this study, revealing analogous trends for [2aoH]"M* (ksa) and for the direct
protodeboronation of 2,4-dimethyl-2,4-pentandiol ester boronate [2ion]M*
(kse). The rates of hydrolysis for [2ion] M* (K'hya) were measured and found to

be accelerated for M* = Li*, BusN* relative to K*, albeit only slightly (Table 5).

Table 5. Relative rates of prodeboronation for [2aoH]M* (ksa; previous work at 70 °C
and current study at 27 °C) and [2ion] M* (kse), and hydrolysis (knyq) for [2ion] M.

F F
@9 OH @[Qﬁo
%-0H ©0
F OH (@)

2801 [2ioHT
[2aor]M" [ionM*
M™  ea(70°C?)  Kea(27°C)  Kee(27°C)  Kinya (27 °C)
Lit 0.66 0.44 0.50 17
K* 1.0 1.0 1.0 1.0
BusN* 0.98 0.82 0.84 1.1
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Hydrolysis of boronic esters: Ring size and degree of substitution

The susceptibility of boronic esters 2b-2i towards hydrolysis (knyd) impacted
the kinetics of overall protodeboronation which includes the indirect pre-
hydrolytic (knyd, ksa) pathway in addition to direct protodeboronation (kse). The
ring size, degree of substitution and steric impact influences the extent of
hydrolysis experienced by 2b-2i.

A range of both 5- and 6-membered ring boronic esters, including the
(hetero)aryl pinacol boronates, were studied which exhibit half-lives for
hydrolysis spanning 1 seconds to 3.7 days at high pH. For similarly simple ring
systems, Musgrave and Bowie found 5-membered ring esters to hydrolyse
more rapidly than their 6-membered homologues, under neutral conditions.™
Greater angle strain is experienced by 5-membered ring systems, and this
accounts for the increased rate of attack by water at the trigonal boron centre
during hydrolysis. This general trend, established in the 1960s, was shown in
this work to be reversed at high pH. The 6-membered ring esters, studied in
this body of work, were found to undergo hydrolysis under basic conditions
more quickly than the 5-membered ring esters. The relative rates of hydrolysis
(knyd) and protodeboronation (kse) for 5- versus 6-membered ring esters under
neutral and basic conditions are highlighted in Scheme 30.

angle

; strain
A K OH K20
~B-0- nzo B~ Apoo
Neutral pH o] Ar”"OH  faster ]

o i k20 o ko o QH
High pH BN ——  “B-OH 'B-O
A0 faster Ar” OH A O

1,3-dliaxial

strain J Ken
kBA

Scheme 30. Relative rates of hydrolysis (kny) and protodeboronation (kse) under

neutral and basic conditions for for 6-membered ring, 2,4-dimethylpentan-2,4-diol

arylboronate esters versus 5-membered ring, pinacol arylboronate esters.

Ar-H
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For example, the hydrolysis of 1,3-propanediol ester [2gon] proceeds with a
half-life of 4.4 seconds in contrast to ethylene glycol ester [2don]” which
undergoes hydrolysis slower (fo.s = 11 s). The angle strain experienced by 5-
membered rings in the neutral, trigonal form is relieved upon conversion to the
boronate. This, in addition to 1,3-diaxial strain experienced by 6-membered
rings in the anionic, tetrahedral form, is reflected in the quicker hydrolysis of 6-

membered ring esters at high pH.

The temporal concentration profile elucidated by '°F stopped-flow NMR
spectroscopy, in addition to kinetic simulations (Figure 26), revealed the 6-
membered ring ester [2gon] to exhibit rapid hydrolysis (khya = 12.9 s) at high
pH. The neopentyl glycol ester was found to be more reactive towards
protodeboronation than the corresponding trihydroxyboronate [2aon] (fo.s = 2.4

min versus 9 min respectively).
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Figure 26. Kinetic analysis for the hydrolysis and protodeboronation of [2gon]” at high
pH.

With increasing substitution on the ring, formed by chelation of the boron
centre by the diolate, the rate of hydrolysis (knyd) is attenuated in both 5- and
6-membered ring esters, while the rate of direct protodeboronation (kse) rises
for the 6-membered ring systems. The influence of increasing substitution on
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5-membered ring systems was probed by comparing the half-lives for
hydrolysis of ethylene glycol ester [2don]" versus pinacol ester [2bon] (fo.s= 11
s and 14.1 h respectively). The 6-membered, 2-methylpentan-2,4-diol ester
[2hoH] is differentiated from 2,4-dimethylpentan-2,4-diol ester [2ioH]” by one
additional methyl group on the ring of the latter ester (fo.5= 8.6 s and 3.4 min
respectively). This increased steric crowding for [2ion] hinders the attack of
water during hydrolysis to a greater degree than for [2hon]. The difference in
the degree of substitution between these substrates results in kse > knyq for
[2ion] in comparison with Knyd > ke for [2hon] (Figure 27).
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Figure 27. A) Kinetic analysis for the hydrolysis and protodeboronation of [2ion]
compared with B) [2hon] at high pH.

Catechol ester 2e

The overall protodeboronation reaction for catechol ester [2con] can be
considered, as per the other esters studied, a function of two distinct,
contributary pathways; direct (kse) and indirect pre-hydrolytic (ksa)
protodeboronation (Scheme 31). [2con] undergoes very slow direct

protodeboronation (kse), approximately two orders of magnitude slower than
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the corresponding boronic acid [2aon]. Acceleration of the overall rate of
protodeboronation is dictated by the liberation of [2aon]", and the rate of ester
hydrolysis is dependent on the availability of hydroxide (kon versus ku20).
Deconvolution of both direct and indirect processes in addition to probing the
pH-dependent, pre-hydrolytic pathway was key to understanding the influence
of esterification by catechol.

o I slow
kon | OH ' Kh2o Kea
¥

OH
HO. /
oB@

A" oH

Scheme 31. Direct (kse) and indirect pre-hydrolytic (ksa) protodeboronation of a
catechol ester.

In the absence of excess hydroxide, [2con] undergoes very slow hydrolysis
(kn2o; tos = 30 h). However, as the pH is raised and in contrast to the other
esters studied, the catecholate ester becomes subject to substantial specific
base-catalysis by hydroxide (kon) (Scheme 32). At pH >13, where kon
dominates kw20, tos< 1 s. The formation of a semi-liberated phenolate anion
(partially attached by a single B-O bond), and subsequent liberation of a stable,
free phenolate, acts as the thermodynamic driving force and facilitates the
base-catalysed dissociative hydrolysis of [2con]”. The catechol boronate [2con]
is therefore an exception to the general trends observed for the hydrolysis of
esters of 2,6-difluorophenylboronic acid (Scheme 29).
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Scheme 32. Dissociative hydrolysis of catechol versus pinacol esters at high pH.

The availability of hydroxide has a considerable impact on the overall rate of
protodeboronation of [2con]". At pH 13, hydrolytic equilibrium of catechol ester
[2con] with the trihydroxyboronate [2aonr] is achieved in less than 2 seconds
and protodeboronation proceeds near exclusively via species [2aon], with an
overall half-life for the reaction of 20 min (Figure 28).

F 3 equiv. KOH F
2 equiv. catechol
B(OH), H
dioxane/H,O
F (171), 300 K F
2a
A B
0.04 0.05
s 0.04 [2conT
= 003 s . L o 4
E S ooz fI/c °
‘é 0.02 g
£ § 0.02 °e
S q c 2
£ 0.01 8 oo ° o 0
o : [2aonl
0 e e g s v 0 y r r r r
0 5000 0 2 4 6 8
Time/s Time /s

Figure 28. A) Reaction profile and kinetic simulation for the protodeboronation of
[2aoH], pre-equilibrated with catechol, and initiated with excess KOH. B) Reaction
profile and kinetic simulation for the base-catalysed protodeboronation of [2aoH], in
the presence of catechol.
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Following the addition of excess catechol to a running reaction of [2aon] at
high pH, a substantially reduced overall rate of protodeboronation was attained
(Figure 29). Excess catechol in the reaction is capable of sequestering excess
hydroxide, thereby lowering the pH of the reaction. Under these conditions,

[2con] is subject to slow hydrolysis, and direct protodeboronation is slow (kse).
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Figure 29. A) Reaction conditions and profile for the addition of excess catechol into
a running reaction of [2aon] at pH >13. B) Reactions conditions and kinetic analysis
for the rate of formation of protodeboronation product formation in the presence of
excess base with increasing equivalents catechol.
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2.3 Protodeboronation mechanisms of boronic
esters

Electron-deficient, polyfluorinated boronic acids have previously been shown
to undergo protodeboronation, in basic aqueous-organic media, via an anionic
dissociative mechanism (Scheme 33), involving proton-transfer to an aryl
anionoid which arises from rate-limiting C-B bond cleavage.® The
protodeboronation of two boronate esters was analysed, by determination of
the "H/?H product KIEs, for the 2,6-difluorophenylboronate complexes [2bon]
and [2ioH], relative to the trihydroxyboronate [2aon]. A low partitioning factor
(Arn/Arp) distinguishes the anionic dissociative mechanistic pathway from a
process involving rate-limiting protonatation, dominant for less-reactive and
electron-rich aryl trinydroxyboronates like 4-anisyl trihydroxyboronate, which
produces a substantial KIE.®

F F F F
o - B(OH)3 H,0O
B(OH), B(OH); —— C) — H
F F F F
2a
FRO& 0R F.O8 or
B H. BZ
) (0) & o OR
H/ h \H
F F
[2on* (1201] nHL0)*

Scheme 33. Pathway for protodeboronation of 2,6-difluorophenylboronic acid 2a, by
anionic dissociation, involving the generation of an aryl anion and subsequent fast
trapping by water to afford protodeboronation product.

The partitioning factors measured were small in magnitude (Aru/Arp = 1.26 +
0.05), and the absence of a substantial solvent isotope effect (kn/kp = 1.12,
Figure 30) supported protodeboronation via an early transition state and
protonation of a developing anionoid.""°
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Figure 30. Rate analysis of protodeboronation of boronic acid 2a in 1:1 1,4-
dioxane/H.O and 1,4-dioxane/D-0O. Net solvent KIE on absolute rate (kn/kp) = 7.7/6.9
=1.12.

The small magnitude of the 'H/?H product KIEs (Aru/Arp = 1.19-1.27, kgg),
obtained in 1:1 dioxane/(50:50 H20/D20), for [2acH], [2bon]” and [2ioH] was
indicative of protodeboronation via an anionic dissociative pathway by both
esters as per the corresponding boronic acid (Table 6). The KIE values
determined supported the delivery of a proton to the anionoid from a hydroxyl
group on the departing boronic acid, which can act as a Brgnsted-acid, or
alternatively the direct protonation via a network of water (Scheme 33). The
fractionation of protodeboronation for the pinacolate boronate [2boH], between
the direct (0.3kse) and indirect (0.7ksa) pathways (see Section 2.2), dictated
the final calculated value for net H/D partitioning in the product (Aru/Arp = 1.23,
KgE).
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Table 6. Experimental values for relative rates (ke (ppg)), half-lives of
protodeboronation (to.s) and partitioning factors (Aru/Arp; 1:1 dioxane/L20, where L =
H/D). The individual "H/?H product KIEs were averaged from 3-6 reactions and ratios
determined by "°F NMR spectroscopy. '*F NMR spectra of '"H/?H protodeboronation
products after the reaction of [2ion] in 1:1 1,4-dioxane/(50:50 H.O/D,0) at pH >13.

F F
Q L,O/dioxane Q
B(OH), > L
300 K, p[L*] >13
F F ArH/ArD
F F F
0 o)
B(OH), B B
o) 0
F F E
2a 2i 2b
2a 2i 2b
fos 9 min 7 sec 33h
Krel (PDB) 2.1 x10? 1.7 x10* 1
Aru/Arp 1.26 £ 0.01 1.20 £ 0.01 1.25+0.01
,,/// /

-110.90 -110.95
(ppm)

While the partitioning factors obtained for the three esters differed only slightly,
the values for each were reproducible. A reaction was initiated from a 50:50
mixture of 2a and 2i in 1:1 dioxane/(50:50 H20/D20), at pH 13, and monitored
by F NMR spectroscopy. The boronate ester [2ion] is subject to faster
protodeboronation than the corresponding trihydroxyboronate [2aon], and this
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was reflected in the 'H/?H product KIEs (Ara/Arp ~ 1.20) observed at 50%
conversion (see Table 6 for individual "H/?H product KIEs and kel (pog)). As the
reaction progressed to 100% conversion, a rise in the Aru/Arp value was
observed, as a result of the contribution of protodeboronation from [2aon]. The
shape of the experimental data obtained supports the differences apparent,
albeit small in magnitude, in the individual partitioning factors for boronic esters
2a and 2i (Figure 31).
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Figure 31. Analysis of conversion/% versus Ar-H/Ar-D for the protodeboronation of a
50:50 mixture of boronic acid [2aox] and boronic ester [2ion] at high pH.

Computations were performed for the protodeboronation at high pH of pinacol
ester 2b and 2,4-dimethylpentan-2,4-diol ester 2i, by collaborators Dr Andrew
Leach and Michele Assante (Figure 32). The free energies (kcal/mol) for the
ground state and transition state (TS) structures were calculated using the
MOG6L functional and 6-311+G** basis set (MO6L/6-311+G**). Solvation was
included in the calculations using IEFPCM ¢ = 60 (single point) in addition to
explicit aqueous solvation by one or more water molecules. The placement
and number of explicit solvent molecules is commonly selected based on
chemical intuition. In this work, the placement of explicit water molecules was
guided based on a novel approach, analogous to a method employed by

Hunter and co-workers,''* considering the electrostatic potential surfaces of
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the solutes. The option to use explicit solvation, ‘taking’ a water molecule from
the bulk medium, and thereby inducing hydrogen bonding interactions with the
solute, was considered favourable only when the enthalpy (AHsov) of addition
of a H>.O exceeded an optimum cut-off of 9.7 kcal/mol."*5-11® Explicit solvation
was included while the enthalpy gain, resultant from each addition of a single
H20, outweighed the loss in entropy (ASson) due to the increased order and

associative interactions between the solute and explicit water.

Computations supported the differences in reactivity found experimentally
between the boronic esters 2b and 2i. The difference in reactivity between the
pinacolate ester [2bon]” and its ring homologue [2ion] can be attributed to two
factors; (1) faster hydrolysis of 6-membered diol ring esters relative to the 5-
membered ring systems at high pH. As previously discussed in Section 2.1.5,
rapid hydrolysis is proposed to be due to the 1,3-diaxial strain which arises
upon conversion of the neutral, trigonal ester 2i to the anionic, tetrahedral
boronate of the 6-membered ring [2ioH], and (2) 5-membered diol ring esters,
in this case 2b, are less stable in their neutral, trigonal form due to angle strain.
This is relieved upon conversion to the boronate, increasing the stability and
resulting in the decelerated hydrolysis, at high pH, of [2boH]".
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Figure 32. Computational analysis of the protodeboronation at high pH of pinacol
ester 2b and 2,4-dimethylpentan-2,4-diol ester 2i. The 1,3-diaxial strain, responsible
for the instability of the boronate ester [2ioH], is highlighted in addition to the relief of
angle strain following the conversion of 2b to [2bon]".
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Thus, the origin of the substantial differences observed for varying kse, at high
pH, between pinacol 2b and 2,4-dimethylpentan2,4-diol 2i 2,6-
difluorophenylboronic esters (33 h versus 7 s respectively), was attributed to
their relative stabilities in the boronate form (described by [2bor] and [2ioH])
respectively). The relief of substantial angle strain in [2bon] under basic
conditions accounts for its increased stability towards protodeboronation via
C-B bond cleavage. The increased stability in the boronate form of the pinacol
ester, [2bon] is in stark contrast with ester [2ion], which experiences 1,3-
diaxial strain in this form, between axial methyl groups and axial aryl or
hydroxyl groups on boron. The 1,3-dixial strain which arises upon conversion
of neutral, trigonal 2i to anionic, tetrahedral [2ion] is the basis for the instability
of [2ion] towards dissociation and subsequent generation of a naked aryl

anion.

The experimentally-determined half-lives for direct protodeboronation of
borononate esters (fo.s) were compared against calculated barriers for the
transition state for protodeboronation (AG*cac), by Dr Andrew Leach and
Michele Assante (Figure 33). Mechanistic coherency, for the full series of
pinacolate esters [2b-9bon] and [10bhon], and their corresponding
trihydroxyboronates [2a-9aon]” and [10an.0n] (Table 3) in addition to the
(hetero)arylboronates [2c-2ioH] (Table 4), was confirmed by comparison of
computations with experimentally-determined data.
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Figure 33. Half-lives (fos) for direct protodeboronation of boronate esters versus
computed transition state (TS) barriers. The dashed grey line shows the theoretical
half-life based on the calculated TS barriers for protodeboronation.

Free energy barriers were calculated in kcal/mol for the protodeboronation of
the boronic acids and esters which were investigated experimentally to probe
the contribution of sequential versus concerted protonolysis (Table 7).
Computations found sequential protonolysis (fragmentation) to be the
dominant pathway in the more stabilised (hetero)aryl anionoids, for example
in the penta and tetrafluorophenyl systems, [50n] and [60or] respectively. The
fragmentation mechanism involves the formation of an aryl anionoid which is
stabilised by electron-withdrawing fluorine groups on the phenyl ring. These
electron-withdrawing groups can interact with the boric acid group and the
hydrogen of a water molecule, and this complex will be more favourable at
lower temperatures (27 °C versus 70 °C).2 The entropic cost (AS) of having
three molecules come together will be lower at reduced temperatures. The free
energy barriers calculated for the alternative esters 2e-2f of 2,6-
difluorophenylboronic acid (Table 7) are lower for protodeboronation by the
concerted pathway compared with fragmentation. In addition to steric effects,
the computed barriers are closely linked to the structure geometries and

interaction of water molecules with the solute.
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Table 7. Computed free energy barriers for the protodeboronation of acid and ester
boronates.

Fragmentation = Concerted proton transfer

Free energy barriers (kcal/mol): Boronic acids

2,3,4,5,6-Fs5[6aoH] 15.4 15.3
2,3,5,6-F4[5aon] 17.6 17.3
2,4,6-F3 [4aoH] 21.3 21.3
2,6-F2 [2aoH] 224 222
2,6-F2, 4-OMe [3aoH] 23.8 22.6
2-F1 [1aon] 32.3 29.0
5-thiazolyl [7aoH] 27.3 24.4
Pyrazolyl [8aoH] 354 31.5
Isoxazolyl [9aoH] 34.7 30.5

Free energy barriers (kcal/mol): Pinacol esters

2,3,4,5,6-F5 [6boH] 18.7 19.5
2,3,5,6-F4[5bon] 20.4 211
2,4,6-F3 [4bon] 23.9 245
2,6-F2 [2bon] 24.8 25.6
2,6-F2, 4-OMe [3bon] 25.8 257
2-F1 [1bon] 341 32.5
5-thiazolyl [7bow] 29.5 28.5
Pyrazolyl [8bor] 35.5 33.0
Isoxazolyl [9boH] 36.1 33.3

Free energy barriers (kcal/mol): 2-Pyridyl (zwitterionic)

2-pyridyl BA [10an,0+] 23.1 21.9
2-pyridyl BE [10by,0n] 22.7 24.0
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Table 7 continued. Computed free energy barriers for the protodeboronation of
acid and ester boronates.

Fragmentation Concerted proton transfer

Free energy barriers (kcal/mol): Alternative esters (2,6-difluorophenyl)

2,6-F2 boronic acid [2aon] 22.4 22.2
Pinacol [2bon] 24.8 25.6
Catechol [2con] Not found 28.1
Ethylene glycol [2don] Not found 254
1,3-propane diol [2eoH] 25.8 23.7
Neopentyl glycol [2gon] 28.0 22.9
2-Hydroxymethyl-2-methyl- 24 .4 23.6

1,3-propanediol [2fon]

2,4-Dimethylpentan-2,4-diol  23.4 204
[2ioH]

2-Methylpentan-2,4-diol 23.5 22.5
[2hoH]
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Chapter 3

Conclusions and Future Work
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3.1 Conclusions

This research has focused on discerning the various pathways by which
boronic esters undergo protodeboronation and understanding the factors
which influence these processes. This will aid in optimising conditions and
designing boronic ester substrates for efficient use in modern synthetic
chemistry. The kinetics and mechanism for a diverse range of
(hetero)arylboronic esters, comprising a series of diols, have been investigated
by in-situ and stopped-flow NMR spectroscopy ('H, '°F and ''B), supported by
kinetic simulations, pH-rate dependence, isotopic entrainment, °H KIEs and
KS-DFT computations. The work revealed boronic esters to be highly nuanced
in their behaviour and highlights the prospect for controlling the overall rate of

protodeboronation by means of varying the pH and polyol component.

Base-catalysed protodeboronation was shown to proceed via an analogous
mechanism for the boronic esters and their corresponding acids. This pathway
involves the generation of an aryl anionoid via rate-limiting C-B bond cleavage
followed by sequential or concerted protonation. The speciation of boronic acid
and ester between their neutral, trigonal boron form and anionic, tetrahedral
boronate form is pH dependent. Almost exclusive and quantitative conversion
to the boronic acid and ester boronates is instantaneously achieved after the
addition of excess base. At pH =2 units above the pKa, speciation is >99%
boronate. The net rates of protodeboronation for (hetero)arylboronic esters are
dictated by two competitive processes; direct protodeboronation or indirect
pre-hydrolytic protodeboronation. The coexistence and extent of these two
reaction pathways has been deconvoluted using kinetic simulations. In
general, for the pinacol esters studied, and with the exception of the tri, tetra
and pentafluorophenyl systems, protodeboronation by the pre-hydrolytic

pathway was predominant under basic conditions.
By investigating the effect of diol structure, this work revealed that esterification

does not necessarily confer greater stability to the corresponding boronic acid
or attenuate the overall rate of protodeboronation. The impact of esterification
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of 2,6-difluorophenylboronic acid by eight different polyols, including simple
diols and a triol, was probed, revealing a substantial span of overall rates of
protodeboronation at pH >13. Under basic conditions, the half-life for
protodeboronation of the pinacol ester was longer (fo.s = 33 h) compared with
that of the free acid (fos = 9 min). In contrast, esterification by 2,4-
dimethylpentan-2,4-diol shortened its half-life to just 7 seconds.

The impact of esterification by the ubiquitous pinacol moiety was investigated
for a range of (hetero)aromatic systems. The aryl B-Pin esters exhibit unique
stability at high pH compared with other commonly used esters, arising from
the reduction in angle strain on conversion of the neutral, trigonal ester to the
anionic, tetrahedral boronate. Esterification by pinacol attenuated the rate of
direct protodeboronation by approximately two orders of magnitude across all
(hetero)aryl substrates studied at pH >13. The increased stability imparted by
pinacol esterification was most apparent in the reactive polyfluorophenyl
systems. The four methyl groups in pinacol sterically shield the O and B
centres and hinder the attack of water but do not induce significant steric strain
between the pinacol group and aryl ring. The potential for ester hydrolysis and
the subsequent rapid protodeboronation from the corresponding
trinydroxyboronate at high pH, results in the reduced phenomenological
stability of pinacolate esters, compared to that indicated by the direct
protodeboronation only.

Boronic ester hydrolysis rates were also nuanced due to the variation in diol
structure, and the behaviour of 5- and 6-membered ring boronic esters is pH-
dependent. A range of both 5- and 6-membered ring boronic esters were
studied exhibiting half-lives for hydrolysis across a wide scale, spanning 1
second to 3.7 days at high pH. As reported by Musgrave and Bowie, at neutral
pH, 5-membered cyclic boronic esters are subject to more rapid hydrolysis
than 6-membered systems. In this work, the trend was shown to be inverted at
high pH, and 6-membered cyclic boronic esters undergo hydrolysis quicker
than their 5-membered homologues. There are two exceptions to this
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observation including the catecholate ester and the 2-pyridyl system, both of
which hydrolyse rapidly by alternative pathways. The diol acidity, ring size and

degree of substitution impacts the susceptibility to hydrolysis of boronic esters.

An enhancement in the rate of hydrolysis of aryl B-Pin esters occurs when
self/auto-catalysis dominates and this process is evident when the pH is close
to the substrate pKa. Self/auto-catalysis is suppressed at 2 pH units greater or
less than the pKa of the aryl B-Pin ester. Aerobically generated hydroperoxides
present in ethereal solvents can oxidise arylboronates to their corresponding
phenols. The phenol formed can catalyse the hydrolysis of aryl B-Pin esters
when the pH is close to the substrate pKa. Self/auto and phenolic catalysis
becomes more rapid with increasing initial pinacol ester concentration. When
the pH is 2 or more units greater than the pKa of the aryl B-Pin ester, >99%
speciation as the boronate is achieved. The rate of hydrolysis to the
corresponding acid boronate is attenuated significantly under these conditions
relative to hydrolysis of the neutral, trigonal ester.

The identity, strength, and concentration of the base, employed in cross-
coupling reactions which utilise aryl B-Pin ester reagents, and are conducted
in basic aqueous-organic media, can impact the boronate speciation and
behaviour. The half-life for protodeboronation of the 2,6-difluorophenyl pinacol
ester was 20 minutes, 40 minutes and >10 hours at pH 10, 11 and >13,
achieved using bases NEt3, K:CO3 and KOH. When the pH is 2 or more units
greater than the pKs of the aryl B-Pin ester, >99% speciation as the boronate
is achieved. The rate of hydrolysis to the corresponding acid boronate is
attenuated significantly under these conditions, which is in contrast to the rapid

equilibration of acid boronate with ester boronate at reduced pH.

In summary, the pH is a critical factor in governing the susceptibility of
(hetero)arylboronic esters towards hydrolysis. However, both the nature of the
polyol and boronic acid moiety influence the extent of protodeboronation both
via hydrolysis and the direct pathway.
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3.2 Future work

3.2.1 Phenolic catalysis

In-situ oxidation of [1bon], by aerobically-generated hydroperoxides in the
solvent blend 50% aq. dioxane, afforded the 2-fluorophenol. This phenol was
found to accelerate the rate of hydrolysis (kaon) of pinacolate ester [1bon]
when the pH was close to the pKa. In certain circumstances, when the
deprotection of boronic esters by hydrolysis is desirable, acceleration of the
process would be beneficial. Hence, future investigations would involve
probing the scope of phenols, varying in acidity, steric hindrance, and chelating
ability, which accelerate the general acid-catalysed hydrolysis of [1bon]

OH OH OH
i: j: i: NO,
OMe cl NO,

Increasing acidity

(examples in Figure 34).

Figure 34. Examples of phenols (of increasing acidity from left to right) to test.

3.2.2 Substrate scope

The kinetics and mechanism of hydrolysis and protodeboronation for a broad
range of pinacol esters (1b-10b) and 2,6-difluorophenylboronic esters (2a-2i),
encompassing eight polyols, was investigated in this work. The scope of
polyfluorinated pinacol esters and in particular heteroaryl pinacol esters
studied could be expanded, to include several non-basic heterocycles; thienyl,
furyl and pyrrol (Figure 35) given the importance of heterocyclic moieties as
scaffolds in synthetic organic chemistry.
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Figure 35. Non-basic heteroarylboronic acids including thienyl, furyl and pyrrol (left to
right).

The impact of esterification by pinacol on cyclopropyl and vinyl boronic acids
could also be probed.'® A greater scope of diols used for the esterification of
2,6-difluorophenylboronic acid could be employed to further probe the impact
of ring size and degree of substitution on the rate of hydrolysis of boronic
esters. Due to the increasingly frequent incorporation of diethanolamine (DEA)
boronic esters in organic synthesis within the pharmaceutical industry, this
study could be expanded to include a DEA esters of 2,6-difluorophenylboronic
acid and other (hetero)aryl boronic acids (Scheme 34).1"7

F F
O\/T 3 equiv. KOH
<«~NH —M H
OI\J dioxane/H,0
= (1/1), 300 K F

Diethanolamine (DEA)
boronic ester

Scheme 34. Base-catalysed protodeboronation of a 2,6-difluorophenyl DEA ester.

3.2.3 Hydrolysis and esterification of 2-

fluorophenylboronic acid 1a and its catechol ester

It was found that the rate of ester hydrolysis for [2con] is dependent on the
availability of hydroxide (ko versus ki20). In the absence of excess hydroxide,
[2con] hydrolyses slowly (kn2o; tos = 30 h) but, as the pH is increased the
catecholate ester becomes subject to base-catalysis (kon). At pH >13, where
kon dominates kn20, fos < 1 s. Catechol is unique due to its acidity relative to
the other diols studied in this work. Exploring the hydrolysis and esterification
of 2-fluorophenylboronic acid 1a and its catechol ester, by constructing a
detailed pH-rate profile across a wide pH range, would prove insightful.
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3.2.4 Metal-catalysed protodeboronation and application

in Suzuki-Miyaura cross-couplings

Esterification of boronic acids can promote rapid protodeboronation or
attenuate the process. Thus, the potential for efficient removal of remaining
starting material when required or mitigation of undesirable protodeboronation
in cross-couplings could be exploited by the research presented in this study.
Notably, this research should provide valuable guidance to support the usage
of unstable (hetero)arylboronic esters in aqueous basic media, conditions
commonly employed in the Suzuki-Miyaura reaction. Direct application of the
findings herein would further aid the synthetic community, in particular relating
to the appropriate selection of boronic esters for cross-couplings. Initial
investigations probing the impact of catalytic palladium on the
protodeboronation of the pinacolate ester 2b at pH >13, by comparing the
absolute rates of protodeboronation with and without the presence of a Pd
metal catalyst, would likely prove insightful (Scheme 35). These studies could
include Pd(ll) species which are reduced in-situ, for example Pd(dppf)Cl2, and
Pd(OAc)., or Pd(0) species added directly to the reaction, for example
Pd(PPhs)s. These studies could be expanded to explore other metal catalysts
commonly used in Suzkui-Miyaura and analogous cross-couplings, for
example nickel. The base could be varied and both KOH and K2CO3 tested.
Subsequent studies could incorporate a coupling parter into the reaction, for
example an aryl halide or triflate, and employing literature Suzuki-Miyarua
reaction conditions with a range of (hetero)arylboronic esters.

Pd cat F
3 equw KOH
H
d|oxane/H20
(1/1), 300 K F
S11

Scheme 35. Protodeboronation of pinacolate ester 2b at pH >13 and in the presence
of catalytic palladium.
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Chapter 4

Experimental
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4.1 General information

4.1.1 NMR spectroscopy

Unless stated otherwise, all "H, "*C{'H}, '°B, "'B and "°F NMR spectra were
acquired on a Bruker Ascend 400 MHz spectrometer at 300 K (27 °C) ('H 400
MHz, 3C{'H} 101 MHz, "B (128 MHz) and '°F (377 MHz). MestReNova
versions 10.0 and 11.0 were used for processing all NMR spectra acquired. All
chemical shifts for 'TH NMR spectra are reported in parts per million (ppm)
relative to the solvent residual signals; DMSO-ds (&n = 2.50 ppm) and CHCIs
(31 = 7.26 ppm). All chemical shifts for *C NMR spectra are reported in parts
per million (ppm) relative to the solvent peak; DMSO-ds (6¢c = 39.5 ppm) and
CDCI3 (¢ = 77.2 ppm). Coupling constants, J, are quoted in Hz and
multiplicities as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and
multiples of these (e.g. dd, doublet of doublets). NMR tubes made from
borosilicate glass were used to record NMR spectra except for 1B and ''B
NMR spectra when quartz NMR tubes were used. 'F NMR spectra recorded
are reported in ppm. "B and "°F NMR chemical shifts are externally referenced
to BF3.0OEt2 = 0 ppm.

4.1.2 Infrared (IR) spectroscopy

A Bruker ALPHA™ ATR-FTIR spectrometer was used to record IR spectra for
all compounds. IR spectra were acquired over a range of 400-4000 cm™" and
peaks are reported in cm™.

4.1.3 Mass spectrometry

A Bruker ESI Micro-Tof mass spectrometer was used to record all electrospray

ionisation (ESI*) spectra. Data acquired is reported as m/z.
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4.1.4 Melting points

A Griffin capillary apparatus and glass capillary tubes were used to determine
the melting point (m.p.) of compounds. The melting points acquired were

reported in degrees Celcius (°C).

4.1.5 Reagents and solvents

Reagents were obtained from commercial sources (Sigma Aldrich, Alfa Aesar,
Fischer Scientific, Acros Organics and Fluorochem) and used without further
purification unless otherwise specified. The reagent catechol was purified prior
to use by recrystallization in toluene or hexane according to literature
procedure.'® 2-pyridyl boronic acid MIDA ester was purified prior to use by
flash column chromatography in MeCN.'%° Anhydrous solvents were obtained
from a Solvent Purification System (SPS). NMR solvents (CDClz and DMSO-
ds) were dried over activated 3 A molecular sieves prior to use. Deionised

water was used unless otherwise specified.
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4.2 Synthetic procedures

4.2.1 2,6-Difluorophenylboronic acid pinacol ester, 2b'"®

- 9J§<
F

2b was prepared by modification of a reported procedure.'® To a 100 mL
round-bottomed flask, equipped with a stir bar was added pinacol (4.55 mmol,
0.54 g) in 10 mL MeCN and 2,6-difluorophenylboronic acid (4.14 mmol, 0.65
g) in 10 mL MeCN. The reaction mixture was allowed to stir at room
temperature overnight (16 h). The reaction was washed with 10 mL deionised
water and 2 x 20 mL extractions with diethyl ether were performed. The
combined organic layers were dried over sodium sulfate, filtered and
concentrated under reduced pressure to give a white crystalline solid. The
product was subsequently dried on a high vacuum line (0.79 g, 79% yield).
Spectroscopic data consistent with that reported-''% 120 'TH NMR (400 MHz,
CDCI3) & = 7.39-7.31 (m, 1H), d = 6.81-6.87 (m, 2H), & = 1.38 (s, 12H). '°F
NMR (377 MHz, CDCl3) & = =100.7 (m). "B NMR (128 MHz, CDCl3) & = 29.8.
13C NMR (101 MHz, CDClI3) & = 166.6 (dd, J = 250.5 Hz, 12.8 Hz), & = 133.1
(t, J =10.7 Hz), 8 = 110.9-111.2 (m), 84.2 (s), 24.8 (s). The carbon attached
to boron was not detected. M.p.= 48-51 °C.
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4.2.2 3,5-Dideutero-2,6-difluorophenylboronic acid, 3,5-
D2-238

3,5-D,-2a was prepared following the previously reported procedure.®

F F F F

i 0] D D (i) D I @iy D I

HoN F H,N F H,N F F
D D D

(i) Two subjections of D20, TfOH (0.4 equiv), 120 °C for 16 hrs. 49%
yield, m.p.(°C) = 38 - 39.

(ii) I2, NaHCO3, D20, 0 °C to rt, 19 hrs. 66% yield, m.p.(°C) = 104 — 150.

(iii) 'BUONO, DMF, 60 °C, 1 hr. 59% yield.

(iv) (a) "BuLi (1.4 M in hexane), Et20, -78 °C; (b) B(O'Pr)s, -78 °C to -10
°C, 1 hr; (c) 5 % DCl in D20. 30% yield, m.p.(°C) = 148 — 150 °C.

4.2.3 3,5-Dideutero-2,6-difluorophenylboronic acid pinacol
ester, 3,5-D>-2b

3,5-dideutero-2,6-difluorophenylboronic acid (0.63 mmol, 0.10 g) and pinacol
(0.70 mmol, 0.08 g) were added to a 10 mL RBF equipped with a stir bar in 4
mL MeCN. The reaction mixture was allowed to stir at room temperature for
17 hours. The solvent was removed in-vacuo and after drying on a high
vacuum line, a light brown crystalline solid was obtained (79 % yield). '"H NMR
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(400 MHz, CDClI3) & = 7.35 (1H, tt, J = 6.6 Hz, 1.2 Hz), d = 1.39 (s, 12H). 13C
NMR (101 MHz, CDCI3) 6 = 166.6 (dd, J = 250.7 Hz, 12.7 Hz), 132.9 (i, J =
10.6 Hz), 110.8 (q, J = 25.6 Hz), 84.2 (s), 24.8 (s). The carbon attached to
boron was not detected. '"°F NMR (377 MHz, CDCl3) & = - 100.98 (d, J = 6.7
Hz). "B NMR (128 MHz, CDClI3) & = 29.8. M.p.(°C) = 58 — 60. Vmax (neat)/cm-
12978, 2941, 1614, 1562, 1417, 1323, 1203, 1136, 1054, 976, 844. HRMS
(ESI) m/z calc. for [M*] C12H13D202""BF2: 242.12439, found: 242.12532.

4.2.4 2,6-Difluoro-4-anisylboronic acid pinacol ester, 3b%

MeO F

Following an alternate synthetic procedure, 2,6-difluoro-4-anisylboronic acid
pinacol ester was prepared. To a 25 mL round-bottomed flask, equipped with
a stir bar, was added boronic acid (3.14 mmol, 0.590 g) and pinacol (1 equiv.,
3.13 mmol, 0.370 g) in 14 mL MeCN. The reaction mixture was allowed stir
overnight with 3 A° molecular sieves. The solution was filtered and
concentrated in-vacuo to give a light brown oil in 20% yield. Spectroscopic data
consistent with that reported.®® 'TH NMR (400 MHz, CDCls) & = 6.36 (2H, d),
3.79 (3H, s), 1.36 (12H, s). '*C NMR (101 MHz, CDCl3) & = 167.8 (dd, J =
249.9, 16.6 Hz), 163.9 (t, J = 14.8 Hz), 97.8 (m), 83.8 (m), 55.76 (s), 24.7 (s).
The carbon attached to boron was not detected. '°F NMR (377 MHz, CDCls3) &
=-99.03. "B NMR (128 MHz, CDCl3) & = 29.5.
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4.2.5 2,4,6-Trifluorophenylboronic acid pinacol ester,
4b121

I ‘?J%
F F

Following an alternate synthetic procedure, 2,4,6-trifluorophenylboronic acid
pinacol ester was prepared. To a 25 mL round-bottomed flask, equipped with
a stir bar, was added boronic acid (5.68 mmol, 1.003 g) and pinacol (1 equiv.,
5.76 mmol, 0.681 g) in 14 mL MeCN. The reaction mixture was allowed stir
overnight with 3 A° molecular sieves. The solution was filtered and
concentrated in-vacuo to give an off-white crystalline solid in 56% yield.
Spectroscopic data consistent with that reported.’?' 122 '"H NMR (400 MHz,
CDCI3) & = 6.60 (2H, m), 1.37 (12H, s). 3C NMR (101 MHz, CDCl3) & = 168.6
(t), 166.2 (dt, J = 34.0 Hz, 15.8 Hz), 163.9 (t, J = 16.0 Hz), 100.1 (m), 84.3 (s),
24.7 (s). The carbon attached to boron was not detected. '°F NMR (377 MHz,
CDCI3) & = -103.92 (1F), -97.24 (2F). "B NMR (128 MHz, CDCl3) & = 29.4.
M.p.(°C) =38 — 41 °C.

4.2.6 2,3,5,6-Tetrafluorophenylboronic acid pinacol ester,

5b121
F

F

Following an alternate synthetic procedure, 2,3,5,6-tetrafluorophenylboronic
acid pinacol ester was prepared. To a 25 mL round-bottomed flask, equipped
with a stir bar, was added boronic acid (2.60 mmol, 0.505 g) and pinacol (1
equiv., 2.60 mmol, 0.306 g) in 8 mL MeCN. The reaction mixture was allowed

to stir overnight with 3 A® molecular sieves. The solution was filtered and
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concentrated in-vacuo to give a white crystalline solid in 33% yield.
Spectroscopic data consistent with that reported.’>' "H NMR (400 MHz, CDCl5)
d=7.10 (1H, ddd, J = 9.5 Hz, 7.4 Hz, 2.1 Hz), 1.38 (12H, s). 3C NMR (101
MHz, CDCl3) & = 148.7 (dddd, J = 249.1 Hz, 13.6 Hz, 10.4 Hz, 3.6 Hz), 145.7
(dddd, J = 248.8 Hz, 16.2 Hz, 8.8 Hz, 3.9 Hz), 108.6 (it, J = 22.3 Hz, 1.7 Hz),
84.9 (s), 24.6 (d, J = 15.6 Hz). The carbon attached to boron was not detected.
F NMR (377 MHz, CDCIs) & = -139.33, -131.00. "B NMR (128 MHz, CDCl5)
6 =29.2. M.p.(°C) =41 - 43 °C.

4.2.7 2,3,4,5,6-Pentafluorophenylboronic acid pinacol
ester, 6b'122

Following an alternate synthetic procedure, 2,3,4,5,6-
pentafluorophenylboronic acid pinacol ester was prepared. To a round-
bottomed flask equipped with a stir bar and Dean-Stark setup, was added
boronic acid (7.57 mmol, 1.605 g) and pinacol (1 equiv. 7.65 mmol, 0.904 g)
in 8 mL toluene. The reaction mixture was refluxed and once cooled to room
temperature, concentrated in-vacuo. The resultant oil was purified using a
silica plug with DCM as the eluent. A white crystalline solid was obtained and
dried under high vacuum (70% yield). Spectroscopic data consistent with that
reported.’?> TH NMR (400 MHz, CDCls) & = 1.37 (s). 3C NMR (101 MHz,
CDCI3) & = 149.4 (m), 142.8 (m), 137.3 (m), 84.9 (s), 24.7 (s). The carbon
attached to boron was not detected. '°F NMR (377 MHz, CDCl3) & = -129.52
(2F), -149.81 (1F), -161.97 (2F). "B NMR (128 MHz, CDCl3) 3 = 29.0. M.p.(°C)
=34 - 36 °C.
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4.2.8 5-Thiazolyl boronic acid pinacol ester, 7b'%3

N
Q;H’Ojf
O

n-BuLi (1.2 equiv., 2.5 M in hexane, 1.6 mL) was added to a stirred solution of
2-trimethylsilylthiazole (3.38 mmol, 0.541 mL) in dry THF cooled to -78 °C
under nitrogen over a period of 20 min. Triisopropyl borate (1.2 equiv., 4.06
mmol, 0.94 mL) was added after 15 min of stirring at -78 °C. The mixture was
allowed to stir for 1.5 h at this temperature before warming to room
temperature over the course of 45 min followed by 30 min stirring at room
temperature. A solution of pinacol (1 equiv., 3.38 mmol, 0.40 g) in THF was
added and after 10 min, glacial acetic acid was added dropwise until the pH
reached 5. The mixture was diluted with ether and filtered. The filtrate was
concentrated to 1/3 of its volume and diluted with cyclohexane and
concentrated under vacuum three times. The resulting residue was triturated
with n-hexane and filtered to afford the crude product. '"H NMR spectrum
obtained showed AcOH impurity in the crude product. After purification with
saturated sodium bicarbonate solution, the product was isolated as off-white
powder (0.12 g, 17%). Spectroscopic data consistent with that reported.’>® H
NMR (400 MHz, CDCls) & = 9.01 (s, 1H), 8.35 (s, 1H), 1.36 (s, 12H). *C NMR
(101 MHz, CDCl3) & = 158.7 (s), 152.7 (s), 84.6 (s), 24.8 (s). The quaternary
carbon for the heteroaryl C-B bond was not detected. "B NMR (128 MHz,
CDCl3) 6 =29.1. M.p .(°C) =93 - 95 °C.
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4.2.9 3,5-Dimethyl isoxazolyl boronic acid pinacol ester,
9b124

Q
B-
(0]
‘et
(0]

To a 25 mL round-bottomed flask, equipped with a stir bar, was added boronic
acid (2.27 mmol, 0.320 g) and pinacol (1 equiv., 2.29 mmol 0.271 g) in 8 mL
DCM. The reaction mixture was allowed to stir at room temperature for 4 hours
with 4 A®° molecular sieves. The solution was filtered and concentrated in-
vacuo to yield a white crystalline solid which was dried on a high vacuum line
(0.26 g, 51% yield). Spectroscopic data consistent with that reported.’>* H
NMR (400 MHz, DMSO-ds) d = 2.46 (3H, s), 2.22 (3H, s), 1.27 (12H, s). 13C
NMR (101 MHz, DMSO-de) & = 178.0 (s), 163.2 (s), 83.7 (s), 25.1 (s), 12.9 (s),
11.8 (s). The quaternary carbon for the heteroaryl C-B bond was not detected.
"B NMR (128 MHz, DMSO-dg) & = 29.3. M.p.(°C) = 86 — 89 °C.

4.2.10 2,6-Difluorophenylboronic acid catechol ester,
2c125

Following a modified procedure, 2,6-difluorophenylboronic acid catechol ester
was prepared. To a 25 mL round-bottomed flask equipped with a stir bar and
4 A molecular sieves was added 2,6-diflucrophenylboronic acid (0.684 mmol,
0.11 g) and 1.1 equivalents catechol (0.752 mmol, 0.08 g) in 10 mL CH2Cl>.
The reaction mixture was allowed to stir at room temperature for 5 hours. The
solution was filtered to remove the molecular sieves and concentrated down
on the rotary evaporator. A white crystalline solid was obtained (0.14 g, 87 %
yield). M.p.(°C) = 123 — 126. Spectroscopic data for the DMSO adduct. 'H

90



NMR (400 MHz, DMSO-de) 6 = 7.26 (tt, J = 8.2 Hz, 6.7 Hz, 1H), 8 = 6.83 (ddd,
J =8.3 Hz, 6.8 Hz, 1.6 Hz, 2H), 6.71 (dd, J = 5.6 Hz, 3.3 Hz, 2H), 6.60 (dd, J
= 5.6 Hz, 3.4 Hz, 2H). '*C NMR (101 MHz, DMSO-ds) & = 165.0 (dd), 150.9
(s), 129.5 (t), 118.4 (s), 110.6 (m), 108.7 (s). The carbon attached to boron
was not detected. °F NMR (377 MHz, DMSO-ds) d = - 102.61 (ddd, J = 11.2
Hz, 5.6 Hz, 2.4 Hz). "B NMR (128 MHz, DMSO-ds) 5 = 10.4.

4.2.11 2,6-Difluorophenylboronic acid propanediol ester,
2e

To a 100 mL round-bottomed flask, equipped with a stir bar, was added 2,6-
difluorophenylboronic acid (8 mmol, 1.262 g) and 1,3-propanediol (1.1 equiv.,
8.8 mmol, 0.6 mL) in 40 mL diethyl ether. The reaction mixture was allowed
stir overnight with 4 A°® molecular sieves. The solution was filtered and
concentrated in-vacuo to yield a white solid in 48% yield. M.p.(°C) = 32 — 34
°C. Vmax (neat)/cm1 3000, 1620, 1570, 1482, 1455, 1423, 1328, 1276, 1144,
1122, 985, 925, 847, 786, 763, 715, 652, 573, 547, 508, 486, 451. '"H NMR
(400 MHz, CDCI3) 6 =7.25 (1H, m), 6.79 (2H, m), 4.17 (4H, m), 2.08 (2 H, m).
13C NMR (101 MHz, CDCl3) 8 = 167.2 (d, J = 13.4), 164.7 (d, J = 13.3), 131.9
(s), 111.0 (m), 62.4 (s), 27.3 (s). The carbon attached to boron was not
detected. '°F NMR (377 MHz, CDCl3) 8 =-102.93. "B NMR (128 MHz, CDCl5)
O = 26.6. HRMS (ESI) m/z calc. for [MH*] CoHyO2"'B+F2: 198.06566, found:
198.06582.
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4.2.12 2,6-Difluorophenylboronic acid neopentyl glycol
ester, 2g'%°

F QﬁL
F

Following a modified procedure, 2,6-difluorophenylboronic acid neopentyl
glycol ester was prepared. To a 100 mL round-bottomed flask, equipped with
a stir bar was added 2,6-difluorophenylboronic acid (6.58 mmol, 1.04 g), 2,2-
dimethyl-1,3-propanediol (7.2 mmol, 0.75 g) in 40 mL diethyl ether.
Magnesium sulfate (6.23 mmol, 0.75 g) was added and the reaction mixture
was allowed to stir at room temperature overnight (24 h). The reaction was
filtered through a plug of cotton wool and a layer of Kieselgur (washed with
acid), washed with diethyl ether and concentrated down under reduced
pressure. A white crystalline solid was obtained and dried on a high vacuum
line (95% yield). Spectroscopic data consistent with that reported.’?” '"H NMR
(400 MHz, CDCl3) 6 = 7.27-7.35 (m, 1H), 6 = 6.84 (t, 2H), 5 = 3.83 (s, 4H), 8 =
1.10 (s, 6H). °F NMR (377 MHz, CDCl3) & = -102.9 (m). "B NMR (128 MHz,
CDCI3) & =26.4. 3C NMR (101 MHz, CDCl3) d = 165.8 (dd, J = 247.5 Hz, 13.5
Hz), 8 =131.8 (t, J = 10.5 Hz), 8 = 110.7-111.0 (m), 6 = 72.6 (s), d = 31.8 (s),
0 = 21.7 (s). The carbon attached to boron was not detected. M.p.= 40-42 °C.

4.2.13 2,6-Difluorophenylboronic acid 2-methyl-2,4-
pentanediol ester, 2h

ol
o
F

To a 50 mL round-bottomed flask equipped with a stir bar, was added 2,6-
difluorophenyl boronic acid (2.09 mmol, 0.33 g) which was then dissolved in
10 mL Et20, followed by the addition of hexylene glycol (1 equiv., 2.09 mmol,
0.27 mL). The reaction mixture was allowed to stir at room temperature
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overnight with 4 A molecular sieves. The mixture was filtered and concentrated
on a rotary evaporator to give a white crystalline solid. The product was dried
under high vacuum (51% yield). '"H NMR (400 MHz, DMSOQ) & = 7.42 (it, J =
8.4 Hz, 6.9 Hz, 1H), 7.01 — 6.90 (m, 2H), 4.41 (dqd, J = 11.6 Hz, 6.2 Hz, 3.0
Hz, 1H), 2.01 (dd, J = 14.0 Hz, 3.1 Hz, 1H), 1.55 (ddd, J = 14.1 Hz, 11.6 Hz,
0.8 Hz, 1H), 1.33 (s, 3H), 1.28 (s, 3H), 1.23 (d, J = 6.2 Hz, 3H). °F NMR (377
MHz, DMSO) & = -103.22. "B NMR (128 MHz, DMSO) & = 26.3. 3C NMR
(101 MHz, DMSO) & = 165.1 (dd, J = 244.6 Hz, 13.9 Hz), 132.7 (t, J = 10.3
Hz), 111.5 (m), 72.7 (s), 66.1 (s), 45.6 (s), 31.1 (s), 28.7 (s), 23.1 (s). The
carbon attached to boron was not detected. M.p. (°C) = 52 — 56. Vmax
(neat)/cm™ 2975, 2919, 1618, 1574, 1450, 1399, 1383, 1369, 1346, 1328,
1316, 1292, 1274, 1219, 1205, 1159, 1137, 1106, 1057, 1040, 979, 906, 876,
837,794, 765, 734, 680, 662, 652, 566, 548, 514, 454, 437, 419. HRMS (ESI)
m/z calc. for [MH*] C12H1602"'BF2: 241.11830, found: 241.12059.

4.2.14 2,6-Difluorophenylboronic acid 2,4-dimethyl-2,4-

pentanediol ester, 2i
F CI)>§v
Qe
.

2,6-difluorophenylboronic acid (1.98 mmol, 0.31 g) was added to a 25 mL RBF
equipped with a stir bar. To this was added 10 mL diethyl ether, followed by
2,4-dimethyl-2,4-pentanediol (1.94 mmol, 0.28 mL). The reaction mixture was
allowed to stir at room temperature overnight with 4 A molecular sieves. The
reaction was filtered and concentrated in-vacuo to give a white crystalline solid.
The product was dried under high vacuum (0.26 g, 52% yield)."H NMR (400
MHz, DMSO-de) 6 = 7.43 (m, 1H), 8 = 6.96 (m, 2H), & = 1.99 (s, 2H), 5 = 1.37
(s, 12H). 13C NMR (101 MHz, DMSO-ds) & = 164.5 (dd, J = 244.4 Hz, 14.2 Hz),
6=132.1(t,J=10.3Hz),5=110.9(m), 5=72.0(s), 5=48.0 (s), d=31.2(s).
The carbon attached to boron was not detected. '°F NMR (377 MHz, DMSO-
ds) & = - 98.87 (m). "B NMR (128 MHz, DMSO-de) & = 30.8. ''B NMR (128
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MHz, DMSO-dg) & = 30.78. M.p.(°C) = 91 — 93. Vmax (neat)/cm 2983, 1617,
1570, 1447, 1371, 1328, 1296, 1192, 1141, 1105, 980, 800, 767, 660, 536,
514. HRMS (ESI) m/z calc. for [MH*] C12H1802"'BF2: 255.13840, found:
255.13624.

4.2.15 2,6-Difluorophenylboronic acid 2,4-dimethyl-2,4-

hexanediol ester, 2j
Qe
.

To a 50 mL round-bottomed flask equipped with a stir bar, was added 2,6-
difluorophenyl boronic acid (1 equiv., 3.80 mmol, 0.60 g) which was then
dissolved in 26 mL Et,O, followed by the addition of 2,4-dimethyl-2,4-
hexanediol (3.81 mmol, 0.56 g).'?® The reaction mixture was allowed to stir at
room temperature overnight with 4 A molecular sieves. The mixture was
filtered and concentrated on rotary evaporator to give a white crystalline solid.
The product was dried under high vacuum (0.58 g, 71%). 'TH NMR (400 MHz,
DMSO-d®) & = 7.43 (tt, J = 8.3 Hz, 7.0 Hz, 1H), 7.02 — 6.91 (m, 2H), 1.92 (m,
2H), 1.61 (qd, J = 7.5 Hz, 4.3 Hz, 2H), 1.41 (s, 3H), 1.34 (s, 6H), 0.90 (t, J =
7.5 Hz, 3H). "®F NMR (377 MHz, DMSO-d®) 5 = -103.52. "B NMR (128 MHz,
DMSO-d®) & = 26.3. *C NMR (101 MHz, DMSO-d®) & = 165.1 (dd, J = 244.6
Hz, 14.1 Hz), 132.6 (t, J = 10.3 Hz), 111.5 (m), 74.7 (s), 72.3 (s), 45.8 (s), 36.9
(s), 32.2 (s), 31.4 (s), 28.3 (s), 8.4 (s). The carbon attached to boron was not
detected. M.p. (°C) = 35 — 38. Vmax (neat)/cm12971, 2919, 1619, 1576, 1450,
1424, 1381, 1329, 1296, 1218, 1183, 1134, 1106, 1056, 1005, 980, 865, 808,
796, 765, 722, 681, 662, 624, 590, 580, 545, 522, 512, 463, 455, 441, 427,
418. HRMS (ESI) m/z calc. for [MH*] C14H2002''BF2: 269.15170, found:
269.151809.
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4.2.16 2-Fluorophenylboronic acid 2,4-dimethyl-2,4-

F Ol>i
i ,B\

2-fluorophenylboronic acid (2.12 mmol, 0.29 g) was added to a 25 mL RBF
equipped with a stir bar. To this was added 10 mL diethyl ether, followed by
2,4-dimethyl-2,4-pentanediol (2.08 mmol, 0.3 mL). The reaction mixture was
allowed to stir at room temperature overnight with 4 A molecular sieves. The
reaction was filtered and concentrated in-vacuo to give a colourless-white
crystalline solid. The product was dried under high vacuum (0.26 g, 53% yield).
"H NMR (400 MHz, DMSO-dg) & = 7.60 (m, 1H), 7.44 (m, 1H), 7.14 (m, 1H),
7.04 (m, 1H), 1.95 (s, 2H), 1.37 (s, 12H). '*C NMR (101 MHz, DMSO-ds) & =
167.1 (s), d = 164.6 (s), 135.6 (d), 132.2 (d), 123.3 (d), 114.8 (d), 70.9 (s), 47.7
(s), 31.2 (s). The carbon attached to boron was not detected. '°F NMR (377
MHz, DMSO-ds) d = - 99.03 (m). 1°B NMR (128 MHz, DMSO-ds) 5 = 31.1. B
NMR (128 MHz, DMSO-ds) & = 30.96. M.p.(°C) = 44 — 46. Vmax (neat)/cm-"!
2982, 1609, 1441, 1370, 1303, 1192, 1118, 1078, 820, 767, 658, 527. HRMS
(ESI) m/z calc. for [MH*] C12H1902""BF: 237.14540, found: 237.14567.

4.2.17 3,5-Dimethyl isoxazolyl boronic acid 2,4-dimethyl-

2,4-pentanediol ester, 9i
Qij
O

To a 25 mL round-bottomed flask, equipped with a stir bar, was added boronic
acid (1.99 mmol, 0.281 g) and pinacol (1 equiv., 2.08 mmol 0.276 g) in 8 mL
DCM. The reaction mixture was allowed to stir at room temperature for 4 hours

with 4 A° molecular sieves. The solution was filtered and concentrated in-
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vacuo to yield a white crystalline solid which was dried on a high vacuum line.
Product yield was 38%. 'TH NMR (400 MHz, DMSO-d®) & = 2.43 (3H, s), 2.21
(3H, s), 1.93 (2H s), 1.35 (12H, s). '*C NMR (101 MHz, DMSO-d®) 5 = 176.4
(s), 163.2 (s), 71.4 (s), 48.3 (s), 31.9 (s), 12.8 (s), 12.0 (s). The quaternary
carbon for the heteroaryl C-B bond was not detected. "B NMR (128 MHz,
DMSO-d®) 8 =25.7. M.p.(°C) = 72 — 74 °C. Vmax (neat)/cm1 2970, 2927, 1604,
1419, 1350, 1314, 1200, 1100, 884, 774, 711, 623, 423. HRMS (ESI) m/z calc.
for [MH*] C12H2003N1'"B1: 237.15438, found: 237.15308.
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4.3 In-situ reaction monitoring by '°F NMR
spectroscopy

4.3.1 General considerations

All in-situ reaction monitoring was performed on a Bruker Ascend 400 MHz
spectrometer at 300 K (27 °C). A typical '®F NMR monitoring experiment used
a zg30 pulse sequence, an acquisition time of 1.468 seconds (4 scans) and a
relaxation delay of 6 seconds. MestReNova versions 10.0 and 11.0 were used
for processing all NMR spectra acquired.

The solvent system used for kinetics experiments was 1:1 1,4-dioxane/H20. 1
L of this solvent blend was made by adding 500 mL deionised Ho O toa 1 L
volumetric flask and making up to the mark with 1,4-dioxane. The volumetric
flask was then inverted ten times to mix. Unless otherwise stated, for reaction
monitoring of the protodeboronation of boronic esters, boronic esters were
prepared as stock solutions in 1,4-dioxane and the base in H20. In certain
circumstances during reaction set-up, when equal volumes of 1,4-dioxane and
H2O were employed e.g., for Stopped-flow reaction monitoring by NMR
spectroscopy of particular boronic esters, a solution of reagent in 1,4-dioxane
was fired from syringe A to mix with a solution of reagent in H20 fired from
syringe B in a shot ratio of 0.5:0.5.

A high precision analytical balance (0.01 mg resolution) was used to weigh
solid compounds and liquids were dispensed with gas-tight syringes and micro

syringes.

Trifluoroacetic acid, or its potassium salt, was used as an internal standard for

reaction monitoring by '°F NMR spectroscopy, unless otherwise specified.

A Hanna instrument pH/ORP/ISE HI98191 pH meter was used with a Sigma-
Aldrich micro pH combination, glass body electrode (Z113441, BNC
connector, electrode L = 183 mm, Stem O.D. 3.5 mm) for pH measurements.
Hanna instrument buffer solutions were used for calibration (pH 4.01, 7.01 and
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10.01). The HI70300 storage solution for pH and ORP electrodes and HI7061
electrode cleaning solution for general use or 3.8 M KCI solution were utilised

for care of the pH probe.

4.3.2 General procedures

General procedure A - Multi-point kinetics (in-situ) for polyfluorinated
phenylboronic acids 2a-4a.

Internal standard

Fn KOH (3 equiv.) Fn
@B(OH» & D—h
— 1:1 1,4-dioxane/H,0O —

300 K

2a-4a

Scheme 36. Reaction conditions for the protodeboronation of boronic acids 2a-4a at
pH >13.

A stock solution of internal standard was prepared in 1:1 1,4-dioxane/H20.
Internal standard was added by micro syringe directly to the volumetric flask.
The stock solution of internal standard in 1:1 1,4-dioxane/H>O was used to
prepare a separate stock solution with boronic acid. A stock solution of KOH
in 1:1 1,4-dioxane/H20O was prepared in a volumetric flask.

Reaction monitoring by in-situ NMR spectroscopy was performed in a 5 mm
borosilicate glass NMR tube. Reagent solution of boronic acid with internal
standard was added to the NMR tube, which was capped, mixed by inversion
and wiped clean. The sample was loaded into the NMR spectrometer with a
probe temperature of 300 K. The command ‘lock off’ was applied since the
sample was prepared in protic solvent, followed by tuning, shimming and
spectrum acquisition to afford a "H to spectrum. Prior to ejecting the sample, a
°F NMR spectrum was also acquired.

Reagent solution of KOH was added to the NMR tube. The tube was capped

immediately, and then to ensure sufficient mixing, the solution was shaken

vigorously by inverting both horizontally and vertically for 10 seconds. The
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NMR tube was inserted into the spectrometer and reaction monitoring was
initiated. A stopwatch was used to record the ‘dead time’ between the addition
of base and the first '°F spectrum acquired.

General procedure B — Multi-point kinetics (stopped-flow) for polyfluorinated
phenylboronic acids 5a-6a.

Internal standard

Fn KOH (3 equiv.) Fn
— 1:1 1,4-dioxane/H,0O —

300 K

5a-6a

Scheme 37. Reaction conditions for the protodeboronation of boronic acids 5a-6a at
pH >13.

Stock solutions of boronic acid with TFA internal standard, and KOH were
prepared separately in 1:1 1,4-dioxane/H20 in volumetric flasks. The stock
solutions were transferred to Schott reagent bottles equipped with 3-valve
caps with threaded ports (Diba Labware: QSeries cap, GL32, 3 ports + valves),
and connected to stopped-flow syringes respectively. On each reagent bottle,
1 valve was opened for venting purposes. The stopped-flow system was
washed prior to running kinetic experiments with a solution of 1:1 1,4-

dioxane/H20 which was prepared in a reservoir bottle.

The waste line from the syringe drive was inserted into a waste solvent bottle
in the fumehood and clamped in place. The thermostating unit was set to 27
°C, the umbilical inserted into the NMR spectrometer and the trigger output
connected to the Bruker Prodigy 400 spectrometer console unit. Kinetic
experiments were initiated using a pseudo-2D triggered pulse programme. The
reactions were carried out at 300 K by performing a shot of a total volume of
600 pL, by injecting 300 pL boronic acid with TFA and 300 yL KOH at a flow
rate of 1 mL s (transport deadtime = 0.15 s).

For details of the SF-NMR system see references.!29 113
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General procedure C — Multi-point kinetics (in-situ) for pinacol esters 2b-5b
and boronic esters 2c, 2h and 2j.

Internal standard

FnZ \ B/O> KOH (3 equiv.) Fn®7H
— ko) 1:1 1,4-dioxane/H,0O —

300 K

2b-5b, 2h, 2j

Scheme 38. Reaction conditions for the protodeboronation of pinacol esters 2b-5b
and boronic esters 2c¢, 2h and 2j, at pH >13.

A stock solution of internal standard was prepared in 1,4-dioxane. Internal
standard was added by micro syringe directly to the volumetric flask. The stock
solution of internal standard in 1,4-dioxane was used to prepare a separate
stock solution with boronic ester. A stock solution of KOH in H2O was prepared

in a volumetric flask.

Reaction monitoring was performed as per general procedure A. Equal
volumes of boronic ester/internal standard in 1,4-dioxane and KOH in H20O
were added to the NMR tube to achive 1:1 ratio of 1,4-dioxane/H20 in the final

reaction mixture, the latter added to initiate the protodeboronation reaction.

General procedure D — Multi-point kinetics (stopped-flow) for polyfluorinated

phenyl pinacol ester 6b and boronic esters 2e, 2g-2i, 1i.

Internal standard
Fn@B/OD KOH (3 equiv.) Fn@H
=/ 0 1:1 1,4-dioxane/H,0 =

300 K

6b, 2e, 2g, 2i, 1i

Scheme 39. Reaction conditions for the protodeboronation of pinacol ester 6b and
boronic esters 2e, 2g-2i, 1i at pH >13.

Stock solutions of boronic ester with TFA internal standard, and KOH were
prepared separately in volumetric flasks, in 1,4-dioxane and H20 respectively.
The stock solutions were transferred to Schott reagent bottles equipped with

3-valve caps with threaded ports (Diba Labware: QSeries cap, GL32, 3 ports
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+ valves), and connected to stopped-flow syringes respectively. On each
reagent bottle, 1 valve was opened for venting purposes. The stopped-flow
system was washed prior to running kinetic experiments with a solution of 1:1
1,4-dioxane/H20 which was prepared in a reservoir bottle. The reagent line
with boronic ester/internal standard was washed with a solution of 1,4-dioxane.

Stopped-flow NMR spectroscopy was performed as per general procedure B.

General procedure E — Multi-point kinetics (in-situ and stopped-flow) for the
base-catalysed protodeboronation of 2,6-difluorophenylboronic acid 2a in the

presence of diol.

1. Addition of base to boronic acid 2a pre-equilibrated with diol (in-situ

reaction monitoring):

Base ™

F

- OH
1:11,4- gOH * <
dioxane/H,O F 6H OH

+ internal standard )
pre-mixed
boronic acid + diol

Scheme 40. Addition of base to a pre-equilibrated mixture of boronic acid/internal
standard and diol.

A stock solution of internal standard was prepared in 1:1 1,4-dioxane/H20.
Internal standard was added by micro syringe directly to the volumetric flask.
The stock solution of internal standard in 1:1 1,4-dioxane/H>0O was used to
prepare a separate stock solution with boronic acid. A stock solution of base
in 1:1 1,4-dioxane/H20 was prepared in a volumetric flask. A stock solution of
diol in 1:1 1,4-dioxane/H20O was prepared in a volumetric flask.

Reagent solution of boronic acid with internal standard (0.4 mL) and diol
solution (0.2 mL) was added to the NMR tube (total volume = 0.6 mL), which
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was capped, mixed by inversion, and wiped clean. The sample was loaded
into the NMR spectrometer with a probe temperature of 300 K. The command
‘lock off’ was applied since the sample was prepared in protic solvent, followed
by tuning, shimming and spectrum acquisition to afford a 'H to spectrum. Prior
to ejecting the sample, a 'F NMR spectrum was also acquired.

Reagent solution of base was added to the NMR tube (0.2 mL). The tube was
capped immediately, and then to ensure sufficient mixing, the solution was
shaken vigorously by inverting both horizontally and vertically for 10 seconds.
The NMR tube was inserted into the spectrometer and reaction monitoring was
initiated. A stopwatch was used to record the ‘dead time’ between the addition
of base and the first '°F spectrum acquired.

2. Addition of pre-mixed base and diol to boronic acid 2a (in-situ reaction

monitoring):

Base + diol

(pre-mixed)
H :
1:11,4- @B’OH
dioxane/H,O F CI)H

+ internal standard

Scheme 41. Addition of a pre-mixed solution of base and diol to a solution of boronic
acid/internal standard.

A stock solution of internal standard was prepared in 1:1 1,4-dioxane/H20.
Internal standard was added by micro syringe directly to the volumetric flask.
The stock solution of internal standard in 1:1 1,4-dioxane/H>O was used to
prepare a separate stock solution with boronic acid. A stock solution of KOH
in 1:1 1,4-dioxane/H20 was prepared in a volumetric flask. A stock solution of
diol in 1:1 1,4-dioxane/H20O was prepared in a volumetric flask.
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Reagent solution of boronic acid with internal standard (0.6 mL) was added to
the NMR tube, which was capped, mixed by inversion and wiped clean. The
sample was loaded into the NMR spectrometer with a probe temperature of
300 K. The command ‘lock off was applied since the sample was prepared in
protic solvent, followed by tuning, shimming and spectrum acquisition to afford
a "H to spectrum. Prior to ejecting the sample, a '®F NMR spectrum was also

acquired.

Reagent solution of base pre-mixed with diol solution was added to the NMR
tube (0.2 mL, total reaction volume = 0.8 mL). The tube was capped
immediately, and then to ensure sufficient mixing, the solution was shaken
vigorously by inverting both horizontally and vertically for 10 seconds. The
NMR tube was inserted into the spectrometer and reaction monitoring was
initiated. A stopwatch was used to record the ‘dead time’ between the addition

of base and the first '°F spectrum acquired.

3. Addition of base to boronic acid 2a pre-equilibrated with diol (stopped-
flow):

In volumetric flasks, a stock solution of boronic acid with TFA internal standard
and 2-hydroxymethyl-2-methyl-1,3-propanediol was prepared and a separate
stock solution of KOH, in 1:1 1,4-dioxane/H20O. The stock solutions were
transferred to Schott reagent bottles equipped with 3-valve caps with threaded
ports (Diba Labware: QSeries cap, GL32, 3 ports + valves), and connected to
stopped-flow syringes respectively. On each reagent bottle, 1 valve was
opened for venting purposes. The stopped-flow system was washed prior to
running kinetic experiments with a solution of 1:1 1,4-dioxane/H20 which was

prepared in a reservoir bottle.

Stopped-flow NMR spectroscopy was performed as per general procedure
B.
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4.3.3 Temporal-concentration profiles and kinetic
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Figure 36. Reaction profiles and first order decay plots for the protodeboronation of
boronic acids 2a-4a at pH >13, in 1:1 1,4-dioxane/H-0O at 300 K (according to general
procedure A).
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Table 8. Reaction conditions and setup for the protodeboronation of [2aoH] at pH >
13.

F TFA (0.0125 M) F
KOH (0.15 M)
QB(OH)z 1 ,4-di§(>)(8nKe/H20 C%H
2a0.05M
Reagent Conc. in stock Conc. in Vol. of stock Solvent Syringe
solution (M) reaction (M) (mL)

2a/TFA 0.10/0.024 0.05/0.012 20 dioxane/H20 A2
2a/TFA 0.10/0.024 0.05/0.012 7.5 dioxane A1

KOH 0.3 0.15 20 dioxane/H20 B

H20 C
% Conc. H20 A1 B C A2 B C
H-0 (M)

30 16.7 0.5 0.4 0.1

25 19.4 0.5 0.3 0.2

40 22.2 0.5 0.2 0.3

45 24.9 0.5 0.1 0.4

50 27.8 0.5 0.5 0
55 30.6 0.5 0.4 0.1
60 33.3 0.5 0.3 0.2
65 36.1 0.5 0.2 0.3
70 38.8 0.5 0.1 0.4
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Figure 37. Graphical analysis for the protodeboronation of [2aon] at pH > 13
monitored by *F NMR spectroscopy using Stopped-flow (flow rate = 1 mL/s, taa
(acquisition time) = 0.5 s, dxo (trigger delay) = 0.04 s, d; (relaxation delay) = 3 s and
flip angle = 90°), varying the % H20 (H.O 55.4 M and 1:1 1,4-dioxane/H.0: 27.8 M
H.0).
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Figure 38. Reaction profiles for the protodeboronation of 5a-6a at pH >13, in 1:1 1,4-
dioxane/H>O at 300 K (according to general procedure B). 5a) Different coloured
data represents interleaved experiments with incremented do (trigger delay), d1 = 0.2
s, taa = 0.8 s, flip angle = 45°. Grey line represents the fitted data to obtain a rate
constant of 0.61 s™. 6a) Different coloured data represents interleaved experiments
with incremented dy (trigger delay), d1= 0 s, tag = 0.3 s, flip angle = 60°. Grey line
represents the fitted data to obtain a rate constant of 5.93 s™'. Stopped-flow '°F NMR
spectroscopy performed by Ran Wei.'"®
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Figure 39. Temporal-concentration profile (including inset, right) and kinetic
simulations for the protodeboronation of [2bon] at pH > 13, in 1:1 1,4-dioxane/H.0 at
300 K (according to general procedure C).
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Figure 40. Temporal-concentration profile (including inset, right) and kinetic
simulations for the protodeboronation of [3bon] at pH > 13, in 1:1 1,4-dioxane/H.0 at

300 K (according to general procedure C).
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Figure 41. Reaction profiles and first order decay plots for the protodeboronation of
pinacol esters 4b-6b at pH >13, in 1:1 1,4-dioxane/H,0 at 300 K (according to general
procedure C for 4b and 5b and general procedure D for 6b). Stopped-flow
conditions for 6b: flow rate = 1 mL/s, taa = 1's, d2o (trigger delay) = 0.04 s, d (relaxation

delay) = 5 s and flip angle = 90°.
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Figure 42. Temporal-concentration profiles for the protodeboronation of boronic
esters 2e, 2g, 2i, 1i at pH >13, in 1:1 1,4-dioxane/H-0 at 300 K (according to general
procedure D). For 2e: profile obtained by interleaving multiple data sets. For 2h:
stopped-flow "F NMR spectroscopy — flow rate = 1 mL/s, taq = 1 s, flip angle = 45°.
Profile generated using an interleaving technique from three stopped-flow runs
varying the delay times. Experiment 1 (d2o 0.04 s, d1 5 s), experiment 2 (d2 2.4 s, d4
5 s) and experiment 3 (dx 4.4 s, di 5 s). [2hon] exists as a mixture (4.2/1 ratio) of
rapidly equilibrating diastereomers but modelled as a single species. For 2g (left
profile): stopped-flow '®F NMR spectroscopy — flow rate = 1 mL/s, taa = 0.5 s, d2o
(trigger delay) = 0.04 s, di (relaxation delay) = 3 s and flip angle = 90°. For 2g (right
profile): Reaction in 75:25 1,4-dioxane/H.O and stopped-flow '°F NMR spectroscopy
— flow rate = 1 mL/s, taa = 0.5 s, dxo (trigger delay) = 0.04 s, d4 (relaxation delay) = 3
s and flip angle = 90°. For 2i: stopped-flow — flow rate = 1 mL/s, taqg = 0.5 s, d2o (trigger
delay) = 0.1 s, d1 (relaxation delay) = 1 s and flip angle = 90°. For 1i: stopped-flow —
flow rate = 1 mL/s, taa = 0.5 s, doo (trigger delay) = 0.04 s, d1 (relaxation delay) =5 s
and flip angle = 90°.
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Table 9. Rate coefficients for kinetic simulations for protodeboronation of 1,3-

propanediol boronic ester 2e at pH >13.

Reaction process Rate constant (k) Unit
[2eon] > protodeboronation product 4.09 x 107 1/s
[2aon] > protodeboronation product 9.73x10* 1/s
[2eon] > [2aon]- + 1,3-propanediol 1.56 x 10 1/s
[2aon] + 1,3-propanediol > [2eon] 419 x 10 L/mol.s

Table 10. Rate coefficients for kinetic simulations for the hydrolysis of 2-methyl-2,4-

pentanediol boronic ester 2h at pH >13.

Reaction process Rate constant (k) Unit
[2hon] > protodeboronation product 3.00 x 102 1/s
[2aon] > protodeboronation product 1.10x 103 1/s
[2hon] > [2aon] + 2-methyl-2,4-pentanediol 8.08 x 1072 1/s
[2aoH] + 2-methyl-2,4-pentanediol > [2hon] 0.00 x 10*° L/mol.s

Table 11. Rate coefficients for kinetic simulations for protodeboronation of neopentyl
glycol (NPG) boronic ester 2g at pH >13 (left profile in Figure 42.

Reaction process Rate constant (k) Unit
[2gon] > protodeboronation product + B(OH)(NPG) 4.99 x 107 1/s
[2aon] > protodeboronation product + B(OH)4 7.15x 10* 1/s
[2gor] > [2aoH] + NPG 5.39 x 1072 1/s
[2aoH] + NPG > [2goH] 1.19x 10™ L/mol.s
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Table 12. Rate coefficients for kinetic simulations for protodeboronation of neopentyl
glycol (NPG) boronic ester 2g at pH >13 (right profile in Figure 42).

Reaction process Rate constant (k) Unit
[2goH] > protodeboronation product 1.16 x 102 1/s
[2aon] > protodeboronation product 2.30x 10° 1/s
[2gor] > [2aoH] + NPG 2.20 x 1072 1/s
[2aon] + NPG > [2gon] 2.83x 10 L/mol.s

Table 13. Rate coefficients for kinetic simulations for protodeboronation of 2,4-
dimethyl-2,4-pentanediol boronic ester 2i at pH >13.

Reaction process Rate constant (k)  Unit
[2ion] > protodeboronation product 9.73x 10 1/s
[2aon] > protodeboronation product 1.10x 103 1/s
[2ion] > [2aon] + 2,4-dimethyl-2,4-pentanediol ~ 3.58 x 10 1/s

Table 14. Rate coefficients for kinetic simulations for the hydrolysis of 2,4-dimethyl-

2,4-pentanediol boronic ester 1i at pH >13.

Reaction process

[Mion] > [2aon] + 2,4-dimethyl-2,4-pentanediol
[2aoH] + 2,4-dimethyl-2,4-pentanediol > [1ion]

Rate constant (k)  Unit
4.65x 107 1/s
8.91 x 10 L/mol.s

200
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Figure 43. Temporal-concentration profile for the protodeboronation of 2a pre-
equilibrated with 2 equiv. pinacol (according to general procedure E-1, using 0.5

equiv. KOH).
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Figure 44. Temporal-concentration profiles for the protodeboronation of 2,6-
difluorophenylboronic acid 2a in the presence of diols, at pH >13, in 1:1 1,4-
dioxane/H-0 at 300 K (according to general procedure E-1, involving the addition of
KOH to a pre-equilibrated mixture of boronic acid/internal standard and diol). For 2f:
blue circles, triangles and squares correspond to 3 boronic ester isomers. F) 2a pre-
equilibrated with 35% 2,4-dimethyl-2,4-pentanediol (0.028 mmol) and 3 equivalents
KOH added. Subsequent additions of 35% 2,4-dimethyl-2,4-pentanediol added over
the course of the reaction, after 340 seconds, 790 seconds and 2569 seconds.
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Table 15. Rate coefficients from kinetic simulations for the protodeboronation, at pH
> 13, of 2a pre-equilibrated with ethylene glycol.

Reaction process Rate constant (k) Unit
[2don] > protodeboronation product 1.00 x 10° 1/s
[2aon] > protodeboronation product 8.32x 10* 1/s
[2don] > [2aon] + ethylene glycol 6.32 x 10* 1/s
[2aoH] + ethylene glycol > [2doH] 1.14 x 10°® L/mol.s
3 equiv. base +
2 equiv. diol
(pre-mixed) ™
H .
1:11,4- @[B’OH
dioxane/H,0 F  OH
+ internal standard
0.05 : 012 -
L
0.04 - s 01 ]
= oy .
— \1 F 2 .-'f
§ 0.03 - Q OH [2conl = 0.08 T
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Figure 45. Temporal-concentration profiles for the protodeboronation of 2,6-
difluorophenylboronic acid 2a in the presence of diols, at pH >13, in 1:1 1,4-
dioxane/H-O at 300 K (according to general procedure E-2, involving the addition of
3-equivalents pre-mixed base and 2 equivalents diol to boronic acid 2a).
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Reaction process Rate constant (k)  Unit
[2fon] > protodeboronation product 9.20 x 10* 1/s
[2aon] > protodeboronation product 9.00 x 10* 1/s
[2fon] > [2a0w] + triol 1.35 x 102 1/s
[2aoH] + triol > [2fon] 3.20x 10 L/mol.s
B(OH)4 + triol > B(OH)(triol) 2.88 x 10*® L/mol.s
B(OH)(triol) > B(OH)4 + triol 1.00 x 10*? 1/s
Protodeboronation product > phase 7.00 x 10° 1/s

Figure 46. Temporal-concentration profile and kinetic simulations for the
protodeboronation of [2aon] at pH > 13 in the presence of 2 equivalents 2-
hydroxymethyl-2-methyl-1,3-propanediol (according to general procedure E-3).
Reaction monitoring by stopped-flow '*F NMR spectroscopy (flow rate = 1 mL/s, taq =
1's, dxo (trigger delay) = 0.04 s, d4 (relaxation delay) = 5 s and flip angle = 45°). Boronic
ester 2f was treated as a single species for the purpose of kinetic modelling but was
detected by '"F NMR spectroscopy as 3 rapidly interconverting isomers. The
structure/confirmation of each isomer was not elucidated.
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Figure 47. Temporal-concentration profiles for the protodeboronation of 2a
(according to general procedure E-1) pre-equilibrated with 2 equiv. pinacol (3:1
2a/2b) using tetrabutylammonium hydroxide (A) 3 versus B) 0.5 equiv.) as the base.
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Figure 48. A) Reaction profiles overlayed for the protodeboronation of 2a pre-
equilibrated with pinacol (2 equiv.) at pH > 13 (according to general procedure E-1,
using 3 equiv. KOH), varying the rate of addition of base (triangles: 49 seconds,
squares: 13 seconds and circles: one shot, approx. 1 second). B) Graphical analysis
for the esterification of 2a with 2 equiv. pinacol to form the respective pinacol boronic
ester 2b (internal standard = F-naphthalene).
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Figure 49. Reaction profiles for the protodeboronation of boronic esters 2h and 2j at
pH >13, in 1:1 1,4-dioxane/H.0O at 300 K (according to general procedure C).
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4.3.4 Experiments with catechol
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A) Temporal-concentration profile and B) plot of first order decay for for the
protodeboronation of 2,6-difluorophenylboronic acid 2a (0.04 M) in the presence of
catechol (0.05 M), at pH >13, in 1:1 1,4-dioxane/H20 at 300 K (according to general
procedure E-1, involving the addition of KOH (0.054 M) to a pre-equilibrated mixture
of boronic acid/internal standard and catechol added neat — 4.85 mg, 0.044 mmol).

C) Temporal-concentration profile for the protodeboronation of 2,6-
difluorophenylboronic acid 2a pre-equilibrated with 1 equiv. catechol (according to
general procedure E-1, involving the addition of 3 equiv. tertbutylammonium
hydroxide).
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D) Temporal-concentration profile for the protodeboronation of 2,6-
difluorophenylboronic acid 2a pre-equilibrated with 1 equiv. catechol (according to
general procedure E-1, involving the addition of 3 equiv. KOH).

E) Reaction profile for the protodeboronation of boronic ester 2¢c at pH >13, in 1:1 1,4-
dioxane/H»0O at 300 K (according to general procedure C).

F) Temporal-concentration profile for the protodeboronation of 2,6-
difluorophenylboronic acid 2a pre-equilibrated with 2 equiv. catechol (according to
general procedure E-1, involving the addition of 0.5 equiv. KOH).

Table 16. Rate coefficients from kinetic simulations for Figure 28. Stopped-flow "°F
NMR spectroscopy: flow rate = 1 mL/s, taq = 0.5 s, flip angle = 90°. Profile generated
using an interleaving technique from three stopped-flow runs varying the delay times.
Experiment 1 (dx 0.04 s, d1 3 s), experiment 2 (d2o 0.04 s, d¢ 1 s) and experiment 3
(d20 0.01 s, d1 18).

Reaction process Rate constant (k) Unit
[2con] > protodeboronation product 6.40 x 10°® 1/s
[2aon] > protodeboronation product 8.43 x 10* 1/s
[2con] > [2aoH] + CAT 1.38 x 10" 1/s
[2aon] + CAT > [2con] 4.81 x 10" L/mol.s
[2aon] > phenol 1.14 x 10°® 1/s
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Figure 51. Reaction conditions for the protodeboronation of 2a in the presence of
catechol varying the equivalents of base. Base was added to a pre-equilibrated
mixture of 2a and catechol to initiate the reaction (according to general procedure
E-1). A 0.65 M master stock solution of KOH in 1:1 1,4-dioxane/H.O was prepared to
achieve a concentration of 0.15 M (3 equivalents) during the reaction when 0.2 mL
KOH solution was added to the NMR tube. Serial dilutions were performed to prepare
stock solutions to achieve 2.2, 1.5, 1 and 0.5 equivalents in the reaction. Reaction
profiles: (A) 0.5 equiv. KOH (0.025 M), (B) 1 equiv. KOH (0.050 M), (C) 1.5 equiv.
KOH (0.075 M), (D) 2.2 equiv. KOH (0.109 M) and (E) 3 equiv. KOH (0.150 M). Initial
concentration of 0.05 M 2a prior to addition of base. Structures indicate anionic
boronic acid [2aon] and ester [2con] boronate species in addition to neutral boronic
acid 2a and ester 2c species which under certain conditions (lower equivalents of
base added) will also be present in solution.
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4.3.5 Varying the cation
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Figure 52. Rate analysis for the protodeboronation of [2aon]” monitored by "F NMR
spectroscopy, using bases LiOH versus BusNOH. k) K*, BusN*, Li* = 1: 0.82: 0.44.
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Figure 53. Reaction conditions, profiles and kinetic simulations for the
protodeboronation, at pH >13, of [2ion] monitored by '°F NMR spectroscopy using
stopped-flow (flow rate = 1 mL/s, taqg = 0.5 s, d2o (trigger delay) = 0.1 s, d4 (relaxation
delay) = 1 s and flip angle = 90°). ke K, BusN*, Li* = 1.00 : 0.84 : 0.50
(protodeboronation) and 1.0 : 1.1 : 1.7 (hydrolysis).
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4.3.6 Isotopic entrainment

Table 17. Rate coefficients for kinetic simulations of isotope entrainment experiment
in Figure 20.

Reaction process Rate constant (k) Unit Keq (Mol/L)
D-[2aon] > m-CgH4F2 + D-2a 1.25x 1073 1/s
D-[2bo}-|]' > m-CeHsF2 + D-2b 5.83 x 10 1/s
D-[2bon] > D-[2aon] + PIN 1.37 x 107 1/s 3.80 x 10"
1) TFA (0.2 M
F K)OH (o(.32 M)) F
Triol (0.1 M)
B(OH), H
Q 1:1 1,4-dioxane/H,O Q
F 300 K F
2a0.1M 2)10% (1.27mg) 2 F
added with 50 pL
from 1.28 M KOH B(OH),
solution 5 =

F NMR signals for three isomers of
boronate [2fon] and respective Do-labelled F
species (~ 0.5 ppm upfield of each signal, as @[
indicated with horizontal arrows).

F
F ©_oH
© T o
5-CH F  OH
1 “OR

F OR

R | L
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(ppm)

Figure 54. Reaction conditions for the protodeboronation of [2aon]” at pH >13 pre-
equilibrated with 2-hydroxymethyl-2-methyl-1,3-propanediol (according to general
procedure E-1) with 10% D2-2a entrained into the reaction with 50 yL KOH. "*F NMR
spectrum after entrainment of D2-labelled 2a into the reaction of 2a in the presence
of 2-hydroxymethyl-2-methyl-1,3-propanediol at pH > 13. Signals for the respective
D2-labelled species appear approximately 0.5 ppm upfield of each signal.
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4.3.7 Experiments with 2-fluorophenylboronic acid, 1a

Fitted values for pH-rate profile:

KPs = 1.4 M's™"; K = 4.8 M1
ki9Ho0 = 0.73 x 104 s71; k9B 1,0 = 2.6 x 103 s~!

kHsa=0.16 M's™"; kfFsa= 0.8 M~'s™"

kMoo = 1.8 x 10%s™"; kFo0 = 3.2 x 104571
kKlon =1 x10°5M s, kfop =2 x 104 M- 1s™!
pPKa@b) = 10.15; pKaa) = 10.70

Table 18. Rate coefficients, kestand knya by kinetic modelling of temporal concentration
profiles of the time-averaged "°F NMR signals for 1a/[1aox] and 1b/[1box]".

pH

kest
/Mg

Kiyd
/s

2.33
2.57
2.93
3.60
5.23
5.96
6.49
7.66
8.02
8.87
9.38
9.66
10.17
10.29
10.91
11.05
11.12
13.11
14.45

2.12x 1072
2.11x 102
8.43x 107
4.40 x 103
2.50 x 10
2.28x 1073
2.55x 1073
2.60 x 10
2.10x 103
2.60 x 10
8.07 x 107
1.27 x 10
2.60 x 102
2.60 x 102
2.25x 1072
2.24 x 102
1.99 x 10
8.06 x 10
3.39x10*

5.33x 107
6.47 x 107
2.16 x 103
1.26 x 10
6.78 x 10
7.09 x 10
6.99 x 10
7.66 x 10
8.85x 10
8.90 x 10
1.83x 107
2.54 x 103
2.85x 103
2.51x103
1.07 x 10
1.54 x 10
9.68 x 10
4.40 x 10*
2.04 x 10°
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Table 19. Reaction conditions for the esterification of 1a in the presence of pinacol at
pH 10.84 (Figure 14) by stopped flow '*F NMR spectroscopy (flow rate = 1 mL/s, taa
=1 s, flip angle = 90°, do (trigger delay) = 0.04 s, d1 (relaxation delay) = 10 s).

F
s

Pinacol (2 equiv.)
KTFA (0.1 equiv)

F
KOH (1 equiv.) @ o
B
1:1 1,4-dioxane/H,O fe)
1b

300 K
1a pH 10.84
Syringe A: Conc. Syringe B: Syringe C: Equiv.
1a/KOH/KTFA 0.39 M/0.40 M/ 1:1 1,4- Pinacol (0.20 pinacol
(volume ratio) 0.04 M dioxane/H-0 M)
(volume ratio) (volume ratio)

0.45 0.18 M 1a 0.5 0.5 0.57
0.40 0.16 M 0.1 0.5 0.64
0.30 0.12M 0.2 0.5 0.85
0.20 0.08 M 0.3 0.5 1.28
0.10 0.04 M 0.4 0.5 2.55

Table 20. Reaction conditions for the esterification of 1a in the presence of pinacol at
pH 10.54, with varying equivalents ArOH added, by stopped-flow ®F NMR
spectroscopy (Figure 14 A).

F

s

Pinacol (0.1 M)
KTFA (0.04 M) F
1202 M KOH (0.4 M) @B,O
1:1 1,4-dioxane/H,O b
+ 300 K
. pH 10.54 1b
Son
Syringe A: Conc. Syringe B: Conc.1a Conc. Syringe C:
1a/KOH/KTFA 1a (M): 1a/KOH/KTFA (M): ArOH Pinacol (0.20
(volume ratio) + ArOH (M) M)
(volume ratio) (volume ratio)
0.4 0.16 0.1 0.04 0.03 0.5
0.2 0.08 0.3 0.12 0.09 0.5
0.0 0.00 0.5 0.20 0.15 0.5
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4.4 In-situ reaction monitoring by "H NMR
spectroscopy

4.4.1 General considerations

All in-situ reaction monitoring was performed on a Bruker Ascend 400 MHz
spectrometer at 300 K (27 °C). A typical '"H NMR monitoring experiment used
a zg30 pulse sequence, an acquisition time of 3.9 seconds (8 scans) and a
relaxation delay of 1 seconds. MestReNova versions 10.0 and 11.0 were used
for processing all NMR spectra acquired.

The solvent system used for kinetics experiments was 1:1 1,4-dioxane/H20. 1
L of this solvent blend was made by adding 500 mL deionised Ho O toa 1 L
volumetric flask and making up to the mark with 1,4-dioxane. The volumetric

flask was then inverted three times to mix.

A high precision analytical balance (0.01 mg resolution) was used to weigh
solid compounds and liquids were dispensed with gas-tight syringes and micro
syringes.

For reactions occurring over a longer time period (days or weeks), NMR tubes
were kept in a water bath maintained at the desired temperature of 27 °C. The
tubes were sealed with PTFE tape and capped to minimise solvent
evaporation. The NMR tubes were additionally wrapped in parafilm whilst in
the water bath.
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4 4.2 Heteroaromatic boronic acids

5-Thiazolyl boronic acid, 7a

KOH (0.165 M) N N\ KOH (0.16 M) N\
BMIDA | H |/¥BPin ) |/¥H
L”* 1:1 1,4-dioxane/H,0 l\} s 111 4dioxane/,0 g
300 K 300 K
0.05M 7b 0.05 M
Hydrolysed to 7a in-situ
1.6 - o 0.06 -
i OH 0
1.4 ’\IIL/\>6B\_OH o 0.05 CM
= 2 S “oH o? 2 om HO
2' 11 [Taon] o ’ s ' I\/>—B
S 0.8 4 o e y=4.14x10"x + 1.48x10! -g 0.03 - OH
2 06 o° R?20.999 ,E |\/>78 OH
s o g 0.02 [7bonl
0.4 - o c
02 be o S o001 - ( L}H [7aonl )
0 10000 20000 30000 40000 0 10000 20000 30000 40000 50000
Time /s Time /'s
Reaction process Rate constant (k)  Unit
[7bon] > Thiazole 1.07 x 10°° 1/s
[7aon] > Thiazole 416 x 10° 1/s
[7bon] > [Taon] + PIN 2.20 x 10°® 1/s
[7aon] + PIN > [7bow] 6.95x 10 L/mol.s

Figure 55. Reaction set-up for protodeboronation of 5-thiazolyl MIDA ester
(hydrolysed to 7a in-situ) and 7b. First order decay of [7aoun] (left) and temporal-
concentration profile and kinetic simulation (right) for protodeboronation and
hydrolysis of [7bou] at pH > 13. In-situ reaction monitoring by '"H NMR spectroscopy.
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1-Methyl-1H-pyrazolyl-5-boronic acid, 8a
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Reaction process Rate constant (k)  Unit
[8bon] > 1-Methylpyrazole 1.27 x 108 1/s
[8aon] > 1-Methylpyrazole ~ 3.80 x 107 1/s
[8bon] > [8acH] + PIN 6.64 x 10° 1/s
[8aon] + PIN > [8bon] 1.21 x 10 L/mol.s

Figure 56. Reaction set-up (left) for protodeboronation of 1-Me-1H-5-pyrazolyl MIDA
ester (hydrolysed to 8a in-situ) and 8b (right). First order decay of [8aon] (left) and
temporal-concentration profile and kinetic simulation (right) for protodeboronation and
hydrolysis of [8bon]. Reaction profile for the base-catalysed protodeboronation of
[8bon]” from the interleaving of two overlapping data sets from in-situ monitoring by 'H
NMR spectroscopy.
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3,5-Dimethylisoxazolyl boronic acid, 9a

B(OH), H BPin H
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Reaction process Rate constant (k)  Unit
[9bon] > 3,5-Dimethylisoxazole  1.35 x 10 1/s
[9aon] > 3,5-Dimethylisoxazole  1.02 x 107 1/s
[9boH] > [9aoH] + PIN 2.42x10° 1/s
[9aow] + PIN > [9bor] 6.37 x 10 Limol.s

Figure 57. Reaction set-up for protodeboronation of 9a (left) and 9b (right) at pH >
13. First order decay for the protodeboronation of [9aon] (left). In-situ reaction
monitoring by '"H NMR spectroscopy and line deconvolution tool in MestReNova used
to process overlapping methyl peaks for the starting material and product. Reaction
profile and kinetic simulation (right) for the base-catalysed protodeboronation of
[9bon] from the interleaving of two overlapping data sets. In-situ reaction monitoring
both by "B and 'H NMR spectroscopy and line deconvolution tool in MestReNova
used to process overlapping peaks.
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Reaction process Rate constant (k) Unit
[9ion] > [9aoH] + 2,4-Dimethyl-2,4-pentanediol 2.50x 10 1/s
[9aoH] + 2,4-Dimethyl-2,4-pentanediol > [ion] 4.16 x 10* L/mol.s

Figure 58. Reaction conditions, profile and kinetic simulation for the hydrolysis of
[9ion] at pH >13. In-situ reaction monitoring by 'H NMR spectroscopy and line
deconvolution tool in MestReNova used to process overlapping methyl peaks for
[9ion] and [9aoH].
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2-Pyridyl boronic acid, 10a

Protodeboronation of 10a at neutral pH.

1. KOH (0.2 M)
@ 2. 4 equiv. AcOH | X
= 1:1 1,4-dioxane/H,O =
N BMIDA 300 K N H

Hydrolysed to 10a in-situ

An 8 M solution of KOH in H20 was prepared in a 10 mL volumetric flask. In a
5 mL volumetric flask was prepared a solution of 1:1 1,4-dioxane/water and 1
mmol KOH. This solution was transferred to a round-bottomed flask and
allowed to stir at 27 °C. To the flask was added 2-pyridyl boronic acid MIDA
ester (0.05 M) and allowed to stir for approximately 5 seconds prior to the
addition of 4 equivalents acetic acid buffer in order to maintain a pH 6.2-6.9.
The reaction was monitored in-situ by '"H NMR spectroscopy.
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Figure 59. Reaction conditions and profile for the protodeboronation of 2-pyridyl
MIDA ester (hydrolysed in-situ to 10a) at neutral pH for product evolution (left; fit:
[producty = ([10a]o - [product])) exp(-ksa:)) and reaction profile for the
protodeboronation of 10a at neutral pH for protodeboronation product (right; fit:
In([10a]o/([10a]o - [product])) = Kea:).

128



1. KOH (0.2 M)

| AN 2. 4 equiv. AcOH | X
“~g-0 1:1 1,4-dioxane/H,O Z
N B ’ 2
i 7&< 300 K N™ H
o)
10b 0.05 M

In a 5 mL volumetric flask was prepared a solution of 1:1 1,4-dioxane/water
and 1 mmol KOH. This solution was transferred to a round-bottomed flask and
allowed to stir at 27 °C. To the flask was added 10b (0.05 M) and 4 equivalents
acetic acid buffer in order to maintain a pH 6.2-6.9. The reaction was monitored

in-situ by "H NMR spectroscopy.
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Time /s
Reaction process Rate constant (k)  Unit
[10bon] > Pyridine 1.38x 10™ 1/s
[10aoH] > Pyridine 8.10x 10° 1/s
[10bon] > [10a0n] + PIN  3.00 x 107 1/s
[10a0n] + PIN > [10bon]”  1.76 x 10 L/mol.s

Figure 60. Reaction conditions, profile and kinetic simulation for the
protodeboronation of 10b at neutral pH. In-situ reaction monitoring by 'H NMR
spectroscopy.
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Protodeboronation of 2-pyridyl boronic acid 10a at high pH.
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Figure 61. Reaction conditions, profile and first order decay of [10aox] at pH > 13. In-
situ reaction monitoring by "H NMR spectroscopy.
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6.1 Boronate speciation
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6.2 NMR spectra of synthesised compounds
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1B (128 MHz); CDCls:
Trace decomposition to boric acid evident in NMR spectrum.
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1B (128 MHz); CDCls:

Trace decomposition to boric acid evident in NMR spectrum.
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'H (400 MHz); CDCls:
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1B (128 MHz); CDCls:

Trace decomposition to boric acid evident in NMR spectrum.
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1B (128 MHz); DMSO-ds:
Trace decomposition to boric acid evident in NMR spectrum.
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1H (400 MHz); DMSO-d:
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9F (377 MHz); DMSO-ds:
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13C{'H} (101 MHz); DMSO-ds:
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1B (128 MHz); DMSO-ds:
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1B (128 MHz); CDCls:

Trace decomposition to boric acid evident in NMR spectrum.
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19F (377 MHz); CDCls:
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1B (128 MHz); CDCls:
Trace decomposition to boric acid evident in spectrum.

F QiL
B.
e
F

29

—26.41
_-18.49
~-17.78

T T T T
130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80

203

T T T T T
-90 -100 -110 -120 -130



1H (400 MHz); DMSO-d:
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19F (377 MHz); CDCls:
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13C{'H} (101 MHz); DMSO-ds:
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1B (128 MHz); DMSO-ds:
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1H (400 MHz); DMSO-d:
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9F (377 MHz); DMSO-ds:
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1B (128 MHz); DMSO-ds:
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'H (400 MHz); CDCls:
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CDCls:

19F (377 MHz)
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13C{'H} (101 MHz); DMSO-ds:

€v'8 v

89'8

61°CC
E€TeT
67°8C
hv.ww/

[Las
ofmﬂ/
o0z'ze
Ly'TE >
98'9¢
oT'LE A

OSWQ 6£'6€

OSWQ 65'6€

OSWQ 08'6€

0SWa 10°0

0SWa zz'oy

OSWa €°0F

0SWa ¥9'0
S5'Sh
6L'Sh
01'99 7
0ETL~F
LTee
192
€9'€L
oL'vL

£0'¥0T
€401 W.
85'¥0T
TETIT
8E'TIT
¢STIT
8S'TIT
6 TIT
L1211
86'TET
8b'CET
6S°CTET W.

69°CET

08°€9T
v6'€9T
8TYIT

£2°991 \.
€991

)

-10

T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
(ppm)

T
230

215



1B (128 MHz); DMSO-ds:
Trace decomposition to boric acid evident in NMR spectrum.
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'H (400 MHz); DMSO-dk:

e b

9T

R.L
627
0E'T
0E'T
€7
e
e
£6°T
SE'T
LE'T A
T A
[TAR

T E
6T~

64T~
S6'T~_
86'T—
orz—

NONJA
NDN#
¥0'Z
b0°L
$0'2
90°L
90°Z
[A9E
[AVE
A9
YTLA
P2
P17
91°L A W
YVAN

oL
ov'L~
w-f
WL
Nv.&
[i

v
€b'L
bbL
vp'L ]
b ]
vb's ]
o
92
92
85
85
657
09 1
09 1
09 1
192
29,

s

2k

A ! l | ‘J,M‘

=1

Fooe

£ 001
A 1ot
¥ 00T
00T

1.5 1.0 0.5 0.0

2.0

2.5

3.0

4.0

4.5

6.0

7.5 7.0

8.0

8.5

9.0

9.5

ppm

217



19F (377 MHz); DMSO-d:
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13C{'H} (101 MHz); DMSO-ds:
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1B (128 MHz); DMSO-ds:
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1H (400 MHz); DMSO-d:
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13C{'H} (101 MHz); DMSO-ds:
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1B (128 MHz); DMSO-ds:
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