THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



Boronic acid speciation

In Suzuki-Miyaura

cross—coupling

THE UNIVERSITY
of EDINBURGH

Katherine Geogheghan

Doctor of Philosophy
University of Edinburgh

2018






Declaration

I declare that the work in this thesis was carried by me under the supervision of Prof. Guy
Lloyd-Jones FRS and is in accordance with the requirements of the University of Edinburgh.
This work is original, except where indicated by special reference in the text, and no part of

the dissertation has been previously submitted for any other academic award.



Abstract

Since its discovery in 1979, the Suzuki-Miyaura (SM) reaction has become one of the most
widely utilised tools for carbon-carbon bond formation. The palladium catalysed coupling of
an organoboron and organohalide compounds proceeds through a three-stage mechanism of
oxidative addition, transmetalation and reductive elimination. The transmetalation of boronic
acids to a palladium(11) complex has been widely studied. However, very little is known about
the transmetalation of boronic esters, which are commonly used as an alternative to unstable
boronic acids. Whether these species undergo direct transmetalation or prior hydrolysis to the
boronic acid under SM conditions remains unknown. This research aimed to elucidate the

mechanism of this cross-coupling process.

Initial results under typical SM conditions created a biphasic reaction, promoted by the
inorganic base and solvent composition, and showed that the boronic esters and corresponding
boronic acid couple at the same absolute rate. This is thought to be a consequence of the
formation of a biphasic mixture, rendering phase transfer the turnover-limiting step. The
conditions were thus adapted to maintain a monophasic system using an organic soluble base,
2-tert-butyl-1,1,3,3-tetramethylguanidine, enabling the focus to be transmetalation as the
turnover-limiting step. These new conditions show a significant difference in both reaction
rate and induction period when using a boronic ester compared to the corresponding boronic
acid.

The use of guanidine was also shown to have an interesting effect on the boronic acid/ester
species by 1°F and B NMR. Further studies found the use of guanidine to create a boronate
species, with this species being an aryl trihydroxyboronate or the hydroxyl“ate”-complex of
the boronic ester, depending on the presence of diol in the system. Formation of a boronate
species was found to be crucial for efficient cross-coupling. When testing weaker bases, unable
to form a boronate species, poor SM cross-coupling conversion was found using the newly
developed phosphine-free guanidine conditions, showing the importance of the boronate
species under these conditions. The results suggest that depending on the strength of base used,
the pathway of transmetalation pathway can be switched, between the boronate pathway and

the oxo-palladium pathway, under the specific conditions developed.



Lay Summary

The ability to join two simple compounds (starting materials) together to form complex
products is called cross-coupling, and is invaluable in both industry and academia. A common
method is to carry out this process is to use a palladium catalyst. Research into this area won
the 2010 Nobel Prize in Chemistry, shared between three reactions; the Heck reaction, the
Negishi reaction and the Suzuki-Miyaura reaction. From the three, research into the Suzuki-
Miyaura reaction has flourished, as it offers mild conditions and the ability to coupling a wide
range of compounds. Studies into how the process occurs have also been carried out and offer
insight to the intricate details of the reaction, but despite extensive research, there still remain

puzzles to be solved.

Typically, the Suzuki-Miyaura reaction is carried out in solution split into two phases, because
of the use of an inorganic base. This research has developed conditions that does not cause
phase separation, by using an organic base, keeping everything together in one homogenous
solution. This has allowed in-depth study of the different compounds present throughout the
reaction, and study of how the addition of extra compounds, such as alcohols, affect the

reaction at hand.
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Chapter 1

Introduction




1.1. Cross-coupling reactions

To form a carbon-carbon bond is one of the most useful techniques available to synthetic
chemists.! A cross-coupling reaction generally refers to substitution of an aryl, vinyl or alkyl
halide or pseudohalide with a nucleophile using a metal catalyst. The ability to form biaryls
(Ar-Ar’) is extremely important as they are predominant in natural products, and the

pharmaceutical and agrochemical industries.?

There are a wide range of coupling reactions dating as early as the Wurtz homocoupling in
1855, Scheme 1.1.1.% The first example of a nickel/palladium catalysed cross-coupling with
organic halides was the Kumada coupling, reported in 1972, Scheme 1.1.1.*° Since then many
other coupling reactions have been discovered allowing for an ever increasing scope of starting

materials and creating a more diverse range of available products, Scheme 1.1.2.

Wurtz:

2R-X + 2Na ——>» R-R + 2Na‘X

Kumada:
M
R-MgX + R—X' ——» R-R
-MgXX'
Scheme 1.1.1 — Wurtz and Kumada couplings
.MgBr
R R~y
Kumada
Mizoroki-Heck
R,ZnX > --«——— R—H
Negishi Sonogashira
.SiX
/ RS
_Sn(R") Hiyama
R
Migita—Kosugi—Stille R,B(OH)z

Suzuki-Miyaura

Scheme 1.1.2 — Range of different cross-coupling reactions



Palladium catalysts have been shown to be very effective, with the utility of these reactions
demonstrated by the awarding of a Nobel Prize in Chemistry in 2010 to Richard F. Heck, Ei-
ichi Negishi and Akira Suzuki, for the development of palladium catalysed cross-coupling
reactions.® Advances in recent years have vastly improved the reaction scope and practicality,

bringing metal-catalysed cross-coupling into the everyday repertoire of an organic chemist.

1.2. Suzuki-Miyaura

One of the most efficient and well known cross-coupling reactions is the Suzuki-Miyaura (SM)
reaction, first published in 1979 by Norio Miyaura, Kinji Yamada, and Akira Suzuki.” This
palladium catalysed coupling is carried out in the presence of base, to combine an organoboron
and organohalide species to form a biaryl through the formation of a new C—C bond. Scheme
1.2.1.

HO.5-OH X [Pd] cat
Base R
X 1 Z
| solvent R'—\ |
4
R'/ R

Scheme 1.2.1 — Generic SM cross-coupling reaction to form a biaryl

While other couplings such as Negishi,®° Stille®° and Himaya!! can form C—C bonds, the SM
reaction provides several advantages and research into this coupling has grown dramatically
over recent decades.*? The popularity of this cross-coupling is due to its exceptional functional
group tolerance, relatively benign starting materials and by-products, high chemoselectivity
and scalability.*" Toxicity issues are a concern with other couplings, such as the Stille
reaction which uses toxic tin reagents, giving a major drawback in terms of scalability.® The
SM reaction has also been shown to be both air and moisture tolerant, as well as being able to
couple at low temperatures and in a range of solvents, including water, giving it the advantage

of mild reaction conditions.1518

Recent advances have enabled the coupling of challenging reagents, such as aryl chlorides®
and sterically hindered substrates,? as well as creating milder reaction conditions, by lowering

catalyst loading and temperature.?*2



1.2.1. Boronic acids

The most commonly used SM organoboron reagents are boronic acids, which are often
commercially available or relatively easy to synthesise and isolate, and generally air and
moisture stable.®12® The use of boronic acids also aids purification of the cross-coupling

product, as the by-product, boric acid, can be easily removed by aqueous base extraction.®

While the use of organoboron reagents offers several advantages, it also gives this reaction its
major disadvantages — decomposition to unwanted side products.'® Due to the vacant p-orbital
on the boron, Fig 1.2.1, boronic acids often decompose in situ, giving varying amounts of
protodeboronation, as just one example. The different side products will be discussed further
in Section 1.2.3. Boronic acids have high affinity of water due to this vacant p-orbital, forming
an equilibrium between the boronic acid and a tetrahedral boronate species with the release of
a hydronium ion (H*), Scheme 1.2.2.

vacant p-orbital — X}

Fig 1.2.1 — Trigonal planar structure of boronic acids, with vacant p-orbital

/OH e /OH

R—B\ + H,0 ) 3 R'B,,‘OH + H*
OH OH

Boronic acid Boronate

Scheme 1.2.2 — Boronate formation

Another issue with boronic acids is that they exist in equilibrium with the trimeric cyclic
anhydride boroxine, Scheme 1.2.3.2” This makes it difficult to determine the relative amounts
of boronic acid/boroxine in a mixture, so the common solution is to add excess boronic acid
to ensure full conversion of the aryl halide, but this is extremely inefficient. Boronic acid

derivatives offer a solution to this problem and will be discussed further in Section 1.2.4.

o R
H
B«
3 R—B: _— ? ?
OH -3 HZO /B\ /B\
R (0] R

Scheme 1.2.3 — Boronic acid/boroxine equilibrium



A study of the relative reactivity of different aromatic boronic acids found electron-donating
groups in the para-position to be more reactive, Scheme 1.2.4, Fig 1.2.2.% This is explained
by the fact that increasing the electron-donating ability of the para-substituent increases the

nucleophilicity of the boronic acid, making it more reactive toward SM cross-coupling.?

B(OH), R

Br conditions
>=\ + —
Ph Ph
R

Scheme 1.2.4 — Study of substituent effects on SM cross-coupling of (E)-bromostilbene with

Ph Ph

phenyl boronic acids. R = OMe, Me, H, CI, CFs. Conditions = 1 equiv. (E)-bromostilbene, 1
equiv. boronic acid, 1.5 equiv. tetradecane, 1:1 methanol/THF, 2 equiv. KOH, 0.5 mol%
Pd(OACc). (0.5 mol%)/PPh; (1 mol%), 25 °C.

0.4 -
+ OMe y =-0.7148x - 0.0098
0.2 1 R? =0.9205
x| T 0 1
£ .3
3
O 0.2 1
-0.4 A
-016 T T T T 1
-0.4 -0.2 0 0.2 0.4 0.6

Fig 1.2.2 — Study of substituent effects on SM cross-coupling of (E)-bromostilbene with
phenyl boronic acids, Scheme 1.2.4.

1.2.2. Mechanism

The general mechanism of the SM reaction involves three major steps in the catalytic cycle;
oxidative addition (OA), transmetalation (TM) and reductive elimination (RE), Scheme 1.2.5.
These reactions are often carried out with a palladium (1) pre-catalyst,?® due to their increased
stability relative to palladium(0) catalysts which can undergo decomposition when stored,
making in situ catalyst activation to a palladium(0) species the first step of the reaction. The
true mechanism of the SM reaction has been an area of controversy for many years and remains

so to this day.**32 While the oxidative addition and reductive elimination steps, which are



present in several other couplings, have been reasonably well studied the debate continues as
to how the transmetalation step of the cycle occurs. The difficulty in determining the true
mechanism is also due to the dependence of different variables in the reaction, such as solvent,
substrates and palladium ligands/phosphines. Each variable can greatly affect the most

favoured mechanism, as various pathways have been shown to be possible.?®

[L,Pd"]
l Activation
L,Pd° Ar'-X
Oxidative addition
Ar'-Ar?
Reductive
elimination

X
|
Ar'-Pd'lL,
Ar?
Ar-PdlL
n
© . TAB(OH)
Transmetalation

x© HO—B(OH),

Scheme 1.2.5 — General mechanism for SM cross-coupling reaction

1.2.2.1. Catalyst

The active catalyst is generally assumed to be a 14-electron Pd°L. species, with common
ligands being phosphines.’® The number of ligands on palladium throughout the system has
been studied using DFT calculations on a simple catalyst system, Pd(PHs)..? This study
showed that all steps in the cycle of a diphosphine system and monophosphine system have
low energy barriers, so are all feasible processes at room temperature, or with minimal heating.
The preferred pathway will depend on variables such as ligand, solvent, and substrate. A
diphosphine system is likely for chelating ligands, whereas a monophosphine system is likely
for bulky phosphines. However, as all steps for both processes can occur and provide points
where the two can inter-cross between a monophosphine and diphosphine system, either by

loss or gain of a phosphine ligand, the mechanism is likely a mixture of both pathways.



1.2.2.2. Oxidative Addition

In the OA step, the C—X bond of the aryl halide is broken and the palladium is oxidised,
generating a palladium(ll) intermediate. Depending on the conditions and reagents used, the
OA step of the cycle is known to be the rate determining step (RDS).>* For aryl chloride in
particular, OA is thought to be the RDS, however for aryl bromide and iodides it may not be
the case.3* The bond dissociation enthalpy of the aryl halide is proportional to the ease of OA:
| > OTf > Br >> Cl, hence why this step is likely rate limiting for aryl chlorides. OA can be
promoted by the addition of electron-withdrawing substituents to the aryl halide, weakening

the C-X bond, or by using electron-rich ligands to create an electron-rich catalyst.

Two main mechanisms have been proposed for OA, Scheme 1.2.6.! The first involves
simultaneous formation of both new bonds to palladium, Pd—C and Pd—X, in the transition
state via a concerted pathway. The second is a dissociative process, where the carbon is first
attacked by palladium, creating a cationic species, followed by recombination of the two

charged species.

A DFT study has found theoretical evidence for the dissociative route in solution, when
studying a palladium centre containing bidentate phosphines.®® Schoeneback et al. also
conducted a DFT study and report finding the concerted transition state in polar solvents,
disproving earlier suggestions that the concerted transition states would not exist in solution.®
Studies on how the structure of the phosphine ligand affect OA found that hindered phosphines
(P(1-nathyl)s) promote a concerted mechanism, whereas less hindered phosphines (PPhs)

favour the dissociative route.>?

t
R
:/,PdLn
R=X * \
concerted
R\
L,Pd N PdL,
Rh\ ¢/
X--R--PdL,
dissociative

Scheme 1.2.6 — Two proposed reaction pathways for OA



OA of an organic halide to a Pd°L, species produces a cis complex.? It is often assumed that
this complex undergoes isomerisation to the trans isomer prior to TM. However, a
computational study by Maseras et al. in 2006 showed the trans TM pathway to have a higher
energy barrier than the cis, in a system where palladium contained two phosphine ligands,
Scheme 1.2.7.2 While the system studied used model phosphine ligands lacking steric bulk,

it does suggest that the trans diphosphine species may not be the reactive species in all cases.

R-Br ) o

[I:z isomerisation PH4

E |
3 Pd(PH3), H;P—Pd—Br —»5'5 R-Pd—Br

OA ¥ |

20.8 PH; PH5

transmetalation transmetalation
16.9 20.4

R R

| |
H3P-Pd-R' <e————— H;P—Pd~PH,

PHs |som%r.|§at|on R'

Scheme 1.2.7 — Proposed mechanism for OA with two phosphine ligands, with energy

barriers shown in kcal/mol

1.2.2.3. Transmetalation

The TM step is where the organic moiety is transferred from boron to palladium, and can also
be the RDS of the reaction.® Organoboron reagents are reported to undergo rapid
transmetalation, and while this offers another advantage to this powerful reaction, it has made
elucidating the dominant pathway an on-going puzzle.** TM involves a three-coordinate boron
species which undergoes association with a fourth ligand to generate a four-coordinate
complex. Depending on the source of this fourth ligand, there are two possible pathways by
which transmetalation can occur; the oxo-palladium pathway and the boronate pathway,

SCheme 1.2.8.14,17,38—40,32,41,42,31
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Scheme 1.2.8 — Two TM pathways

The boronate pathway involves hydroxide ion association to the three-coordinate boronic acid
species to generate a boronate complex, which could then react with the organopalladium(ll)
species to generate a Pd-O-B linked intermediate. In the alternative route, the halide ligand on
the palladium is exchanged for a hydroxide ligand to form an oxo-palladium species, which
can then act as a Lewis base toward the neutral three-coordinate boron species, generating the

same Pd-O-B linked intermediate.

Both pathways depend on the role of the base. The presence of base, usually inorganic, has
been shown to be critical for efficient coupling, but the precise role of the base is still
unclear,1:14.26.293440324142 Three roles of the base have been reported: formation of the oxo-
palladium species, formation of the boronate species, and promotion of reductive
elimination.3*%4243 \While promotion of reductive elimination is always advantageous, only
one of the other two roles will lead to productive catalysis, either the oxo-palladium species

or the boronate species, but not both.

As both pathways form the same intermediate, the kinetically active boron and palladium
intermediates must be found to determine the dominate pathway. But these species are often
at very low relative concentrations, making detection difficult, giving rise to many conflicting

studies.®
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Boronate pathway

An early study by Canary et al. used electrospray ionisation mass spectrometry (ESI-MS) to
study the catalytic intermediates from a series of SM coupling reactions, Scheme 1.2.9. This
study observed pyridyl palladium(ll) complexes in two forms, [(pyrH)Pd(PPhs).Br]* or
[(pyr)Pd(PPhs)2]*, as well as the biaryl palladium(Il) species, [(pyrH)(R1R2CsHs3)Pd(PPhs).]*.
The corresponding oxo-palladium species were not observed. Not only does this study confirm
the presences of key intermediates, it also shows that TM is not the turnover limiting step in
the reaction. If this were the case, the predominant intermediate detected would be from the

oxidative addition step, yet the post-transmetalation biaryl palladium species is observed.

R4
XN Br
| Z + R1/§>\R2 - (ﬁp
N B(OH), NG R

| S
OHC” >NZ B TR R
r B(OH),

2a R1 = R2 =H

2b R1 =CH3, R2= H
2c R1 = R2= CH3

Scheme 1.2.9 — ESI-MS study by Canary et al. To a stirred solution of 3.9 x 10 mol aryl
halide and 1.2 x 10”° Pd(PPhs)4 in 2 mL toluene, 1 mL of 2 M Na,CO; and 4.8 x 10* mol
aryl boronic acid in 0.5 mL methanol was added. Carried out under nitrogen, in an oil bath at

80 °C with vigorous stirring.*

A 2005 paper from Maseras et al. investigated the different TM pathways, as well as the
mechanism without the addition of base, of SM cross-couplings involving vinyl groups using
DFT calculations.'* The first path investigated was the direct reaction between the boronic
acid and palladium halide without the addition of base, Scheme 1.2.10 — Path 0. The energy
profile showed the direct transmetalation to be too energy demanding to occur without the
addition of base, with an uphill, endothermic reaction profile and an energetic difference of
31.6 kcal/mol between reactants and products. Investigation into the formation of the
organoboronate species, Scheme 1.2.10 — Path A, found the formation of the organoboronate

species, from boronic acid and base, to be practically barrierless — only 2.7 kcal/mol. The
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reaction of this organoboronate species with the palladium halide was then found to be a
feasible mechanism, with facile replacement of the halide by the boronate species in the
coordination sphere of the catalyst. Looking at the oxo-palladium pathway, Scheme 1.2.10 —
Path B, found that the base was unable to directly replace the halide in the coordination sphere
of the catalyst. An alternative path where the base binds to a phosphine ligand first, then
migrates to the palladium centre with release of halide was suggested and found to be viable
computationally. However, this pathway would produce large amounts of phosphine
oxidation, which is not observed in SM couplings experimentally. The final path investigated
is the reaction from a preformed oxo-palladium species, without addition of base, Scheme
1.2.10 — Path C, which shows coupling to occur. But despite the efficiency of Path C, it does
not support the oxo-palladium pathway (Path B), as Path C starts with an oxo ligand in the
catalyst coordination sphere, allowing facile bond formation with the boronic acid. Hydroxide
is unable to directly replace the halide to form the necessary oxo-palladium species, Path B.
Therefore, this study concludes the main catalytic pathway must be Path A.

Further theoretical research into aryl coupling, more commonly used experimentally, gave
similar results to that of vinyl coupling; that without base the reaction does not occur, and

when base is present, it reacts first with the boronic acid — the boronate pathway, Path A.%°
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Path 0
R—[Pd]-X + R'—B(OH), \' » R—[Pd]-R'

X—B(OH),
B(OH),(OR") + X

N R—[Pd]-X + R'—B(OH),(OR")

R—[PdI-X + R'—B(OH), R—[Pd]-R'

R"Oﬁ R—{PAFOR" + R'—B(OH),
-

Path B B(OH),(OR")

R

Path C

R—[Pd-OR" + R'—B(OH), \' >

B(OH),(OR")

R—[Pd]-R’

Scheme 1.2.10 — Different pathways investigated by Maseras.'*** Path 0 — direct reaction
between the boronic acid and palladium halide without the addition of base. Path A —
boronate pathway. Path B — oxo-palladium pathway. Path C — reaction of a preformed oxo-
palladium complex with boronic acid.

Monteiro et al. also used ESI-MS to probe the intermediates in the SM reaction, specifically
looking at the nature of the boron species before, during, and after the reaction.?® Boronate
species were found to form during the reaction, Fig 1.2.3, which the authors claim as evidence
for the boronate pathway. However, the formation of these species does not definitively prove

that the boronate is the reactive transmetalation species.
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Organoboron Species detected during reaction

B(OH),
Ph—B’O‘@/Ph Ph—B/OH
o’ "OH e

Fig 1.2.3 — Species found by ESI-MS in the reaction of organoboron (0.30 mmol) with (E)-
bromostilbene (0.25 mmol), KOH (0.5 mmol), Pd(OACc), (1.25 pumol), PPhs (2.5 pmol),
MeOH (1.5 mL), THF (1.5 mL), 25 °C — dilution with water/acetonitrile mixture

Oxo-palladium pathway

Amatore and Jutand investigated the SM reaction using electrochemical techniques, starting
from trans-[ArPdX(PPhs).] complex — the product from OA, Scheme 1.2.11.3* The base was
found to have three roles in the reaction, two of which are productive; the formation of a
reactive [ArPd(OH)(PPhs).] species and unexpected acceleration of the RE step, and a
competing negative role; the formation of an unreactive boronate species. The TM of
[ArPd(OH)(PPhs).] was found to be the RDS. This work also showed that high amounts of
base do not necessarily promote greater reaction rates, as a result of the competing unreactive
boronate formation.

"OH, 2 PPhs

trans—[ArPdX(PPh3),] + ArB(OH), ———————3 Ar—Ar + B(OH); + X + [Pd%(PPh,)s]

DMF, 25 °C + PPh
3

Scheme 1.2.11 — System studied by Amatore and Jutand

Hartwig et al. studied the TM step by looking at the relative rates of two separate
stoichiometric reactions; isolated arylpalladium hydroxo complex and boronic acid in one case
and isolated arylpalladium halide complex with trihydroxyborate in the other, Scheme
1.2.12.38 At room temperature, both reactions were found to reach high yields within minutes.
The temperature was therefore lowered (=40 °C) and the observed rate constants calculated,
using 3P NMR for the oxo-palladium pathway and activation parameters for the boronate
pathway. The oxo-palladium pathway was found to have an observed rate constant of 2.4 x
102s?, in comparison to a rate constant of 1.7 x 107" s** for the boronate pathway. This large
difference in rate constants is reported to strongly support the oxo-palladium pathway as the

main path for TM in the SM coupling. However, the point is made that this study represents a
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system with a weak base, potassium carbonate, but if the base used was sufficiently strong,

the boronate pathway could become competitive.

19
Ph3P'Pd 2 B(OH)Z O

THF/H,0

+ > +  Pd(PPhy),
PPhs, rt O

Me 81%
Me

PhsP-Pd-PPh,

THF/H,0
> +  Pd(PPhy),
PPh,, rt O

18-crown-6

Me 93%

Scheme 1.2.12 — Two reactions studied by Hartwig et al. 50:1 THF/water

The debate as to which pathway occurs continues and is a difficult problem to solve as it is
very dependent on specific reaction conditions. Both pathways have been shown to occur,
using different methods and techniques, so the two may be competitive.*

While studies over the years have investigated the two pathways of transmetalation, the key
intermediate containing the Pd-O-B linkage had not yet been observed or characterized.
Recent advances by Denmark et al. have found evidence for the elusive transmetalation
intermediates, using low temperature, rapid injection NMR spectroscopy and Kinetic

studies.1”30

Three key intermediates were found, all of which contain the Pd-O-B linkage.'” The first was
the formation of tricoordinate boron palladium(ll) complex A via three independent routes,
Scheme 1.2.13. The second was a tetracoordinate boron complex B, which required the use of
a monoligated palladium complex to remove steric hinderance and allow saturation of the
boron, Scheme 1.2.14. And the third was tetracoordinate boron complex C, formed from the
reaction of complex B with boronic acid, Scheme 1.2.15. All species were then studied for
their ability to undergo cross-coupling, and all were found to form the desired product,
showing both tetracoordinate and tricoordinate examples are able to undergo efficient

transmetalation.
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B(OH),
i-PryP FiiHP' P E
I- r3 I- r3 Hc
Hy >
conditions A
Ha Fb
Fa H
Hy c
/O\
He B‘/‘ H
3 d L
Fb ?/ \O_H
> ((HsC);HC)—P-Pd-Pi-Pr,
conditions B H
B(OH)5TI H,
| Ha Fa
I
i-PrsP-Pd=Pi-Pr;
Hp He
Fo complex A
et
H, -
conditions C

Fa

Scheme 1.2.13 — Formation of complex A — tricoordinate boron palladium(Il) complex
containing a Pd-O-B linkage. Conditions A: 1 equiv. boronic acid, =78 °C then —30 °C, 3h, 2
equiv. i-PrsP, THF-ds, 100% conversion. Conditions B: 0.33 equiv. boroxine, =78 °C then
—60 °C, 36h, 2 equiv. i-PrsP, THF-dgs, 50% conversion. Conditions C: 3 equiv. boronate, 1
equiv. dibenzo-22-crown-6, —78 °C then —30 °C, 3h, 1 equiv. i-PrsP, THF, 10% conversion.
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Scheme 1.2.14 — Formation of complex B — tetracoordinate boron complex. Conditions A: 1,
2 or 4 equiv. boronic acid, THF-dg, —78 °C to —60 °C then —100 °C, 100% conversion.
Conditions B: 3 equiv. boronate, THF-dg, —78 °C to —50 °C for 1h then —100 °C, approx.

50% conversion.

F, Fo
Fa
H, B(OH), He
WY Ty g
i-PraP-Pd-0-Pd-P—(CHCH;)s H‘Q’B:OH
H—O\B/O\H F I ,f’O\H
\ > | ((HaC)HC)—P-Pd
O—H H
b
Hq
F
b He Ha
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complex C

Scheme 1.2.15 — Formation of complex C — tetracoordinate boron complex. Conditions: 1

equiv. boronic acid, rapid injection CH;OH, THF-ds, —60 °C, 100% conversion,
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1.2.2.4. Reductive elimination

To complete the catalytic cycle, generate the desired product and return to a Pd® species,
reductive elimination must occur, Scheme 1.2.16. Isomerisation of the trans isomer to the cis
is reported to occur prior to reductive elimination.>?44 Base has been shown to promote the
RE step, by addition of OH" as a fifth ligand to the bis-aryl palladium complex, Scheme

1.2.17.3* This negates the isomerisation to the cis complex, which is thermodynamically uphill.

t
/’|R1
L,Pdl i
AN
/R1 R2 R»]
L,Pd", » PdL, + |
R2 2
Scheme 1.2.16 — Concerted mechanism for RE
0
Ar—Pd-OH Ar—Ar' -
' L - Ar'
L ™ 1 OH . I L
Ar-Pd—-Ar' ——— + via Ar—Pdy
! fast voL
OH

[PdOL,]

+ i trans L
Ar'B(OH),
B(OH)3 slotv\ /
Ar'

|
Ar-PId—L
cis L

Scheme 1.2.17 — Base promoted RE

1.2.3. Side reactions

Protodeboronation, oxidative homocoupling and oxidation of the boronic acid are the major
side reactions that plague SM couplings, all deriving from the boronic acid species, Fig 1.2.4.1
Boronic acid homocoupling can also occur from pre-catalyst activation, Scheme 1.2.18. Side
product formation creates several issues, such as difficulty in isolating the desired product,
lower yield, and a waste of valuable starting material. The side products formed also have the
potential to act as a catalyst poison, causing further damage to the reaction. Catalyst
decomposition and protodehalogenation of the organohalide can also occur, and the varying
degrees of side product formation depend heavily on the reaction conditions and starting

components.
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Fig 1.2.4 — The three common side products in the SM coupling, formed from the
arylboronic acid

R—B(OH), (OH)
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Scheme 1.2.18 — Reductive activation of Pd(Il) pre-catalyst, consuming 2 equiv. boronic

acid and forming boronic acid homocoupled side product and a Pd(0) species

1.2.3.1. Protodeboronation

One of the major side reactions in SM couplings is protodeboronation, Scheme 1.2.19. This is
where the boron of the boronic acid is replaced by a proton, forming Ar-H and boric acid. This
reaction was studied by Kuivila in the early 1960s, before the wide-spread use of the SM
coupling.*-*® Kuivila measured the protodeboronation of a range of boronic acids in agqueous
buffers at 90 °C, and analysed the pH-rate profiles (between pH 1.0 and 6.7) to distinguish the
different pathways in operation, finding there to be a base-catalysed and an acid-catalysed
pathway, Scheme 1.2.20. Kuivila also studied the effects of a range of metal ions on the rate
of protodeboronation of 2,6-dimethoxybenzeneboronic acid, and found all the metals studied
to increase the rate of reaction with copper giving the fastest rate and nickel giving the slowest:

copper(11) > lead(11) > silver > cadmium > zinc > cobalt(I1) > magnesium > nickel(11).4
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Scheme 1.2.19 — Protodeboronation
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Scheme 1.2.20 — Kuivila pathways for protodeboronation of aryl boronic acids. Acid-

catalysed (ki) and base-catalysed (kz) pathways

Typical SM reaction are carried out in basic conditions, but as Kuivila had only studied
protodeboronation of a limited pH region, a detailed study at high pH was needed. Recently
Lloyd-Jones et al. conducted in-depth studies of the protodeboronation of a wide range of
boronic acids at pH range 1-13 and found, using both experimental and theoretical data, that
five different pathways can occur; acid-catalysed, base-catalysed, uncatalysed, autocatalysis,
and disproportionation, Scheme 1.2.21.5° Reaction variables, such as pH and temperature,
have a huge effect on the rate of protodeboronation. Lloyd-Jones et al. have also carried out a
detailed kinetic study of the base-catalysed protodeboronation of 30 different arylboronic acid,
using NMR, stopped-flow IR, and quenched-flow techniques, providing further insight into

this reaction process, Scheme 1.2.22.5!
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Scheme 1.2.21 — Protodeboronation pathways®*°

HoZS
OH ‘ pathway A
HO\B,OH HO. /_OH / N~ \

o i H
OH
H,0
\ -
Ho, P OH
HOE_B\ ,H pathway B

Scheme 1.2.22 — Base-catalysed protodeboronation of arylboronic acid via a stepwise
(pathway A) or concerted (pathway B) mechanism®

It is common to use a large excess of boronic acids in SM coupling to reach a high conversion
despite competing side reactions, but this is not an ideal solution. Significant amounts of

research have been carried out to find ways to minimise protodeboronation.
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Catalyst acceleration, often by ligand tuning, is one method to minimise protodeboronation.
Several studies have been carried out in this area, offering advancements by achieving
coupling of unstable boronic acids and increasing rates for TM and RE; reducing the
competitive protodeboronation.®?-%" An alternative method is to use an additive to increase the
efficiency of TM of the boronic acid, with silver oxide and copper salts being two
examples. 16395867 A third method is to “mask” the boronic acid group and will be covered in

more detail in Section 1.2.4.

1.2.3.2. Oxidation

Many boronic acids are stable in air and water due to the large activation energy required to
undergo oxidation with atmospheric oxygen or water.%® However, oxidation can occur with
oxidants such as hydrogen peroxide, which readily oxidise the boronic acid to the
corresponding alcohol.%® Oxidation can also occur from hydroperoxides, formed in
unstabilised (inhibitor-free) ethereal solvents, such as THF, which are commonly used in SM
reactions, Scheme 1.2.23.167°, These hydroperoxides can then oxidise boronic acids, forming
alcohol (phenol), Scheme 1.2.24. The use of anaerobic techniques can minimise this side
reaction, or the use of stabilisers, such as butylated hydroxytoluene (BHT) in THF for
example, to stop the formation of hydroperoxides.®

Scheme 1.2.23 — Formation of peroxides in THF
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Scheme 1.2.24 — Hydroboration-oxidation mechanism for the formation of phenol from

boronic acids

Boronic acid oxidative homocoupling is the other oxidative process that consumes boronic
acid starting material. This process is palladium catalysed, and so is in competition with the
desired SM cross-coupling.”* This process starts with a Pd(0) species reacting with
atmospheric oxygen to generate a peroxo complex, which can then react with boronic acid to
forma new Pd(Il) peroxo species. This species can then undergo transmetalation with a second
equivalent of boronic acid, followed by reductive elimination to form the homocoupled
product, Scheme 1.2.25."%72 This cycle also forms peroxide, which can oxidise a third
molecule of boronic acid to its corresponding alcohol. So, this palladium catalysed cycle forms
both boronic acid homocoupling and boronic acid oxidation. Anaerobic techniques can reduce

the formation of these side products.*®
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Scheme 1.2.25 — Palladium catalysed oxidative homocoupling competing with SM cross-
coupling

1.2.4. Boronic acid derivatives

To minimise side product formation, a common technique is to use boronic acid derivatives,
which also allow the coupling of unstable boronic acids. Standout examples are MIDA
boronates, potassium organotrifluoroborates and boronic esters, Fig 1.2.5.

Boronic acid MIDA boronate

0% 7Y

o o O

Pinacol boronic Neopentyl glycol Catechol boronic
ester boronic ester ester

Organotrifluoroborate
salt

)
|
B«

Fig 1.2.5 — Common organoboron reagents for SM cross-coupling



The hydrolysis of MIDA boronates™ and potassium organotrifluoroborates™ has been well
studied and found that both reagents undergo in situ hydrolysis to release the boronic acid,
which can then undergo TM in the SM catalytic cycle. The key advantage is the ability to
control the release of the boronic acid depending on the reaction conditions.® This allows the

amount of free reactive boronic acid to be controlled, therefore minimising side reactions.

1.2.4.1. MIDA boronates

The original MIDA study was carried out by Burke et al., providing a method of synthesising
these masked boronate reagents, as well as demonstrating their in situ hydrolysis and cross-
coupling ability.” This class of compound has internal coordination between the vacant p-
orbital and the nitrogen lone pair, giving rise to a tetrahedral boron species. MIDA boronates
can be synthesised by either refluxing the boronic acid with the MIDA ligand under Dean-
Stark conditions or, for unstable heterocyclic boronic acids, starting with the corresponding
aryl halide undergoing a lithium halogen exchange, followed by treatment with

triisopropylborate and quench with MIDA, Scheme 1.2.26.7

MeN
B(OH), / 0
(0] I\l/le 0O PhMe-DMSO B\\ ’ o
—» O
HO/U\/ N\)J\OH Dean-Stark
OH reflux, 3 hr
(MIDA)
1. n-BulLi MeN

X 2. B(i-PrO),

B/lo
| _ > Xy PO o
| 0

~-N

N Br 3. MIDA, DMSO,
115 °C

Scheme 1.2.26 — MIDA boronate formation

Typical basic SM conditions allow the MIDA ligand to be cleaved from the boron centre,
releasing the free boronic acid to undergo TM. Reaction conditions, such as base, temperature
and solvent, must all be carefully chosen to keep the concentration of free, reactive boronic
acid low, to reduce side reactions, i.e. slow release.® A detailed study of the slow release of
MIDA boronates was reported by Lloyd-Jones et al. who found two distinct mechanisms for

the hydrolysis; a neutral pathway and a base mediated pathway, with the latter having a rate
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more than three orders of magnitude faster than the neutral pathway, therefore highly relevant

for SM reaction which are commonly carried out in very basic conditions, Scheme 1.2.27.7

NaOH (excess)

THF/H,0 5:1
21 °C, minutes o PH
» R—-B-OH
fast OH
MeN /
nS
R* SO0 Oon
0
\ slow OH
> R-B
neutral pH \OH
THF/H,0 5:1
55 °C, hours

Scheme 1.2.27 — MIDA boronate hydrolysis

1.2.4.2. Potassium organotrifluoroborates

Research into this class of compounds was originally carried out by Genet and Molander.?”"”
Genet et al. found that potassium organotrifluoroborates gave consistently better yields in
comparison to the corresponding boronic acid.”” The synthesis of potassium
organotrifluoroborates involves the addition of KHF; to the corresponding boronic acid in
methanol at room temperature.'®’®7° The products precipitate out of the reaction and are air
and moisture stable.’® Mechanistic studies carried out by Lloyd-Jones et al. found two
pathways for hydrolysis; acid-catalysed and direct, Scheme 1.2.28, and the rate of hydrolysis
to be dependent on substituent type.”& This study also revealed the partial phase splitting,
therefore vessel shape, size and stirring rate, to have an effect on hydrolysis, which is important

in the context of SM reaction which are commonly carried out in biphasic conditions.™
H30* F KHF, + H,O

oFf acid cat. F H,0 OH

R—B\—F R-B —m> R—B\
F F OH

Scheme 1.2.28 — Organotrifluoroborates hydrolysis
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1.2.4.3. Boronic esters

Boronic esters, with bulky and electron-rich ligands, reduce the Lewis acidity at the boron
centre, giving the ester increased stability relative to the corresponding boronic acid. Boronic
esters are monomeric, so do not form aggregates which can be an issue when using boronic
acids. Pinacol esters in particular have become a key reagent in synthetic applications, aided
by being commercially available.>”® A straightforward method for the synthesis of boronic
esters is via esterification of the boronic acid with the corresponding diol, Scheme 1.2.29.7081
The use of Dean-Stark conditions drives the formation of boronic ester, by azeotropic removal
of water to limit the reverse reaction of boronic ester hydrolysis. An alternative method for the
formation of pinacol esters is Miyaura borylation, Scheme 1.2.30.?

e

HO / toluene o. O

+ \
/N -
OH Dean-Stark

B(OH),

N7

B

Scheme 1.2.29 — Formation of pinacol ester via esterification of the boronic acid

o 0 PdCl,(dppf) o}
B—B( + X=Ar ——————— B—Ar
o o KOAc / DMSO o

Scheme 1.2.30 — Miyaura borylation reaction

Watson et al. recently developed a method to synthesize complex boronic pinacol esters, using
a chemoselectively controlled reaction between a pinacol ester and MIDA boronate, Scheme
1.2.31.%38% This strategy has then been employed in the synthesis of functionalised phenols,®
and in the chemoselective SM cross-coupling, allowing the formation of two new C-C bonds

in a single transformation, Scheme 1.2.32.8°
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BMIDA BPin
L ()
‘® BMIDA @ @

Scheme 1.2.31 — Synthesis of pinacol esters by controlled speciation. X = halogen.

Pd(OAc), (4 mol%) @
BPin BMIDA Cl SPhos (8 mol%)
+ : - (®
Br K3zPOy4 (4 equiv.)
H,0 (20 equiv.) @

THF, 90 °C

Scheme 1.2.32 — Chemoselective tandem SM cross-coupling

Further discussion of boronic esters can be found in Chapter 2.

1.3. Aims of the project

While studies into the SM reaction, especially the mechanism of transmetalation for boronic
acids, has gained a lot of interest over recent years with numerous studies, key parts of the
mechanism of this now indispensable reaction remain unknown. A common solution to the
use of unstable boronic acids is to use a masked boronic acid. But while the mechanism of
MIDA boronates and potassium organotrifluoroborates has been well studied,”®™ the true
pathway for the SM cross-coupling of boronic esters remains unknown, Scheme 1.3.1.
Specifically, whether these species undergo direct transmetalation or prior hydrolysis to the
boronic acid under SM conditions remains unknown. This research aims to elucidate the

mechanism of this valuable cross-coupling process.
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Scheme 1.3.1 — Elucidating the cross-coupling of boronic acid derivatives
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Boronic Esters
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2.1. Overview

0.0

0.,-0 HO.__OH
B: B
F F E
inacol ester neopentyl boronic
P glycol ester acid
1 2 3

Fig 2.1.1 — The two boronic esters 1/2 and corresponding boronic acid 3 investigated in this

study

The two boronic esters, 1 & 2 Fig 2.1.1, chosen for this study were made using literature
procedures’? and have both been previously used in SM cross-coupling reactions.® Previous
investigations by Hartwig et al. used the esters to investigate the two different transmetalation
pathways, Scheme 2.1.1.* Path A shows the reaction of a palladium halide species with
aryltrihydroxyborate, and path B is the reaction between an isolated hydroxyl palladium
species and boronic acids, ArB(OH),, and esters, ArB(OR).. It was found that both pathways
form the desired product. Further investigation into Path B using boronic esters showed the
pinacol ester 1 to react much slower (1.5 hr) in comparison to the neopentyl glycol ester 2 (<
2 min), Scheme 2.1.2. It is interesting to note that when using the corresponding boronic acid
3 in this study, it was found to react as quickly as the neopentyl glycol ester 2, < 2 min.

oxidative o reductive
addition Ar'-B(OH); elimination
——» L,yPd(Ar)(X) » Lo,Pd(An(Ar') ——0 8 8
Path A
©
) OH Path B
X Ar'-B(OH), / Ar'-B(OR),
L,Pd(Ar)(OH)

Scheme 2.1.1 — Two transmetalation pathways investigated

35



il
PhSP'Pd 2 B(OR)2 O

N _THF L PdPPh),
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F
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OH 0 0 o/
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<2 min <2 min <2 min 1.5 hr

Scheme 2.1.2 — Path B

The stability of the boronic esters has also been studied by Roy and Brown in 2006, by
monitoring the rate of transesterification with ethylene glycol phenylboronic ester, Scheme
2.1.35 It was found that both the pinacol and neopentyl glycol diol produce
thermodynamically stable boronic esters, but at very different rates. The neopentyl glycol ester
was found to undergo 85% transesterification in 0.1 hour, compared to the pinacol ester taking
94 hours to reach 87.8% transesterification. This infers that while both esters are stable, there
is a much lower barrier to form the neopentyl glycol ester, hence the faster transesterification

rate.

Scheme 2.1.3 — General scheme for transesterification study

A study of the reactivity of a pinacol ester and a neopentyl glycol ester found the overall
reactivity to be 5 times higher for the neopentyl glycol ester (4-methoxyphenyl
neopentylglycolboronate) compared to the pinacol ester (4-methoxyphenyl pinacolboronate),
when studying the kinetics of the cross-coupling with methyl 4-((methylsulfonyl)oxy)-
benzoate, Scheme 2.1.4.2 Further studies of nickel-catalysed cross-coupling reactions of aryl
boron-based nucleophiles with methyl 4-((methylsulfonyl)oxy)benzoate found that 4-

methoxyphenylboronic acid gave the highest efficiency of the nucleophiles studies. But the
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drawbacks to the use of boronic acids is their in situ decomposition and the presence of dimers

and trimers, compared to monomeric boronic esters with increased stability.

OMe  ROGOR oo Ni(COD), OMe
12% PCys, O
+ >
KsPO,, O
COOMe OMe THF, rt MeOOC

Scheme 2.1.4 — Kinetic studies of the cross-coupling of 4-methoxyphenyl
neopentylglycolboronate and 4-methoxyphenyl pinacolboronate. Aryl mesylate (1 equiv.),
aryl boronate (1 equiv.), KsPO4 (3 equiv.)

Aggarwal et al. have also studied the reactivity of different boronate complexes.® They also
find the neopentyl glycol ester to be more reactive than the pinacol ester, reporting over 100-
fold difference between the two, when looking at the reactivity of the esters with

benzhydryliums, Scheme 2.1.5.

L
© ©
XHB” “Ph H BF4 CH3CN Ph
20°C
MezN NM62 MezN NMe2
CFs

Scheme 2.1.5 — Reaction between lithium boronate complexes with Ar,CH*BF4
(benzhydryliums). X = pinacol, second-order rate constant k, = 1.34 x 10%. X = neopentyl
glycol, second-order rate constant k, = 1.86 x 10°.

Marder, Radius et al. have studied the reactivity of a slightly wider range of boronic esters,
including the pinacol (pin) and neopentyl glycol (neop), in addition to ethyleneglycol (eg) and
catechol (cat).” The nickel-catalysed SM cross-coupling of the boronates with polyfluorinated

arenes showed the ethyleneglycol and neopentyl glycol to give the highest yields, Fig 2.1.2.
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F B(OR),

F F [Nio(PPralm)4(u-COD)]
+ r
F F CsF, toluene
R 100 °C, 18 hr
R=F, CF; R=F, CF;
B(OR),=  B(OH), Bjoj B(Of' E{O:>{,, B:OD
(6] O~ ", 0 0]
Beg Bpin Bneop Bcat
Ar-F Yield (%)
p-tolyl boronic acid CeFs 102
p-tolyl-Beg CeFs 95
p-tolyl-Bneop CeFs 84
p-tolyl-Bpin CeFs 8
p-tolyl-Bcat CeFs 6
p-tolyl boronic acid CF3-CeFs g7
p-tolyl-Beg CF3-CsFe 100
p-tolyl-Bneop CF3-CsFe 96
p-tolyl-Bpin CF3-CsFs 47
p-tolyl-Bcat CF3-CsFs 6

Fig 2.1.2 — Nickel-catalysed SM cross-coupling of boronic acid/esters with polyfluorinated
arenes. [Niz2('Pr2lm)4(1-COD)] (5 mol%), p-tolyl-B(OR). (0.2 mmol), polyfluorinated arene
(CsFs 0.4 mmol; CF3-CsFs 0.2 mmol), CsF (0.2 mmol), 2 mL toluene, 100 °C, 18 h. Gas
chromatography yields based on boronic acid/ester using Ci2Hzs as an internal standard. @ =

K2COj3 (0.6 mmol) employed as the base

Watson et al. have recently investigated the reactivity of boronic acids and pinacol esters in
independent and competition reactions.® The reactivity of phenyl boronic acid and the
corresponding phenyl pinacol ester were found to be comparable, giving the same initial rate
and comparable reaction profiles. However, in a competition reaction between p-tolylboronic
acid and phenyl pinacol ester, the boronic acid was found to far outcompete the ester, Scheme
2.1.6. The conditions developed deliberately inhibit ester hydrolysis to the boronic acid and

maintain a homogenous solution. The selective coupling of the boronic acid over the pinacol
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ester was tested with a range of coupling partners and found to be highly selective. In addition,
if asecond aryl bromide is added to the reaction mixture after the initial coupling, the unreacted
pinacol ester then undergoes cross-coupling, to produce varied coupling products in one pot,
Scheme 2.1.7. The method was then further tested and found to allow chemoselective tandem
SM cross-coupling, Scheme 2.1.8. This required a more active catalyst system, to allow the
coupling of the aryl chloride, but was shown to work well for a range of aryl and heteroaryl
boron species.

B(OH), BPin Br  Pd(dppf)Cl, (4 mol%) O
K3PO4 (3 eqUiV.) O

+

H,0 (5 equiv.)
1,4-dioxane O

70 °C, 1hr

+
+

100 0

Scheme 2.1.6 — Competition reaction between p-tolylboronic acid (1 equiv.) and phenyl
pinacol ester (1 equiv.) with phenyl bromide (1 equiv.). Selective coupling of the boronic
acid. Determined by HPLC analysis

Pd(dppf)Cly, K3PO,, H,0

B(OH), BPin Br 1.4-dioxane, 70 °C, 1hr @ @
. : -
- @
HZO, 90 °C

Scheme 2.1.7 — Sequential SM cross-coupling

B(OH) Cl BPin  Pd(OAc),, DavePhos @
SOR -
Br K3POy4 (4 equiv.) @
H,O (15 equiv.) @
1,4-dioxane, 70 °C
18 hr

Scheme 2.1.8 — Chemoselective tandem SM cross-coupling
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2.2. Hydrolysis
2.2.1. Pinacol Ester

The hydrolysis of the pinacol ester 1 in 10:1 THF/water was investigated using *F NMR and
was found to have a rate of 1.15 x 10° M min?, Scheme 2.2.1, Graph 2.2.1. The final
equilibrium position was found to be 35:65 pinacol ester to boronic acid after 24 hours.

The addition of 1 equivalent of an inorganic base (K2COs) was found to increase the rate of
hydrolysis to 5.24 x 10°°M min*and generate a final equilibrium ratio of 40:60 pinacol ester
to boronic acid after 24 hours, Graph 2.2.1. To determine whether phase separation occurred
in the system, leading to potential loss of total fluorine signal, the experiment was carried out
using an internal standard (1-fluoronaphthalene) to monitor the hydrolysis, and total °F
concentration present. This study showed the concentration to remain constant throughout,

confirming all species present are being monitored.

\)_k B(OH),

Os ’ 10:1 THF/H,O

@‘:‘F PR

3
equilibrium 35 65
-109.6 ppm -112.5 ppm

Scheme 2.2.1 — Pinacol ester 1 (0.04 M) hydrolysis monitored by °F NMR with 1-

fluoronaphthalene as an internal standard.
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Graph 2.2.1 — Comparison of hydrolysis of pinacol ester 1 (0.04 M) in 10:1
THF/water with 1 equiv. K.COj3 and without base. Monitored by *F NMR with 1-

fluoronaphthalene as an internal standard, 300 K.

The backward equilibrium reaction, Scheme 2.2.1, of the boronic acid 3 with 1 equivalent
pinacol in 10:1 THF/water was also investigated, as the rate of this reaction will be important
for competition coupling reactions using a pinacol ester 1 and a boronic acid 3, Graph 2.2.2.
An initial quantity of pinacol ester 1 is formed (0.0059 M) as a result of the reaction between
the boronic acid 3 and pinacol in the solid phase before the addition of solvent. This reaction
created a final equilibrium ratio of 65:35 boronic acid to pinacol ester after 24 hours. The rate
of ester formation is 7.83 x 105 M min, which shows the hydrolysis of the pinacol ester 1
(1.15 x 10° M min) to be faster than the formation of pinacol ester from boronic acid 3 and

pinacol.

_ forward

~ backward _ 0.68

keq
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Graph 2.2.2 — Reaction of boronic acid 3 and pinacol alcohol (1:1) in 10:1
THF/water. Monitored by °F NMR with 1-fluoronaphthalene as an internal
standard, 300 K.

2.1.1. Neopentyl Glycol Ester

The hydrolysis of the neopentyl glycol ester 2 in 10:1 THF/water was investigated using *°F
NMR and found to be extremely fast in comparison to the pinacol ester 1, Scheme 2.2.2,
Graph 2.2.3. Equilibrium between the boronic acid 3 and glycol ester 2 had been reached
within 10 minutes and found to lie in favour of the boronic acid, creating a ratio of 75:25

boronic acid to glycol ester.
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O\B/O 10:1 THF/H20 \—k

2 3
equilibrium 25 75
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Scheme 2.2.2 — Neopentyl glycol ester 2 (0.04 M) hydrolysis monitored by °F

NMR with 1-fluoronaphthalene as an internal standard.
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Graph 2.2.3 — Hydrolysis of neopentyl glycol ester 2 (0.04 M) in 10:1 THF/water.
Monitored by °F NMR with 1-fluoronaphthalene as an internal standard, 300 K.

When the neopentyl glycol ester 2 hydrolysis was repeated with 1 equivalent of inorganic base,
K>COs, the equilibrium was obtained in 10 minutes, but shifted to 65:35 boronic acid to glycol

ester. This experiment was carried out using an internal standard (1-fluoronaphthalene), to rule
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out potential phase separation or micelle formation issues and ensure the total fluorine

concentration remained constant throughout.

In addition, the reaction of the boronic acid 3 and neopentyl glycol in 10:1 THF/water was
monitored, and also found to be very fast, less than 10 minutes was required to give to the
same equilibrium position as starting with the glycol ester 2, 25% glycol ester and 75% boronic
acid.

2.3. Conclusion

The two boronic esters, 1 & 2, have very different rates of hydrolysis, allowing for the study
of how hydrolysis affects cross-coupling. The results also agree with the previous literature®,
that the pinacol ester 1 is more stable than the neopentyl glycol ester 2, hence having a much
slower rate of hydrolysis.
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Chapter 3

Coupling with an inorganic base
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3.1. Aims of the chapter

This chapter gives the preliminary results of the investigation into Suzuki-Miyaura cross-
coupling using an inorganic base, and compares the reactivity of a boronic acid and two
boronic esters. This work also reveals the importance of reaction conditions and phase
separation, which altered the desired focus of this study.

3.2. Initial studies

Initial studies began with the Suzuki-Miyaura (SM) cross-coupling of 4-fluorophenylboronic
acid 3 with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 in a 1:1 ratio, with three equivalents
of an inorganic base (potassium carbonate) at 55 °C, Scheme 3.2.1. The reaction was carried
out in a 10:1 mixture of THF/water, respectively, using 1 mol% of bis(triphenylphosphine)-
palladium(ll) dichloride, (PhsP).PdCl., as a pre-catalyst. This literature reaction was chosen
as it had previously been studied in detail for the corresponding reaction with potassium
organotrifluoroborates.* The reagents chosen allow the reaction to be easily monitored by °F
NMR, as the starting materials, desired product 5 and side products all have distinct fluorine

peaks with no overlap, Fig 3.2.1.

F

B Br 3 equiv K2003
1 mol% (PhsP),PdCl,
-+ :
THF/H,0 10:1
£ FsC CFs 55°C,7h O

Fs;C
3 4 5

CF3

Scheme 3.2.1 — SM reaction of 4-fluorophenylboronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored over 7 hours by *F NMR with

1-fluoronaphthalene as an internal standard.
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Fig 3.2.1 — F NMR spectrum of the boronic acid region of the SM reaction of 4-
fluorophenylboronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04
M) with 1-fluoronaphthalene 7 as an internal standard, with inserts for fluorobenzene 9

—114.52 ppm, boronic acid homocoupling 6 —116.99 ppm, and fluorophenol 8 —128.24 ppm.

The THF/water ratio of 10:1 and the amount of inorganic base, potassium carbonate, used
creates a biphasic system. The boronic acid, aryl bromide and palladium catalyst are
predominant in the organic phase, while the boronate formed during the reaction is highly
water soluble so it is found in the aqueous phase, along with the hydroxide ions generated by
the base, Fig 3.2.2.2
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This was confirmed by looking at a 1:1 THF/water mixture with 5 equivalents of potassium
carbonate relative to the boronic acid and analysing the THF layer and water layer separately
by B NMR, Fig 3.2.3. The water layer contained only boronate (5.91 ppm) whereas the THF
layer contained solely boronic acid 3 (22.46 ppm).

organic or aqueous-organic phase

R'—X Pd cat.

/7 O\
Oon X A
A |
ooy
© eOH ex o Y
R—B(OH); B(OH),

basic aqueous phase

Fig 3.2.2 — Representation of a biphasic mixture, showing different species present in the
aqueous-organic phase (lower pH) and the basic aqueous phase (high pH). The aqueous
phase acts as a reservoir of base, as well as containing the halide and boron salts formed

during the reaction.?
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Fig 3.2.3 — THF layer containing boronic acid 3 22.46 ppm (top spectrum) and water layer
containing boronate 5.91 ppm (bottom spectrum) analysed by !B NMR, 300K.

3.2.1. General reaction profile

HO.__OH

B Br 3 equiv K,COg4
1 mol% (Ph3P),PdCl,
+
THF/H,O 10:1
r FsC CFs 55°C,7h O

F3C
3 4 5

CF3

Scheme 3.2.1 — SM reaction of 4-fluorophenylboronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored over 7 hours and analysed by

F NMR with 1-fluoronaphthalene as an internal standard.
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Graph 3.2.1 — SM coupling profile of 4-fluorophenylboronic acid 3 (0.049 M) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (0.045 M) sampled ex situ over 7 hours and analysed
by *F NMR with 1-fluoronaphthalene as an internal standard. Side products = boronic acid
homocoupling 6 and boronic acid oxidation 8. (Procedure B)

The general reaction profile for the 4-fluorophenylboronic acid 3 SM cross-coupling, Scheme
3.2.1, is shown in Graph 3.2.1. The boronic acid 3 and the aryl halide 4 were found to be
consumed at similar rates over the first three hours — boronic acid 3 = 2.26 x 10*M min, aryl
halide 4 = 1.88 x 10* M min?, and the reaction reached completion after approximately 5
hours. The starting concentration of boronic acid 3 was found to be consistent but slightly
higher than expected, i.e. it should be 0.04 M but starting concentration in Graph 3.2.1 is
0.049 M. This is due to the fact that the majority of the boronic acid 3 being added to the
reaction mixture is actually boroxine, confirmed by elemental analysis, Fig 3.2.4. Despite this
increased concentration, the boronic acid 3 is fully consumed, as it also undergoes side product
formation throughout the reaction, leaving a small amount (less than 0.005 M) of aryl halide
4 unreacted at the end of the reaction.
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HO.__OH
B - Hy0
3x —_— B + 3 H,0
+ H,0 9’ \?
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F ISR\
F F
-112.5 ppm -108.5 ppm
Element Carbon /% Hydrogen / %
Expected for boronic acid 3 51.50 4.32
Found 58.65 2.97
Boroxine 59.12 3.31

Fig 3.2.4 — Elemental analysis results for the 4-fluorophenylboronic acid 3

3.2.1.1. Side products

There are several side products formed during a SM cross-coupling reaction, Fig 3.2.5. Three
of the four shown below are formed from the boronic acid 3, which can undergo homocoupling
to form a biaryl 6 (—116.99 ppm), or oxidation to form a phenol 8 (fluorophenol = —128.24
ppm). The boronic acid 3 can also undergo protodeboronation, resulting in the formation of
fluorobenzene 9 (—114.52 ppm). The other side product is protodebromination of the aryl
bromide 10 (—63.42 ppm).3*° Side products are discussed further in Chapter 1, Section 1.2.3.

Boronic ac_|d Fluorophenol Protodeboronation Protodebromination
homocoupling

6 8 9 10
-116.99 ppm -128.24 ppm -114.52 ppm -63.42 ppm

Fig 3.2.5 — Side products of the SM reaction of 4-fluorophenylboronic acid 3 with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 and °F NMR chemical shifts
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The two main side products formed throughout the reaction are from boronic acid
homocoupling 6 and oxidation 8. Early studies of the SM reaction did not form fluorobenzene
9 from protodeboronation, only later studies discussed in Chapter 4, and even then the amount
of protodeboronation was minimal (~1%). The amount of protodebromination 10 in the
reaction is also minimal (less than 1%) and traces of this material are found in the aryl halide
4 starting material. Small amounts are formed during the reaction, but due to its chemical shift
(—63.42 ppm), between the aryl halide 4 (—63.48 ppm) and product peak 5 (-63.29 ppm), it
can be difficult to monitor, Fig 3.2.6.

-63.29

Br

B e e B o B e L B s e e e e 1 s o A s B B A A s
-63.20 -63.22 -63.24 -63.26 -63.28 -63.30 -63.32 -63.34 -63.36 -63.38 -63.40 -63.42 -63.44 -63.46 -63.48 -63.50 -63.52 -63.54 -63.56 -63.5
f1 (ppm)

Fig 3.2.6 — 1°F NMR spectrum of the trifluoromethyl region of the SM coupling of 4-
fluorophenylboronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04
M) with 1-fluoronaphthalene as an internal standard

3.2.2. Scale effects

Originally, the reaction was carried out on a 0.2 mmol scale (5 mL) to allow samples (0.5 mL)
to be taken every hour, for 7 hours, to monitor the progress of the reaction. In order to
determine the initial rate of reaction the first hour needed to be studied in more depth, so the

reaction was adapted to a 0.4 mmol scale (10 mL) to allow for more aliquots to be taken. The
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change in the rate of reaction is negligible as a result of the change in the scale; initial rates,
0.2 mmol = 1.68 x 10*M min?, 0.4 mmol = 1.69 x 10*M min?, Graph 3.2.2.
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Graph 3.2.2 — Product 5 formation for the SM reaction of 4-fluorophenylboronic acid 3
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) sampled over 5 hours
and analysed by F NMR with 1-fluoronaphthalene as an internal standard. Three separate

reactions sampled — two at 0.4 mmol and one at 0.2 mmol. (Procedure A)

3.2.3. Reaction variables

It is reported in the literature that rates for biphasic reactions can often be affected by stirring
rate and vessel size.>® To investigate the importance of these variables, reactions usually
carried out at 750 rpm stirring in a 30 mL Schleck flask (20 mm diameter) were compared to
those carried out at 250 rpm stirring in a 30 mL Schlenk flask (20 mm diameter) and at 750
rpm stirring in a 25 mL round bottom flask (RBF), Graph 3.2.3. All reactions were carried

out with the same size stirrer bar.

The reduction of stirring rate gave a considerable drop in the rate of reaction, 2.82 x 10* M
min for 750 rpm compared to 6.50 x 10°> M min for 250 rpm, as expected for a biphasic
reaction where phase transfer is important, Graph 3.2.3. A faster stirring rate would increase

the exchange and interaction of the two phases, therefore, increasing the rate of reaction.

When the reaction was carried out in an RBF (750 rpm), the rate of reaction was also found to

decrease considerably to 9.00 x 10° M min?, Graph 3.2.3.
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To establish whether reaction aliquots continue to react in the NMR tube, a sample was taken
and monitored via NMR with the probe pre-heated to 55 °C, then compared to a reaction being
stirred and sampled periodically. It was found that the rate of reaction of the sample in the
NMR was much slower compared to the standard reaction being stirred in a Schlenk flask,
Graph 3.2.3. This shows that while the reaction aliquot does continue to react it does so at a

much slower rate, 5.00 x 10° M min‘%, providing further evidence of the importance of mixing
the biphasic solution.
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Graph 3.2.3 — Product 5 formation for the SM reaction of 4-fluorophenylboronic acid 3
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) sampled over 7 hours

and analysed by *F NMR with 1-fluoronaphthalene as an internal standard. Impact of

changing stirring rate/vessel size
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Initial rate | % product5 | % total side % BA % fluorophenol
/M min? conversion products homocoupling 6 8
750 rpm 30 mL | 2.82 x 10 85 14 7 7
Schlenk flask
250 rpm 30 mL | 6.50 x 10 50 4 2 2
Schlenk flask
750 rpm 25 mL | 9.00 x 10 66 12 6 6
RBF
NMR tube 5.00 x 10°® 22 5 25 25
(3 hours)

Fig 3.2.7 — Impact of changing stirring rate/vessel size in the SM reaction of 4-
fluorophenylboronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04

M) sampled over 7 hours by °F NMR with 1-fluoronaphthalene as an internal standard.

3.3.

3.3.1. Pinacol ester

(Graphs — Appendix 8.3.1)

Boronic acid vs boronic esters

The SM cross-coupling reaction of the pinacol ester 1, Scheme 3.3.1, is shown in Graph 3.3.1.

In addition to monitoring the product 5 formation, the in situ hydrolysis of the ester 1 can be

followed, Graph 3.3.1 insert. This shows only small amounts of the boronic acid 3 is formed

during the reaction, and the ester 1 is fully consumed after 3 hours.

N F

O~g-© Br 3 equiv K,CO4
1 mol% (Ph3P)2PdC|2
+ >
THF/H50 10:1
I F5C CF, B oG O
FsC CF;
1 4 5

Scheme 3.3.1 — SM reaction of pinacol ester 1 (1 equiv.) with 1,3-bis(trifluoromethyl)-5-
bromobenzene 4 (1 equiv.) monitored over 7 hours and analysed by *°F NMR with 1-

fluoronaphthalene as an internal standard.
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Graph 3.3.1 — SM coupling profile of pinacol ester 1 (0.04 M) with 1,3-bis(trifluoromethyl)-
5-bromobenzene 4 (0.045 M) sampled over 7 hours and analysed by °F NMR with 1-
fluoronaphthalene as an internal standard. Insert graph shows in situ hydrolysis of pinacol

ester 1. (Procedure B)

3.3.2. Neopentyl glycol ester

The SM cross-coupling reaction of the neopentyl glycol ester 2 under the standard coupling
condition, Scheme 3.3.2, is shown in Graph 3.3.2. In addition to monitoring the product 5
formation, the in situ hydrolysis of the ester 2 can be followed, Graph 3.3.2 insert. The t0
sample shows a large amount of boronic acid 3 is present, due to the rapid hydrolysis of the
glycol ester 2. The first reaction sample then shows an increase in the amount of glycol ester
present, relative to the t0 sample. This indicates that the two boron species present in the
reaction are being consumed at different rates, by either SM coupling or ester hydrolysis,
which affects the ester to acid ratio throughout the reaction. Following the reaction, both the

boronic acid 3 and glycol ester 2 decrease over time until fully consumed at 3 hours.
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Scheme 3.3.2 — SM reaction of neopentyl glycol ester 2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored over 7 hours and analysed by
F NMR with 1-fluoronaphthalene as an internal standard.
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Graph 3.3.2 — SM coupling profile of neopentyl glycol ester 2 (0.035 M) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (0.045 M) sampled over 7 hours and analysed by °F
NMR with 1-fluoronaphthalene as an internal standard. Insert graph shows in situ hydrolysis

of neopentyl glycol ester 2. (Procedure B)
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3.3.3. Comparison

The initial rate of coupling for the three different reactions is comparable; boronic acid = 1.90
X 10* M min, pinacol ester = 1.86 x 10* M min?, glycol ester = 2.08 x 10*M min?, Graph
3.3.3. All three reactions reach a product generation of ~85% after 4 hours, Graph 3.3.4.
Despite the different rates of hydrolysis between the two esters studied, this does not affect

the rate of cross-coupling, as the turnover-limiting step is phase-transfer for all three reactions.

0. .0 0._.0 HO.__OH
B’ B B
F F F
inacol ester neopentyl boronic
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Graph 3.3.3 — Product 5 concentration for the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) sampled and analysed by

F NMR with 1-fluoronaphthalene as an internal standard.
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Graph 3.3.4 — Product 5 percentage for the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) sampled and analysed by
F NMR with 1-fluoronaphthalene as an internal standard.

While the reactions give the same rate of product conversion, the three do differ in terms of
the amount of side products produced throughout the reaction, Graph 3.3.5. The two major
side products formed result from boronic acid homocoupling 6 and boronic acid oxidation to
fluorophenol 8. The boronic acid 3 reaction produces the most side products, 20%, followed
by the pinacol ester 1, 15%. The neopentyl glycol ester 2 reaction produces the least amount
of side products of the three, 7%.
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Graph 3.3.5 — Side product (6 & 8) formation comparison from the SM cross-coupling of
boronic acid 3/ester 1/2 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M)
sampled and analysed by *°F NMR with 1-fluoronaphthalene as an internal standard.
(Individual side product formation graphs — Appendix 8.3.2)

3.4. Conclusion

The fact that the boronic acid 3 reaction and two ester 1/2 reactions all give the same rate of
coupling is likely a consequence of phase-separation, rendering phase transfer the turnover-
limiting process. The fact that reaction rate is dependent to stirring rate supports this
hypothesis. To be able to study transmetalation, the conditions need to be adapted to maintain

a homogenous system using an alternative organic soluble base.
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Chapter 4

The search for homogeneous, reproducible

conditions
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4.1. Background

While the SM reaction is typically carried out using an inorganic base, there are reports using
organic bases instead, with the most common organic base tested being triethylamine. The use
of triethylamine does not always give efficient coupling when compared to an inorganic base,
reportedly due to precipitation of palladium black and/or decomposition of the boronic acid
starting material.’> A study by Wang et al. on the coupling of 4-nitrochlorobenzene and
phenylboronic acid found that triethylamine gave only trace amounts of SM cross-coupled
product, while potassium carbonate, an inorganic base, gave 90% yield.® DMAP (4-
dimethylaminopyridine), another organic base, was also tested in this study and found to be
completely inactive. Sajiki et al. found triethylamine to give a 45% yield, sodium carbonate
to give 98% yield, while DABCO (1,4-diazabicyclo[2.2.2]octane) yielded no product, when
studying the coupling of 4-nitrobromobenzene and phenyl boronic acid.” However, high yields
(85%) have been shown for SM cross-coupling of 4-iodoanisole with phenyl boronic acid,

carried out using triethylamine in water with Stilbazo as a ligand, Fig 4.1.1.8

HO SO3NH,4 SO3NH,4 OH

Ry Sy iy
H H

Fig 4.1.1 — The structure of Stilbazo

Despite the lack of reactivity shown when using DABCO as a base, it has been successfully
utilised as a ligand for SM cross-coupling. Li et al. investigated the copper iodide catalysed
SM cross-coupling of 1-iodoanisole and phenylboronic acid, using caesium carbonate as a
base, and found the addition of DABCO as a ligand (20 mol%) improved yield, from 78% to
98%. However, the addition of triethylamine as a ligand (20 mol%) seems to have a
detrimental effect, reducing the yield to 66%.° Further studies by Li et al. in 2007 report copper
iodide catalysed SM and Sonogashira cross-coupling reactions using DABCO as a ligand.°
Without DABCO, the coupling of 2-phenylvinyl iodide and phenyl boric acid using caesium
carbonate as a base reaches 63% yield. With the addition of DABCO (20 mol%), the yield

increases to 83%.
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4.1.1. Superbases

Superbases are defined as being stronger than a ‘proton sponge’ (DMAN - 1,8-bis(dimethyl-
amino)naphthalene); have an absolute proton affinity larger than 245.3 kcal mol? and gas

phase basicity over 239 kcal mol=*.1t

Common organic bases have a number of issues limiting their use in Pd-catalysed couplings,
such as catalyst inhibition, lack of basicity, or decomposition.? A 2015 study by Dreher et al.
explored the use of organic superbases as an alternative to common organic and inorganic
bases, providing a strong base while being sterically hindered, limiting catalyst inhibition.*2
The use of superbases was thought to potentially provide a number of key advantages; they
would not form Lewis or Brgnsted acidic counterion by-products, they would be soluble in a
wide range of organic solvents allowing potential homogeneous conditions, there would be

opportunity to tune steric and electric properties.

This study investigated the use of four commercially available organic superbases in the
reaction between 3-bromopyridine and seven different nucleophiles, including a pinacol
boronic ester for SM cross-coupling, Scheme 4.1.1. The phosphazene, P;Et, showed the

greatest reactivity of the bases tested, while DBU gave the lowest reactivity of the four.

L-Pd(0)
Ar—X + H—-Nu »  Ar—Nu
superbase
t-Bu
N N ~, J
N N N
| /j (\/ /j A n o/
N Q\\ N)\N N—P=N—P-N
I N | /N
ZOIN N
t-Bu guanidine DBU MTBD P,Et

11

Scheme 4.1.1 — Pd-catalysed cross-coupling reactions using organic superbases

4.1.2. Use as aligand

In addition to use as a base, some superbases have been shown to be advantageous when used
as a ligand in SM cross-couplings. In 2007, Zhang et al reported the use of guanidine as a
ligand in a palladium acetate-catalysed room temperature SM cross-coupling reaction using
potassium carbonate as a base, testing nine different guanidines, Scheme 4.1.2.2 The addition

of all of the guanidines studied gave improved reactivity in comparison to the ligand-free
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reaction, Fig 4.1.2. A complex of palladium acetate with 2-n-butyl-1,1,3,3-
tetramethylguanidine was formed, isolated, and tested for its activity in a range of SM
couplings. It was found to work well at low loadings (0.001 — 2 mol%) and at room

temperature, with the exception of aryl chlorides which required higher temperatures (80 °C).

B HO. _OH

' B O
5 E—

OMe

OMe

Scheme 4.1.2 — SM coupling. 1.5 mol% Pd(OACc)2, 3.0-6.0 mol% ligand, 1.0 mmol 4-
bromoanisole, 1.2 mmol phenylboronic acid, 3.0 mmol K>COs, 3.0 mL CH3CN, 80 °C, 2

hours.
Ligand Yield (%) Ligand Yield (%)
NH
None 42% SNTON 80%
I
Bu<
NH u N
~n7 S Me 74% W 99%
I | N N
Me (.
-B <
NH - s-Bu N
SNNTOSNY 78% Mo 100%
I | N N
Et | |
NH l‘—Bu\N
~N N,Bu 81% < M _ 100%
I | N N
Bu | I
NH Bu\N
SNTON 83% NN 98%
| _J

Fig 4.1.2 — Isolated yields from reaction shown in Scheme 4.1.2
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4.2. Aims of the study

This chapter reports our search to find homogenous SM conditions to facilitate the study of
the transmetalation step of the catalytic cycle by *°F NMR. These conditions will then be used
to study the difference in reactivity between a boronic acid and two boronic esters. Organic
bases will be tested and compared to the more commonly used inorganic bases. In addition, a
range of boronic acids and aryl halides will be tested to explore the generality of the newly
developed reaction.

4.3. Initial results

4.3.1. General profile

Previous work within our research group showed 2-tert-butyl-1,1,3,3-tetramethylguanidine
(guanidine 11) to work well as a base in SM cross-coupling. This is supported by literature, '3
and so was the first organic base investigated in this study, Scheme 4.3.1. The reaction was
monitored by *F NMR, and a large increase in rate was found by switching the base from
potassium carbonate to guanidine 11. The guanidine 11 reaction was complete within 10
minutes (first spectrum) and was found to give higher conversion with reduced side products,
Graph 4.3.1 & 4.3.2. The use of guanidine 11 gave product conversion of 98% after 20
minutes compared to 85% after 4 hours with potassium carbonate. Using potassium carbonate
the amount of side products obtained at the end of the reaction was 20% (boronic acid
homocoupling 6 and oxidation 8), compared to the guanidine 11 reaction which only produces
3%. There is no fluorophenol 8 formed in the guanidine 11 reaction under these conditions

and vastly reduced amounts of the boronic acid homocoupling product 6.

F

B Br 3 equiv. guanidine 11 N/t-Bu
1 mol% (Ph3P)2PdC|2 O )l\
+ SNTONT
Fs;C C

?
THF/H,0 10:1 ([

F3 o
F 55°C O guanidine 11
F4C CF,

3 4 5

-112.7 ppm -63.5 ppm -114.1 ppm / -63.3 ppm

Scheme 4.3.1 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by *F NMR with 1-

fluoronaphthalene as an internal standard, showing °F NMR chemical shifts
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Graph 4.3.1 — Product formation 5 in the SM cross-coupling of boronic acid 3 (0.05 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.05 M) monitored by °*F NMR with 1-
fluoronaphthalene as an internal standard. Comparison of the use of potassium carbonate vs

guanidine 11 (Procedure B & D)
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Graph 4.3.2 — Side product formation in the SM cross-coupling of boronic acid 3 (0.05 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.05 M) monitored by *F NMR with 1-
fluoronaphthalene as an internal standard. Comparison of the use of potassium carbonate vs
guanidine 11

To be able to monitor the initial stage of the reaction in more detail the temperature was
lowered from 55 °C to 23 °C, Scheme 4.3.2, Graph 4.3.3. This change in conditions gave a
similar rate of reaction as potassium carbonate at 55 °C, (initial rates: K.CO355 °C = 1.90 x
104 M min?, guanidine 11 23 °C = 1.49 x 10“* M min) but the reduction in side product

formation was maintained, Graph 4.3.3.

F

B Br 3 equiv. guanidine 11 N,z‘—Bu
1 mol% (Ph;P),PdCl, O ),\
+ > SNTONT
FsC C

THF/H,0 10:1 I I

F o o
I 3 55°C/23°C O guanidine 11

F3C CF;
3 4 5

Scheme 4.3.2 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by *F NMR with 1-

fluoronaphthalene as an internal standard.
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Graph 4.3.3 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.05 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-
fluoronaphthalene as an internal standard. Comparison of potassium carbonate at 55 °C vs
guanidine 11 at 23 °C. Insert graph shows side product formation. (Procedure B & D)

Lowering the temperature of the guanidine 11 reaction also revealed a large loss in total
fluorine concentration by °F NMR, compared to a to sample without base, using 1-
fluoronaphthalene as an internal standard, Graph 4.3.4. By having both starting materials
labelled with fluorine, all products formed and starting material consumed should be observed
and tracked by °F NMR. But at the first data point (20 minutes) the total signal present in the
sample was representative of only of 51% of the total concentration. The “missing” signal was
attributed to have originated form the boronic acid 3, as this was the only peak to be
significantly affected by the addition of guanidine 11, Fig 4.3.1. As the reaction reaches
completion, the total signal increases, as the unseen boronic acid 3 is consumed and product 5
is formed, and all other peaks are unaffected by the presence of guanidine 11. Furthermore,
the use of guanidine 11 creates a new peak at —121 ppm, which has been assigned to a boronate
complex, Scheme 4.3.3, and will be discussed in more detail in Chapter 5 — Boronate

formation.
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Graph 4.3.4 — Total detected concentration (**F) in the SM cross-coupling of boronic acid 3

(0.05 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by NMR with

1-fluoronaphthalene as an internal standard. Comparison of potassium carbonate at 55 °C vs
guanidine 11 at 23 °C
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Fig 4.3.1 — Boronic acid region of SM cross-coupling of boronic acid 3 (0.05 M) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M). **F NMR with 1-fluoronaphthalene as an
internal standard (=125 ppm). Top spectrum before addition of guanidine 11 shows boronic
acid 3 signal —112 ppm. Middle spectrum after addition of guanidine 11 shows boronate
signal —121 ppm, and additional peaks at —114 ppm and —117 ppm (discussed in Chapter

5). Bottom spectrum after acetic acid quench shows boronic acid 3 signal =112 ppm.

OH
HO.g-OH HOLL_OH
guanidine ©
—
THF/H,0
F F
3
-112 ppm -121 ppm

Scheme 4.3.3 — Boronate formation
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Quenching the boronate

Given the broadening of the boronic acid 3 to boronate peak, the amount of starting material
in the reaction could not be followed. However, quenching with glacial acetic acid allowed the
boronic acid 3 signal to be monitored. This quench also ensured the sample was representative
of a specific time point and allowed for all components of the reaction to be monitored, Graph
4.3.5.

F

B Br 1 equiv. guanidine 11 N/t_Bu
0.5 mol% (Ph3P),PdClI, O )I\
+ > e \N N/
FsC

THF/H,0 10:1 I I

CF3 o
F 23°C O guanidine 11

FsC CF,4
3 4 5

Scheme 4.3.4 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by °F NMR with 1-

fluoronaphthalene as an internal standard.
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Graph 4.3.5 — SM cross-coupling of boronic acid 3 (0.047 M) with 1,3-bis(trifluoromethyl)-
5-bromobenzene 4 (0.045 M) monitored by *F NMR with 1-fluoronaphthalene as an internal

standard (Procedure E)
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4.3.2. Homogenous system

HO\B’OH Br X equiv. guanidine 11 N/t—Bu
1 mol% (PhP),PdCl, |
_|_ > \N)\N/
. oF THF/H,0 10:1 I
F ’ : 23°C O guanidine 11
FsC

CF,

3 4 5

Scheme 4.3.5 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard.

While the use of guanidine 11 had greatly reduced side product formation, it was found that
three equivalents, relative to the boronic acid 3, still created a biphasic reaction mixture. If all
the other components of the reaction are mixed together in 10:1 THF/water, the solution is
homogenous. It is only upon addition of the base, guanidine 11, that a phase separation occurs.
To be able to study the transmetalation step of the reaction a homogeneous system was needed,
which could be achieved by lowing the concentration of guanidine 11 used, Scheme 4.3.5.
Lowering the guanidine 11 was found to increase the rate of reaction, Graph 4.3.6. Reactions
using one or two equivalents were found to give similar rate of reaction, while the reaction
using half an equivalent gave the fastest rate, but only reached 50% conversion. But while
lowering the base increased the rate of product formation, reactions employing 0.5 or 1 equiv.
guanidine 11 produced more side products, now including the formation of fluorophenol 8,
Fig 4.3.2.
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Graph 4.3.6 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M) with

1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) using different equivalents of

guanidine, monitored by '*F NMR with 1-fluoronaphthalene as an internal standard.

(Procedure D)

Equiv. guanidine

% Product 5

% total side

% boronic acid

% fluorophenol 8

products homocoupling 6
3 88% 6% 6% 0%
o 2 88% 4% 4% 0%
o 1 85% 7% 4% 3%
e 05 45% 5% 3% 2%

Fig 4.3.2 — Product 5 and side product conversion after 7 hours, in the SM cross-coupling of
boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) using

different equivalents of guanidine 11, monitored by °F NMR with 1-fluoronaphthalene as an

internal standard.

To establish if the system was truly homogeneous, a sample was taken from a reaction and

monitored in situ via NMR, then compared to the bulk reaction solution being stirred and

sampled periodically. The reaction using two equivalents of guanidine 11 was found to give a

different conversion and rate between the NMR sample and the stirred reaction mixture, and

the NMR sample showed a longer induction period, suggesting there is still a phase spilt
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present, Graph 4.3.7. When using only one equivalent of guanidine 11, the two sets of data
overlap very well, showing this to be a one phase system, Graph 4.3.8. Using half an
equivalent of guanidine 11 also showed to be a one phase system, but the fast rate and limited

conversion make it an unsuitable system to study.
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Graph 4.3.7 & 4.3.8 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04
M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by *F NMR with 1-

fluoronaphthalene as an internal standard. Using 2 or 1 equiv. guanidine 11.

4.4. Cross-Coupling

4.4.1. Boronic acid vs boronic esters

Under the new homogenous conditions, independent reactions were carried out for the boronic
acid 3, pinacol ester 1 and neopentyl glycol ester 2 cross-coupling reactions, Scheme 4.4.1,
Graph 4.4.1. There now appears to be differences in the rate of product 5 formation between
the three reactions, but as the reaction is complete by approximately one hour, it is difficult to
say how different the three reactions truly are. For this reason, the catalyst loading was lowered

to slow the reaction down and study the initial rates in more detail.
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THF/H,0 10:1 | I
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F
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FsC CF,

1,2,3 4 5
Scheme 4.4.1 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard
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Graph 4.4.1 — SM cross-coupling of boronic acid 3/ester 1/2 (0.04 M) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard. (Procedure D)
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Lower catalyst loading

Lowering the catalyst loading from 1 mol% to 0.5 mol% did not vastly change the rate of
reaction but lowering it further to 0.25 mol% gave a much slower reaction that could be studied
in depth, Graph 4.4.2. This change also gave a longer induction period, which is difficult to

see at higher catalyst loadings, and makes an initial rate comparison difficult.
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Graph 4.4.2 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-

fluoronaphthalene as an internal standard. Varying catalyst loading. (Procedure E)

The profile of the boronic acid 3 coupling reaction under the new homogenous conditions,
Scheme 4.4.2, is shown in Graph 4.4.3. This shows both starting materials, 3 & 4, remain at
the end of the reaction, suggesting the limiting reagent to be the base, rather than the boronic

acid 3 or aryl halide 4, or palladium decomposition.
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Scheme 4.4.2 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard

0.05
o000 "X N X )
°
004 ([ ©©0e0003 g
= 003 7 s
2 ° *
8 0.02 ]
]
' s
0.01 L
°
]
0.00 soceo0l
0 60 120 180 240 300 360 420

Time / min

@ Boronicacid @ Aryl Halide @ Product Side products

Graph 4.4.3 — SM cross-coupling of boronic acid 3 (0.045 M) with 1,3-bis(trifluoromethyl)-
5-bromobenzene 4 (0.042 M) monitored by °F NMR with 1-fluoronaphthalene as an internal
standard. (Procedure E)

Ester comparison

Using the lower catalyst conditions, the ester coupling reactions were re-investigated, Scheme
4.4.3, Graph 4.4.4, revealing the two esters, 1 & 2, to have the same rate of coupling while
the boronic acid 3 couples at a slower rate. The ester reactions also have a much shorter
induction period (~50 min) in comparison to the corresponding boronic acid 3 (~120 min).
Despite the differences in rate and induction period, the three reactions all form the same
amount of side products at the same rate, Graph 4.4.5. After 7 hours, both esters, 1 & 2,

reached the maximum conversion of ~82%, whereas the boronic acid 3 had only reached 66%.
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After 24 hours the boronic acid 3 reaches 75% conversion, while the ester reactions remain

unchanged.
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Ro\B’OR Br 1 equiv. guanidine 11 _t-Bu
0.25 mol% (PhsP),PdCl, B
+ ? \N N/
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F

23°C guanidine 11

F3C CFj3
1,2,3 4 5
Scheme 4.4.3 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by °F NMR with 1-
fluoronaphthalene as an internal standard
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Graph 4.4.4 — Product 5 formation for SM cross-coupling of boronic acid 3/ester 1/2 (0.04
M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard. (Procedure E)
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Graph 4.4.5 — Side product formation for SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by **F NMR
with 1-fluoronaphthalene as an internal standard

4.4.2. Addition of alcohols
4.4.2.1. Neopentyl Glycol

To test if the faster rate and shorter induction period was a result of the use of the ester, or the
presence of the diol, the reaction of the boronic acid 3 and one equivalent of glycol was carried
out, Scheme 4.4.4. This reaction gave the same profile as the glycol ester 2 reaction, showing
the isolated ester is not required for the improved reaction, Graph 4.4.6. The two reactions
both reach roughly the same conversion, ~85% after 7 hours, Appendix 8.4.2, but the boronic
acid 3 has a higher starting concentration as it is actually boroxine being added to the reaction,
creating a higher concentration of boronic acid, Chapter 3, Section 3.2.1. The three reactions
all form the same amount of side products (5%) at the same rate, Appendix 8.4.2. In addition,
there is remaining starting material, both boronic acid 3 and aryl halide 4, at the end of all
three reactions, again suggesting the concentration of the guanidine 11 to be the limiting
reagent.
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Scheme 4.4.4 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) with addition of glycol, monitored by °F

NMR with 1-fluoronaphthalene as an internal standard
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Graph 4.4.6 — Product 5 formation for the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of glycol,
monitored by °F NMR with 1-fluoronaphthalene as an internal standard. (Procedure E). (%

product and side product graphs — Appendix 8.4.2).

To further study the effects of addition of diol to the reaction, the equivalents of glycol added
to a standard boronic acid 3 coupling were varied, Graph 4.4.7. This shows that only half an
equivalent of diol is needed to give the same reaction rate as the ester and reduction of
induction period. At two equivalents, there is the reduction of induction period, but a slight

decrease in the rate. By looking at percentage conversion, it is easier to see that the 0.25
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equivalent and 2 equivalent reactions both give a lower conversion relative to the 1 equivalent

or the ester reactions, Graph 4.4.8.

As 2 equivalents of diol was shown to be detrimental to the reaction, the glycol ester 2 reaction
with an extra equivalent of diol was also tested, Graph 4.4.9, and found to give the same effect

of shortening induction period but lowering rate.
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Graph 4.4.7 — Product 5 formation (concentration) for the SM cross-coupling of boronic
acid 3/ester 1/2 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with
addition of glycol, monitored by °F NMR with 1-fluoronaphthalene as an internal standard.
(Procedure E)
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Graph 4.4.8 — Product 5 formation (percentage) for the SM cross-coupling of boronic acid
3/ester 1/2 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition
of glycol, monitored by °F NMR with 1-fluoronaphthalene as an internal standard.
(Procedure E)
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Graph 4.4.9 — Product 5 formation for the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of glycol,

monitored by *°F NMR with 1-fluoronaphthalene as an internal standard. (Procedure E)
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4.4.2.2. Pinacol

The same study of diol effects was carried out with the pinacol, Scheme 4.4.5. Adding one
equivalent of pinacol to the boronic acid 3 coupling gave the same reaction profile as the
pinacol ester 1 coupling, Graph 4.4.10. The detrimental effect of excess diol is also shown by

adding an equivalent of pinacol to a pinacol ester 1 coupling, Graph 4.4.11.
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+ + HO OH >
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CF3

F3;C

3 4 5
Scheme 4.4.5 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) with addition of pinacol, monitored by °F
NMR with 1-fluoronaphthalene as an internal standard
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Graph 4.4.10 — Product 5 formation for the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of pinacol,

monitored by *°F NMR with 1-fluoronaphthalene as an internal standard. (Procedure E)
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Graph 4.4.11 — Product 5 formation for the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of pinacol,
monitored by *°F NMR with 1-fluoronaphthalene as an internal standard. (Procedure E)

4.4.2.3. Other alcohols

As the use of 1 equiv. diol has been shown to shorten the induction period and increase the
rate, mono-alcohol, 2-propanol, was tested to see the effect on the reaction. One equivalent of
2-propanol was added to a standard boronic acid 3 cross-coupling, Scheme 4.4.6, Graph
4.4.12. Rather than shorten the induction period, 2-propanol increased it. By shifting the results
to remove this increase (70 minutes), the reaction profile matches that of the standard boronic
acid 3 coupling, showing there is no change to the rate of reaction, only the length of induction
period, Graph 4.4.12. Despite the difference in induction period, the two reactions form the

same amount of side products (3.5 %) at the same rate, Graph 4.4.13.
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Scheme 4.4.6 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) with addition of 2-propanol (1 equiv.),
monitored by °F NMR with 1-fluoronaphthalene as an internal standard
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Graph 4.4.12 — Product 5 formation of SM cross-coupling of boronic acid 3 (0.04 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of 2-propanol (0.04 M),
monitored by °F NMR with 1-fluoronaphthalene as an internal standard. (Procedure L)
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Graph 4.4.13 — Side product formation of SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of 2-propanol (0.04

M), monitored by **F NMR with 1-fluoronaphthalene as an internal standard

A triol, 1,1,1-tris(hydroxymethyl)ethane, was also investigated, and found to have an
interesting effect on the reaction, Scheme 4.4.7. 1 equiv. was found to completely remove the
induction period, Graph 4.4.14. Lower equivalents were found to give a slower rate, Graph
4.4.14. All three triol reactions reached a lower conversion (~50 %) compared to the standard
boronic acid 3 coupling (73 %), after 7 hours. but all four reactions produced roughly the same

amount of side products (~3 %) at the same rate, Appendix 8.4.3.
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Scheme 4.4.7 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) with addition of 1,1,1-

tris(hydroxymethyl)ethane, monitored by *°F NMR with 1-fluoronaphthalene as an internal

standard
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Graph 4.4.14 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of 1,1,1-
tris(hydroxymethyl)ethane, monitored by °F NMR with 1-fluoronaphthalene as an internal
standard. (Procedure L)

4.5. Changing catalyst

4.5.1. Pd(OAc).

Issues with the reproducibly of the system were noticed after investigating different procedures
and order of addition. Five reactions that should give identical results were found to differ
greatly, Graph 4.5.1. The amount of catalyst needed was so small, less than 1 mg, it could not
be accurately weighed, so stock solutions were used. But it was found that the catalyst had
limited solubility in THF/water, so the use of stock solutions still gave irreproducible results.

So, work began with an alternative catalyst, palladium acetate, Pd(OACc),, Scheme 4.5.1.
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Graph 4.5.1 — Results from five separate, individual reactions — reproducibility issues using

Pd(PPhs).Cl.. Product 5 formation in five individual SM cross-coupling reactions of boronic

acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by *°F
NMR with 1-fluoronaphthalene as an internal standard. (Procedure E & G)

The same catalyst loading of Pd(OAc). (0.25 mol%) was found to give a much slower reaction
in comparison to Pd(PPhs),Cl,, Graph 4.5.2. A study of catalyst loading showed 0.75 mol%
Pd(OAC). to give a reaction profile similar to that of 0.25 mol% Pd(PPhs).Cl.. However, when
this reaction was repeated, using stock solutions, it showed a different profile, without the
induction period, and reached a higher conversion, Graph 4.5.3. The reaction was repeated
using stock solutions, and the new profile was shown to be the true reaction profile, initial rate
=2.53 x 10* M min?, Graph 4.5.4. The amount of side products, boronic acid homocoupling
6 and oxidation 8, produced also changed with the change of catalyst, Graph 4.5.4.
Pd(PPhs;),Cl; reactions were found to form around 4% side products, whereas the use of
Pd(OAC), reduced this to around 1.5%.
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X mol% Pd(OAc), O )|\
+ > SNTONT
© . CQCF THF/H,0 10:1 .
F ° ° 23°C O guanidine 11
FsC

CF;

3 4 5

Scheme 4.5.1 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard
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Graph 4.5.2 — Varying Pd(OACc); loading. Product 5 formation in the SM cross-coupling of
boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored
by °F NMR with 1-fluoronaphthalene as an internal standard. (Procedure E & L)
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Graph 4.5.3 — Difference between weighing the catalyst directly and using a catalyst stock
solution. Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-

fluoronaphthalene as an internal standard. (Procedure E, weighed, vs procedure I, cat sol)
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Graph 4.5.4 — Product formation in the SM cross-coupling of boronic acid (0.04 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene (0.04 M) monitored by **F NMR with 1-
fluoronaphthalene as an internal standard — showing the use of catalyst stock solution to be
reproducible in five separate reactions. Insert graph shows change in side product formation
with change in catalyst; « Pd(PPh3).Cl, = 4%, « Pd(OACc), = 1.5%.

This is where new issues of irreproducibility arose. For the reaction, a catalyst stock solution
was prepared in THF/water 10:1. But it was found that leaving this solution for different
periods of time before use gave varying results, Graph 4.5.5. This could be due to the
palladium acetate reacting with water, as reported in the literature.** The different reactivity
shown in Graph 4.5.5 could be due to which species is present from the palladium
acetate/water reaction and whether that species is reactive or not, Scheme 4.5.2.
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Graph 4.5.5 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °*F NMR with 1-

fluoronaphthalene as an internal standard — Varied results depending on age of catalyst
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Scheme 4.5.2 — Palladium acetate reaction with water.*
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From here, the catalyst stock solution was instead made in neat THF, but the rate of reaction
was still found to be irreproducible, Graph 4.5.6. Despite the differences in the rate of

reaction, the Pd(OAC)- reactions all consistently reached a conversion of ~70%.
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Graph 4.5.6 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-

fluoronaphthalene as an internal standard — Irreproducible reaction. (Procedure Q)

4.5.2. PdCIy(PhCN),

Bis(benzonitrile)palladium(ll) chloride, PACI2(PhCN),, was found to give a similar conversion
to palladium acetate, so was further investigated to study phosphine-free SM conditions,
Scheme 4.5.3. A study of the catalyst loading revealed the reaction to be first order with
respect to the catalyst, Graph 4.5.7. The fact that the initial rate graph does not have a zero
intercept on the x-axis suggests there is a small amount of catalyst poison or inhibitor present
in the system.
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Scheme 4.5.3 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-

bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard
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Graph 4.5.7 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-

fluoronaphthalene as an internal standard — Varying catalyst loading. Insert graph shows

initial rates vs palladium concentration. (Procedure S)
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Mol % Pd % conversion 5 % side products Initial rate / M min*
e 1.00 83% 4% 2.78 x 10°®
e 0.75 80% 4% 2.03x10°
e 0.50 75% 3% 1.03x 10°
0.25 60% 4% 4.89 x10®

Fig 4.5.1 — SM cross-coupling of boronic acid (0.04 M) with 1,3-bis(trifluoromethyl)-5-
bromobenzene (0.04 M) monitored by 19F NMR with 1-fluoronaphthalene as an internal

standard — Varying catalyst loading. Conversion after 10 hours.

The effect of changing the equivalents of guanidine 11 was studied, Graph 4.5.8. As shown
earlier, lowering the equivalents of guanidine 11 gives an increase in rate, whereas increasing

the equivalents (1.25) gave a much slower reaction.
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Graph 4.5.8 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-
fluoronaphthalene as an internal standard — Varying concentration of guanidine (Procedure

T
Equiv. guanidine % conversion 5 % side products Initial rate / M min™*
1.25 40% 6% 4.70x10°
e 1.00 62% 4% 1.92 x 10*
e 0.75 61% 2% 4.00 x 10
e 0.50 46% 2% 4.26 x 10

Fig 4.5.2 — SM cross-coupling of boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-
bromobenzene 4 (0.04 M) monitored by *°F NMR with 1-fluoronaphthalene as an internal

standard — Varying concentration of guanidine 11. Conversion after 9 hours

Esters

The reactions of the pinacol ester 1 and glycol ester 2 were reinvestigated using PdCl2(PhCN)z,
Scheme 4.5.4, Graph 4.5.9. This showed the boronic acid 3 and glycol ester 2 to give very
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similar profiles, 4.4 x 10, but the pinacol ester 1 to give a much slower reaction, 7.7 x 10°°.
After 24 hours, the boronic acid 3 and glycol ester 2 reactions had a final conversion of 80%,

compared to the pinacol ester 1 which only reached 40%.

What was interesting about this study was that the boronic acid 3 results shown here are very
different to that of previous studies under the same conditions, Graph 4.5.8. This shows that
there are still reproducibility issues with this system. Further studies showed the boronic acid
3 to give different profiles between runs, with no correlation as to what is causing the issue,
Graph 4.5.10.
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Scheme 4.5.4 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard
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Graph 4.5.9 — Product 5 formation in the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by *F NMR

with 1-fluoronaphthalene as an internal standard. (Procedure O)
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Boronic acid Pinacol ester Glycol ester
Pd(OACc): Product 68% 76% 70%
Side products 5% 3% 2%
PdCI2(PhCN): Product 75% 51% 84%
Side products 4% 3% 4%
PdCI>(PhCN). Product 68% 54% 58%
Side products 4% 2% 2%

Fig 4.5.3 — Comparison for final conversion of boronic acid 3/ester 1/2 SM couplings,
Scheme 4.5.4, after 24 hours using different catalysts. One acid to ester comparison using
Pd(OAC), and two separate comparisons using PdCI,(PhCN)., showing the reproducibility

issues when using PdCI,(PhCN);
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Graph 4.5.10 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by **F NMR with 1-
fluoronaphthalene as an internal standard — Irreproducible results using PdCI>(PhCN).

4.5.3. [(cinnamy)PdCIl].

Previous work within our research group showed the palladium (z-cinnamyl) chloride dimer,
[(cinnamyl)PdCl],, gave good SM cross-coupling with similar substrates, so was further
investigated as a catalyst for phosphine-free SM cross-coupling, Scheme 4.5.5. Initial results
using 0.25 mol % showed the reaction to be much faster than previous catalysts at this loading,
initial rate =4 x 10*M min, Graph 4.5.11. The catalyst loading was lowered to 0.10 mol%,
but multiple, identical runs showed the reaction to be irreproducible, Graph 4.5.12.
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Scheme 4.5.5 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by *F NMR with 1-

fluoronaphthalene as an internal standard
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Graph 4.5.11 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard using 0.25 mol% [(cinnamyl)PdCl].. (Procedure R)
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Graph 4.5.12 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M)

with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-

fluoronaphthalene as an internal standard using 0.10 mol% [(cinnamyl)PdCl],. (Procedure S)
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Repeating the reaction at 10 mol% showed there to be a trend between reaction profile and age
of catalyst stock solution. When the catalyst solution is made and used quickly, within 10
minutes, the reaction profile is either much faster or slower than it should be, Graph 4.5.13.
If the catalyst solution is used after around 30 minutes, the results are comparable to each
other, but still slightly faster, Graph 4.5.14. If the catalyst solution is used after 100 minutes,
the results are now reproducible, 7.7 x 10° M min?, Graph 4.5.15.
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Graph 4.5.13 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-

fluoronaphthalene as an internal standard — Both reactions carried out 8 minutes after

catalyst solution was made
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Graph 4.5.14 — Product formation in the SM cross-coupling of boronic acid 3 (0.04 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °*F NMR with 1-
fluoronaphthalene as an internal standard — Both reactions carried out 33 minutes after

catalyst solution was made
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Graph 4.5.15 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-

fluoronaphthalene as an internal standard — Three reactions carried out over 100 minutes

after catalyst solution was made
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This effect of age of catalyst stock solution was further confirmed by making a stock solution,
waiting 100 minutes, then carrying out 3 reactions which all gave the same profile and rate,
2.49 x 10* M min? (+ 0.05 x 10*), Graph 4.5.16. The link between age of catalyst stock
solution and reproducibility could be due to a solubility issue of the [(cinnamyl)PdCl], in THF,

or due to slow dissociation of the cinnamyl ligand.
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Graph 4.5.16 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by F NMR with 1-
fluoronaphthalene as an internal standard — All reactions carried out over 100 minutes after

catalyst solution was made. (Procedure S)

Esters

Now the system has been shown to be reproducible, the ester reactions were reinvestigated,
Scheme 4.5.6, Graph 4.5.17. The boronic acid 3 reaction was carried out in duplicate to ensure
reproducibility of the system and gave the same profile and rate. The neopentyl glycol ester 2
reaction proceeded with the same profile and rate as the boronic acid 3 (glycol ester rate = 3.04
x 10 M min, boronic acid rate = 3.27 x 10 M min‘t), both reaching at least 80% conversion
(boronic acid 3 = 82% after 12 hours, 85% over 24 hours; glycol ester 2 = 76% after 12 hours,
80% after 24 hours). Whereas the pinacol ester 1 reaction was much slower rate (7.90 x 10°
M min'), reaching only 56% conversion (52% after 12 hours, 56% after 24 hours). Despite
the differences, all three reactions formed ~3% side products — protodeboronation 9, boronic

acid homocoupling 6 and boronic acid oxidation 8.
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RO.5-OR Br 1 equiv. guanidine 11 |~ tBu
0.1 mol% [(cinnamyl)PdCl], O )|\
+ > SNTONT
. o THF/H,0 10:1 | I
3 3 °
F 23°C O guanidine 11
CF,4

Fs;C
1,2,3 4 5

Scheme 4.5.6 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard
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Graph 4.5.17 — Product 5 formation in the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by **F NMR

with 1-fluoronaphthalene as an internal standard. (Procedure S)
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45.4. Catalyst summary

Throughout the course of this research, four different catalysts have been studied to find
homogenous phosphine-free SM conditions. All four give high final conversion in the SM
cross-coupling, Scheme 4.5.7, Fig 4.5.4, but only the [(cinnamyl)PdCl]. gives reproducible
results, and only when the catalyst solution is used after 100 minutes.

F

HO. 5-OH Br 1 equiv. guanidine 11 |~ tBu
2 mol% Pd O )'\
+ > SNTONT
o o THF/H,0 10:1 | I
3 3 °
F 23°C O guanidine 11
FsC

CF3

1,2,3 4 5

Scheme 4.5.7 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by °F NMR with 1-
fluoronaphthalene as an internal standard

Ph. Cl Ph
Ph—P-Pd-R—Ph Pd(OAc),
Ph ¢ Ph
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A/Ph
Cl Pld
_ | _ 7 N
Ph—C=N-Pd-N=C—Ph c_ ol
Cl Pld
ph
84% 85%

Fig 4.5.4 — Product 5 NMR conversion in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) by °F NMR with 1-

fluoronaphthalene as an internal standard after 24 hours
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4.6. Competition Reactions

One of the goals of this project was to be able to monitor the competition reaction between a
boronic acid and boronic ester, Fig 4.6.1. However, in the presence of guanidine 11, both the
boronic acid and boronic ester signals are not observed by F NMR as they are in an
equilibrium which lies in favour of the boronate species, further discussed in Chapter 5 —
boronate formation. To be able to follow the consumption of the starting material a quench
is needed, to push the equilibrium back to boronic acid/ester. The quench used in the coupling
reactions is acetic acid, but an independent study showed the addition of acetic acid to pinacol
ester 1 greatly changed the ratio of ester to acid, Fig 4.6.2. This meant that if samples were
taken and quenched, that sample would no longer give a true representation of the amount of
boronic acid/ester in the system, Scheme 4.6.1.

O,
+ — +
D D
F

0
B
F FiC CF3;  FiC CF,

x|

HO.__OH
o._O

B

D D

F D D
F

Fig 4.6.1 — Competition reaction
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HO\B,OH
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S I M
O© | | 50% | | 50%
\A
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99.5% 0.5%
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f1 (ppm)

Fig 4.6.2 — Pinacol ester 1 (0.04 M) before quench (bottom spectrum) and after acetic acid
quench (top spectrum) — 10:1 THF/water, 300K. **F NMR with 1-fluoronaphthalene as an
internal standard

base ideal quench
ester —4/———= boronate ———» cster

acetic acid

ester + BA
50 :50

Scheme 4.6.1 — From the boronate, the ideal quench would remove the base and return the
ester peak without changing the ratio of ester to boronic acid (green arrow). But the acetic
acid quench instead forms 50:50 boronic acid to ester (red arrow) so the sample is no longer

a true representation of the reaction mixture
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An alternative quench investigated was boric acid. This would form a boronate with the
guanidine 11, pushing the boronic acid/ester equilibrium backwards. While the boric acid
guench did return the boronic acid 3 signal, it also produced varying amounts of fluorobenzene
9, —113.10 ppm, from boronic acid protodeboronation, Fig 4.6.3. When invertigating the
pinacol ester 1, the addition of boric acid was also found to change the ratio of boronic acid 3
to ester 1, Fig 4.6.4.

H
Boric acid
quench L F s
m 6%
/t-BU
A
\N N/ )
HO. _OH I I

N ’

WWWWMWWWWMWWWWWWWWW

T T T T T T T T T T T T T T T T T T T T T T T T T
107 -108 -109 -110 -111 -112 -113 -114 -115 -116 -117 -118 -119 -120 -121 -122 -123 -124 -125 -126 -127 -128 -129 -130 -131
f1 (ppm)

Fig 4.6.3 — 4-Fluorophenyl boronic acid 3 (0.04 M) without base (bottom spectrum).
Addition of 1 equiv. guanidine 11 (middle spectrum). Addition of boric acid (excess) to
boronic acid 3/guanidine solution (top spectrum) — 10:1 THF/water, 300 K. *°F NMR with 1-

fluoronaphthalene as an internal standard
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Fig 4.6.4 — Pinacol ester 1 (0.02 M) and 4-fluorophenyl boronic acid 3 (0.02M) in 10:1
THF/water (bottom spectrum), addition of 1 equiv. guanidine 11 (0.04 M) (spectrum 2),
addition of boric acid (excess) to ester/acid/guanidine solution (spectrum 3), control sample
of ester 1/acid 3 1:1 in 10:1 THF/water. 300K. *F NMR with 1-fluoronaphthalene as an

internal standard

Despite the quench issues when using a boronic ester, a competition reaction of two boronic
acids could be investigated using an acetic acid quench, Scheme 4.6.2, Graph 4.6.1. The data
from the competition reaction could then be plotted as ratio of the two boron species (R) vs
conversion (F), Graph 4.6.2. By fitting the data, a relative rate is obtained, which shows the

para F boronic acid 3 to couple at a faster rate relative to the para CF; boronic acid 12.

F
krel = C_F3 = 1.76.
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Br 1 equiv. guanidine 11

0.75 mol% Pd(OAc), O
+ + >
THF/H,0 10:1

FsC CF3 23 °C
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Scheme 4.6.2 — Competition SM cross-coupling of 4-fluorophenyl boronic acid 3 (0.5
equiv.) and 4-trifluoromethylphenyl boronic acid 12 (0.5 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by °F NMR with 1-
fluoronaphthalene as an internal standard
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Graph 4.6.1 — Competition SM cross-coupling of 4-fluorophenyl boronic acid 3 (0.023 M)
and 4-trifluoromethylphenyl boronic acid 12 (0.021 M) with 1,3-bis(trifluoromethyl)-5-
bromobenzene 4 (0.04 M) monitored by *°F NMR with 1-fluoronaphthalene as an internal
standard. (Procedure M)
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Graph 4.6.2 — Ratio (R) vs conversion (F) for the competition SM cross-coupling of 4-
fluorophenyl boronic acid 3 (0.5 equiv.) and 4-trifluoromethylphenyl boronic acid 12 (0.5
equiv.) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR

with 1-fluoronaphthalene as an internal standard

4.7. Bases

To see how the guanidine 11 compared to other bases, especially those commonly used in SM
reactions, a base screen was carried out using either Pd(OAc). or PdCIx(PhCN),, as these
catalysts give consistent high yields despite the irreproducible rate of reaction. These reactions
were monitored for final conversion only, calculated from °F NMR using 1-fluoronaphthalene

as an internal standard.
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4.7.1. Organic bases

Organic bases more commonly used in SM couplings, such as triethylamine and DABCO,*®
were tested under the newly developed conditions, Scheme 4.7.1, and found to give very poor
results, Fig 4.7.1. A range of other organic bases were also tested, Scheme 4.7.1, all giving
poor results, with the exception of phosphazene base P,-Et, Fig 4.7.1. This base was tested as
it is reported to work well by Dreher et al. in a study of Pd-catalysed cross-coupling reactions
using four different organic superbases, which also included guanidine 11 — the base used in
these studies.? P,-Et is a strong base which gives high conversion, 76%. Whereas, the other
bases tested are all weaker than the guanidine 11, suggesting a strong base is needed for
efficient coupling under these conditions. The phosphazene base is the only base tested in this
study that forms a boronate species, shown by *°F and B NMR and further discussed in
Chapter 5 — Boronate formation. DMAP was shown to give no product formation, in
agreement with literature.®

F
HO.__OH

B Br 1 equiv. base
1 mol% Pd(OAc), O
e -
THF/H,0 10:1
I FsC CFj4 23 °C O

Fs;C
3 4 5

CF;

Scheme 4.7.1 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) by *F NMR with 1-fluoronaphthalene as

an internal standard
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Guanidine 11 DBU DABCO Diisopropylethylamine
% conversion 88% 7% 13% 4%
() g PN
u NN [[\6 H
2,2,6,6- Triethylamine | Quinuclidine Diisopropylamine
tetramethylpiperidine
% conversion 21% 4% 23% 11%
- J > NE IN\
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/N—FI>=N—I|3—N\
N
NOANS 7N
Phosphazene base Proton sponge DMAP
P,-Et
% conversion 76% 3% 0%

Fig 4.7.1 — SM cross-coupling of boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-
bromobenzene 4 (0.04 M) testing organic bases. Yields after 24 hours by °F NMR with 1-

fluoronaphthalene as an internal standard. (Procedure U)

The addition of catalytic amounts of guanidine 11 in addition to 1 equivalent of organic base

was also tested, Scheme 4.7.2. The reaction using 1 equiv. DABCO gave 5% product

conversion. Under the same conditions, with 10 mol% guanidine 11 added, the reaction

reached 19% conversion. This shows that guanidine 11 does give an improved vyield, but

catalytic amounts are not enough to give high yields.
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HO.g-OH Br 1 equiv. DBU
1 mol% PdCl,(PhCN), O
_|_ o
THF/H,0 10:1
F3C CF3 23 oC O
F +10 mol% guanidine 11 £ ¢ CF,
3 4 5

Scheme 4.7.2 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) by *°F NMR with 1-fluoronaphthalene as

an internal standard

4.7.2. Guanidines

To examine the effect of steric bulk around the guanidine, the t-Bu group was replaced with
hydrogen — 1,1,3,3-tetramethylguanidine (TMG) 13, Fig 4.7.3, and tested for SM cross-
coupling under the newly developed conditions, Scheme 4.7.3. This base, 13, was found to
give only 1% conversion to product, suggesting the need for a bulky substituent on the imine
nitrogen. 2-Butyl-1,1,3,3-tetramethylguanidine 14 was synthesized using a literature
procedure®® and tested in SM cross-coupling, Fig 4.7.3. This base gave higher conversion than
the NH guanidine 13, 48%, but still not as high as the tert-butyl guanidine 11, 88%. The
difference in basicity between the three species should be relatively low, as demonstrated by
the small difference between acetamidine, guanidine and TMG, Fig 4.7.2, so this effect is
unlikely due to the strength of the base.'®'” The reason for the difference between the three

bases could instead be due to the interaction between the guanidine and palladium catalyst.

I X X
Me)LNHz HoN" “NH, \lil lil/
acetamidine guanidine TMG 13

pKa 12.4 13.6 13.6

Fig 4.7.2 — Structure of amidines and guanidine derivatives — pKa of the conjugate acid in
H.0.%® TMG = 1,1,3,3-tetramethylguanidine 13

In a study using guanidine as a ligand for Pd(OAc). in SM coupling, Zhang et al. report steric

bulk of the guanidine to be important for the activity of the ligand and catalyst.*®* The effects
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seen here could be due to guanidine binding to the catalyst which kills the reactivity. The NH
guanidine 13, having no bulky substituent, would bind the strongest of the three, hence the
minimal reactivity. The butyl guanidine 14, being less bulking than the tert-butyl 11, could
bind to an extent but not as well as the NH 13, hence the giving higher conversion that the NH
guanidine 13 but not as high as tert-butyl guanidine 11. The tert-butyl group is perhaps too
bulky to bind, therefore leaving the catalyst unchanged and able to give high conversion to the

desired product. This effect is investigated further in the next section; 4.7.3. Inhibitors.

F

B Br 1 equiv. base O
1 mol% Pd(OAc),
et g
THF/H,O 10:1
F F3C CF3 23 oC O
Fs;C

3 4 5

CF,4

Scheme 4.7.3 —SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-bis(trifluoromethyl)-
5-bromobenzene 4 (1 equiv.) by **F NMR with 1-fluoronaphthalene as an internal standard.

t-Bu .Bu _H
X X X
\N N/ \N N/ \N N/
| I [ [
11 14 13
% conversion 88% 56% 1%

Fig 4.7.3 — SM cross-coupling of boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-
bromobenzene 4 (0.04 M) testing guanidines 11/13/14. Yields after 24 hours by °F NMR

with 1-fluoronaphthalene as an internal standard. (Procedure U)

4.7.3. Inhibitors

To assess if poor performing bases act as inhibitors in the reaction, they were added to the
standard reaction and compared to a control reaction, Scheme 4.7.4. The addition of 1
equivalent of NH guanidine 13 was found to vastly reduce the amount of product formed, from
88% to 10%, Fig 4.7.4. This shows the NH guanidine 13 to be inhibiting the reactivity.
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The organic base that gave the lowest conversion was DMAP, so 1 equivalent of DMAP was
added to a t-Bu guanidine 11 coupling and found to give only 3% conversion, showing DMAP

to be an inhibitor in the reaction, Fig 4.7.4.

F

Br 1 equiv. guanidine 11 _t-Bu
1 mol% Pd(OAc), N
+ > ~ )I\ -
N N
F3C

THF/H,O 10:1

F + inhibitor guanidine 11

F3;C CF3
3 4 5

Scheme 4.7.4 — SM cross-coupling of boronic acid (1 equiv.) with 1,3-bis(trifluoromethyl)-
5-bromobenzene (1 equiv.) by *F NMR with 1-fluoronaphthalene as an internal standard

Base + inhibitor Product
N,t—Bu
| 88%
NN N
I I
1
I,z‘-Bu NI,H
+ 10%
\N N/ \N)\N/
I I I I
11 13
1 equiv. each
N/t-Bu N\
| L P 3%
\N N/
(I N
11
1 equiv. each

Fig 4.7.4 — SM cross-coupling of boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-
bromobenzene 4 (0.04 M) testing potential inhibitors. Yields after 24 hours by °F NMR with

1-fluoronaphthalene as an internal standard

117



Adding half an equivalent NH guanidine 13 to a standard t-Bu guanidine 11 coupling, Scheme
4.7.5, is enough to kill the reactivity. The standard coupling under these conditions reaches a
conversion of 82%, but the addition of half an equivalent NH guanidine 13 resulted in < 5%
conversion by *F NMR. The effect of NH guanidine 13 on a working reaction was also
investigated, under conditions shown in Scheme 4.7.5. The standard t-Bu guanidine 11
coupling was carried out and run to 30 min, at this point half an equivalent of NH guanidine
13 was added. The control reaction reached a final conversion of 75%, whereas the NH
guanidine 13 spiked reaction only reached 40%. The conversion of the control reaction at 30
minutes was 36%, showing that once the spike had been added there was very little further

product formation, confirming the hypothesis of the NH guanidine 13 acting as an inhibitor.

F
HO\B/OH Br 1 equiv. guanidine 11
0.25 mol% PdCl,(PhCN), O
+ >
THF/H,0 10:1
FsC CF4 23 °C O
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3 4 5

CF;
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I
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I

ine 11

Scheme 4.7.5 — SM cross-coupling of boronic acid (1 equiv.) with 1,3-bis(trifluoromethyl)-

5-bromobenzene (1 equiv.) by *°F NMR with 1-fluoronaphthalene as an internal standard

The effect of adding a phosphorus ligand to the reaction was also studied, Scheme 4.7.6.
Without the addition of this ligand, the reaction reaches a conversion of 68%. Addition of 2
mol% triphenylphosphine greatly reduced this cross-coupling to only 13% conversion, Fig
4.7.5. The addition of this ligand also greatly increased the amount of fluorophenol 8, from
boronic acid oxidation, produced. One hypothesis for the reduced conversion is that the
addition of a phosphorus ligand now allows the formation of an oxo-palladium species. But as
the use of guanidine 11 forms a boronate species, there is no boronic acid present to undergo
oxo-palladium transmetalation. The guanidine 11 has also been shown to act as a ligand for
Pd(OAC)2,™ so could now be in competition with the phosphine ligand between an active and
inactive catalytic species. Further ligand effect studies are needed to identify the cause of the

lowered reactivity and the active catalyst.
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Scheme 4.7.6 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-

bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) by °F NMR with 1-fluoronaphthalene as

an internal standard

% Product | % Total side | % Protodeboronation % BA % Fluorophenol
5 products 9 homocoupling 6 8
Standard 68% 4% 2% 1% 1%
conditions
Standard 13% 17% 0% 0% 17%
conditions +

2 mol% PPhs

Fig 4.7.5 — Comparison of reaction with and without addition of triphenylphosphine. SM

cross-coupling of boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4
(0.04 M) by °F NMR with 1-fluoronaphthalene as an internal standard

4.7.4.

Inorganic bases

SM cross-coupling typically employs an inorganic base.'® So a comparison was carried out to

evaluate how the guanidine 11 compares to different inorganic bases, Scheme 4.7.7, Fig 4.7.6.

The base originally used at the beginning of this study, potassium carbonate, was found to give

very poor results, only 15% product, in comparison to 88% when using guanidine 11. Three

other weak inorganic bases were tested and also found to give low yields. The one inorganic

base studied that gave good conversion was potassium hydroxide, KOH. This is a much

stronger base, so provides further evidence for the requirement of a strong base for efficient

coupling under these conditions. KOH is the only base examined, other than the phosphazene

and the guanidine range, which forms a boronate species, shown by *°F and B NMR and
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further discussed in Chapter 5 — Boronate formation. This highlights the potential

importance of the boronate species for efficient coupling.

Increasing the amount of KOH from 1 equiv. to 3 equiv. resulted in an increase in product
formation, 50% to 82%, but also increased side product formation from 4% to 14%. There was
a slight increase in both boronic acid homocoupling 6 (1.5% to 3.5%) and oxidation 8 (1.5%
to 2%), but also gave a large rise to protodeboronation 9, 1% with 1 equiv. compared to 8.5%
with 3 equiv. KOH. The high amount of inorganic base present also creates phase separation,
which prohibits in situ reaction monitoring by standard NMR, and instead requires sampling
to monitor the reaction conversion.

F
HO.__OH

B Br 1 equiv. base
1 mol% Pd IIID
=+ :
THF/H,O 10:1
FsC CF, 23 o O
F

FsC
3 4 5

CF;

Scheme 4.7.7 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) by °F NMR with 1-fluoronaphthalene as
an internal standard. Pd = Pd(OAc); or PdCI,PhCN,

N~ t-Bu
\N)I\N/ K,CO3 K3POg4 Cs,CO3 NaHCO; KOH
(.
1
Product 88% 15% 14% 11% 8% 50%

Fig 4.7.6 — SM cross-coupling of boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-
bromobenzene 4 (0.04 M) testing commonly used inorganic bases (1 equiv.). Yields after 24

hours by **F NMR with 1-fluoronaphthalene as an internal standard. (Procedure U)

The addition of a catalytic amount of t-Bu guanidine 11 to a reaction with stoichiometric
inorganic base was investigated, Scheme 4.7.8. The reaction using one equiv. potassium
carbonate reached a conversion of 15%. When this reaction was repeated with 10 mol% t-Bu

guanidine 11 added it reached a higher conversion of 31%. While this is an improvement in
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yield, it shows that catalytic amounts of guanidine are not enough to give high conversion,
despite the reported use of guanidine as a ligand in SM cross-coupling using potassium

carbonate.

F
HO. 5-OH Br 1 equiv. K,COs
1 mol% PdCI,(PhCN), O
_|_
THF/H,0 10:1
F3C CF3 23 oC O
F -
10 mol% guanidine 11 FaC CF,4
3 4 5

Scheme 4.7.8 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) by °F NMR with 1-fluoronaphthalene as

an internal standard.

4.8. Boronic acid scope

A range of boronic acids were tested under the new homogenous conditions to assess the scope
of the reaction, Scheme 4.8.1, Fig 4.8.1. Aliquots of the reaction were taken after 24 hours
and NMR conversion were determined by **F NMR against 1-fluoronaphthalene as an internal
standard. The reaction was found to be tolerant of both electron donating and withdrawing
substituents, giving the desired biaryl products in excellent conversion (71 — 90%), and all

giving less than 1 % total side products.

X

B Br 1 equiv. guanidine 11 N’t-Bu
0.75 mol% Pd(OAc), O )I\
+ \N N/
F,C

THF/H,0 10:1 I

CF4 o
X 23°C O guanidine 11
Fs;C CF;

Scheme 4.8.1 — SM cross-coupling of boronic acid (1 equiv.) with 1,3-bis(trifluoromethyl)-

5-bromobenzene 4 (1 equiv.) by °F NMR with 1-fluoronaphthalene as an internal standard
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HO. __OH HO.__OH HOL. __OH HO.__OH
B B B B
H CH3 OMe NMGZ
NMR 84% 86% 85% 83%
conversion
HO.__OH HO.__OH HOL. __OH HOL.__OH
B B B B
F Cl CF; NO,
NMR 90% 7% 79% 71%
conversion

Fig 4.8.1 — SM cross-coupling of boronic acid (0.04 M) with 1,3-bis(trifluoromethyl)-5-
bromobenzene 4 (0.04 M). Yields after 24 hours by F NMR with 1-fluoronaphthalene as an
internal standard. (Procedure O)

4.9. Aryl halide range

A range of aryl halides were also examined to assess if more electron rich aryl halides are

competent coupling partners under the developed reaction conditions, Scheme 4.9.1, Fig 4.9.1.

Chlorides were found to give very poor conversion, less than 10%. Both bromide and iodide

reagents were found to work well, with switching the bis 3,5-trifluoromethyl substituent 4 to

a 4-fluoro substituent still giving 71% product conversion.

HO.__OH
B

3

"0

R

X

1 equiv. guanidine 11
1 mol% Pd(OAc),

THF/H,O 10:1
23°C

]

R

N,l‘-Bu

AL
I

guanidine 11

Scheme 4.9.1 — SM cross-coupling of boronic acid 3 (1 equiv.) with aryl halide (1 equiv.) by
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Br Br Cl
FsC CF3
CF4 CF3
Yield 90% 85% 2%
Side products 3% 6% 14%
I Br Cl
CF3 F F
Yield 84% 71% 7%
Side products 1% 9% 6%

Fig 4.9.1 — SM cross-coupling of boronic acid 3 (0.04 M) with aryl halide (0.04 M). Yields
after 24 hours by *°F NMR with 1-fluoronaphthalene as an internal standard. (Procedure O —

swap boronic acid for aryl halide)

4.10. Conclusion

New conditions for a homogenous, phosphine-free SM cross-coupling using guanidine 11 as
a base have been developed. Despite issues with reproducibility and catalyst degradation, a
system has been found which allowed for the study and comparison of the reactivity of boronic
acid 3 and boronic esters 1/2, Scheme 4.10.1, Graph 4.10.1. This study showed the pinacol
ester 1 to have a much slower rate of reaction, (7.90 x 10° M min), in comparison to the
boronic acid 3 and glycol ester 2, (glycol ester rate = 3.04 x 10* M min, boronic acid rate =
3.27 x 10* M min), but this has been found to be highly dependent on reaction conditions.

The use of an inorganic base showed the boronic acid 3, pinacol ester 1 and neopentyl glycol
ester 2 to couple at the same rate, Chapter 3, whereas the use of guanidine 11 with
Pd(PPhs),Cl,, Scheme 4.10.2, showed the two esters 1/2 to couple at the same rate to each
other and at a faster rate relative to the boronic acid 3, as well as reducing the induction period,
Graph 4.10.2.
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RO.5-OR Br 1 equiv. guanidine 11 |~ tBu
0.1 mol% [(cinnamyl)PdCl], O )|\
+ > SNTONT
o o THF/H,0 10:1 | I
3 3 °
F 23°C O guanidine 11

F3C CF3
1,2,3 4 5

Scheme 4.10.1 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard

O\B/O O\B,O HO\B/OH
F F
1 2 3
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0.035 PR
[ ° (3 ® 9 ‘ L
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0.030 0‘..:‘00000 $ef.03802
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B 0.015 o ®
a b ®
0.010 o® o ®
o.”
0.005 @
 J
0.000
0 60 120 180 240 300 360 420 480 540 600 660 720 780

Time / min

@ Boronic acid @ Pinacol ester @ Glycol ester @ Boronic acid

Graph 4.10.1 — Product 5 formation in the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by *F NMR

with 1-fluoronaphthalene as an internal standard
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1 equiv. guanidine 11 N/t-Bu
0.25 mol% (Ph3zP),PdCl, O )|\
> SNTNT
THF/H,0 10:1 I

23°C guanidine 11

F3C CF;
1,2,3 4 5

Scheme 4.10.2 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by °F NMR with 1-
fluoronaphthalene as an internal standard
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Graph 4.10.2 — Product 5 formation for SM cross-coupling of boronic acid 3/ester 1/2 (0.04
M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by °F NMR with 1-

fluoronaphthalene as an internal standard

The new developed conditions allowed a base screen to be carried out, revealing the need for
a strong base to give efficient coupling, Scheme 4.10.3, Fig 4.10.1 & 4.10.2. The evidence
gathered suggests that this is due to the ability of these strong bases to form a boronate species.
This is important due to the two different transmetalation pathways, Fig 4.10.3. There is
literature evidence for both pathways, see Chapter 1, Section 1.2.2.3. Under these conditions,
using a phosphine-free catalyst system, it appears the transmetalation step requires a boronate
species — the boronate pathway. The lack of reactivity from weak bases is likely due to the

absence of boronate species, and the phosphine-free catalyst being unable to undergo efficient

125



ligand exchange to allow the oxo-palladium pathway. This shows the potential ability to

control the pathway of transmetalation depending on the strength of the base used, Fig 4.10.4.

F

Br 1 equiv. base
1 mol% Pd(OAc), O
et -
THF/H,0 10:1
I FsC CF;4 23 5 ‘
FsC CFs

3 4 5

Scheme 4.10.3 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) by °F NMR with 1-fluoronaphthalene as
an internal standard. Pd = Pd(OAc); or PdCI,PhCN,

C{Nj lﬁb )\Nd\ \/N(\/

K3PO4 CSzCO3 NaH CO3 KzCOs
<15 % yield

Fig 4.10.1 — Weak bases studied. SM cross-coupling of boronic acid 3 (0.04 M) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M). Yields after 24 hours by **F NMR with 1-

fluoronaphthalene as an internal standard

N,t—Bu J
| NS
A

v Ny

I N—P=N—P-N KOH
/1T

88% 76% 50%

Fig 4.10.2 — Strong bases studied. SM cross-coupling of boronic acid 3 (0.04 M) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M). Yields after 24 hours by **F NMR with 1-

fluoronaphthalene as an internal standard
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Fig 4.10.3 — Transmetalation step of the SM mechanism

when base = G/ KOH /OH boronate pathway
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Pd—X >
Ar
pa @ 7" T Pd—Ar
(I) © OH
H
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Ar—B ) OH
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Fig 4.10.4 — Transmetalation pathway controlled by strength of base. G = guanidine 11
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Chapter 5

Boronate formation
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5.1. Introduction

Boric acid has been studied for its conversion to a tetrahedral oxoanion B(OH). and
interchange reaction in basic solution, Scheme 5.1.1 . The two site exchange was originally
suggested to proceed via two separate reactions, Scheme 5.1.2, but !B NMR studies shown
this not to be the case, as it would give two distinct signals by *'B NMR. Instead a coalesced
signal is observed, leading the conclusion to be the interchange is a bimolecular reaction via a

dimer species, Scheme 5.1.3.

BOH); + Oon === eB(OH)4

o ©
*B(OH); + B(OH), =—== *B(OH), + B(OH)s

Scheme 5.1.1 — Boric acid reaction in basic solution and two-site interchange of boric acid,
studied under conditions: 0.007-0.017 M boric acid solutions of pH 8-10 at 5-52 °C and 0.1-

250 MPa.!
@B(OH)4 —=——> B(OH); + ©oH
o ©

*B(OH); + ~OH —— *B(OH),

Scheme 5.1.2 — Proposed pathway for boric acid interchange

©
OH OH OH OH OH OH
I + ol > ! ! Sl I
,B\ B /B\ /B\ — ,B\ + B\
HO” “OH  HO"/ “OH HO”/ ~O”[ ~OH HO"/YOH HO”~ “OH
HO HO HO HO

Scheme 5.1.3 — Dimer pathway for boric acid interchange

The boronate formation of methylboronic acid has been studied by !B NMR, and the pH of
the solution found to affect the position of the boronic acid/boronate equilibrium, Scheme
5.2.4.2 At pH 1.0, a signal peak is seen at 35 ppm for the boronic acid, but in solutions of pH
9.4 — 11.4, there is a broad peak which chemical shift between that of the boronic acid and
boronate — pH 10.38, chemical shift ~22 ppm, indicating the two species are in rapid
equilibrium. At high pH (13.0), only a singal peak can be seen for the boronate species at 5

ppm. Throughout the study, only a signal peak is ever observed by !B NMR.
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OH ?H
B e OB,
/ /,
me” “OH me” { QM
Scheme 5.2.4 — Methylboronic acid—methylboronate study by !B NMR. pH 1.0 — 13.0.

45.38 °C.

A study by Hartwig et al. found that mixing 4-fluorophenylboronic acid 3 with potassium
carbonate in 1:1 acetone/water formed a mixture of boronic acid and trihydroxyborate,
confirmed by °F and !B NMR, Scheme 5.1.5.% A single signal at the chemical shift (*°F =
-116.2; B = 13.8), between the boronic acid (*F = -110.9; B = 28.7) and the
trihydroxyboronate (*F = —119.7; !B = 3.5) indicated that the equilibrium between the two
species occurred on the NMR time scale. Increasing base concentration was found to increase
the ratio of trihydroxyboronate to boronic acid; 1:1 at 0.03 M base to 1:3 at 0.15 M base.

@
B(OH). eB(OH)3 K
acetone/H,0
+ K2003 + Hzo m— — + KHCO3
20 °C
F F

Scheme 5.1.5 — Ratio of 4-fluorophenyl boronic acid 3 (0.060 M) to trihydroxyborate, with

addition of potassium carbonate. 1:1 acetone/water.

5.2. Guanidine effects

From studying the effect of guanidine 11 as a base for the SM cross-coupling (Chapter 4), an
interesting effect on the boronic acid 3 was observed. In the cross-coupling reactions, there is
a loss of signal observed by *°F NMR attributed to the loss of the boronic acid 3 signal, Fig
5.2.1. This change in spectra was not observed in the preliminary studies using potassium
carbonate. In order to find the extent of the effect that guanidine 11 has on the boronic acid 3
signal, a titration of guanidine 11 against boronic acid 3 was carried out, Scheme 5.2.1, Fig
5.2.2.
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Fig 5.2.1 — Boronic acid 3 before addition of base (top spectrum), boronic acid 3 after
addition of 1 equiv. guanidine 11 (bottom spectrum). F NMR, 300 K, 10:1 THF/water, with

1-fluoronaphthalene as an internal standard (—125 ppm)

HOL ;. -OH ~i_-

N,t-Bu B

I

—_—
s~
I

F

3 1

Scheme 5.2.1 — Boronic acid 3/guanidine 11 adduct formation
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— T
-111.0 -112.0 -113.0 -114.0 -115.0 -116.0 -117.0 -118.0 -119.0 -120.0 -121.0 -122.0 -123.0 -124.0
ppm

Fig 5.2.2 — Boronic acid 3 + guanidine 11 — to 3 equiv. guanidine 11 (top spectrum) in steps
of 0.2. ®F NMR, 300 K, 10:1 THF/water. (Appendix 8.5.1 — stacked spectra up to 1 equiv.
guanidine 11)

As the concentration of guanidine 11 is increased, the concentration of boronic acid 3 observed
by F NMR decreases, relative to a sample of boronic acid 3 without base, using 1-
fluoronaphthalene as an internal standard, Fig 5.2.2. This reaches a maximum at 1.2 equiv.
guanidine 11, where the total fluorine concentration is only 25%, Graph 5.2.1. Further
increasing the concentration of guanidine 11 forms a new fluorine signal at —121.18 ppm,
which increases with increasing amounts of guanidine 11, Fig 5.2.2. After the addition of 3
equiv. of guanidine 11, the total concentration is 65% — 60% for this new signal at —121.18
ppm and 5% from the remaining very small and broad boronic acid 3 signal. The change in

species from boronic acid 3 to the new signal is also shown by !B NMR, Fig 5.2.3.
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Graph 5.2.1 —Total signal vs equiv. guanidine 11 — boronic acid 3 (0.04 M) + guanidine 11
in 10:1 THF/water calculated using *°F NMR, 300 K, with 1-fluoronaphthalene as an internal

standard (—125 ppm)
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Fig 5.2.3 — Boronic acid 3 + guanidine 11 — 0 (bottom), 1, 2, 3 (top) equiv. guanidine 11. 'B

NMR, 300 K, 10:1 THF/water.
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There are three possible species which could be formed from the boronic acid 3/guanidine 11
interaction, Fig 5.2.4. The guanidine 11 could formally bind to the boronic acid 3, through B-
N coordination, forming a Lewis type adduct, 15. Alternatively, the boronic acid 3 could be
deprotonated by the guanidine 11 to form a Brgnsted acid salt adduct, 16. However, the most
likely result is the formation of a boronate complex 17,%° which can happen in two ways.
Either, through reaction of the boronic acid 3 first with water, leading to a tricoordinate
boronate species with a highly acidic proton, which can then be deprotonated by the guanidine
11 to give a Lewis acid salt adduct, 17. Or, the use of base 11 can deprotonate water, forming

hydroxide which can then react with the boronic acid 3 to form boronate complex 17.

| |
N _N N _N
r ~N e ~N
b h h
N N

N N
7 ~
HO \INr o Hae'tbu OH H @ tBu
7® t-Bu HO.__.O HO.T__OH
HO-Bgo B @B
F F
Lewis "type" Brensted acid Lewis acid
Adduct Salt Salt
15 16 17

Fig 5.2.4 — Possible species formed from reaction of boronic acid 3 and guanidine 11

To investigate the complex being formed, attempts at crystal growth were undertaken, using
slow evaporation techniques. This, however, proved unsuccessful and instead gave crystals of

a hydrolysed guanidine complex 18, Fig 5.2.5.
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Fig 5.2.5 — Hydrolysed guanidine 18 crystals from a slow evaporation of boronic acid
3/guanidine 11 (1:1) in 10:1 THF/water. Crystal structure solved by x-ray diffraction
methods (Experimental 7.3.1).

A simpler model system was tested, by using boric acid and guanidine 11, as oppose to boronic
acid 3 with addition bulk and electronic properties, Scheme 5.2.2. Slow evaporation gave
crystals which show hydrogen bonding between protonated guanidine, tricoordinate boron
species, and carbonate from the air, Fig 5.2.6.

OH -
! St
Ho"SoH ¥ A

t-Bu

Scheme 5.2.2 — Boric acid/guanidine crystals from a slow evaporation of boric
acid/guanidine 11 (1:1) in 10:1 THF/water
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Figure 5.2.6 — Boric acid/guanidine crystals from a slow evaporation of boric acid/guanidine
11 (1:1) in 10:1 THF/water. Crystal structure solved by x-ray diffraction methods
(Experimental 7.3.2).

5.2.1. Intermediates

On further investigation using °F NMR, it was found that at low amounts of guanidine 11
relative to the boronic acid 3 (—112.51 ppm), some type of intermediate(s) are formed, giving
three new low intensity signals at —112.87 ppm, —114.66 ppm and —121.65 ppm, which
integrate 2:1:1 respectively, Fig 5.2.7. There are two suggestions for what species would give
rise to these signals, Fig 5.2.8.
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Fig 5.2.7 — Intermediate signals observed by °F NMR with 1-fluoronaphthalene as an
internal standard (=125 ppm) — boronic acid 3 (0.04 M) + 0.4 equiv. guanidine 11 — 300 K,
10:1 THF/water.

OH OH
B OH 20
n C
_BJ
? ? OQC&OH
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OH H ©)
19 |
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B___BQ 21
Ar O Ar Ar Ar: Ar: Ar
2:1:1

Fig 5.2.8 — Possible species formed from boronic acid 3 + guanidine 11 reaction

We postulate the first to be boroxine type species 19, where one boron is now tricoordinate
and bonded to another boronic acid moiety through a shared oxygen atom, Fig 5.2.8. This

species would have three signals, integrating 2:1:1 for the three different fluorine atoms in this
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structure. At high base concentration, this species would be broken and pushed towards

formation of the boronate complex 17.

A second possibility is that the three signals are from two different substances. The signals
integrating 1:1 (—114.66 ppm and —121.65 ppm) could be from a dimer type complex 20 of
boronic acid bound to a boronate species through a shared oxygen atom, Fig 5.2.8. This
complex would have two distinct signals by *F NMR, with one shift being very close to the
free boronic acid signal (—112.51 ppm) and one shift close to the free boronate signal (—121.18
ppm), Scheme 5.2.3. This complex is only seen at low concentration amounts of base, as at
high amounts of base the equilibrium is pushed to fully form the boronate 17. The third signal
at —112.87 ppm could be from complex 21, which would integrate for 2 relative to the dimer
species, Fig 5.2.8. The problem with complex 21 is the chemical shift of the signal should be
between that of a boronic acid —112.51 ppm and a boronate —121.18 ppm. But the actual

chemical shift (—112.87 ppm) it has is very close that that of a boronic acid.

OH
OH Ar_B‘OH H o
|
Are__0© OH
e I (g\g)’OH —> B Bon 20
[ 1
OH on AOH OH Ar
3 l
OH
PH HO_T OH
Ar—E + 5B
OH Ar
17

Scheme 5.2.3 — Possible route for the formation of complex 20

An alternative to dimer complex 20 is complex 22, which would also give two signals
integrating 1:1, one boronic acid like (=112.51 ppm) and one boronate like (—121.18 ppm).
Similar species have been found in a study using ESI-MS to investigate the intermediates in
the SM reaction, Fig 5.2.9.7
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Ph <
\OI OH

Fig 5.2.9 — Species found by ESI-MS in the reaction of organoboron (0.30 mmol) with (E)-
bromostilbene (0.25 mmol), KOH (0.5 mmol), Pd(OAc), (1.25 pmol), PPhs (2.5 pmol),
MeOH (1.5 mL), THF (1.5 mL), 25 °C — dilution with water/acetonitrile mixture

Similar structures to the intermediates proposed have also been shown to form from boric acid
studies, investigating boric acid interchange and reaction with 1,2-dihydric alcohols and
related organic compounds, Scheme 5.2.4 & 5.2.5.

o
OH OH OH OH OH OH
I + @l ! ! Ol !
,B\ B —_— /B\ /B\ e ,B\ + B\
HO” “OH  HO”[ “OH HO”/ ~O”[ ~OH HO"T~OH HO” “OH
HO HO HO HO

Scheme 5.2.4 — Dimer pathway for boric acid interchange

©

B(OH); + R(OH), —= + Hy,0

O\
(HO),B R
o)

Scheme 5.2.5 — Formation of rings and dimers from boric acid and 1,2-dihydric alcohols

In order to study these signals, the NMR parameters were changed. The standard **F NMR
experiment is carried out with 8 scans, 6 second relaxation delay between scans and no
background suppression. We found increasing the scans to 128 and the delay to 20 seconds
gave much improved signal to noise for these intermediates, so we could study the system in
more detail. A large change as a result of background suppression was also found. Running
the experiment without background suppression allows all species present to be seen, as the
boronic acid 3 signal becomes very broad with the addition of base. This broadening meant it
was difficult to find the true integration of the signal at —112.87 ppm. By running background
suppression samples, the true integration and decay of this species with addition of base can
be monitored, Fig 5.2.10.
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Fig 5.2.10 — Original parameter (8 scans, 6 sec delay, and no background suppression)
bottom spectrum vs new parameters (128 scans, 20 sec delay, background suppression) top
spectrum. Boronic acid 3 + 0.4 equiv. guanidine 11 — °F NMR with 1-fluoronaphthalene as

an internal standard (=125 ppm), 300 K, 10:1 THF/water.

5.3. KOH effects

The formation of the boronate complex 17 was unseen in early work using a weak inorganic
base — potassium carbonate. To see if an organic base was needed, potassium hydroxide was
tested as a strong inorganic base, Scheme 5.3.1. This was found to give the same result as with
the use of guanidine 11, going through the same intermediate signals, and forming a broad
signal around —121 ppm for a boronate complex, Fig 5.3.1. This meant further studies could
be carried out using either the guanidine 11 or potassium hydroxide, as they gave the same
boronate formation. (Appendix 8.5.2 — !B NMR.)
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Scheme 5.3.1 — Boronate 17 formation using KOH
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Fig 5.3.1 - Boronic acid 3 + KOH — to 2 equiv. KOH (top spectrum) in steps of 0.2. °F
NMR — 128 scans & 20 sec delay, with 1-fluoronaphthalene as an internal standard (—125
ppm). 300 K, 10:1 THF/water.

5.4. Esters and diols

When studying the cross-coupling of the boronic esters 1/2 using guanidine 11, it was found
that the boronate signal formed was sharper in comparison to that of the boronic acid 3, Fig
5.4.1. The same effect was seen in coupling of the boronic acid 3 and a given diol, showing a

preformed ester species was not required for this signal change. Two structures were suggested
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for where the diol in the system could be bound, Fig 5.4.2. It could be a boronic ester boronate
complex 23, or the ester could hydrolyse in situ, releasing the diol which could then be

hydrogen bound to the guanidine 24, or there could be a combination of both effects.

To investigate this signal change and potential change in species, control studies were carried
out looking at the reaction of the esters 1/2 with guanidine 11, Scheme 5.4.1, and how pre-
mixing the boronic acid 3 and guanidine 11 and adding varying amounts of different diols and
alcohols effects the system.

F

RO‘B/OR Br 1 equiv. guanidine 11 N/t-Bu
1 mol% (PhsP),PdCl, O )|\
| :| + [ j > SNTONT
THF/H,0 10:1 | I
Fs;C CF;
F

23°C guanidine 11

FsC CF4

1,2,3 4 5
Scheme 5.4.1 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard
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Fig 5.4.1 — Comparison of boronic acid 3 coupling (bottom spectrum) and glycol ester 2
coupling (top spectrum). **F NMR with 1-fluoronaphthalene as an internal standard (—125

ppm).
LA VA
7 N 7 N
i i
H'N\t-Bu t-B /N‘H
@ OH -bu @ |\\\ ’H
O\B/O HO\é,OH H O
O7~0H © ¥e) Z
H
F F
23 24

Fig 5.4.2 — Possible diol coordination in boronic acid 3/guanidine 11 solution
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5.4.1. Neopentyl glycol
Ester

The neopentyl glycol ester 2 was tested for its boronate formation, Scheme 5.4.2. The glycol
ester 2 in 10:1 THF/water gives two signals by **F NMR — glycol ester 2 -111.13 ppm and
boronic acid 3 —112.50 ppm, as previously seen and discussed in Chapter 2. Addition of 0.2
equiv. guanidine 11 to this solution removed the ester signal entirely, reduced and shifted the
boronic acid 3 signal (-112.78 ppm), and created two new intermediate signals at —114.83
ppm and —121.58 ppm, Fig 5.4.3. With increasing amounts of guanidine 11, the boronic acid
3 signal decreases and a signal at —121.31 ppm for the boronate species increase. After the
addition of 1 equiv. guanidine 11, this boronate signal is sharp, in comparison to the signal
seen for boronic acid 3 with 1 equiv. guanidine 11, with further increases to the equivalents of
guanidine 11 resulting in a larger boronate signal, Fig 5.4.4. After the addition of 3 equiv.
guanidine 11, the total fluorine signal is 97% (compared to 65% for the boronic acid 3), Graph
5.4.1. The same effect is seen when using KOH instead of guanidine 11, Appendix 8.5.3.

~o : g
0.0 N~ Bu of
' .
L
| |
F

2 1"

Scheme 5.4.2 — Glycol ester 2 + guanidine 11. 300 K, 10:1 THF/water
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Fig 5.4.3 — Glycol ester 2 + guanidine 11 — glycol ester 2, no base (bottom spectrum), then to
1.2 equiv. guanidine 11 (top spectrum) in steps of 0.2. °F NMR, 300 K, 10:1 THF/water,

with 1-fluoronaphthalene as an internal standard (=125 ppm)
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Fig 5.4.4 — Glycol ester 2 + guanidine 11 — glycol ester 2, no base (bottom spectrum) then to
2.8 equiv. guanidine 11 (top spectrum) in steps of 0.2. *°F NMR, 300 K, 10:1 THF/water,

with 1-fluoronaphthalene as an internal standard (=125 ppm)
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Fig 5.4.5 — Comparison of glycol ester 2 + 1 equiv. guanidine 11 (top spectrum) and boronic
acid 3 + 1 equiv. guanidine 11 (bottom spectrum). **F NMR, 300 K, 10:1 THF/water, with 1-

fluoronaphthalene as an internal standard (=125 ppm)
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Graph 5.4.1 — Total sig
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nal vs equiv. guanidine 11 — glycol ester 2 + guanidine 11 in 10:1

THF/water at 300 K, calculated using **F NMR with 1-fluoronaphthalene as an internal

standard (=125 ppm)
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Diol

Treatment of a solution of boronic acid 3 in THF/water with 3 equiv. guanidine 11 resulted in
a very broad signal, as shown earlier. Glycol was then added in 0.1 equiv. aliquots, Scheme
5.4.3, Fig 5.4.6. As little as 0.1 equiv. of glycol caused the boronate signal to sharpen, and
then increasing the equivalents of diol increases this boronate signal. The same effect is seen

when using KOH instead of guanidine 11, Appendix 8.5.3.

s

[}
N
B

HO. _OH .
B t-B
Nt HO
N e
'i‘ 'i‘ OH
F
3 1

Scheme 5.4.3 — Boronic acid 3 + guanidine 11 — adding glycol
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Fig 5.4.6 — Boronic acid 3 + 3 equiv. guanidine 11 + glycol — boronic acid 3, no base
(bottom spectrum), addition of 3 equiv. guanidine 11 (spectrum 2), then varying equiv.
glycol to 1 equiv. (top spectrum) in steps of 0.1. °F NMR, 300 K, 10:1 THF/water, with 1-

fluoronaphthalene as an internal standard (—125 ppm)
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Graph 5.4.2 — Total signal vs glycol equiv. — boronic acid 3 + 3 equiv. guanidine 11 +
glycol in 10:1 THF/water at 300 K, calculated using °F NMR with 1-fluoronaphthalene as
an internal standard (=125 ppm)

5.4.2. Pinacol
Ester

The pinacol ester 1 was tested for its boronate formation, Scheme 5.4.4. As the hydrolysis of
the pinacol ester 1 is slow (Chapter 2), the initial NMR spectrum shows the pinacol ester 1
—109.59 ppm as the main signal, with only a very small boronic acid 3 signal —112.52 ppm.
The addition of 0.2 equiv. guanidine 11 reduced the pinacol ester 1 signal, increased the
boronic acid 3 signal —112.81 ppm and formed two new small signals for the intermediate,
—115.09 ppm and —122.43 ppm, Fig 5.4.7. The fact that these two signals are present, and not
the third signal at —112.87 ppm as seen with the boronic acid 3, supports these two signals
being from a boronic acid/boronate dimer 20/22, rather than a boroxine type intermediate 19,
Fig 5.4.8. A broad signal can also be seen under the —122.43 ppm intermediate signal — the
boronate, Fig 5.4.7.

Further increasing the amount of guanidine 11 reduces the boronic acid 3 and ester 1 signals
and increases the boronate signal, —122.27 ppm. After the addition of 1 equiv. guanidine 11
both the ester 1 and acid 3 signals are consumed, and the boronate is the major signal, but both
small intermediate signals can still be seen. The same effect is seen when using KOH instead
of guanidine 11, Appendix 8.5.4.
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Scheme 5.4.4 — Pinacol ester 1 + guanidine 11
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Fig 5.4.7 — Pinacol ester 1 + guanidine 11 — pinacol ester 1, no base (bottom spectrum), then
to 1.2 equiv. guanidine 11 (top spectrum) in steps of 0.2. 1°F NMR, 300 K, 10:1 THF/water,

with 1-fluoronaphthalene as an internal standard (=125 ppm)
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Fig 5.4.8 — Possible species formed from boronic acid 3 + guanidine 11 reaction
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Graph 5.4.3 — Total signal vs equiv. guanidine 11 — pinacol ester 1 + guanidine 11 in 10:1
THF/water at 300 K, calculated using *°F NMR with 1-fluoronaphthalene as an internal

standard (=125 ppm)

Diol

Starting with neat boronic acid 3 in 10:1 THF/water, 2 equiv. of KOH were added. Pinacol
was then added in steps of 0.2 equiv., Scheme 5.4.5, Fig 5.4.9. With the first addition of 0.2
equiv. pinacol, a different effect was seen in comparison to the glycol. The boronate signal
(—121.08 ppm) did not sharpen, instead a new signal at —121.86 ppm appeared. With
increasing amounts of pinacol, this new signal grew and the boronate signal decreased. This
new signal is also much sharper in comparison to the boronate signal. The B NMR also
shows this effect of a new signal with the addition of pinacol, Fig 5.4.10. This suggests that

the addition of pinacol is forming a pinacol ester boronate 25, which has a different chemical
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shift to the boronic acid boronate 17, Scheme 5.4.5. This difference is not seen in the pinacol
ester 1 investigation as the boronic acid boronate 17 is not formed. The ester system already

has a preformed ester, so would form an ester boronate 25, as there is no boronic acid 3 present.

HO.__OH
B 0,0
HO  OH o8
+ KOH + — > OH
F
F
3 25

Scheme 5.4.5 — Formation of a pinacol ester boronate 25
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Fig 5.4.9 — Boronic acid 3 + 2 equiv. KOH + pinacol — boronic acid 3, no base (bottom
spectrum), addition of KOH (spectrum 2), then varying equiv. pinacol to 2 equiv. (top
spectrum) in steps of 0.2. *F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an
internal standard (=125 ppm)
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Fig 5.4.10 — Boronic acid 3 + 2 equiv. KOH + pinacol — boronic acid 3, no base (bottom
spectrum), addition of KOH (spectrum 2), then varying equiv. pinacol to 2 equiv. (top
spectrum) in steps of 0.2. 1B NMR, 300 K, 10:1 THF/water

5.4.3. Comparison

Both esters 1/2 are shown to sharpen and increase the intensity of the boronate signal, however,
further inspection of the *°F NMR shows the two esters form different boronate species to the
boronic acid 3, Fig 5.4.11. This suggests the species being formed is a boronic ester boronate
complex 23, Fig 5.4.12. The intermediates formed are also different for the pinacol ester 1, as
shown by chemical shift, suggesting the diol also affects the possible boronic acid/boronate
dimer 20, Fig 5.4.14 & 5.4.15. The glycol ester boronate 23 and boronic acid boronate 17 have
very similar chemical shifts (difference of 0.11 ppm) so their intermediates could also be
different species, but with a chemical shift too close to tell the difference.
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No base Intermediate signal 1 | Intermediate signal 2 Boronate
Pinacol —109.57 ppm —115.06 ppm —122.36 ppm —121.89 ppm (25)
ester 1
Glycol —111.12 ppm —114.71 ppm —121.70 ppm —121.17 ppm (23)
ester 2
Boronic | —112.51 ppm —114.71 ppm —121.70 ppm —121.06 ppm (17)
acid 3

Fig 5.4.11 — Comparison of signals of different species present with the addition of KOH by
F NMR, relative to 1-fluoronaphthalene as an internal standard, 10:1 THF/water, 300 K
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Fig 5.4.12 — Different boronate complexes formed
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Fig 5.4.13 — Boronate comparison — Glycol ester 2 + 1 equiv. KOH (top spectrum), pinacol
ester 1 + 1 equiv. KOH (next), boronic acid 3 + 1 equiv. KOH (next), boronic acid 3 + 3
equiv. KOH (bottom spectrum). *°F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene
as an internal standard (=125 ppm)
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Fig 5.4.14 — Possible diol coordination in potential dimer 20
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Fig 5.4.15 — Intermediate signals comparison — Glycol ester 2 + 0.4 equiv. KOH (top

spectrum), pinacol ester 1 + 0.4 equiv. KOH (next), boronic acid 3 + 0.4 equiv. KOH

(bottom spectrum). *°F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an
internal standard (=125 ppm)

There is literature precedent for the formation of boronic ester boronates. A study by Smith et
al. investigating the ability of boronic acids to transport saccharides in and out of liposomes
found the boronic acid to reversibly bind with the diol of the monosaccharide to form
tetrahedral boronate species, Scheme 5.4.6.2 They also studied the diol complexation with a
borinic acid, and found only the chelated tetrahedral borinate anion to be produced, Scheme

O\ O N\
/B(@ B’ + ©
R OH &

Scheme 5.4.6 — The boronate is the major structure in bulk, aqueous solution
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Scheme 5.4.7 — Complexation between borinic alcohol and diol in aqueous solution

5.4.4. Other alcohols

Other alcohols were tested to see their effect on the boronate formation, Scheme 5.4.8, Fig
5.4.16. The first spectrum (top, purple) shows the boronic acid 3 with no base, —112.50 ppm.
The next spectrum shows the boronic acid 3 + 2 equiv. guanidine 11, forming the broad signals
at the boronic acid 3 and boronate 17 regions. The effect of 1 equiv. 1,1,1-
tri(hydroxymethyl)ethane is shown next (green spectrum), and found to sharpen and shift the
boronic acid signal (—113.06 ppm) and sharpen the boronate signal (=119.74 ppm). The
chemical shift of this boronate signal suggests this is a different boronate species than the
boronic acid boronate 17 (—121.06 ppm), Scheme 5.4.9. The next two spectra (yellow and red)
show the effect of the addition of 1 equiv. 2-propanol and 1 equiv. 2,2-dimethyl-1-propanol.
Neither of these alcohols gave any change by °F or !B NMR, suggesting a diol is needed to

influence the species in the system.

HO. ,.OH ~l-
N/t—Bu B
+ )l\ _ + alcohol —_—
N N
|
F
3 1

Scheme 5.4.8 — Boronic acid 3 + guanidine 11 — adding alcohol
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Fig 5.4.16 — Boronic acid 3 + 2 equiv. guanidine 11 — effects of different alcohols on the
boronate signal. °F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal
standard (=125 ppm). Boronic acid 3, no base (top spectrum), boronic acid 3 + 2 equiv.
guanine 11 (blue spectrum), + 1 equiv. 1,1,1-tri(hydroxymethyl)ethane, + 1 equiv. 2-
propanol, + 1 equiv. 2,2-dimethyl-1-propanol (bottom spectrum)
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Scheme 5.4.9 — Possible boronate formation using 1,1,1-tri(hydroxymethyl)ethane

Further evidence that a diol is needed is shown by the addition of increasing equivalents of
mono-alcohol which still resulted in no change to the spectra. 1, 2 and 3 equiv. of 1-propanol
were added to a boronic acid 3/guanidine 11 solution but gave no change, Fig 5.4.17 —

spectrum 4, 5, 6.
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Addition of 1 equiv. trifluoroethanol also gave no change to the spectrum (spectrum 3), but 1
equiv. glycerol sharpened both the boronic acid 3 (=112.76 ppm), and boronate (-121.19
ppm), signals, Scheme 5.4.10 — spectrum 2. 1 equiv. ethylene glycol only sharpened the
boronate signal, —121.50 ppm, leaving the broad boronic acid 3 signal unchanged, Scheme
5.4.11 — spectrum 1.
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Fig 5.4.17 — Boronic acid 3 + 1 equiv. guanine 11 — effects of different alcohols on the
boronate signal. °F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal
standard (=125 ppm). Boronic acid 3 + 1 equiv. guanidine 11 (top spectrum), + 1 equiv. 1-

propanol, + 2 equiv. 1-propanol, + 3 equiv. 1-propanol, + 1 equiv. trifluoroethanol, + 1

equiv. glycerol, + 1 equiv. ethylene glycol (bottom spectrum)
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Scheme 5.4.10 — Possible boronate formation using glycerol
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Scheme 5.4.11 — Possible boronate formation using ethylene glycol

5.4.5. Catechol

Catechol was investigated to be able to fluorine label the alcohol and track that by °F NMR
as well as the boronic acid 3. Preliminary studies of unlabelled catechol showed a similar effect
as the other diols studied, Scheme 5.4.12, Fig 5.4.18. Intermediate signals, integrating 1:1
were seen at —114.46 ppm and —120.75 ppm. But unlike the other diols, both the boronic acid
3 (-112.50 ppm) and boronate signal (—120.54 ppm) could be seen in the system. When
studying 3-fluorocatechol, Scheme 5.4.13, the same signals were observed by at slightly
different chemical shifts, indicating the formation of different species, Fig 5.4.19. Looking at
the fluorine label on the alcohol also showed an interesting change, of the 3-fluorocatechol
signal (—138.16 ppm) decreasing with addition of base, and the formation of a new peak at
—144.80 ppm, Fig 5.4.20.

OH
+  KOH + @[ —_—
OH

Scheme 5.4.12 — Boronic acid 3 + KOH — adding catechol
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Fig 5.4.18 — Boronic acid 3 + 1 equiv. catechol + KOH — varying KOH to 1 equiv. (top
spectrum) in steps of 0.2.°F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an
internal standard (=125 ppm)
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Scheme 5.4.13 — Boronic acid 3 + KOH — adding 3-fluorocatechol
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Fig 5.4.19 — Boronic acid 3 + 1 equiv. 3-fluorocatechol + KOH — varying KOH to 1 equiv.
(top spectrum) in steps of 0.2. Boronic acid region. *F NMR, 300 K, 10:1 THF/water, with

1-fluoronaphthalene as an internal standard (—125 ppm)
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Fig 5.4.20 — Boronic acid 3 + 1 equiv. 3-fluorocatechol + KOH — varying KOH to 1 equiv.
(top spectrum) in steps of 0.2. 3-fluorocatechol region. **F NMR, 300 K, 10:1 THF/water,
with 1-fluoronaphthalene as an internal standard (=125 ppm)

5.5. Base screen

A range of bases were tested using the newly developed SM cross-coupling conditions,
Chapter 5. To see if there is a correlation between boronate formation and efficient coupling,

the bases were tested individually for their boronate formation, Scheme 5.5.1, Fig 5.5.1.

rd

]
HO.__OH St
B B
+ base —_— ©
F

Scheme 5.5.1 — Potential boronate formation using different bases
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Fig 5.5.1 — Organic base screening and their boronate formation. SM cross-coupling of
boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M). Yields
(of desired product 5) after 24 hours by °F NMR with 1-fluoronaphthalene as an internal

standard

The only two organic bases shown to give boronate formation are the guanidine 11 (—121.06

ppm) and phosphazene base 26 (—122.00 ppm), Fig 5.5.2 & 5.5.3. These are also the only two

bases tested which give efficient SM cross-coupling (88% — guanidine 11, 76% — phosphazene

26). The other bases tested do not reach conversions higher than 23%. This shows that a

correlation between boronate formation and SM cross-coupling conversion, under the newly

developed phosphine-free conditions. Bases that are unable to form a boronate undergo very

poor coupling under these conditions, in comparison to bases which do form a boronate

species.
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Adding different equivalents of the phosphazene 26 was tested to see if the same trend was
observed when compared to the guanidine 11, Scheme 5.5.2. At low amounts of phosphazene
26, the three intermediate signals can be seen at —112.86 ppm, —114.65 ppm and —121.64 ppm,
and at high equivalents the major signal is the boronate, —122.00 ppm, Fig 5.5.3.
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Fig 5.5.2 — Boronate formation starting from boronic acid 3 using guanidine 11 (bottom
spectrum) or phosphazene 26 (top spectrum). *F NMR, 300 K, 10:1 THF/water
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Fig 5.5.3 — Boronic acid 3 + phosphazene base 26 — 0.4 (bottom), 1, 2, 3 (top) equiv. base.
F NMR, 300 K, 10:1 THF/water

The initial coupling conditions used potassium carbonate and did not show any boronate
formation by °F or !B NMR. The newly developed conditions reinvestigated the use of
potassium carbonate and found it to give poor conversion, 15%, so it was studied
independently for potential boronate formation, Scheme 5.5.3. The three intermediate signals
(-113.00 ppm, —114.77 ppm and —121.73 ppm) can be seen, and increase with increasing
amounts of base, but the major species throughout is the boronic acid 3, Fig 5.5.4. There is no

boronate signal. This is also shown clearly by the !B NMR, Fig 5.5.5.

-’

[}
HO. _OH ~l
B B

F

Scheme 5.5.3 — Potential boronate formation using potassium carbonate
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Fig 5.5.4 — Boronic acid 3 + K,CO3— 0 (bottom), 0.4, 1, 2, 3 (top) equiv. KoCOs. *F NMR,
300 K, 10:1 THF/water
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f1 (ppm)

Fig 5.5.5 — Boronic acid 3 + K,CO3z— 0 (bottom), 0.4, 1, 2, 3 (top) equiv. K.COs. B NMR,
300 K, 10:1 THF/water

5.6. Guanidine screen

Results from studies in Chapter 4 suggested that the reason the other guanidines (13 & 14)
tested gave poor conversion in SM cross-coupling could be due to catalyst binding inhibiting
the reaction, as opposed to the poor coupling seen by other bases due to inability to form a
boronate. To test this theory each of the guanidines (13 & 14) were tested independently for
the ability to form a boronate species with the boronic acid 3, Scheme 5.6.1, Fig 5.6.1.

Looking at the addition of 1 equiv. base, the t-Bu 11 and n-Bu 14 guanidines give very similar
results by *°F NMR — both result in a large loss of signal by *°F NMR, compared to the boronic
acid 3 with no base, using 1-fluoronaphthalene as an internal standard, and give small
intermediate signals at —112.86 ppm, —114.61 ppm and —121.63 ppm, and a very broad trace
boronic acid 3 signal —113.45 ppm, Fig 5.6.2. However, the !B NMR shows only the t-Bu
guanidine 11 fully removes the boronic acid signal, and has a new boronate signal at 3.72 ppm,
whereas the n-Bu guanidine 14 does have the boronate signal 3.72 ppm, but still has a clear
boronic acid 3 signal at 26.94 ppm, Fig 5.6.3. The use of NH guanidine 13 greatly reduces the

total °F NMR signal, but the major signal is still from the boronic acid 3, Fig 5.6.2, also shown
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in the B NMR, Fig 5.6.3. Varying the equivalents of each guanidine was also investigated,

Appendix 8.5.6.

~ rd

L}
HO\B/OH \é/

+ base —_— ©
F

Scheme 5.6.1 — Boronate formation from boronic acid 3 + guanidine 11/13/14

7 t'Bu Pl Bu g H

X A A

SNNT SNTNT SNTNT

I | |

11 14 13

SM coupling conversion 88% 56% 1%
Boronate Yes Yes Minor
Intermediates Yes Yes Yes

Fig 5.6.1 — Guanidine screening
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Fig 5.6.2 — Comparison — boronic acid 3 + 1 equiv. guanidine — NH guanidine 13 (top
spectrum), n-Bu guanidine 14, t-Bu guanidine 11, no base (bottom spectrum). *F NMR, 300
K, 10:1 THF/water, with 1-fluoronaphthalene as an internal standard (=125 ppm)
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Fig 5.6.3 — Comparison — boronic acid 3 + 1 equiv. guanidine — NH guanidine 13 (top
spectrum), n-Bu guanidine 14, t-Bu guanidine 11, no base (bottom spectrum). 1B NMR, 300
K, 10:1 THF/water

5.7. Boronic Acid Studies

5.7.1. 4-Fluoroboronic acid

To further test the effects of base on the 4-fluorophenyl boronic acid 3, higher concentrations
were investigated to see if the relative signal integrations were affected by concentration,
Scheme 5.7.1. A range of concentrations from 0.10 M to 0.01 M were tested, Fig 5.7.1. 0.02
M and 0.01 M were too dilute to give signal by *°F NMR. But the other tests, from 0.04 M to
0.10 M all gave intermediate signals that integrated 2:1:1, showing that whatever species is

being formed is unaffected by total boron concentration, Fig 5.7.2.
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B oB
+ KOH —

F

3 17

Scheme 5.7.1 — 4-Fluorophenyl boronic acid boronate 17 formation using KOH

T T T T T T T T T T T T T T T
-111 -112 -113 -114 -115 -116 -117 -119 -120 -121 -122 -123 -124 -125 -126

-118
f1 (ppm)

Fig 5.7.1 — Different concentrations of boronic acid 3 + 1 equiv. KOH — Boronic acid 3 with
no base (bottom), 0.1M, 0.08M, 0.06M, 0.04M, 0.02M, 0.01M (top). *°F NMR — 128 scans
& 20 sec delay, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal standard
(—125 ppm)
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O’B\O /O\@/OH
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HO_ _O( _OH
/B\ /B\ 21
Ar (@) Ar Ar Ar: Ar: Ar
2:1:1

Fig 5.7.2 — Possible species formed from boronic acid 3 + guanidine 11 reaction

5.7.2. 2-Fluoroboronic acid

The boronate formation of other boronic acids was investigated, Scheme 5.7.2. By *F NMR,
the 2-fluorophenyl boronic acid 27 was found to remain as a single signal that shifts from
—106.42 ppm (boronic acid 27) to —109.40 ppm (boronate 28), Fig 5.7.3. Rather than one
signal decreasing and a new signal increasing, as seen for the 4-fluorophenyl boronic acid 3.
2-Fluorophenyl boronic acid 27 also does not appear to go through an intermediate species, as
the 4-fluorophenyl boronic acid 3 does. The addition of base does result in a much broader
signal — line width without base = 30 Hz, line width at 0.2 equiv. KOH = ~200 Hz. This
broadening is likely due to the boronic acid 27 being in rapid exchange with the boronate
species 28. (Appendix 8.5.7 — !B NMR).

OH

HO\B,OH HO\é,OH
S)
F F
+ KOH e ——
27 28

Scheme 5.7.2 — 2-Fluorophenyl boronic acid boronate 28 formation using KOH
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Fig 5.7.3 — 2-Fluorophenyl boronic acid 27 + KOH — to 3 equiv. KOH (top spectrum) in
steps of 0.2. F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal
standard (=125 ppm). New signal at —108.5 ppm is seen at high base concentrations, but

further studies are needed to identify this signal

5.7.3. 3-Fluoroboronic acid

As the 2-fluorophenyl boronic acid 27 gave a very different result compared to the 4-
fluorophenyl boronic acid 3, the 3-fluorophenyl boronic acid 29 was also investigated, Scheme
5.7.3. With the addition of 0.2 equiv. KOH, the boronic acid 29 signal is shifted and reduced
by °F NMR, Fig 5.7.4. With increasing amounts of base, the boronic acid 29 signal shifts
from —116.17 ppm to —117.13 ppm, suggesting that as with the 2-fluorophenyl boronic acid
27, this is the boronic acid 29 becoming the boronate 30. The addition of base results in a much
broader signal, again due to the boronic acid/boronate equilibrium. At high base the signal
sharpens, showing there is no longer a rapid equilibrium and the boronate 30 to be the major
species. (Appendix 8.5.8 — !B NMR).

After the addition of 0.2 equiv. KOH, there are three new signals visible, at —116.61 ppm,
—117.38 ppm and —118.21 ppm, which integrate approximately 2:1:1, although this is difficult
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to accurately determine due to the broad shifting signals underneath these new signals. This

could be the same intermediate(s) as seen for the 4-fluorophenyl boronic acid 3, Fig 5.7.5.

(@] O O?HO
HO. __OH HO.|_OH
B @B
QL+ o —
F F
29 30

Scheme 5.7.3 — 3-Fluorophenyl boronic acid boronate 30 formation using KOH
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Fig 5.7.4 — 3-Fluorophenyl boronic acid 29 + KOH —to 1 equiv. KOH (top spectrum) in
steps of 0.2. °F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal
standard (=125 ppm)
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Fig 5.7.5 — Possible species formed from boronic acid 3 + guanidine 11 reaction

5.7.4. Mixed boronic acid tests

Mixed tests were carried out to investigate how the presence of a different boronic acid
affected the signals, especially for the intermediate species seen at low amounts of base. If the
boronic acid/boronate dimer is being formed, then mixing different boronic acids could allow
for the potential formation of mixed intermediate species, Fig 5.6.7. As the 3-fluoro 29 and 4-
fluoro 3 boronic acids gave similar results, in terms of intermediate signal formation, these

two boronic acids were the best choice for testing the presence of a mixed intermediate species.

HOL __OH .~
HO‘B’OH HO\B,OH B HO B OH
@ »! fj F

F
F
31 3 29 27
pKa
1:1 H,O/dioxane 70 °C 11.25 10.97 10.46 10.14

Fig 5.7.6 — The different boronic acid tested and pKa values, determined by !B NMR pH

titration at 70 °C.°
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(I)H ArOH OH AFOH
+ —_—
F Ar\ /O\e,OH Ar\ /O\e/OH
F B” "B B BJ
1 1 "OH | I "OH
OH Ar OH Ar

Fig 5.7.7 — Mixed boronic acid studies

3F BA + 4F BA

Mixing the 3-fluoro 29 and 4-fluoro 3 boronic acids 1:1 and adding low amounts of base (<1
equiv.) showed a range of intermediate signals, Scheme 5.7.4 & Fig 5.7.8. The 4-fluoro 3 gave
three signals at —112.87 ppm, —114.67 ppm and —121.66 ppm, and the 3-fluoro 29 gave two
signals at —117.36 ppm and —118.25 ppm. No new signals for mixed intermediates were seen,
suggesting the fluorine groups are too far apart, in the respective intermediates being formed,
to affect each other. However, what is interesting is the change in integration seen as a result
of mixing the boronic acids. The 3-fluoro 29 intermediate signals are difficult to integrate due
to the broad boronic acid 29/boronate 30 signal in a very small region. But the 4-fluoro 3
intermediate signals at —114.67 ppm and —121.66 ppm, for the possible boronic acid/boronate
dimer 20, now integrate 1:0.3, compared to the usual 1:1. This suggests that there are mixed
intermediate species present, and that the 4-fluoro 3 is the boronic acid part of the species, and
the 3-fluoro 29 is the boronate part, hence the lower integration for the 4-fluoro boronate
intermediate signal. This agrees with the 3-fluoro 29 being the more Lewis acid boronic acid,
hence forming a boronate species more easily. (Appendix 8.5.9 — 1B NMR).

HO.__OH HO.__OH
B B
Ars_.0L_0H
+ \Ef Ef‘OH
F OH Ar
F
3 29

Scheme 5.7.4 — Possible 4-fluoro/3-fluoro mixed intermediate species
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Fig 5.7.8 — 3-Fluorophenyl boronic acid 29 (0.02M) + 4-fluorophenyl boronic acid 3
(0.02M) + KOH — KOH equiv. =0, 0.2, 0.3, 0.4, 0.5, 1 (top spectrum). *°F NMR — 128 scans

& 20 sec delay, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal standard
(—125 ppm)

Phenyl BA + 4F BA

4-Fluorophenyl boronic acid 3 was mixed with unlabelled phenyl boronic acid 31 to see if this
gave a change to intermediate signals, Fig 5.7.9. Upon addition of base (KOH), three signals
are formed at —113.10 ppm, —114.80 ppm and —121.79 ppm, integrating 1.5:1:1. Despite the
presence of another boronic acid, the potential dimer signals (—114.80 ppm and —121.79 ppm)
are unaffected, but the integration of the third signal at —113.10 ppm is, Fig 5.7.10. Further
studies are needed to find the reason for this change. (Appendix 8.5.9 — B NMR).
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Fig 5.7.9 — Phenyl boronic acid 31 (0.02M) + 4-fluoropheny! boronic acid 3 (0.02M) + KOH
— KOH equiv. =0, 0.2, 0.3, 0.4, 0.5, 1 (top spectrum). °F NMR — 128 scans & 20 sec delay,
300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal standard (—125 ppm)
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Fig 5.7.10 — Possible species formed from boronic acid 3 + guanidine 11 reaction
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5.8. Conclusion

The formation of a boronate species using guanidine 11 and KOH has been studied using °F
and 1B NMR. This boronate species is found to differ when diols are present, suggesting the
formation of a boronic ester boronate, such as the pinacol ester boronate 25, Scheme 5.8.1,
Fig 5.8.1. Mono-alcohols have been shown not to give this change in spectra, only diols or
triols.

HO.__OH
B 0, 0
HO  OH {
+ KOH  + 5 ©JoH
F
F
3 25

Scheme 5.8.1 — Formation of a pinacol ester boronate 25
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-112 -114 -116 -118 -120 -122 -124
ppm

Fig 5.8.1 — Boronic acid 3 + 2 equiv. KOH + pinacol — boronic acid 3, no base (bottom
spectrum), addition of KOH (spectrum 2), then varying equiv. pinacol to 2 equiv. (top
spectrum) in steps of 0.2. *F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an
internal standard (=125 ppm)
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A correlation has been found between ability of a base to form a boronate and efficient SM
cross-coupling under the newly developed phosphine-free conditions, Scheme 5.8.2. Only
guanidine 11, KOH and phosphazene 26, from the bases tested, form the boronate species and
give efficient coupling. All other bases give poor cross-coupling results and do not form the
boronate species. In addition to the formation of the boronate species, intermediate signals
were found and possible structures suggested, Fig 5.8.2. Further studies are needed to identify

the true structure of these intermediate signals.

F

B Br 1 equiv. base
1 mol% Pd(OAc), O
+ /@\ >
THF/H,0O 10:1
I FsC CFs 23 0 O
FsC

3 4 5

CF;

Scheme 5.8.2 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) by **F NMR with 1-fluoronaphthalene as

an internal standard

(I)H (l)H
B. . _B-OH 20
'i«r Ar/ Oe\p\r
o’B\o 00O, 0H
o/ Ar—B B
_B_ZB-Ar NN
Ar o @)
O\B,Ar
OH o) 22
H
19 |
HO_ O. _OH
~BL B 21
Ar O Ar Ar Ar : Ar: Ar
2:1:1

Fig 5.8.2 — Possible species formed from boronic acid 3 + guanidine 11 reaction

5.9. References

1) Ishihara, K.; Nagasawa, A.; Umemoto, K.; Ito, H.; Saito, K. Inorg. Chem. 1994, 33
(17), 3811-3816.

182



)

@)
(4)
(®)

(6)
()
(8)

9)

Kono, Y.; Ishihara, K.; Nagasawa, A.; Umemoto, K.; Saito, K. Inorganica Chim. Acta
1997, 262 (1), 91-96.

Carrow, B. P.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133 (7), 2116-21109.
Lorand, J. P.; Edwards, J. O. J. Org. Chem. 1959, 24 (6), 769-774.

Hall, D. G. In Boronic Acids; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,
Germany, 2011; pp 1-133.

Lennox, A. J. J.; Lloyd-Jones, G. C. Chem. Soc. Rev. 2014, 43 (1), 412-443.
Nunes, C. M.; Monteiro, A. L. J. Braz. Chem. Soc. 2007, 18 (7), 1443-1447.

Westmark, P. R.; Gardiner, S. J.; Smith, B. D. J. Am. Chem. Soc. 1996, 118 (45),
11093-11100.

Cox, P. Protodeboronation, 2016. Thesis - University of Edinburgh

183



Chapter 6

Conclusions & future work
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6.1 Conclusions

Under the phosphine-free SM conditions investigated, Scheme 6.1.1, it appears that the
strength of the base has an effect on the pathway of transmetalation and correlates to the
efficiency of SM cross-coupling. Using strong bases, such as guanidine 11 or KOH, forms a
boronate species and undergoes efficient coupling, presumably via the boronate pathway.
Whereas the use of weak bases, which are unable to form a boronate species do not promote
this cross-coupling effectively, suggesting the presence of a boronate to be crucial to allow
efficient coupling to occur via the boronate pathway, Fig 6.1.1.

F
HO.__.OH

B Br 1 equiv. base
1 mol% Pd(OAc), O
! -
THF/H,0 10:1
I FsC CFs 23 °C O

Fs;C
3 4 5

CF3

Scheme 6.1.1 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.)

when base = G / KOH OH boronate pathway
Ar—B-OH
OH
Pd—X >
M oH
l PdO.8 T Pd—Ar
I @
H
Pd—OH > HO. ;.OH
/OH 1
Ar—B ] OH
\OH oxo-palladium
when base = K,CO3 pathway

Fig 6.1.1 — Transmetalation pathway controlled by strength of base. G = guanidine 11

Studies into the effect of the addition of diols to a boronic acid 3 solution with guanidine
11/KOH, revealed the boronate species, and intermediate(s), formed differ when different
diols are present. This suggests the formation of a boronic acid boronate 17 and boronic ester
boronates species 23/25 depends on the presence of diol in the system, Fig 6.1.2 & 6.1.3.

However, this does not rule out the possibility of diol coordination to the guanidine.
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The formation of the boronate species has also been shown to form intermediate(s), by the
presence of three new peaks by °F NMR. These peaks also differ in chemical shifts between
the pinacol ester 1 and boronic acid 3. Different species have been suggested, Fig 6.1.4, but
the true structure of the intermediate(s) is still unknown.

No base Intermediate signal 1 | Intermediate signal 2 Boronate
Pinacol —109.57 ppm —115.06 ppm —122.36 ppm —121.89 ppm (25)
ester 1
Glycol —111.12 ppm -114.71 ppm —121.70 ppm —121.17 ppm (23)
ester 2
Boronic | —112.51 ppm -114.71 ppm —121.70 ppm —121.06 ppm (17)
acid 3

Fig 6.1.2 — Comparison of signals of different species present with the addition of KOH by
1F NMR, relative to 1-fluoronaphthalene as an internal standard, 10:1 THF/water, 300 K

% % Ho "
o._0 ~g—OH

0. .0 e)
@B\OH B: “~OH
F
F F
25 23 17

Fig 6.1.3 — Different boronate complexes formed
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0] (0] ,O\@/OH
I O)_ Ar—B_ B
B ZB—Ar N7 CAr
Ar 0 \O Ar ©
I? 22
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Fig 6.1.4 — Possible species formed from boronic acid 3 + guanidine 11/KOH reaction
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6.2. Future work

The newly developed conditions, Scheme 6.2.1, have been shown to work for a small range
of para-substituted boronic acids. Further studies investigating ortho- and meta-substituted
boronic acids using the newly developed conditions would allow expansion of the substrate
scope and test the boundaries of guanidine 11 promoted SM cross-couplings. These boronic
acids, particularly ortho-substituted moieties, are also known to be more challenging coupling
partners, so it would be interesting to see if the use of guanidine 11 can offer superior
conditions with more efficient coupling. It would also be interesting to investigate boronic
acids which are prone to fast protodeboronation. The use of these conditions, which form a
boronate species, could potentially offer a solution for the use of unstable boronic acids, if
formation of the boronate acts to protect the boronic acid thereby limiting degradation
pathways and favouring the desired cross-coupling. Previous research carried out in the group
conducted a study of the protodeboronation of a range of boronic acids, lending itself for the

corresponding cross-coupling reactions to be investigated, Fig 6.2.1.*

X
HO. 5 -OH Br 1 equiv. guanidine 11 N~ FBY

0.75 mol% Pd(OAc), O PG
+ > N N/

o THF/H,0 10:1 .

3 o
x 23°C O guanidine 11
FsC CFy
4

Scheme 6.2.1 — SM cross-coupling of boronic acid (1 equiv.) with 1,3-bis(trifluoromethyl)-

5-bromobenzene 4 (1 equiv.)
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B(OH), 2 equiv. KOH H
0.1 equiv. TFA or PPA
> + B(OH);
X 1:1 H,O/dioxane
X
70 °C
B(OH), B(OH), B(OH), B(OH), B(OH),
Boronic F F F F
acid
F F F
F F F
t 134 days 95 min 8 hr 3hr 66 min
B(OH), B(OH), B(OH), B(OH), B(OH),
Boronic F F F FI|F F
acid
F O2N F F F
F F F
ti2 39 min 15 min 10 min 3 min 1sec

Fig 6.2.1 — Measured rate constants for the protodeboronation of fluorinated boronic acids

Further studies are needed to find what the active catalytic species is in this newly developed

system. Different catalysts have been shown to work well for the coupling, Scheme 6.2.2, Fig

6.2.2, but a number of issues were found with the reproducibility of the system. This could be

due to catalyst activation. Studies using a Pd(0) species would help to determine if catalyst

activation is the cause of the issues.

HO.__OH
B

Br

" Q
F,C CF

4

1 equiv. guanidine 11
2 mol% Pd
r
THF/H,O 10:1
3 23°C
FsC

F

®
J

5

CF,4

N,z‘-Bu
|
\T)\T/

guanidine 11

Scheme 6.2.2 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-

bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by *F NMR with 1-

fluoronaphthalene as an internal standard
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Cl Pld
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Fig 6.2.2 — Product 5 NMR conversion in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) by *F NMR with 1-
fluoronaphthalene as an internal standard after 24 hours

Furthermore, studies adding a phosphine ligand, triphenylphosphine, to a phosphine-free

guanidine reaction were found to result in poor conversion, Scheme 6.2.3, Fig 6.2.3. Further

studies to probe the effect of adding ligands and determination of the catalyst intermediates

are needed to explain this result. Finally, as there is literature evidence that guanidine can act

as a ligand,® future investigations would examine if this is occurring and if it is beneficial.

1 equiv. guanidine 11
1 mol% Pd(OAc),

F

_C

THF/H,0 10:1
23 °C
(2 mol% PPhj3)

HO. __OH
B Br
i Q
FsC CF5
F

3 4

F3C I CF3

5

N/t—Bu
|
\T)\T/

guanidine 11

Scheme 6.2.3 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-

bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) by *F NMR with 1-fluoronaphthalene as

an internal standard
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% Product | % Total side | % Protodeboronation % BA % Fluorophenol
5 products 9 homocoupling 6 8
Standard 68% 4% 2% 1% 1%
conditions
Standard 13% 17% 0% 0% 17%
conditions +

2 mol% PPhs

Fig 6.2.3 — Comparison of reaction with and without addition of triphenylphosphine. SM

cross-coupling of boronic acid 3 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4
(0.04 M) by *°F NMR with 1-fluoronaphthalene as an internal standard
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Experimental
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7.1. General experimental details

7.1.1. Techniques

Unless otherwise stated, all reactions were performed under an inert nitrogen atmosphere,
using standard Schlenk-line techniques on a vacuum line attached to a double manifold
equipped with an oil pump (0.4 torr). Needles and other glassware were purged with an inert
atmosphere of nitrogen prior to use. All glassware and NMR tubes used were prewashed
sequentially with aqua regia, deionised water, saturated KOH in iPrOH, deionised water, dilute
HCI, deionised water (3 times) and acetone (3 times) to remove any contaminants. The
removal of solvents in vacuo was achieved using a rotary evaporator (with a water bath at

temperatures up to 40 °C), or at 0.4 torr on a vacuum line at room temperature.

7.1.2. Reagents and solvents

All commercial reagents were obtained from Sigma-Aldrich, Fluorochem, Fisher Scientific,
Acros Organics or Alfa Aesar. All boronic acids were obtained from Sigma-Aldrich, Fisher
Scientific or Alfa Aesar and were used without further purification.

Anhydrous organic solvents were obtained from a solvent purification system (MBraun SPS
800) situated in the School of Chemistry, University of Edinburgh. Strauss flasks fitted with
J. Young valves were used to collect and freeze-pump-thaw degas anhydrous solvent. Solvents
that required degassing were subjected to four cycles of freeze-pump-thawing. Commercial
grade solvents were used for extractions, TLC analysis and flash column chromatography.
Deionised water was obtained through a membrane filtration system, which was then degassed

by sparging with nitrogen.

Deuterated solvents for NMR analysis were purchased from Sigma-Aldrich, Cambridge
Isotopes Limited, and Goss Scientific Limited.

7.1.3. Analysis
7.1.3.1. NMR spectroscopy

NMR spectra were recorded at 27 °C unless otherwise stated. *H, !B, *C{*H} and **F NMR
spectra were recorded on Bruker Ascend 400 MHz Cryoprobe spectrometers. Spectral
processing and analysis were carried out using MestreNova versions 9 and 10. *H and *C{H}

spectra were referenced to residual solvent signals. 1°B, !B and °F spectra were externally
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referenced to (BFs.OEt,). 1°F spectra were internally referenced to 1-fluoronaphthalene (—128
ppm). Coupling constants (J) were calculated to the nearest 0.1 Hz using MestreNova
(versions 9 and 10). The following abbreviations (and their combinations) are used to describe
multiplicities: s (singlet), d (doublet), t (triplet), g (quartet), sept (septet), m (multiplet), app
(apparent) and br (broad). NMR spectra were recorded using Norrell® 502, Norrell® S400
and Young’s tap NMR tubes.

1B spectra contained large background signals. These were removed by applying a backward
linear prediction function (MestreNova — Toeplitz method, 0 to 16, 32k basis points and 24
coefficients). !B baselines were corrected carefully to ensure integrations were not affected
(Whittaker smoother function, typically 40-80 Hz filter).

For °F spectra, phasing, baseline correction and integration of signals was carried out
manually to minimise error. The boronic acid, boronic esters, aryl halide and 1-
fluoronaphthalene internal standard were studied individually to find the required t; relaxation
delay and optimal number of scans. For studying the cross-coupling reactions, standard NMR
parameters used were 8 scans, 6 second relaxation delay between scans and no background
suppression. To study boronate formation, parameters were changed to 128 scans and 20
second relaxation delay, with and without background suppression, as discussed in Chapter
5.

7.1.3.2. IR spectroscopy

Infrared (IR) spectra of compounds were recorded over the range 4000-400 cm™ using a
Bruker APLHA™ ATR-FTIR spectrometer, peaks are reported in cm™.

7.1.3.3. Mass spectrometry

High-resolution mass spectrometry was performed by the Mass Spectrometry department
within the University of Edinburgh using a Finnigan MAT 900 XLP high resolution mass

spectrometer.

7.1.3.4. Elemental analysis

Elemental analysis was performed by Elemental Analysis Service at the London Metropolitan

University using a Carlo Erba FLASH 2000 Elemental Analyser.

7.1.3.5. Melting point analysis

Melting points were measured using a SMP10 melting point apparatus in open capillaries and

are uncorrected.
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7.1.3.6.  Crystallography

Single-crystal X-ray diffraction data were measured on a Rigaku Oxford Diffraction
SuperNova diffractometer using Mo Kalpha with the crystal temperature maintained at 120 K,
within the University of Edinburgh.  Structural models were refined by full-matrix least-

squares using SHELXL.

7.2. Synthetic procedures

7.2.1. SM cross-coupling procedure?

Cross coupling procedures are outlined in Section 6.3 Reaction Monitoring. The method

outlined here was used for reactions carried out to determine isolated yields.

HO\B,OH
Br O
: ' g t ~
F3C CF;
F
FsC

F
CF;

3 4 5

To a 2-neck 100 ml RBF, 4-fluorophenyl boronic acid (154 mg, 1.10 mmol) and palladium
acetate (2.5 mg, 1 mol%) were added. The flask was evacuated and backfilled with nitrogen
three times. THF (25 mL) was added, followed by 1,3-bis(trifluoromethyl)-5-bromobenzene
(190 pL, 1.10 mmol), 2-tert-butyl-1,1,3,3-tetramethylguanidine (220 pL, 1.10 mmol) and
degassed water (2.5 mL). The reaction was stirred at room temperature overnight under static
nitrogen. Deionised water (15 mL) was added, followed by hexane (15 mL). The solution was
extracted using hexane, dried over anhydrous MgSQO, and concentrated in vacuo. The crude
product was filtered through silica (100% hexane) to give the product as a white solid (314
mg, 91%).

IH NMR (400 MHz, CDCls) § 7.97 (s, 2H), 7.86 (s, 1H), 7.63 — 7.54 (m, 2H), 7.25 — 7.16 (m,
2H). BC{'*H} NMR (101 MHz, CDCls) § 163.3 (d, ] = 249.4 Hz), 142.3, 134.4, 132.2 (q, J =
33.3 Hz), 129.0 (d, J = 8.4 Hz), 127.1 (d, J = 3.8 Hz), 123.3 (d, J = 272.8 Hz), 121.3 — 120.6
(m), 116.3 (d, J = 21.8 Hz). 1*F NMR (377 MHz, CDCls) § —62.89 (6F), ~112.81 (1F). Melting
point = 50 — 52 °C. Lit. melting point = 51 — 52 °C.! IR (cm™) = 1276 (C-F), 1516 (C=C),

3100 (C-H aromatic). Data are in accordance with that previously reported.*
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To a 2-neck 100 mL RBF, 4-(dimethylamino)phenylboronic acid (182 mg, 1.10 mmol) and
palladium acetate (2.5 mg, 1 mol%) were added. The flask was evacuated and backfilled with
nitrogen three times. THF (25 mL) was added, followed by 1,3-bis(trifluoromethyl)-5-
bromobenzene (190 pL, 1.10 mmol), 2-tert-butyl-1,1,3,3-tetramethylguanidine (220 pL, 1.10
mmol) and degassed water (2.5 mL). The reaction was stirred at room temperature overnight
under static nitrogen. Deionised (15 mL) water was added, followed by hexane (15 mL). The
solution was extracted using hexane, dried over anhydrous MgSQO, and concentrated in vacuo.
Crude product was filtered through silica (100% hexane) to give the product as a white solid
(282 mg, 82%).

'H NMR (400 MHz, CDCl3) 6 8.00 — 7.87 (G, m, 2H), 7.76 — 7.69 (I, m, 1H), 7.52 (D, d, J =
8.9 Hz, 2H), 6.81 (C, d, J = 8.9 Hz, 2H), 3.03 (A, s, 6H). *C{*H} NMR (101 MHz, CDCl3) &
150.9 (B), 143.2 (F), 132.9-129.8 (m, H), 127.8 (E), 125.9 (D), 125.6 (G), 123.6 (d, J = 272.6
Hz, J), 119.5 — 118.8 (m, 1), 112.6 (C), 40.3 (A). *F NMR (377 MHz, CDCls) § —62.87.
Melting point = 55 — 56 °C. IR (cm?) = 1116 (C-N), 1270 (C-F), 1529 (C=C), 2902 (C-H
aromatic)

HRMS (EI*) CisHisFsN* [M]* found 333.09430, requires 333.09467 (+0.37 ppm)
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7.2.2. Synthesis of boronic esters

7.2.2.1. Preparation of 4-fluorophenylboronic acid pinacol ester?

HO.__OH #—P
B

HO\ / toluene

\
OH

To a 250 mL RBF, 4-fluorophenyl-boronic acid (1.00 g, 7.15 mmol) and pinacol (0.97 g, 8.21
mol) were added simultaneously. Water (100 pL) and then toluene (25 mL) were added. The
mixture was refluxed with a Dean-Stark trap for 1 hr. The solution was passed through a silica
plug and washed with 50 mL of hexane/ethyl acetate (3:1). The filtrate was evaporated to give
a pale tan liquid as the product (1.53 g, 96%).

IH NMR (400 MHz, CDCls) & 7.82 (dd, J = 8.5, 6.3 Hz, 2H), 7.14 — 6.93 (m, 2H), 1.35 (s,
12H). BC{*H} NMR (101 MHz, CDCI3) & 165.1 (d, J = 250.3 Hz), 137.0 (d, J = 8.3 Hz),
114.8 (d, J = 20.2 Hz), 83.9, 24.9. °F NMR (377 MHz, CDCls) § —108.40. 'B NMR (128
MHz, CDCls) & 30.53. IR (cm?) = 1146 (C-F), 1356 (C-O), 1602 (C=C), 2979 (C-H aromatic).
Data are in accordance with that previously reported.?

7.2.2.2. Preparation of 4-fluorophenylboronic acid glycol ester®
0...0
+ HO\_K toluene B
—_—
OH
F

To a 25 mL RBF, 4-fluorophenyl-boronic acid (183 mg, 1.30 mmol) and neopentyl glycol
(156 mg, 1.50 mmol) were added simultaneously. Water (20 pL) and then toluene (5 mL) were
added. The mixture was refluxed with a Dean-Stark trap for 1 hr. Evaporation of the solvent

to dryness affording a colourless solid (250 mg, 92%).
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'H NMR (400 MHz, CDCls) & 7.78 (dd, J = 8.7, 6.4 Hz, 2H), 7.03 (dd, J = 9.3, 8.7 Hz, 2H),
3.76 (s, 4H), 1.02 (s, 6H). *C{*H} NMR (101 MHz, CDCls) & 164.8 (d, J = 249.3 Hz), 136.0
(d, J = 8.1 Hz), 114.6 (d, J = 20.2 Hz), 72.3, 31.9, 30.9, 21.9. °F NMR (377 MHz, CDCls) &
—109.87. B NMR (128 MHz, CDCls)  26.79. Melting point = 67 — 69 °C. Lit. melting point
=64 - 67 °C.2 IR (cm™?) = 1136 (C-F), 1307 (C-0), 1596 (C=C), 2966 (C-H aromatic). Data

are in accordance with that previously reported.®

7.2.3. Synthesis of 2-butyl-1,1,3,3-tetramethylguanidine*

NH CH4CN NN
| | reflux | |
13 14

To a two-neck flask, 1,1,3,3-tetramethylguanidine (TMG, 2.32 g, 20.1 mmol), n-BuBr (3.29
g, 24.0 mmol) and CH3CN (40 mL) were added under nitrogen. The mixture was heated to
reflux for 17 hr with vigorous stirring. Solvent and the superfluous n-BuBr were removed
under reduced pressure and a yellow oil was obtained. Aqueous NaOH (6 mL) was then added.
The organic layer was extracted with CH2Cl, and dried with anhydrous Na,SOa. Solvent was
removed by evaporation under reduced pressure, followed by purification by distillation under

reduced pressure (5.6 Torr, 65 °C) to give the product as a colourless oil (1.84 g, 53%).

'H NMR (400 MHz, CDCls) 8 2.96 (t, J = 6.9 Hz, 2H), 2.60 (s, 6H), 2.50 (s, 6H), 1.42 — 1.30
(m, 2H), 1.28 — 1.11 (m, 2H), 0.75 (t, J = 7.3 Hz, 3H). *C{*H} NMR (101 MHz, CDCls) &
159.8, 49.1, 39.1, 34.9, 20.4, 13.9 IR (cm™) = 1360 (C-N), 1618 (C=N), 2868 (C-H alkane).

Data are in accordance with that previously reported.*

7.2.4. Synthesis of [(cinnamyl)PdCI],®

H>O (193 mL) was added to a three-neck RBF and degassed by nitrogen sparging for 30
minutes. PdCl; (1.37 g, 7.73 mmol) and KCI (1.15 g, 15.4 mmol) were added and the solution
was stirred at room temperature for 1 hr. Cinnamyl chloride (3.30 mL, 23.7 mmol) was then
added and the resulting reaction mixture stirred at room temperature overnight. The reaction
was extracted with chloroform, and the aqueous layer washed with chloroform three times.

The organic layers were combined, dried over MgSQOsa, filtered and concentred in vacuo. The

197



crude product was recrystallised from chloroform and methy| tert-butyl ether, and the resulting

solid was isolated by filtration and dried in vacuo, to give a yellow solid (1.11 mg, 56%).

Recrystallisation by slow diffusion (dissolved in chloroform, outer solvent methyl tert-butyl

ether) was carried out to obtain pure product for use in catalysis.

'H NMR (400 MHz, CDCls3) § 7.50 (d, J = 7.0 Hz, 4H), 7.38 — 7.31 (m, 2H), 7.29-7.25 (m,
4H), 5.80 (ddd, J = 11.9, 11.3, 6.8 Hz, 2H), 4.62 (d, J = 11.3 Hz, 2H), 3.97 (d, J = 6.8, 2H),
3.04 (d, J = 11.9 Hz, 2H). BC{*H} NMR (101 MHz, CDCls) & 137.0, 129.1, 128.5, 128.0,
105.9, 81.8, 59.4. Melting point = 204 — 205 °C. Lit. melting point = 218 — 220 °C. IR (cm?)
= 1426 (C=C), 3055 (C-H aromatic). Data are in accordance with that previously reported.®’

7.3. Crystals

7.3.1. Hydrolysed guanidine

Colour | Atom
Red O
I Purple N
OY N N Grey Cc
White H
N

H™ >M-Bu

Experimental. Single colourless block-shaped crystals of (GL15003) were recrystallised
from a mixture of THF and water by slow evaporation. A suitable crystal (0.35%0.32x0.18)
was selected and mounted on a MITIGEN holder in Paratone oil on a Rigaku Oxford
Diffraction SuperNova diffractometer. The crystal was kept at T = 120.0 K during data
collection. Using Olex2 (Dolomanov et al., 2009), the structure was solved with the ShelXT
(Sheldrick, 2015) structure solution program, using the Direct Methods solution method. The
model was refined with version of ShelXL (Sheldrick, 2008) using Least Squares

minimisation.

Crystal Data. C7HisN,O, M, = 144.22, orthorhombic, Pbca (No. 61), a = 9.9811(3) A, b =
11.6989(3) A, ¢ =15.1769(5) A, o= = y=90", V = 1772.18(9) A%, T=1200K,Z=8,Z' =
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1, (MoK ) =0.073, 24121 reflections measured, 1614 unique (Rin: = 0.0497) which were used
in all calculations. The final wR2 was 0.1141 (all data) and R; was 0.0451 (1 > 2(1))

7.3.2. Boric acid/guanidine

Colour | Atom
Red )

Purple N
Grey C

White H
Pink B

Experimental. Single colourless block-shaped crystals of (GL16002) were recrystallised
from a mixture of THF and water by slow evaporation. A suitable crystal
(0.56%0.39x0.20) mm?® was selected and mounted on a MITIGEN holder in Paratone oil on a
Rigaku Oxford Diffraction SuperNova diffractometer. The crystal was kept at T = 120.0 K
during data collection. Using Olex2 (Dolomanov et al., 2009), the structure was solved with
the ShelXT (Sheldrick, 2015) structure solution program, using the Direct Methods solution
method. The model was refined with version 2014/7 of ShelXL (Sheldrick, 2015) using Least

Squares minimisation.

Crystal Data. C1gHss 515B3sNeO13.2575, My = 612.76, triclinic, P-1 (No. 2), a = 13.9255(4) A, b =
16.4539(4) A, c¢= 17.2543(5) A, o= 63.314(3)’, B= 78.768(2)", y= 74.542(2)°, V=
3391.60(18) A3 T=1200K,Z=4,272'=2, H#(MoK,) = 0.097, 68679 reflections measured,
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15850 unique (Rin = 0.0404) which were used in all calculations. The final wR, was 0.1926
(all data) and Ry was 0.0674 (1 > 2(1)).

7.4. Cross-Coupling Reaction monitoring

To fully investigate the Suzuki-Miyaura reaction, different general procedures were followed,

to study and optimise parameters of the reaction.

Reactions were monitored by either taking NMR aliquots from a reaction in a Schleck flask
being stirred at various intervals, or by being run without dilution, with a DO capillary in an
NMR tube, and monitored in situ, or left until completion. If left until completion, reaction
mixed was diluted with water, extracted with diethyl ether, dried with anhydrous MgSO.,
filtered and concentrated in vacuo. The crude material was then purified by column
chromatography in 100% hexane.

7.4.1. General procedure A

Small Schlenk flask was charged with boronic acid or boronic ester, palladium catalyst, and
potassium carbonate, then evacuated and backfilled with nitrogen three times. Aryl halide was
then added, following by THF then water in a 10:1 ratio. Reactions were carried out in an oil
bath at 55 °C, stirred at 750 rpm.

7.4.2. General procedure B

To allow for a to sample to be taken, to find the true concentration of starting materials in the
reaction, the boronic acid or ester and aryl halide were pre-dissolved in THF. For the reaction,
a small Schlenk flask was charged with palladium catalyst and potassium carbonate, then
evacuated and backfilled with nitrogen three times. The THF solution containing the boronic
acid and aryl halide was then added simultaneously with water in a 10:1 ratio. Reactions were
stirred (750 rpm unless otherwise stated) and monitored by taking NMR aliquots at various

intervals and run without further dilution with a DO capillary.

7.4.3. General procedure C

Same as procedure B, except the boronic acid, aryl halide stock solution was made in 10:1

THF:water, removing the need to add water separately into the reaction.
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7.4.4. General procedure D

Same as procedure C, except using 2-tert-butyl-1,1,3,3-tetramethylguanidine instead of
potassium carbonate. Small Schlenk flask charged with palladium catalyst, then evacuated and
backfilled with nitrogen three times. Guanidine was added followed by the boronic acid/aryl
halide stock solution. The use of the guanidine required the temperature of the reaction to be
lowered to room temperature, ~22 °C. Guanidine reactions also required the use of an acetic
acid quench (50 pl) to samples to be able to monitor the progression of the reaction. The use

of the quench is discussed in Chapter 4.

7.4.5. General procedure E

Same as procedure D, except order of addition. Small Schlenk flask charged with palladium
catalyst, evacuated and backfilled with nitrogen three times. Boronic acid/aryl halide stock
solution added, stirred for approximately 5 minutes then guanidine added neat last.

7.4.6. General procedure F

To eliminate errors in weighing small amounts of catalyst, a catalyst stock solution was made
in 10:1 THF:water. A stock solution of boronic acid or ester and aryl halide was also made in
10:1 THF:water. A small Schlenk flask was evacuated and backfilled with nitrogen three
times. If the base was solid (potassium carbonate) it was added prior to purging with nitrogen.
If the base was liquid (guanidine) it was added after purging. Base addition was followed by
addition of the boronic acid/aryl halide stock solution, stirred for approximately 5 minutes then

catalyst stock solution was added last.

7.4.7. General procedure G

Same as procedure F, except different order of addition. Boronic acid/aryl halide solution
added first, followed by catalyst stock solution, stirred for approximately 5 minutes then

guanidine added neat last.

7.4.8. General procedure H

Same as procedure F, except order of addition. Catalyst solution added first, followed by
guanidine, stirred for approximately 5 minutes then boronic acid/aryl halide solution added

last.
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7.4.9. General procedure |

Same as procedure F, except order of addition. Catalyst solution added first, followed by
boronic acid/aryl halide solution, stirred for approximately 5 minutes then guanidine added

last.

7.4.10. General procedure J

Guanidine was added to the boronic acid/aryl halide stock solution made in 10:1 THF:water.
Catalyst stock solution also made in 10:1 THF:water. For the reaction, small Schlenk flask
was evacuated and backfilled with nitrogen three times. Catalyst solution was added followed
by stock solution containing boronic acid, aryl halide and guanidine.

7.4.11. General procedure K

Same as procedure J except order of addition. Stock solution containing boronic acid, aryl

halide and guanidine added first, followed by catalyst solution.

7.4.12. General procedure L

Same as procedure J but without catalyst stock solution. Small Schlenk flask charged with
palladium, evacuated and backfilled with nitrogen three times. Small volume of 10:1
THF/water added and mixed, followed by stock solution containing boronic acid, aryl halide

and guanidine.

7.4.13. General procedure M

Same as procedure L but without adding 10:1 THF/water to catalyst prior to stock solution.

7.4.14. General procedure N

Catalyst stock solution made in 10:1 THF/water. Small Schlenk flask charged with boronic
acid or ester, then evacuated and backfilled with nitrogen three times. 10:1 THF/water added,

then ArBr neat, then catalyst solution. Guanidine added neat last.

7.4.15. General procedure O

Catalyst stock solution made in THF. Stock solution of aryl halide and guanidine made in neat
THF. Small Schleck flask charged with boronic acid or ester, then evacuated and backfilled
with nitrogen three times. Aryl halide/guanidine stock solution added, followed by water to

create a 10:1 THF/water ratio overall. Catalyst solution added last.
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7.4.16. General procedure P

Guanidine was added to the catalyst stock solution made in 10:1 THF/water. Boronic acid/aryl
halide stock solution also made in 10:1 THF/water. For the reaction, small Schlenk flask was
evacuated and backfilled with nitrogen three times. Boronic acid/aryl halide stock solution

was added followed by catalyst guanidine stock solution.

7.4.17. General procedure Q

Same as procedure K except stock solution made in THF — no water. THF solution containing
boronic acid, aryl halide and guanidine added, followed by THF solution of catalyst. Water
added last to create a 10:1 ratio THF to water.

7.4.18. General procedure R

Same as procedure Q except order of addition. THF solution containing boronic acid, aryl
halide and guanidine added, followed by water added to create a 10:1 ratio THF to water

overall. THF catalyst solution added last.

7.4.19. General procedure S

Same as procedure R except adding THF prior to catalyst solution, to create different
concentrations of catalyst in the reaction.

7.4.20. General procedure T

Stock solution of boronic acid and aryl halide made in THF. Guanidine added neat. Catalyst
stock solution made in THF. Boronic acid/aryl halide stock solution added first, following by

water, then guanidine, then catalyst stock solution last.

7.4.21. General procedure U

Stock solution of boronic acid and aryl halide made in THF. A catalyst stock solution was also
made in THF. A small vial was evacuated and backfilled with nitrogen three times. If the base
was solid it was added prior to purging with nitrogen. If the base was liquid, boronic acid/aryl
halide stock solution was added after purging, followed by base. Water was then added, then

catalyst solution was added last.

7.5. Internal standard studies

To be able to monitor the SM cross-coupling reaction in terms of concentration, an internal

standard was required. D,O capillaries were used to be able to lock the NMR without diluting
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and changing the concentration of the reaction aliquot taken. The capillaries were then made
to include an internal standard, sodium tetrafluoroborate, chosen as it gives a °F NMR peak
at —150 ppm, distinct from all reaction peaks. However, sodium tetrafluoroborate was found
to degrade over time, giving two new peaks by °F NMR at —131 ppm and —144 ppm. This

made its integration difficult and the true concentration unreliable.

When monitoring the coupling reaction, the total concentration throughout the reaction should
remain constant. But when using the sodium tetrafluoroborate capillaries it was found that the
total concentration varied throughout the reaction, suggesting the concentration of the
capillaries had changed by an unknown amount, Graph 9. Previous studies within the group
had shown 1-fluoronaphthalene to be a suitable alternative internal standard, as it gave a single
peak by *F NMR distinct for all others in the reaction mixture. By using a pre-mixed THF
solution of 1-fluoronaphthalene (0.01 M) as the solvent for couplings, the total concentration

throughout the reaction remained constant, Graph 9.

®
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Fig X — 1-fluoronaphthalene and sodium tetrafluoroborate
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Graph 9 — SM cross-coupling of boronic acid (1 equiv.) with 1,3-bis(trifluoromethyl)-5-

bromobenzene (1 equiv.) monitored by °F NMR. Internal standard studies: sodium

tetrafluoroborate solution in capillaries vs 1-fluoronaphthalene in reaction solution
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Chapter 3

8.3.1. Impact of changing stirring rate/vessel size in terms of side product

formation
7
x ® ° °
°
E *
Ss °
o
]
c 4 ° ®
2 °
o3 o
o °
©
o 2 ® ® o [ ]
g o® ) ¢ ® ® ) T
=1 (S 4
o [ J ®
o0 :..'.’
0
0 60 120 180 240 300 360 420
Time / min

® 750 rpm 30 ml Schleck @ 250 rpm 30 ml Schlenk @ 750 rpm 25 ml RBF @ NMR tube

Graph 8.3.1.1 — Impact of changing stirring rate/vessel size in terms of boronic acid
homocoupling from the SM reaction of 4-fluorophenylboronic acid (0.04 M) with 1,3-
bis(trifluoromethyl)-5-bromobenzene (0.04 M) sampled over 7 hours and analysed by °F

NMR with 1-fluoronaphthalene as an internal standard.
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Graph 8.3.1.2 — Impact of changing stirring rate/vessel size in terms of fluorophenol
formation from the SM reaction of 4-fluorophenylboronic acid (0.04 M) with 1,3-
bis(trifluoromethyl)-5-bromobenzene (0.04 M) sampled over 7 hours and analysed by *F

NMR with 1-fluoronaphthalene as an internal standard

8.3.2. Boronic acid/ester side product formation using an inorganic base

F
RO.__OR

B Br 3 equiv K,CO3
1 mol% (Ph3P),PdCl,
+ >
THF/H,0 10:1
; FsC CFs 55°C,7h O
FsC CF3

1,2,3 4 5

Scheme 8.3.2.1 — SM reaction of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored over 7 hours by *F NMR with

1-fluoronaphthalene as an internal standard.
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Graph 8.3.2.1 — Boronic acid homocoupling 6 formation SM reaction of boronic acid 3/ester
1/2 (1 equiv.) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored over 7
hours by **F NMR with 1-fluoronaphthalene as an internal standard.
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Graph 8.3.2.2 — Fluorophenol 8 formation SM reaction of boronic acid 3/ester 1/2 (1 equiv.)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored over 7 hours by *°F

NMR with 1-fluoronaphthalene as an internal standard.
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Chapter 4

8.4.1. Testing for a homogeneous system using 0.5 equiv. guanidine

F
HO\B/OH Br 0.5 equiv. guanidine 11 N,t—Bu
1 mol% (Ph3P),PdCl, O M
+ > \N N/
fc oF THF/H,0 10:1 l l
3 3 °
I 23°C O guanidine 11
F3C CFS
3 4 >

Scheme 4.3.5 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard.
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Graph 8.4.1.1 — Product 5 formation in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard. Using 0.5 equiv. guanidine 11.
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8.4.2. Varying equiv. glycol

F
HO.__OH , .
B Br 1 equiv. guanidine 11
HO 0.25 mol% (Ph3P),PdCl,
+ + >
OH THF/H,0O 10:1
F4C CF
E ’ 3 23°C
F4C CF,4

3 4 5

Scheme 4.4.4 — SM cross-coupling of boronic acid 3/ester 1/2 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) with addition of glycol, monitored by *°F
NMR with 1-fluoronaphthalene as an internal standard
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Graph 8.4.2.1 — Product 5 formation for the SM cross-coupling of boronic acid 3/ester 1/2
(0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of glycol,
monitored by *°F NMR with 1-fluoronaphthalene as an internal standard
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Graph 8.4.2.2 — Side product formation for the SM cross-coupling of boronic acid 3/ester
1/2 (0.04 M) with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of

glycol, monitored by *°F NMR with 1-fluoronaphthalene as an internal standard
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8.4.3. Varying equiv. 1,1,1-tris(hydroxymethyl)ethane

F
HO.__OH

B Br 1 equiv. guanidine 11
0.25 mol% (Ph3P),PdCl, O
+ 4+ HO > oH 2
© F3C/©\CF3 HO THF/H,O 10:1
E 23°C O
CF3

Fs;C

3 4 5
Scheme 4.4.7 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) with addition of 1,1,1-

tris(hydroxymethyl)ethane, monitored by °F NMR with 1-fluoronaphthalene as an internal

standard
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Graph 8.4.3.1 — Side product formation in the SM cross-coupling of boronic acid 3 (0.04 M)
with 1,3-bis(trifluoromethyl)-5-bromobenzene 4 (0.04 M) with addition of 1,1,1-
tris(hydroxymethyl)ethane, monitored by *°F NMR with 1-fluoronaphthalene as an internal

standard
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8.4.4. Effect of cross-coupling under air

All reactions were performed under an inert nitrogen atmosphere, using standard Schlenk-line
techniques. To see if the reaction needed to be kept under nitrogen, a reaction under air was
set up in parallel to one under nitrogen, Graph 8.4.4.1. This showed that productive catalysis
stalled under air, showing the need for the reaction to be conducted under nitrogen.

F
HO.__OH

B Br 1 equiv. base
0.75 mol% Pd(OAc), O
* Q -
THF/H,0 10:1
I FsC CFj4 23 o O
CF,

FsC
3 4 5

Scheme 8.4.4.1 — SM cross-coupling of boronic acid 3 (1 equiv.) with 1,3-
bis(trifluoromethyl)-5-bromobenzene 4 (1 equiv.) by °F NMR with 1-fluoronaphthalene as

an internal standard
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Graph 8.4.4.1 — Product formation in the SM cross-coupling of boronic acid (0.04 M) with
1,3-bis(trifluoromethyl)-5-bromobenzene (0.04 M) monitored by **F NMR with 1-

fluoronaphthalene as an internal standard — reaction under nitrogen vs reaction under air
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Chapter 5

8.5.1 Boronic acid + guanidine —to 1 equiv. guanidine

HO. ,.OH ~l-
~t-Bu B
I
_—
tOSNTNT
(.
F F

Scheme 5.2.1 — Boronic acid 3/guanidine 11 adduct formation
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Fig 8.5.1.1 — Boronic acid 3 + guanidine 11 —to 1 equiv. guanidine 11 (top spectrum) in
steps of 0.2. F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal
standard (=125 ppm)
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8.5.2. NMR spectra for boronate formation using KOH

HO ?HOH
@B

b oon @
F

17

HO._.OH
B

Scheme 5.3.1 — Boronate 17 formation using KOH
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Fig 8.5.2.1 — Boronic acid 3 + KOH —to 2 equiv. KOH (top spectrum) in steps of 0.2. !B
NMR. 300 K, 10:1 THF/water.
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8.5.3. Glycol ester boronate formation
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Scheme 8.5.3.1 — Glycol ester 2 + KOH
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Fig 8.5.3.1 — Glycol ester 2 + KOH —to 1 equiv. KOH (top spectrum) in steps of 0.2. °F
NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal standard (—125 ppm)
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Fig 8.5.3.2 — Glycol ester + KOH — to 1 equiv. KOH (top spectrum) in steps of 0.2. 1B
NMR, 300 K, 10:1 THF/water
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— >
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Scheme 5.4.3 — Boronic acid 3 + guanidine 11 — adding glycol
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Fig 8.5.3.3 — Boronic acid 3 + 3 equiv. guanidine 11 + glycol — boronic acid 3, no base
(bottom spectrum), addition of 3 equiv. guanidine 11 (spectrum 2), then varying equiv.
glycol to 1 equiv. (top spectrum) in steps of 0.1. !B NMR, 300 K, 10:1 THF/water
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Scheme 8.5.3.2 — Boronic acid 3 + KOH — adding glycol
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Fig 8.5.3.4 — Boronic acid 3 + 1 equiv. KOH + glycol — boronic acid 3, no base (bottom
spectrum), addition of KOH (spectrum 2), then varying equiv. glycol to 2 equiv. (top
spectrum) in steps of 0.2. *F NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an
internal standard (=125 ppm)
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Fig 8.5.3.5 — Boronic acid 3 + 1 equiv. KOH + glycol — boronic acid 3, no base (bottom
spectrum), addition of KOH (spectrum 2), then varying equiv. glycol to 2 equiv. (top
spectrum) in steps of 0.2.'B NMR, 300 K, 10:1 THF/water

8.5.4. Pinacol ester boronate formation
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Scheme 8.5.4.1 — Pinacol ester 1 + KOH
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Fig 8.5.4.1 — Pinacol ester 1 + KOH — pinacol ester 1, no base (bottom spectrum), then to 1
equiv. KOH (top spectrum) in steps of 0.2. 1°F NMR, 300 K, 10:1 THF/water, with 1-

fluoronaphthalene as an internal standard (=125 ppm)
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Fig 8.5.4.2 — Pinacol ester + KOH — pinacol ester 1, no base (bottom spectrum), then to 1
equiv. KOH (top spectrum) in steps of 0.2. 1B NMR, 300 K, 10:1 THF/water,

8.5.5. Boronic acid + K,COs in 1:1 THF/water

Changing the conditions from 10:1 THF/water to 1:1 THF/water did show more of a change
of species with addition of potassium carbonate, Fig 8.5.5.1. This shows that potassium

carbonate can form a boronate under different conditions where more water is present.
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Fig 8.5.5.1 — Boronic acid 3 + K.CO;— 0.2 to 2, 2.5, 3 equiv. K,CO3 — 1:1 THF/water. *°F
NMR, 300 K, 1:1 THF/water, with 1-fluoronaphthalene as an internal standard (=125 ppm).
Small peak at —128 ppm is fluorophenol 8
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Fig 8.5.5.2 — Boronic acid + K,CO3;— 0.2 to 2, 2.5, 3 equiv. K,COs — 1:1 THF/water. 1'B
NMR, 300 K, 1:1 THF/water

8.5.6. Boronate formation vary equivalents of different guanidines

rd

HO. _OH ~ i
B B

+ base —_— ©
F

Scheme 5.6.1 — Boronate formation from boronic acid 3 + guanidine 11/13/14
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Fig 5.6.1 — Guanidine screening
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Fig 8.5.6.1 — Boronic acid + n-Bu guanidine 14 — 0, 1, 2, 3 equiv. n-Bu guanidine 14. 1°F
NMR, 300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal standard (=125 ppm)
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Fig 8.5.6.2 — Boronic acid + n-Bu guanidine 14 -0, 1, 2, 3 equiv. n-Bu guanidine 14. 1'B
NMR, 300 K, 10:1 THF/water,
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Fig 8.5.6.3 — Boronic acid + NH guanidine 13 -0, 1, 2, 3 equiv. NH guanidine 13. **F NMR,
300 K, 10:1 THF/water, with 1-fluoronaphthalene as an internal standard (—125 ppm)
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Fig 8.5.6.4 — Boronic acid + NH guanidine 13 -0, 1, 2, 3 equiv. NH guanidine 13. 1'B
NMR, 300 K, 10:1 THF/water,

8.5.7. 2-Fluoroboronic acid boronate studies

HO._.OH HO T OH
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27 28

Scheme 5.7.2 — 2-Fluorophenyl boronic acid boronate 28 formation using KOH
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Fig 8.5.7.1 — 2-Fluorophenyl boronic acid 27 + KOH — to 3 equiv. KOH (top spectrum) in
steps of 0.2. !B NMR, 300 K, 10:1 THF/water

8.5.8. 3-Fluoroboronic acid boronate studies
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Scheme 5.7.3 — 3-Fluorophenyl boronic acid boronate 30 formation using KOH
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Fig 8.5.8.1 — 3-Fluorophenyl boronic acid 29 + KOH — to 2 equiv. KOH (top spectrum) in
steps of 0.2. !B NMR, 300 K, 10:1 THF/water
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8.5.9. Mixed boronic acid boronate studies

3F BA + 4F BA
©
HO\B/OH HO\B,OH Ar\ /O\@/OH Ar\B/O\B:OH
i 1 OH i 1 OH
OH Ar OH Ar
+ —_—
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(l)H ArOH OH Aro

Fig 5.7.7 — Mixed boronic acid studies
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Fig 8.5.9.1 — 3-Fluorophenyl boronic acid 29 (0.02M) + 4-fluorophenyl boronic acid 3
(0.02M) + KOH — vary KOH equiv. to 0.55 in steps of 0.05. Top spectrum = 1 equiv. KOH.
“B NMR, 300 K, 10:1 THF/water
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Phenyl BA + 4F
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Fig 8.5.9.2 — Pheny! boronic acid 31 (0.02M) + 4-fluorophenyl boronic acid 3 (0.02M) +
KOH — vary KOH equiv. to 0.55 in steps of 0.05. Top spectrum = 1 equiv. KOH. !B NMR,
300 K, 10:1 THF/water
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