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Abstract

This thesis primarily explores novel approaches to C—H borylation in substrates
containing (hetero)arenes.

Chapter 1 provides an overview of the recent advances in aromatic C—H borylation,

as well as free radical C—X borylation.
Chapter 2 sets out our objectives for this research programme.

Chapter 3.1 describes our attempts at performing the free radical borylation of aryl
halides. The hypothesised protocol was to proceed via a base-free setup in the

presence of an unsymmetrical diboron compound.

Chapter 3.2 explores the limitations of iridium-catalysed borylation by screening an
array of complex, ‘drug-like’ molecules. Our results give insight into the compatibility
of various heterocycles and functional groups with this methodology, where
previously unknown. The details of a study are reported into the regioselectivity
observed when 4-substituted quinolines are subjected to standard iridium-catalysed
borylation conditions. The investigation aimed to determine if the product
regioisomer distribution is governed by the nature of the 4-substituent.

Chapter 3.3 describes our attempts to devise a novel electrophilic borylation
procedure mediated via the use of a late transition metal (Cu, Au). We report a
simple and efficient method to transmetallate boron moieties (Bpin and Bdan) onto
gold in high yields. A novel sp?-sp? hybridised diboron compound is also reported
(DIPA-dan diboron). However, its synthesis and isolation require optimisation in
order to obtain sufficient quantities to probe reactivity.

Chapter 3.4 reports a novel method to mono-N-methylate primary amines via the
use of a halomethylboronate reagent. A boron-centred spiro compound was detected
as a side product, thought to form via the activation of nitrile solvent. A series of

novel structural analogues are reported, including an X-ray crystal structure.



Impact statement

(Hetero)arenes are used in abundance as agrochemicals, pharmaceuticals and
dyes. But, modifying aromatic compounds into closely related analogues is
challenging, given the ubiquitous and inert nature of C—H bonds. Thus, aromatic

C—H borylation represents a huge field of research in synthetic chemistry.

Our work on iridium-catalysed borylation highlighted the limitations of this
methodology when larger substrates are employed with basic heterocycles and polar
functional groups. Our results can lead to more informed synthetic strategies being

devised in an academic setting.

Our work with copper and gold complexes found simple and efficient routes to
forming M-B bonds (M = metal). This lays the foundation for the development of a

novel C—H borylation protocol that doesn’t require the use of a glovebox.

We also report a novel method to selectively mono-N-methylate primary amines with
a cheap and non-toxic boron reagent. An analysis of reactions used in medicinal
chemistry at GSK, Pfizer and AstraZeneca in 2011 identified heteroatom alkylation
as the most common class of reaction.™ Thus, we anticipate our work being of great
interest to the pharmaceutical industry. Moreover, the diazaborole side products we
identified during this work hold potential for use as chiral auxiliaries or drug

analogues.

TRoughley, S. D. & Jordan, A. M. The medicinal chemist’s toolbox: an analysis of reactions used in
the pursuit of drug candidates. J. Med. Chem. 54, 3451-3471 (2011).
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1 Introduction

1.1 Aromatic C-H borylation

Aromatic heterocycles are abundant in a vast range of synthetic compounds with
commercial value. This includes herbicides (e.g. 1), fungicides (e.g. 2), insecticides
(e.g. 3), dyes (e.g. 4), organic conductors (e.g. 5) and, of course, many

pharmaceuticals on the market today, such as hydroxychloroquine 6 (Figure 1.1).%?

EtHN N NHEt O’N

Cl
Simazine Triadimefon Isoxathion
1 2

-1 OO

Disperse Yellow 54 Tetrathiafulvalene Hydroxychloroquine
4 5

Figure 1.1: Synthetic heterocycles available commercially.

There has been intense research interest in the development of late-stage aromatic
C—H functionalisation techniques, which allow for the direct modification of existing
compounds into closely related analogues. The major advantage of this approach is
that it avoids the need to revise existing synthetic routes. However, the
regioselective functionalisation of structurally complex molecules can be
exacerbated by nitrogen-containing heterocycles and polar functional groups.
Finding methods to overcome these challenges represents a major goal in synthetic
chemistry, although good progress has been made,? particularly in the field of drug

discovery.4®

One facet of aromatic C—H activation that has seen a particular explosion of interest
over the last two decades has been C-B bond forming reactions. Replacing an
aromatic C—H bond with a boryl group (—B(OR)2) provides non-toxic, bench-stable
aryl boronate esters. Traditionally, this would proceed in a multi-step fashion via

halogenated and moisture sensitive intermediates.®” However, direct methods are
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more atom and step efficient, and represent the ideal for green and sustainable

processes (Scheme 1.1).

Path A

H B(OR),
©/ C—H borylation (j

[Br] B(OR)s T “MgBr(OR)

MgBr
©/ Ether

Path B

(. J

Scheme 1.1: Direct (Path A) and traditional (Path B) routes to aryl boronate esters from aromatic substrates.

Borylated (hetero)aromatic compounds are highly versatile intermediates that can
undergo a broad scope of further derivatisation via techniques such as Suzuki
coupling,®.  Chan-Lam Evans coupling,® trifluoromethylation,’® oxidation,!

halogenation!? and cyanation!® (Scheme1l.2).

R1—8— T Ar
\\;’; X
Ar—Hal
(Hal=ClI, Br, I)

77X
NaBO3.4H,0 phen CuCF]
H,O/THF
1 e RN
RT,; y OH R1—— U - CF3

Scheme 1.2: Divergent scheme illustrating the synthetic versatility of (hetero)aryl boronate esters.

Since the turn of the century, significant advances in C—H borylation have been
made via the use of iridium catalysis,'*2! although catalytic methods using a wide

array of other late transition metals have been reported. This includes other precious
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Introduction

metals such as ruthenium,?? rhodium,?® and platinum,?* but also first-row d-block
elements such as cobalt,?® iron,?® nickel?” and zinc.?® Considerable progress has
also been made in developing C—H borylation methods that generate boron cations

in situ and proceed via electrophilic aromatic substitution (hereafter SeAr).2°:30

In the last few years, techniques have been developed which are thought to develop
boron radicals under mild conditions via homolytic cleavage of a B—B bond. Upon the
outset of this project, aromatic C—X borylation had been reported (X = F, CI, Br, I,
OTf, N2*) proceeding via a free radical-initiated pathway.33? This sub-field is
undergoing rapid development and looks poised to enter the realm of C-H

borylation.

This introduction aims to give a critical overview of the recent advances in
iridium-catalysed and electrophilic C—H borylation, as well as recent progress in the
burgeoning area of free radical borylation. In each case, particular attention will be
paid to the scope, regioselectivity and functional group tolerance of reaction
methodology with respect to aromatic and heteroaromatic substrates. In the interests
of conciseness, other transition metal-catalysed techniques, will not be discussed,
but an excellent summary of these methods can be found in a review by Li et al.3
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1.2 Iridium-catalysed borylation

Catalytic borylation of C—H bonds was serendipitously discovered in 1995 by Hartwig
and co-workers.3* A solution of the simple metal-boryl complex [CpFe(CO)2Bcat] was
found to borylate a benzene solvent under photochemical conditions in a very good
yield (Scheme 1.3). This activation process differed from typical C—H activation by
metal-aryl complexes observed at the time as instead of alkyl groups being
exchanged between the metal and the hydrocarbon, free functionalised products

were formed.

& hv, benzene
Fe- B Q + CpFe(CO),

CO o
87%

1/2[CpFe(CO),], + 1/2H,
Scheme 1.3: Photochemical borylation of a benzene solvent.

Smith et al. carried out the first iridium-catalysed borylation of substituted arenes
using the catalyst Cp*Ir(PMe3z)(H)(Bpin) (Cp* = n>-CsMes). A vast excess of substrate
was used, as well as high temperatures and high catalyst loading, but turnover
numbers were low.3® Electron-deficient substrates were found to be more reactive

than electron-rich ones.

Hartwig later conducted studies in collaboration with Ishiyama, Miyaura and
co-workers on catalyst systems based on the combination of an Ir' precursor and a
bipyridine ligand.'* At the same time, Smith, Maleczka and co-workers worked on
catalysts containing bisphosphine ligands, but these were found to be less active.3°
Hartwig’s results showed that the Ir'/bpy (bpy = 2,2-bipyridine) system effected
borylation of a series of different aromatic solvents in high yields under relatively mild
conditions with low catalyst loading (Scheme 1.4).

szinz (1 .0 eq)
[Ir(COD)Cl], (1.5 mol%)

b 3 mol%
X*@ Py ( 0) _ X*@
80 °C, 16 h, neat

(60 eq.) Bpin

Scheme 1.4: Iridium-catalysed borylation of mono-, di- and polysubstituted benzene solvents.

These data also gave useful information on the regioselectivity of the borylation

reaction which, for aromatic substrates, is almost completely governed by steric
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Introduction

effects. That is, a monosubstituted substrate would give a statistical ratio (2:1) of
meta and para products, a 1,2-disubstituted arene will give exclusively the
1,2,4-trisubsubstituted product and a 1,3-disubstituted substrate will give solely the
1,3,5-trisubstituted product (Figure 1.2).

tot T

Figure 1.2: Preferred sites of borylation on substituted aromatic compounds.

1.2.1 Borylation of heteroarenes

Early work on the iridium-catalysed borylation of heteroarenes primarily involved the
investigation of the selectivity of the reaction on five-membered heterocycles.>-17
In 2002, Hartwig, Ishiyama and Miyaura reported the borylation of thiophene, furan
and pyrrole catalysed by the combination of [Ir(COD)Cl2]2
(COD = 1,5-cyclooctadiene) and dtbpy (dtbpy = 4,4’-di-tert-butyl-2,2’-bipyridine) in
octane at 80— 100 °C.'® In the preliminary reactions with thiophene and a bpy
ligand, no product was detected when the reaction was carried out with 60 eq.
substrate. This was thought to be due to the high coordinating ability of thiophene
preventing the formation of the coordinatively unsaturated Ir'" tris-boryl species which
is needed for C—H activation. The problem was solved by using 10 eq. of substrate
diluted in 6 mL of octane (0.17 M). Borylation was observed exclusively at the
2-position with a 64% yield of monoborylated product which was later improved to
83% with dtbpy, thought to be due to enhanced solubility. The selectivity of
monoborylation vs. diborylation was dependent on the stoichiometry of thiophene

and Bzpina.

A representative set of heterocycles was then screened under optimised conditions
to assess the scope and regioselectivity of the reaction (Table 1.1). Reactions with
five-membered heterocycles other than thiophene (Entry 1) also provided
2-borylated products in high vyields with some diborylated product (ca. 15%)
(Entries 2 and 3). However, 2-methylthiophene gave exclusively the monoborylated
product (Entry 4). Selective monoborylation of benzothiophene, benzofuran and
indole was easily achieved as the activation barrier for reaction on the carbocycle is

significantly higher than it is on the heterocycle (Entries 5 — 7). Reactions with
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pyridine and quinoline required higher temperatures but the substrates were
borylated in high yields at 100 °C. The products from the reaction with pyridine were
a 2:1 mixture of 3-boryl and 4-boryl pyridine but quinoline was borylated exclusively

at the 3-position (Entries 8 and 9).

Table 1.1: Iridium-catalysed borylation of heteroaromatic substrates.

B,pin, (1.0 eq.)
[Ir(COD)CI], (1.5 mol%)

» LX) dtbpy (3 mol%) - fo
! ! ! ! Bpin
S Octane, 80 °C S N/

~
~

W

/7

% % %

Entry Product Yield Entry Product Entry Product vield

Yield
H
S S N .
1 |/ Bpin 83?2 4 |/ Bpin 91 7 ) —Bpin 92
o s N
2 [ )—Bpn 83 | 5 @Q%Bpm 89 | 8 | /\] 4230

/

Bpin
N Bpin
3 . 672 6 4 91 9 84>
UBpm ZBpin

aDiborylated products made in 12 — 17% yield. "Reaction carried out at 100 °C.

For five-membered heterocycles, the preference for borylation at the 2-position is
due to the greater acidity of the a C—H bond over the B-position. With heteroarenes
that contain a basic nitrogen such as pyridine, quinoline and other azines, borylation
is observed B or y to the basic nitrogen. Borylation is still thought to occur at the
2-position but the products undergo rapid protodeborylation.?°

Protodeborylation is a well-known unwanted side reaction in organoboron chemistry
and 2-pyridyl boronic acids are notorious for their susceptibility to it. It was initially
put forward after a series of studies®—4° by Kuivila and colleagues in the 1960s that
protodeborylation of arene boronic acids proceeded via two mechanisms: an
acid-catalysed process whereby H replaces B via an SeAr process; or a
base-catalysed route which was proposed to proceed via hydrolysis of the boronate
anion ([ArB(OH)s]") (Scheme 1.5).
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Introduction

ACID gj o2 _‘

(OH)
Protodeborylation

LQ @M

Scheme 1.5: Kuivila mechanisms for protodeborylation in aqueous acidic (red)®” and basic (blue)*° conditions.

A detailed kinetic study*! was carried out by the group of Lloyd-Jones into the pH
dependency on the rate of protodeborylation for a range of unstable boronic acids.
3- and 4-pyridyl boronic acids were found to undergo slow protodeborylation under
heating and basic conditions (t. > 1 week, pH 12, 70 °C). Whereas 2-pyridyl boronic
acids protodeborylate readily under heating and neutral conditions (t» = 25 — 50 s,
pH 7, 70 °C). Interestingly, H*/OH™ act as powerful inhibitors making the boronic
acids unusually stable at extremes of pH. Between pH 4 and 8, a rapid equilibrium is
established between the neutral species and an unstable zwitterionic boronate
whose tendency to protodeborylate can be rationalised by the intramolecular
stabilisation of the B(OH)s leaving group during C-B cleavage (Scheme 1.6). This
hydrogen bonding from the pyridinium N-H effectively solvates the B(OH)s.

However, at higher pH, this interaction is attenuated and protodeborylation is slower.

t
N H,0 ) N j \ﬁ/H\ N
= B/OH rapid @ _OH \@/OH = H
| equilibrium
OH O OH HG OH Protodeborylated
product

C-B bond fragmentation
facilitated by pyridinium N-H

Scheme 1.6: Proposed mechanism for the protodeborylation of 2-pyridyl boronic acids.

1.2.2 Mechanism of the iridium-catalysed borylation reaction
Alongside their initial work investigating the reactivity and selectivity of the
iridium-catalysed borylation of substituted arenes, Hartwig, Miyaura and Ishiyama

focused on isolating potential Ir-boryl intermediates to help elucidate the
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mechanism.'* They synthesised the bis-boryl complex 8 from the dtbpy- and COD-
ligated iridium complex 7 (Scheme 1.7). When 8 was stirred with Bzpinz and CsDs at
80 °C for 5 h it generated CeDs—Bpin in 80% yield. However, when the same reaction
was attempted without Bzpinz, a reaction that would hypothetically complete the

catalytic cycle, it simply regenerated Bzpinz and 7 without forming CsDs—Bpin.

— 1®
t .
Bu N B2pin,  C4D5-Bpin
QQ C-D 80%
=N, O Bpinp T & oo
ircob) | oTf ———=( JIrs. . —
=N THF N2 .Bpin
P CgD 7+
\ [ ©6Ds
tBU 8 szinz

Scheme 1.7: Synthesis of bis-boryl 8 and subsequent regeneration of complex 7.

In response to these data, iridium complexes were made that were ligated with
COE (COE = cyclooctene) instead of COD. Reaction for 5h at 50 °C between
[IrCI(COE)2]2, 2 eq. of dtbpy, 10 eq. of Bzpinz in mesitylene solvent gave a complex
in 15% vyield. X-ray and spectroscopic data showed it to be the tris-boryl complex
[Ir(dtbpy)(COE)(Bpin)s] 9 (Figure 1.3).

By | OJ%
< NI“"Ir“\\\\\B\O
i \/N( ~ BO

Bu o)

s
O O

1~

9

Figure 1.3: Tris-boryl complex 9.

Dissolving complex 9 in CeéDs generated 3 eq. of Ph—Bpin in 80% yield within a few
minutes at room temperature. As well as this, when reacted with a mixture of toluene
and trifluoromethylbenzene, complex 9 demonstrated identical selectivity to that
observed in the reactions when the precatalyst [Ir(COD)CI]2 was used in combination
with bpy. Thus, there was strong evidence to suggest complex 9 was an

intermediate in the catalytic cycle.
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At the time there was no reliable method to synthesise 9 in high yields so
mechanistic studies were very limited in their scope and depth. A DFT study*? was
carried out by Sakaki and colleagues on the mechanism of the reaction of arenes
with the 16-electron species 10 that forms following the dissociation of COE from 9.
Their results suggested that the catalytic reaction occurred by a mechanism in which
the arene reacts with complex 10 and the barriers calculated for the individual steps
of the cycle implied that the turnover-limiting step was C—H bond cleavage of the

arene.

Hartwig and colleagues later developed a procedure to prepare complex 9 in high
yield (80 — 95%) (Scheme 1.8) and conducted a detailed mechanistic investigation
into the reaction of arenes with this species.*® Their results showed that 9 reacts with
arenes following reversible dissociation of COE and corroborated the conclusion
from Sakaki’'s study that C—H bond cleavage is turnover-limiting. However, the
experimental value for this activation barrier (~8 — 12 kcal mol™) was found to be
much less than the calculated value (20 kcal mol™), although it is crude to draw
direct comparisons between the two sets of values as the experimental value
accounts for the free energy changes involved in the dissociation of COE and
association of CeDs. Electron-poor arenes were found to react faster than
electron-rich arenes, as is the case with reactions when the catalyst is assembled in

situ.

1) HBpin, XS COE
'‘Bu C O‘?
o

\ By = | wB.
2) tBUﬁ/q\lj E\l“;“ﬂ\‘\ Bo
LN 'Bu | 0
mdm %_(\
9

rt. — 60 °C, 30 min

Y
ve)

[I(COD)OMe],

Up to 95%

Scheme 1.8: Synthesis of complex 9 reported by Hartwig and colleagues.

A catalytic cycle consistent with the results of this study is shown below
(Scheme 1.9). Oxidative addition of a (hetero)arene to complex 10 gives the
seven-coordinate IrV species 11 which reductively eliminates (Het)Ar—Bpin to give a
bis(boryl)Ir'' hydride complex 12. Then, a molecule of Bzpin2 oxidatively adds to the

complex before reductively eliminating HBpin to regenerate 10. HBpin also
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participates in the catalytic cycle via a sequence of oxidative addition to 12, followed
by reductive elimination of Hz. This is thought to occur after consumption of Bzpinz.

Bpi
1/2[I((COD)OMe], <N, if’,,Bpm
+ 2B,pin, + ligand N7 I "Bpin
pinB—OMe COE
9
i\COE
Bpin
(N/,i ”IBpln (Het)Ar‘H
Ha N” r'Bpin Oxidative
10 addition
HBpin \{
Bpi Bpi
N, i Bp|n CN, |poIn
N 7 7
BrPln N \ABpII’l
L sz|n2 R.ed.ucti.ve
elimination
N, . |||Bp'n Ar-Bpin

Scheme 1.9: Mechanism for the iridium-catalysed borylation of (hetero)arenes as proposed by Hartwig and

colleagues.

It is worth mentioning that a borylation reaction proceeding via an Ir'"" cycle has
been reported by Ozerov and colleagues.** The setup involves pincer-based
iridium(l) complexes capable of activating C—H bonds, before reaction with HBpin to
give an iridium dihydride. A stoichiometric quantity of sacrificial olefin is required to
consume the equivalent of Hz generated and return the iridium complex the

14-electron pincer complex (Scheme 1.10).
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Scheme 1.10: Proposed catalytic cycle for C—H borylation catalysed by pincer complexes of iridium.

1.2.3 Iridium-catalysed borylation in late-stage functionalisation

As we have seen, the iridium-catalysed borylation reaction is tolerant of many simple

heterocycles such as pyridine, furan, thiophene and indole. However, more complex

‘drug-like’ substrates which contain several heterocycles and more sensitive

functionality present a much greater challenge. With more Lewis basic heteroatoms,

the chance of the substrate coordinating to, and thus poisoning, the iridium catalyst

is greater (Scheme 1.11). If the substrate concentration is high enough, the resting

state of the catalyst can shift from the COE-ligated complex 9 to the heteroarene

complex 13. With the vacant site which is necessary for C—H activation occupied, the

reaction can become sluggish or even halt completely.
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Z
X
blocked N,.T \Bpin
v r\ .
N I "Bpin
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COE Oxidati
<N,,|;\\Bpin -COE <N/. r,\Bpin adldition
N” 1 YBpin +coOE ‘NI Bpin
Bpin~ *COE "N goinP
9 10

XX
|/

H
N,/ \Bpin
< vlr\ .
N” I "Bpin
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1

)\(l\/):

X =

Representative
heterocycle

Lewis basic
heteroatom

Scheme 1.11: Coordination of heteroarenes to the active catalyst 10.
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In a recent paper?® on the scope and regioselectivity of iridium-catalysed borylation
on a selection of heterocycles, Hartwig demonstrated the applicability of this
methodology to late-stage functionalisation. In the first example given, pyrimidine 14
is borylated and oxidised in situ to give an excellent yield of the desired product 15,
an intermediate in the synthesis of the GPR119 agonist 16, a potential diabetes

therapeutic (Scheme 1.12).

i) [I(COD)OMe], (0.5 mol%)

BocN/\ tmphen (1 mol%) BocN/\
N N B,pin,, THF, r.t. N N
R ii) NaBO3.4H,0 \ij\
N~ THF, H,0 ZNOoH
14 15 91%
?
N= /—@ﬁ—cm
BocN N—<\ }O o)
N
16

Scheme 1.12: A tandem C—H borylation and oxidation sequence as a route to a potential diabetes therapeutic.

Hartwig gives another example where the c-Met kinase inhibitor 18, a potential
cancer therapeutic,*® is synthesised from 17; the preceding intermediate in its

established synthesis (Scheme 1.13).

\
H N {
t t
BUsNH 0 ) Bpin, BU\H o
- [Ir(COD)OMel, (1 mol%) ~
NI N N tmphen (2 mol%) NI N N
= THF, r.t. =
N ii) 2-Bromopyridine N

Pd'" (5 mol%)

K,COs,, Dioxane, H,O, 100 °C @
NBoc NBoc

17 18, 20%

-~

Scheme 1.13: Late-stage functionalisation of a c-Met kinase inhibitor.

In conclusion, the iridium-catalysed borylation reaction is very effective in
functionalising simple, substituted (hetero)aromatic substrates under mild conditions

with low catalyst loadings. However, more structurally complex substrates with basic
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heterocycles and sensitive functional groups present a greater challenge and may

require alternative methods.
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1.3 Electrophilic borylation

A defining property of boron is the exceptional Lewis acidity it demonstrates with
respect to electron donors. This can be ascribed to its electronic configuration
(1s?2s22pt) which often gives rise to three-coordinate compounds where boron is
sp? hybridised with six valence electrons and a vacant p orbital orthogonal to the
plane of the molecule. This intrinsic electron deficiency has been harnessed in
synthetically useful compounds such as B(CesFs)3, B(OCH2CF3)s and BBrs which can
act as activators, catalysts and stoichiometric reagents in processes including:
Ziegler-Natta olefin polymerisation,*’48 hydride abstraction,*® catalytic amidation>
and demethylation.>* However, these boron species are still not electrophilic enough

to react with unfunctionalised arenes via an intermolecular SEAr mechanism.

In recent decades, however, progress, largely under the direction of Michael
Ingleson, has been made in developing a borylation methodology that proceeds via
SeAr. Notably, this demonstrates complementary electronic and regioselectivity to
that which is given by iridium-catalysed borylation.?° That is, electron-rich arenes are
preferred over electron-poor, and borylation occurs at the most nucleophilic site
instead of the least hindered. In the wider context of late-stage functionalisation, this
raises the tantalising possibility of functionalising along orthogonal vectors for a

given substrate (Scheme 1.14).

R! Me Iridium R . Electrophilic R’ Me
N borylation N borylation N
R2 R? H R? B(OR),

Scheme 1.14: Complementary regioselectivity demonstrated by iridium-catalysed and electrophilic borylation.

1.3.1 Cationic boron compounds

Boron cations (hereafter borocations) have emerged as promising reagents for their
use as potent electrophiles, capable of aromatic C—H activation. Borocations have
been categorised by NOth%? into three distinct structural classes based on the

coordination number at boron.

Three-coordinate borocations are termed borenium cations and can be classed as

‘superelectrophiles’,>® possessing a monocationic charge located formally on a
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heteroatom adjacent to an unoccupied p orbital (Scheme 1.15). Akin to superacids,
superelectrophilic borenium cations are counterbalanced with large, weakly
coordinating anions. An in-depth review into their solution phase reactivity was

recently published by Vedejs et al.3°

Cl Cl vacant p, ®
\@/éim Al,Clg @/é\ orbital O R_I
/@ o cl - | SNl e
= _ L R
HyC HaC @AIZCI7
Borenium cation

(. J

Scheme 1.15: Generation of exemplar borenium ion in solution.

Borenium cations comprise two o-bound substituents (R) and one dative interaction
with a ligand (L) that occupies a third coordination site and reduces some of the
electron deficiency at the boron centre. It should be noted that, although the positive
charge is drawn localised on the donor ligand, this is purely a formalism given that:
1) boron is more electropositive than most of the ligand donor elements;
2) computations indicate significant positive charge on boron; and 3)these

compounds react as though they were boron cations.

Another class of borocations with the potential to be superelectrophiles are the
two-coordinate borocations termed borinium cations.>? Calculations,>**> as well as
structurally characterised examples of borinium cations,>*%¢ give a R-B-R angle at
boron that is nearly linear and, thus, indicative of sp hybridisation. They are
invariably ligated by bulky, T-donating substituents that effectively shield the boron
from anion and solvent. Monodentate systems predominate due to the stabilisation
brought about by linear geometry at the boron which allows for maximum orbital
overlap from orthogonal T-donors, analogous to isoelectronic allenes
(Scheme 1.16). Generally, boriniums that are stable enough to isolate and
characterise will be undesirable from a reactivity perspective, as the t-bonding

attenuates the electrophilicity of the boron.
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Scheme 1.16: Generation of an exemplar stable condensed-phase borinium cation, reported by N6th and

colleagues in 1982.5* g-Bonds excluded from atomic orbital diagram for simplicity.

A third class of cationic boron compounds is that of the tetrahedral, four-coordinate
boronium cations, with two coordination sites occupied by o-bonded substituents and
the other two populated with neutral 2e~ donors (Scheme 1.17). Owing to their
relative stability, which arises from a filled octet and a complete coordination sphere,
these are the most thoroughly studied.®”:58 Interestingly, many catalytically relevant
borenium ions may exist in equilibrium with the corresponding boronium ion. As long
as a sufficiently high equilibrium concentration of the borenium is maintained,

catalytic cycles can be established.5%°

® L _|@
NMe; 2 HX '?'HM;I o i

F2C-B —=

_B. B,
NMe, X=ClLBr  MeHN" % CFs X L~ \R'R

Boronium cation

Scheme 1.17: Generation of exemplar boronium ion described by Brauer and colleagues.®*

Although the innate reactivity of borocations makes characterisation challenging,
their 1B NMR chemical shifts are diagnostic (Figure 1.4). In general, more cationic
charge density on the boron centre and a lower degree of electronic stabilisation
results in a more downfield-shifted resonance signal. For example,
bis(dialkylamino)borinium cations are typically in the range & 30 — 38 ppm. Whereas,
the corresponding signals for borinium ions ligated with alkyl substituents have been
reported® around o 60 ppm. Amine-ligated borenium cations of the form
R3sN—B(OR:2) are slightly lower than the analogous boriniums (6 25 — 30 ppm), while
a larger range is observed for boronium cations (6 0 — 15 ppm).
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Figure 1.4: 1B NMR Chemical shifts of borocations relative to FsB—OEt2 (positive charge drawn on the boron

centre for simplicity).

In the 1970s/80s, reviews>2°5"58 on the topic of borocations focused largely on their
synthesis and characterisation. However, their exceptional electrophilicity began to
be harnessed for useful synthetic purposes. An elegant overview of the reactivity of
borocations, in both the gas and solution phase, was provided by Piers et al. in
2005.62

Up until about a decade ago, intermolecular electrophilic borylation received very
little attention.53-%5 However, progress was made by the groups of Vedejs®-8 and
Ingleson®-"t who described the borylation of aromatic substrates by using
stoichiometric, readily-synthesised borocations as electrophiles. The remainder of
this section gives an overview of the work that has been carried out in this field to

date.

1.3.2 Preceding work

The earliest accounts of electrophilic borylation date back to 1948, where Hurd
reported the reactions of diborane with olefins, paraffins and benzene.” In 1959,
Muetterties reported the borylation of simple, alkylated aromatics with BXs (X = Cl,
Br, 1) in the presence of AlXs (X = ClI, Br) or Al as activator (Scheme 1.18).7®

Mechanistic studies later confirmed that this proceeded via an SeAr Friedel-Crafts-

Scheme 1.18: Intermolecular electrophilic C—H borylation reported by Muetterties.

type mechanism.”#
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Progress in the area of electrophilic borylation stalled until the 1990s when the gas
phase chemistry of the BH2* ion was examined in detail.” It was found that BH2*
was capable of binding to and activating H2 and other inert hydrocarbons. While, in
the condensed phase, the BH2* cation stabilised by RsN coordination was shown by

Vedejs to effect intramolecular arene borylation (Scheme 1.19).66-68

S
® X
NBT TiTPEPB (2 eq.) | O C,GDHMez
M62 D.Cl o /NMez o —
C QC 25 -78 °C E X B(OH)2
Observed "B 529 ppm

® 0O
TrTPFPBH = PhsC B(CeFs)s
X = B(CgFs)4

"B 5§59 ppm

Scheme 1.19: Cyclisation of benzylic amine boranes proceeding via borenium ions generated in situ from
hydrogen-bridged borocations.

1.3.3 Intermolecular electrophilic arene borylation

Despite great advances in C—H borylation throughout the 2000s via the use of
iridium catalysis, the methodology was still subject to a number of limitations such as
high cost and poor regioselectivity. The development of a direct arene borylation
reaction proceeding via SeAr was therefore highly desirable since it offers the
potential for complementary regioselectivity to iridium catalysis. Analogous to
Friedel-Crafts chemistry, the preferred site of borylation is determined by arene

electronic effects rather than steric control.

1.3.3.1 Chelate restrained borinium cations

In 2010, Ingleson published a seminal paper that was the first to describe
intermolecular arene borylation, proceeding via so-called ‘chelate restrained’
borocations.®® We have seen in Chapter 1.3.1 how borinium ions prefer to adopt a
linear geometry to maximise 1-donation into the boron’s vacant p orbitals. Such a

configuration is only possible with orthogonal monodentate ligands.

Ingleson’s setup deviated from this model by instead generating borocations
containing a chelating bidentate ligand. This conceptually generates a chelate
restrained borinium ion in which the electrophilicity of the boron is enhanced by its
nonlinear geometry. Such a species would have a vacant sp? orbital, unable to be

stabilised by ligand 1-donation (Figure 1.5). As well as this, chelation ensures a
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significantly more accessible boron centre, which allows for more favourable reaction

dynamics with respect to nucleophilic substrates.

0 /O sp? hybridised

'chelate restrained' borinium cation

(. J

Figure 1.5: Chelate restrained borinium cation. o-Bonds excluded for simplicity.

In solution, chelate restrained borinium cations are not feasible as any Lewis base
that is present will readily interact with the Lewis acidic boron to give a borenium
cation or anion-coordinated species. However, in weakly nucleophilic environments,
chelate restrained boron species will be generated with electrophilicity approaching
that of the superelectrophilic BX2* gas phase cations (X = H, CHs, OCHz).”™

Initial attempts to synthesise and isolate chelate restrained borocations were focused
on the [Bcat]* subunit partnered with a range of weakly coordinating anions. Drawing
inspiration from a previously reported diazaborole 19,’® Ingleson’s group first
synthesised the analogous compound, catBOTf 20 from catBCl via salt metathesis
with AgOTf (Scheme 1.20).

CHs CHs
N, AgOTf N,
[ B-Cl [ B-OTf Noth, 1984
N N N
CHs CHs
AgCl
19
O, AgOTf o}
©: B—CI > ©: B—OTf Ingleson, 2010
O/ \ O/
AgCI 20

Scheme 1.20: Cationic chelate restrained boron systems reported by Noth (top) and Ingleson (bottom).

When 20 was dissolved in benzene and stirred at reflux for 72 h, no PhBcat was
detected and 20 was recovered unchanged (Scheme 1.21). This suggested that the
triflate anion interacts too strongly with the boron centre, limiting its electrophilicity

and preventing arene borylation.

33



0
©: :B—OTf —X—> No reaction
o A, 72h

20

Scheme 1.21: Attempted reaction of 20 with benzene.

Seeking a more weakly coordinating anion to partner the [catB]* species, a different
strategy was explored using halide abstraction via the use of AlCls. The use of strong
MXs Lewis acids (M = B, Al, Ga; X = halide) is the prevalent route to linear borinium

cations from (Rz2N)2BClI (vide supra).>?

When equimolar catBCI/AICIs was stirred in arene solvents at room temperature,
there was little discernible change (by B and ?’Al NMR). But at 100 °C in toluene, a
slow reaction took place giving largely BCls (!B & 46.4 ppm) and trace amounts of
tolylIBCl2 (}'B 6 55.0 ppm, generated by electrophilic borylation following activation of
BClsz by AICI3), and tolylBcat (!B 6 32.7 ppm) (Scheme 1.22). The lack of significant
boronic ester formation from SeAr with a [catB][AICls] species was attributed to a

competing ligand redistribution reaction, giving rise to BCls.

H5;C
(@) \© H3C o) H-C
\ 3 Cl
e oo LD U
o) 100 °C o) I

AICI; (1 eq.)

~

trace
Scheme 1.22: Attempted Ar—H borylation via AICls activation.
In a similar reaction with catBBr and the stronger Lewis acid, BBrs,’’ no arene
borylation was detected at either 25 or 100 °C after prolonged periods, hinting that
neutral MXs species are not sufficiently Lewis acidic to abstract a halide from catBX.
This was believed to be due to the relative bond strength of M—Cl and catB-Cl as
well as the lower stability of chelate restrained borocations compared to the linear

borinium analogues.

An alternative route of investigation was instigated, based on reports of stable silyl
cations  partnered with  extremely weakly coordinating  carboranes
[closo-1-H-CB11HsBre] (hereafter [CbBrs]”) (Figure 1.6), as well as [B(CeFs)a]™.7879
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Ingleson et al. hypothesised that a chelate restrained borocation partnered with one
of these very weakly coordinating anions could react with arene solvents.

g7
\ |\\ // \\ //|/
e |/s\\ /B\I B

I//

| Br

Br
closo-1 'H'CB11 H5Br6 [CbBrsl-

. /

Figure 1.6: Carborane anion closo-1-H-CB11HsBres ([CbBrs ]").

When [EtsSi|[CbBrs] was generated in situ from [PhsC][CbBrs] and EtsSiH in
benzene, it reacted rapidly with catBX (X = CI, Br) to give PhBcat, with Et3SiX
observed as the expected byproduct (Scheme 1.23). HBcat was also observed
following the abstraction of a hydride ion from PhsCH by [catB]*, regenerating
[Ph3C][CbBrs]. At higher temperatures, HBcat was found to react slowly in benzene
following activation by an electrophile to give PhBcat, but attempts to eliminate the
low temperature reverse reaction by removing PhsCH were unsuccessful due to the

extreme sensitivity of the cationic silylium species.
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Scheme 1.23: Arene borylation through chelate restrained borocations. For clarity, the [CbBre]™ anion is omitted.
Formal net charges correspond to the molecule as a whole, as opposed to specific charges assigned to individual

atoms.

Notably, borylation was found to occur with deactivated arenes such as
1,2-dichlorobenzene and fluorobenzene at 25 °C. This implied the presence of a
highly reactive [catB][CbBrs] species, but multiple attempts to detect any highly
electrophilic boron species were unsuccessful, even at very low temperatures.
Furthermore, arenium cations ([CsRs(catB)]*), necessary for SeAr reactions, were
undetectable, along with any intermediates that might suggest a C—H insertion

mechanism.

When the analogous reactions in Scheme 1.23 were carried out with the
perfluorinated tetraphenyl borate anion [B(CeFs)4]™ in lieu of [CbBrs]-, NMR data
showed a closely comparable reaction outcome and no observable low-temperature
intermediates. A notable difference between the two reactions was the observation
of anion decomposition for [B(CsFs)4]~, but not [CbBrs]~. This severely impinges the
usefulness of the [B(CsFs)4]” anion in this system and gives extra weight to the
theory that an exceptionally Lewis acidic [catB]* species is generated in a weakly

nucleophilic environment.

1.3.3.2 Catalytic intermolecular electrophilic arene borylation

With an established procedure in hand to borylate arenes via the use of electrophilic
boron, Ingleson’s group then looked to develop a method that was catalytic (in Lewis
acid). As shown in Scheme 1.23, the reaction of Ar—H with [catB]* generates H* and,

thus, produces a strongly Brgnsted acidic byproduct. Crucially, these have been
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demonstrated®® to react with B—H bonds in neutral boranes, liberating H2 and
generating a borocation electrophile. With these two reaction pathways combined in
tandem, the possibility is raised of catalytic electrophilic arene borylation taking place
(Scheme 1.24).

Scheme 1.24: Superelectrophile-catalysed production of aryl boronate esters from HBcat.

Turnover is only made possible due to the exceptionally poor nucleophilicity and high
stability of the [CbBre]™ anion as well as the Brgnsted superacidity of its conjugate
acid. These properties mean that any stabilising interactions with the [catB]* species
that would frustrate the C—H activation step are avoided. It also helps give rise to a

species acidic enough to protonate the strong B—H bond in catecholborane.

Highly efficient catalytic electrophilic borylation of a range of alkyl-substituted arenes
with HBcat was then reported (Scheme 1.25). However, the methodology is severely
limited by the superacidic byproducts and highly reactive boron electrophile. For
example, long reaction times could be shortened by increasing the reaction
temperature, but this incurred extensive isomerisation of alkyl arenes for substrates
susceptible to 1,2-carbocation shifts. It also requires the use of a very expensive

closo-carborane anion.
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Scheme 1.25: Superacid-catalysed aromatic borylation. *Catalyst = PhzC[CbBrs]/EtsSiH/catBBr.

The reaction was found to be unsuccessful when pinacolborane was used in lieu of
catecholborane. This was due to the sensitivity of pinacolborane to cation-initiated
ring-opening of its five-membered ring, analogous to Lewis acid-initiated
ring-opening of THF.8! Catalytic arene borylation via chelate restrained borocations
therefore requires both anion and cation components to be stable to extremely Lewis

acidic species.

1.3.3.3 Direct arene borylation with borenium cations

In recognition of the rigorous conditions required in their previous report,®° Ingleson’s
group aimed to develop an electrophilic borylation procedure that was simple,
inexpensive and scalable. The key challenge to overcome was maintaining a
sufficiently electrophilic boron while sequestering H* ions to prevent competitive
protodeborylation, product isomerisation (e.g. 1,2-alkyl shifts) and decomposition of
acid-sensitive heterocycles. The key breakthrough came in switching the borocation
from two-coordinate chelate restrained borinium ions to three-coordinate borenium
ions.”® Importantly, boreniums contain a Lewis base that would be liberated during

arene borylation and able to quench the Brgnsted acid byproduct.

We saw in Chapter 1.3.3.1 how AICI3 is unable to abstract a CI~ ion from catBCl at
20 °C. However, Ingleson found that addition of AICIls to the amine adduct
catBCI(NRs3) resulted in the rapid formation of borenium ion [catB«—NRs3]* 21, with
AICls~ observed by ?’Al NMR (Scheme 1.26). Further addition of 1 eq. of NRz
regenerated neutral species catBCI(NR3) along with RsN—AICls. These equilibria are
analogous to the reaction of (9-BBN)BCI (BBN = borabicyclo[3.3.1]Jnonane) and BCls
with pyridines and strong Lewis acids.”®82 Borenium cations 21 are therefore highly

electrophilic and were deemed good candidates for SeAr.
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21a X = H; NR; = NEt,

21b X = H; NR; = Me,NTol

@: +NR, 21c X = CI; NR; = NEty

1

R3N-=AICl;

+ AlCI;

Scheme 1.26: Equilibria involved in the formation of borenium cations via halide abstraction with AICIs. Formal

charges are attributed to the molecule as a whole and omitted altogether for species that are overall neutral.

Borenium ion 21a generated in situ was found to react rapidly with 1 eq. of activated
arene N,N-dimethylaniline in CD2Cl2 at 20 °C to give a near quantitative yield of
para-substituted catechol boronate ester (by NMR spectroscopy). This
regioselectivity contrasts with iridium-catalysed borylation, which for monosubstituted
arenes gives a mixture of meta- and para-substituted isomers in a broadly statistical
ratio (Scheme 1.27).83

N 7 N, N,
N . N ,
Bopin; i) catBCI/EtzN
Ir/Ligand i) AICI,
Hartwig, Miyaura, Ingleson
B-o Ishiyama \
o) o0

metalpara ~2:1 @

Scheme 1.27: Contrasting regioselectivity for iridium-catalysed and electrophilic borylation.

Attempts to isolate the catechol boronate ester products were challenging due to
their susceptibility to protodeborylation. In situ transesterification of catechol for
pinacol attenuated the electron deficiency of the boron atom and discouraged the
coordination of protic species (e.g. H20), thus reducing the undesirable
protodeborylation step. To avoid transesterifying altogether, pinacolato-ligated
borenium cations ([pinB<—(amine)]*, amine = N,N-dimethylaniline or 2,6-lutidine)

were explored as potential electrophilic species capable of undergoing SeAr.
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However, they failed to react with either N,N-dimethylaniline or N-methylpyrrole, due

to their reduced electrophilicity.

Employing the borylation-transesterification two-step methodology, the scope of the
reaction was examined with a range of anilines and N-heterocycles (e.g. indoles,
carbazoles and pyrroles) (Scheme 1.28). Borylation was found to proceed in near
guantitative yields (by NMR spectroscopy), with a facile one-pot transesterification
enabling isolation of aryl pinacol boronate esters in good to excellent yields.
Reaction times could be shortened by switching to borenium 21c, with the weaker
electron-donating ability of the polychlorinated catecholato moiety giving a more

electrophilic boron centre.

Borenium cation* Pinacol,

21 CH,Cly, 20 °C 0, NEt, 1h 0,

+ > X, B=(HetAr —>—— B=(Het)Ar
(Het)Ar-H (1 eq.) o} o]

X=HorCl 14 examples
62 — 96% yield

Scheme 1.28: One-pot direct arene borylation with borenium cations. [AICl4]~ omitted for clarity. *Borenium
cations made in situ in CH2Cl2 from 1 eq. catBCl (for 21a) or ClscatBCl (for 21c), 1.05 eq. NEts, and 1.1 eq. AlCls.

A follow-up report from the same group reported mechanistically very similar
chemistry but with improved scalability and substrate scope.’* This was achieved by

eschewing catecholato-ligated boron electrophiles, for two primary reasons:

() For deactivated heterocycles such as N-TIPS-indole, large scale borylation
using catBCl-derived boron electrophiles was extremely sluggish.
(i) Also, the large-scale synthesis of catBCl is time-consuming and incurs high

costs.

Inspired by a report from the group of Murakami on the intramolecular borylation of
2-arylpyridines,® Ingleson envisaged the generation of a stronger borenium
electrophile based on [X2B(amine)]* (X = halide). [(2,6-lutidine)BCI2][AICl4] 22a was
readily prepared from stoichiometric combination of BCls (1 M solution in CH2Cl2),
AIClz and 2,6-lutidine. NMR analysis of 22a revealed a single B NMR shift at
0 46.9 ppm which compares favourably to known [(pyridyl)BCl2]* species.>?

Electrophilic borylation with 22a (or the active electrophile derived from 22a)

proceeded efficiently with the desired enhanced reactivity, borylating N-TIPS-pyrrole
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completely in <14 h at 25 °C (c.f. with 21a: 72 h at 20 °C). Moreover, compound 22a
was effective for the regioselective borylation of N-Me-carbazole and
N,N-Ph2-4-Me-aniline; substrates for which 21a was not sufficiently electrophilic. As
before, borylated substrates were amenable to transesterification to give isolable

pinacolato boronate esters (Scheme 1.29).

NR ® i) HetAr—-H (1 eq.)
of 3 CH,CI o
BClI; + AICI3 \B/ 2Cly HetAr—E'
+ Base CII ii) Pinacol (2 - 3 eq.) 0
Base (15 eq.)
22a: NR; = 2,6-lutidine 9 examples

(inc. 3 diborylated)

22b: NR; = Me;Ntol Yields up to 93%

Scheme 1.29: Borylation of heterocycles using electrophiles derived from BCls ([AICI4]~ excluded).

The scope could be broadened further when the borenium cation 22 was appended
with amines that were less basic. Replacing 2,6-lutidine for N,N-4-trimethylaniline
(Me2Ntol) (to give borenium 22b) allowed access to more challenging substrates,
such as thieno-[2,3,b]-thiophene, without compromising on functional group
tolerance. A scaled-up reaction proved facile, furnishing borylated N-Me-carbazole in
multi-gram quantities post esterification from simple, inexpensive reagents available

from commercial suppliers.

The enhanced reactivity of 22b also allowed for the diborylation of several
substrates, despite the deactivating effect of having a —BCl2 substituent installed.
The authors were tentative to attribute the improved reactivity of 22b compared to
22a to a more Lewis acidic boron compound as the presence of multiple equilibria
raises the prospect of a different electrophilic boron species acting as the borylating
agent. Despite a limited number of examples reported, it is easy to envisage this
methodology being applicable to a much wider scope of arenes. However, the
authors acknowledged that a minimum degree of arene electrophilicity is required for
the reaction to proceed. This was demonstrated by the borylation of m-xylene, in
which reaction progress was not observed significantly below 140 °C.

Contemporaneously to Ingleson’s work, Vedejs et al. reported a similar process
based on a highly electrophilic boronium ion 23.8% The borocation 23 was generated
efficiently by mixing Proton-sponge® (1,8-bis(dimethylamino)naphthalene) with
[9-BBN][NTf2] (Figure 1.7).
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23
B 516.2 ppm
Figure 1.7: Boronium 23 ([NTf2]” counterion excluded).

X-ray diffraction studies on a single crystal of 23 revealed remarkably long B—N bond
distances (1.72 — 1.73 A). This raises interesting questions over the classification of
23 under Noth’s rules,® i.e. the extent of its “boronium character”. As discussed,
boronium cations are coordinatively saturated and thought to be unreactive with
nucleophiles. However, it was believed that the crowded steric environment around
the boron centre leads to cleavage of a B—N bond, which generates a borenium ion
in solution sufficiently electrophilic to react with electron-rich heterocycles. Indeed, a
small selection of nitrogen heterocycles were shown to undergo borylation with 23 to
give HetAr—BBN products in excellent yields (Scheme 1.30). However, the borylated
products were found to be incredibly sensitive to protodeborylation and no
subsequent steps to convert them to more stable pinacol esters were put forward by
the authors.

23
Scheme 1.30: 9-BBN-Based borylating system ([NTfz]~ excluded for simplicity).

1.3.3.4 Recent advances in aromatic electrophilic borylation

Over the last decade, the field of (hetero)aromatic electrophilic borylation has not
seen significant progress. However, a method similar to that described by Ingleson
was reported by Tanaka et al. recently that avoided use of AICIs (Scheme 1.31).86
As a trade-off, a more toxic and corrosive boron reagent (BBr3) was used in lieu of

BCls. The substrate scope focuses primarily on terminal alkenes but is shown to
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effect fast, high-yielding borylation with two heteroarenes (N-methylindole and
2-methylthiophene).

Pinacol (4 eq.)

BBry/base (4 eq. DIPEA (15 eq. 0
HetAr-H gbase | oq) HetAr-BBr, 159) , \ietar—8
CH,Clp, 0-20°C, 1 h CHyClp, 0-20°C, 1 h o

Scheme 1.31: Electrophilic borylation of heteroarenes described by Tanaka and colleagues
(base = 2,6-dichloropyridine or 2,6-lutidine).

With a similar aim of developing additive-free methods, Hatakeyama’s group later
reported the electrophilic borylation of arenes using just Blz.2” However, in contrast
to other electrophilic borylation techniques, the regioselectivity of the reaction was
found not to be governed by electronic effects. DFT calculations suggest the reaction
takes place at the most sterically accessible carbon under kinetic control, where the
HOMO is localised to a certain extent.

Very recently, Ingleson and colleagues made a further contribution to the field
describing the zinc-catalysed electrophilic borylation of heteroarenes using HBpin or
HBcat.88 The most potent electrophile was generated from the combination of
[(IPr)ZnEt][B(CsFs)4] 24 (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) and
DMT (DMT = N,N-dimethyl-p-toluidine) (Scheme 1.32).

B 1@

>““ -
| ~
o~ (leq) ¢

N X
[>_'Z”_\ DMT (5 mol%) Q

HB(OR)2°(2 eq.) B(OR),
m PhCl, 80 °C, 18 h
‘ Yields up to 98%
- - - X =N-Me, O, S
24 via [Zn]@
(5 mol%) /
Heg-OL  NR,
| I
O._..

Scheme 1.32: Zinc-catalysed C—H borylation of heteroarenes ([B(CeFs)4]™ excluded for simplicity).

With HBpin, the substrate scope was limited to activated indoles with deactivated
examples (e.g. 5-bromoindole) not reacting. Replacing HBpin with HBcat widened
the scope to include deactivated indoles, N-methylpyrrole, 2-methylfuran and

2-methylthiophene. Interestingly, kinetic studies indicated that the (IPr)-zinc cation is
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highly oxophilic and the borylation proceeds via activation of the hydroborane, not
the heteroarene.
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1.4 Free radical promoted borylation

The last few years have seen intense interest in borylation methodology that uses
boryl radicals generated under mild, often metal-free conditions, to deliver the
ever-desirable alkyl, vinyl and aryl boronate esters.3! As discussed, catalytic
borylation using transition metals such as palladium,® rhodium® and iridium®! is
well-established, but the usefulness of these methods hinges on their ability to
tolerate certain functionality in the substrate and the ease of separation of metal
impurities from the product. Furthermore, the strict rules governing the
regioselectivity of these reactions can prohibit access to potentially valuable
substitution patterns. An efficient, metal-free process to deliver boron onto organic

frameworks with complementary selectivity is therefore very desirable.

Recent reports of free radical initiated borylation have been demonstrated on
substrates such as aryl halides,?>°? alkyl halides,®* aryl amines,® aryl triflates®® and
aryl diazonium salts®’ (Scheme 1.33).

| N NH»
R// XN OTf
. szlnz
szlnz //
\ B2(OH),4 / R
szinz
ORGANOBORON
COMPOUNDS
Bopin;
B,pin
Bz(OHVB(z(neop)z . ‘\2p 2 o6
pinB-Bdan  Pr,N=BH N
X 2 2 N*" BF,
5 »
V& /G
R X=F Cl,Br | R

Scheme 1.33: C-B bond formation via a free radical pathway.

The last section of this introduction will focus on the different techniques that have
been used to date to promote the generation of radicals in borylation reactions.

These include the addition of a Lewis base or irradiation by UV light.

1.4.1 Generation of boryl radicals via an anionic adduct
A number of groups have shown in recent years that aryl radicals can be generated
from aryl halides in the presence of a base and an organic additive via a
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single-electron transfer/carbon-halogen bond cleavage sequence.%®11 More
recently, the groups of Li and Zhu have demonstrated the generation of boryl
radicals via the cooperative coordination of two Lewis bases to one diboron molecule
(Scheme 1.34).192 Here, the 4-cyanopyridine molecules were proposed to both
induce homolytic cleavage of the B—-B bond and stabilise the boryl radical once

formed through the captodative effect.1%3

t . I

R
I — I
NTX R~Rr----Ng CN
RegBr o+ _ - 2 4 — R/B\Nl A
i “B---NT
CN R N, CN
R R / ZcN
Cooperative Captodatively §tabi|ised
- boryl radical
activation

Scheme 1.34: Homolytic B-B cleavage using 4-cyanopyridine.

In 2016, Jiao et al. hypothesised that if transient aryl radicals and persistent boryl
radicals were generated in the same reaction system, the two could be coupled
together to give aryl boronate esters selectively (Scheme 1.35).%? Zhang’s group had
already demonstrated the ability of caesium carbonate to mediate the borylation of

aryl iodides in 2013 but at the time ruled out a radical mechanism.%4

@X additive, base @
radical initiation
R R ER
@/ “OR
—
CN
\ .
OR | CN—I R
[ N~ X
RO.__B< _ |
B OR "B_B cleavage RO\B/N Z
OR ,
OR

Scheme 1.35: Borylation via a radical coupling pathway.

When first attempted, only trace amounts of the desired product were generated with
4-cyanopyridine as the organic additive. However, optimisation afforded an idealised

set of conditions with which a scope of aryl halides were tested (Scheme 1.36).
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Ph
X
RN OR
=
Ar—X + RO\B/B\QR > Ar—Bi
6R KOMe, MTBE OR

— 33 examples
X=1,Br, Cl 51 — 86% yield

Scheme 1.36: Pyridine-catalysed borylation of aryl halides. Reaction conditions: Ar—X (0.5 mmol, 1 eq.),

4-phenylpyridine (20 mol%), KOMe (2 eq.), diboron reagent (2 eq.), MTBE (0.4 mL), 85 °C, 12 h.

The diboron reagent used primarily was Bzpinz but others were found to give good
yields. Heteroaryl halides were found to be compatible substrates with this
methodology except for 3-bromofuran and 3-iodopyridine which gave poor yields.
The reactivity followed a series whereby Ar-I > Ar-Br > Ar—Cl. This allowed for
selective mono- or diborylation on substrates such as 1-bromo-4-iodobenzene by

adjusting the reaction stoichiometry accordingly.

In their mechanistic studies, aryl radical formation was confirmed by trapping
experiments. Further to this, a series of competition experiments confirmed the
involvement of an aryl radical and a pyridine-related boryl species in carbon-boron
bond formation. Interestingly, EPR studies showed that a radical species could be
generated from reaction of 4-phenylpyridine with the preformed ‘ate’ complex
[B2pin2*MeOK] but not with the diboron itself. This meant that homolytic fission of the
B-B bond could only occur once the ate complex had formed. With all this

experimental data, a plausible mechanism was put forward (Scheme 1.37).
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Scheme 1.37: Plausible reaction mechanism for pyridine catalysed radical borylation of aryl halides.

A methoxide anion reacts with Bzpinz to form the ate complex A, which can further
react with pyridine to give the adduct B. Homolytic cleavage of B generates the
pyridine-stabilised boryl radical C and the methoxyboronate radical anion D. The
latter acts as a strong electron donor to undergo single electron transfer (SET) to an
aryl halide leading to carbon-halogen bond cleavage. Finally, the aryl radical

combines with the boryl radical C to give the borylated product.

Contemporaneously to this work by Jiao, Pucheault and colleagues reported similar
findings on metal free radical borylation of aryl iodides.®®> A more exhaustive
optimisation process led them to conclude that a CsF base in DMSO was a more
effective system than an alkoxide in an ether solvent. A substrate scope showed

largely comparable or slightly improved yields to the results of Jiao and colleagues.

Interestingly, Pucheault’s group put forward a slightly different mechanism to Jiao
(Scheme 1.38). Pucheault proposed that it is the Lewis base adduct A that is the
electron donor which reduces the aryl iodide via an SET process to generate the
radical anion. Simultaneously, boryl radical pyridine adduct B is formed as well as
the fluoroboronate ester C. The starting diboron can be regenerated by reaction of
intermediate C with adduct A which in turn gives D. The presence of species A, C

and D was confirmed by B and °F NMR spectroscopy.
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Scheme 1.38: Proposed reaction mechanism suggested by Pucheault and colleagues.

Pucheault commented on the discord between the two proposed mechanisms but
argued that, since the reaction is possible in the absence of pyridine, the species

undergoing the SET process is the ate complex A.

Employing similar chemistry to the work on the borylation of aryl halides, Cook et al.
reported in 2016 the manganese-catalysed borylation of unactivated alkyl chlorides
with the scope widened to encompass alkyl bromides and iodides (Scheme 1.39).%
The authors did not propose a mechanism but trapping and competition experiments
confirmed a free radical pathway.

Bopin, (1.3 eq.) Bpin

X EtMgBr (1.3eq.)
R/}\Rn MnBr, (1 mol%) R/’\R”
1 R'
R TMEDA (1 mol%)

X=1,Br,Cl] DME (1 M), rt, 4h

Scheme 1.39: Manganese-catalysed borylation of alkyl halides.

Predating much of the aforementioned work, Marder reported in 2015 the zinc-
catalysed dual C—X and C-H borylation of aryl halides (Scheme 1.40).1% It was
postulated that a [B2pin2sOMe]™ anion reduces a (dtbpy)nZn'"XY complex (n = 1 or 2;
X, Y = OMe, Bpin or both) to produce a Zn'-stabilised [dtbpy]~ radical. This species
can transfer an electron to Ar—X to generate [Ar—X]"", which reacts with
K*[B2pin2*OMe]" (in a step-wise or concerted fashion) to give 1,2-diborylated arene

and regenerate the [Zn-dtbpy]~ radical anion.
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Scheme 1.40: Zinc-catalysed C—X and C—H activation to yield 1,2-diborylarenes.

Although radicals were not detected directly, product yields were reduced when 1 eq.
of radical inhibitor 9,10-dihydroanthracene was added, and the reaction shut down

when 7 eq were used.

1.4.2 Photoinduced borylation

Photochemical activation of organic compounds allows for the generation of highly
reactive intermediates that may not be possible via thermal activation. In recent
years, photoinduced synthetic approaches to organoboron compounds have
received a vast amount of research interest.1% Many of the previous reports on
photochemically activated reactions such as alkylation,*” arylation®® and
photocyclisation®® involve as a key step the homolytic cleavage of an Ar-X bond
under irradiation with visible light. Via the same process, photoinduced borylation
has been shown to be a valuable strategy for generating aryl organoboron
compounds from aryl halides with simple equipment, mild conditions and wide

substrate scope.

In 2016, Larionov and colleagues reported the photoinduced borylation of aryl
halides including electron-rich fluoroarenes as well as arylammonium salts to give
borylated products directly.''® The methodology worked with a range of diboron
reagents to give aryl boronic acids and esters under ultraviolet light in the absence of

catalysts and additives in a simple and scalable manner (Scheme 1.41).

B,(OH)4 or By(OR), OH(R)

X hv (254 nm) B OHR)
MeOH or MeCN, 15 °C

R (then KHF, for ArBFsK) R

" 32 examples
[X =F, Cl, Br, I, NRg ] Up to 98% yield

Scheme 1.41: Photoinduced borylation of aryl halides.
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Exploration of the reaction’s scope showed good functional group tolerance with both
electron-donating and  electron-withdrawing  substituents = accommodated.
Heterocyclic substrates also did not pose a problem. The relative reactivity of the aryl
halides was in accordance with the Ph—X bond dissociation energies (C—I 272, C-Br
336, C-Cl 400 kJ mol ) with Ar-l > Ar—Br > Ar—ClI. This differential reactivity was
exploited for the chemoselective synthesis of substrates bearing more than one
different halogen. Performing the reaction in the dark did not lead to product

formation.

Fluorobenzene proved resistant to borylation, consistent with the high bond
dissociation energy of the Ph—F bond (526 kJ mol™)!!! that exceeds the energy of
UV light at 254 nm (469 kJ mol™). Interestingly though, fluoroarenes bearing
electron-donating substituents such as fluorophenols and fluoroanilines were found

to be competent substrates.

The authors did not put forward a mechanism but suggested in their closing
statement that a homolytic substitution could be involved. Homolytic substitution is a
general type of reaction for organoboron compounds which, when taking place at a
diboron reagent produces unstable radicals (Scheme 1.42, Path A).1*? This can be
made vastly more thermodynamically favourable by the prior formation of an sp?-sp?
adduct, as we saw in Chapter 1.4.1 (Scheme 1.42, Path B). Indeed, Larionov’s

group proposed the formation of Lewis base-diboron adducts in their report.

OR X

i . ol
RO. _B. X . <_.B
a-Bor RO.  B; 'OR
| | OR ®-
RO. . OR OR o OR RO. R (I)R_l
OrR R-POrR  PathA PathB Or  xBor

Scheme 1.42: Homolytic substitution at diboron reagents.

Shortly after this work, Li et al. reported a novel photolytic borylation of aryl halides
under batch and continuous-flow conditions (Scheme 1.43).113 The reaction setup
lacked the simplicity of Larionov’s reaction with quartz test tubes and a 300 W high
pressure mercury lamp being a necessity. Regardless, this had many of the same
advantages detailed in Larionov’s report such as excellent functional group
tolerance; broad substrate scope; high yields and mild conditions. However, its major

advantage to Larionov’s reaction is its very short reaction times which were made
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possible once they switched from a batch process to a continuous-flow
photochemical reactor which they designed and assembled themselves. This
allowed reactions to be performed in 15 min with comparable or improved vyields to
those which were recorded in 4 h batch processes.

R|
Buping, By(neop); Q

X OR'pinB-Bdan (2 eq.) B or'
hv, TMDAM

R MeCN, H50, acetone R

‘ 28 examples

Up to 98% yield
Scheme 1.43: Photoinduced borylation reported by Li and colleagues
(TMDAM = N,N,N’,N’-Tetramethyldiaminomethane).

A series of control experiments provided insight into the reaction mechanism leading
the authors to propose two pathways, both involving an aryl radical intermediate
(Scheme 1.44).

| [ ]
_Path A (homolysis) A

r\

hv * ~ base RO_ g JOR

Ar—1 — | Ar—] Boping —— B-BS ~ Ar=8
H,O RO \ OR OR

A OR D

c
in dark [(RO),BOH]®" E
Path B SET

.- l 1°or TMDAM®*

[Ar—|
\ F (RO),BOH

TMDAM TMDAM®* G

Scheme 1.44: Proposed reaction mechanism for the photoinduced borylation of aryl halides.

The excited state A is generated by ultraviolet irradiation of the starting aryl iodide. In
Path A, the C—I bond of A undergoes homolytic fission to give aryl radical B and an
iodine atom. Under aqueous conditions, TMDAM activates a water molecule,
combining with B2pin2 to form the sp?-sp® adduct C. Aryl radical B then reacts with C
to give aryl boronate D and boryl radical anion E. Alternatively, Path B starts with the
excited state A (or non-excited aryl halide if in the dark, with lower efficiency) being
reduced by TMDAM via an SET process to give radical anion F and a
TMDAM-derived radical cation. The C-lI bond of F then undergoes heterolytic
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cleavage to provide aryl radical B and an iodide anion. In the final step, E is oxidised
by the iodine atom (if Path A) or the TMDAM-derived radical cation (if Path B) to

form borate G as a byproduct.
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2 Project aims

The primary aim of this project was to find novel methods to convert C—H bonds to
C-B bonds in aromatic and heteroaromatic compounds. We were particularly
interested in an emerging field of drug discovery based on Protac (Proteolysis
Targeting Chimera) technology.'14-116 Protacs operate via a conceptually different
method to typical antagonist (i.e. inhibitory) drug compounds on the market. Instead
of maximising drug receptor occupancy to inhibit the target protein, Protacs
commandeer the cell’'s natural waste disposal system that destroys unwanted
proteins. One end of the Protac is designed to bind to the target, while the other
recruits an E3 ligase which leads to the ‘tagging’ of the desired intracellular protein
with one or more units of ubiquitin, thereby marking it for degradation by the

proteasome (Scheme 2.1).

E3 ligase
ligand

Protein binder (B
° N, / ® ’\ Ternary
/ : E2 wh,  Complex
2
E3 ’ Protac = K )
—_—
A | ’
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Protein
9 )
Protac recycled (D)|Polyubiquitination
U Ubiquitin 3\ ()
&2 E2 ligase ...
/
E3 E3 ligase / a: \ e
*a PR Proteasome
\ 14 - -
g4 { E)
Peptide
Fragments

Scheme 2.1: Schematic of Protac action. A: A Protac binds selectively to both the target protein and an E3 ligase
to form a ternary complex. B: This induced proximity causes ubiquitin to be transferred from the E2 ligase to a
lysine residue on the target protein. C: Following ubiquitination, the ternary complex dissociates and the Protac
molecule is recycled. D: Multiple cycles of ubiquitination lead to a polyubiquitin chain being formed. E: The

polyubiquitinated protein is recognised and destroyed by the proteasome.

As long as the ubiquitinylation machinery is correctly orientated, it is not important
where exactly on the target protein the Protac binds. This opens the possibility of
targeting proteins previously thought to be ‘undruggable’ due to an inaccessible
active site. Also, since one Protac molecule can bring about the degradation of many
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proteins, a lower dose of the drug may be sufficient to produce a pharmacological
effect, saving money and reducing the likelihood of off-target effects.

At present, the synthesis of Protacs often requires revision of the existing synthesis
of the protein binder such that a functional group can be incorporated into the
molecule for linker attachment. However, in this project we aim to demonstrate that
linkers can be attached directly via late-stage functionalisation, thereby shortening
synthetic routes. With orthogonal techniques providing complementary
regioselectivity, it raises the prospect of more than one different Protac being made
for a given protein binder. To this end, we will explore various aromatic C-H

borylation techniques (Scheme 2.2).

H
B(OR),
H
Iridium-catalysed
borylation
H
H
Electrophilic Free radical
bory/}atiy H \bc:rylation
(RO),B H
H H
H B(OR),

Scheme 2.2: Possibilities for the regiodivergent C—H borylation of pharmaceutically relevant compounds.

Iridium-catalysed borylation is well-established and a highly efficient technique for
simple (hetero)arenes. However, the catalyst is sensitive to basic heterocycles and
its functional group tolerance is not fully understood. Electrophilic borylation is
selective for very electron-rich substrates but has the potential to offer
complementary regioselectivity to iridium-catalysed borylation (electronic, not steric
control). Also, upon the outset of this project (November 2017), numerous reports
were emerging of free radical aromatic C—X borylation (X = F, Cl, Br, I, OTf, N2%).
However, aromatic C—H borylation proceeding via a free radical pathway was still to

be explored.
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The aims of this project were:

e To probe, where unknown, the scope, regioselectivity and limitations of
iridium-catalysed borylation by applying the methodology to a representative
set of ‘drug-like’ heterocyclic compounds.

e To develop a novel C—H borylation protocol that proceeds via a free radical,
Minisci-type mechanism.

e To develop a novel electrophilic C-H borylation methodology mediated

catalytically, or otherwise, by a late transition metal (Cu, Au).
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3 Results and discussion
3.1 Free radical borylation

3.1.1 Introduction and project aims

Several reports leading up to the start of this project (November 2017) detailed the
generation of boron radicals in the presence of a diboron reagent and a base (see
Chapter 1.4.1). We proposed an alternative, base-free setup, inspired by Santos’
reports of the unsymmetrical diboron compound PDIPA diboron 25

(PDIPA = pinacolato diisopropylaminato).tt7.118

H
O\B B/Nj\
, - '/O.
o ‘ol CHs

CH;
25

Figure 3.1: PDIPA diboron 25. Formal charges excluded for simplicity.

Diboron 25 is said to be “internally pre-activated” on account of its sp?-sp®
hybridisation and, therefore, elongated B—B bond with respect to Bzpin2. We hope to
harness this enhanced reactivity, potentially with the aid of transition metal catalysts
(Mn, Fe, Cu) and other additives, to deliver the Bpin moiety of 25 onto heterocyclic
scaffolds via a Minisci-type free radical addition mechanism.

Minisci showed''%'?1 in the 1970s that an alkyl radical will readily add to a
heteroaromatic base (Scheme 3.1) and a recent review'?? by Duncton et al.

demonstrated the applicability of the Minisci reaction to medicinal chemistry.
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Scheme 3.1: Minisci reaction with accompanying mechanism. A 4-substituted pyridine has been used as a

representative substrate.

Before looking at heterocyclic substrates, we first hoped to demonstrate that aryl
halides can be borylated via a free radical mechanism with unsymmetrical
diboron 25, instead of Bzpinz and a base. It was envisaged that an analogous
reaction mechanism could be established to that which Jiao proposed in 2016

(Scheme 3.2).%?

(@]
0 ) é@
B- B2 ® 770
o\g/ o — > O\E)ﬁ \o - Py °
®(N 0 k-p e O Py (\B\’%f/}r
H ~ Y H ~ ® H \_/O
25
Electron
donor
Py O
@) , ol
/\B\O ® /B\O (%B\
r PO N_ O
Ar +H®+|@

Scheme 3.2: Plausible mechanism for the base-free reaction of diboron 25 with Ar—I in the presence of a

catalytic amount of pyridine (Py = pyridine).
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Results and discussion

3.1.2 Results and discussion

To confirm the quality of our reagents and become familiar with the relevant
techniques, the borylation of 4-iodotoluene was attempted according to a procedure
carried out by Pucheault and colleagues.®®> A moderate yield of the desired aryl
boronate ester 26 was obtained after work-up and purification (Scheme 3.3).

Bopin, (2.0 eq.)
HaC CsF (3.0 eq.) HyC
3 \@\ Phenanthroline (0.4 eq.) o
B/
[ DMSO, 100 °C, 18 h (\)\IK

26 49%

Scheme 3.3: Free radical borylation of 4-iodotoluene to give 26.

In order to test the hypothesis that Bzpinz and the CsF Lewis base could be replaced
by an unsymmetrical sp?-sp® hybridised diboron compound, PDIPA diboron 25 was

prepared on a gram scale according to a literature procedure (Scheme 3.4).1%7

rt., 2d
H CH,

NJ\ 25 58%

mg e
BB H
0 0 Et,O/CH,Cl, (8:1) jio\ /N\l\
+ /
OH OH

Scheme 3.4: Preparation of PDIPA diboron 25.

The B NMR spectrum of diboron 25 showed two distinct peaks at 6 34.9 ppm and
8.3 ppm, consistent with the presence of a tri- and tetra-coordinate boron centre,
respectively. It also showed the disappearance of the signal corresponding to Bzpinz
(6 31.1 ppm) (Figure 3.2). Since our amine diol starting material was a statistical
mixture of all four diastereoisomers, diboron 25 was formed as a 50:50 mixture of the
cis and trans isomers. Although, the stereochemical information of the DIPA moiety

is inconsequential since it comprises the sacrificial half of the diboron compound.
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Figure 3.2: 1B NMR of diboron 25 (225 MHz) in CDsCN at room temperature.

With diboron 25 successfully synthesised and characterised, a repeat of the reaction
detailed in Scheme 3.3 was set up with diboron 25 in lieu of B2pin2 and CsF, as well

as a stoichiometric amount of phenanthroline (Scheme 3.5).
Diboron 25 (2 eq.)
Phenanthroline (1 eq.)
H3C | -
DMSO, 100 °C 18 h

Scheme 3.5: Attempted borylation of 4-iodotoluene with diboron 25 via Pucheault’s conditions.

To our disappointment, no conversion of starting material was observed. This was
also the case when we switched from Pucheault’'s conditions to Jiao’s
(Scheme 3.6).%2

Diboron 25 (2 eq.)
4-Phenylpyridine (1 eq.)
H3C I -
CD3;CN, 80 °C 18 h

Scheme 3.6: Attempted borylation of 4-iodotoluene with diboron 25 via Jiao’s conditions.
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Despite no turnover of aryl iodide, there was clear conversion of the starting
diboron 25 by !B NMR. An NMR experiment was set up to examine how

4-phenylpyridine interacts with diboron 25 (Scheme 3.7).

N

N

Diboron Z CD5sCN, r.t,, 18 h

25

3 new species

Scheme 3.7: Reaction of diboron 25 with 4-phenylpyridine.

After 30 min at room temperature, six new signals in the *B NMR had formed
(Figure 3.3). This most likely indicated the generation of three new boron-containing
species, although diastereocisomerism may account for additional boron
environments. As expected, several new peaks were observed in the 'H NMR
spectrum (6 1—-5ppm) but it was too convoluted to draw any meaningful
conclusions from this. The aromatic peaks corresponding to 4-phenylpyridine did not
shift to a notable extent. When the reaction was warmed to 80 °C and left overnight,
the reaction developed an orange colour but there was little discernible change by

1B NMR spectroscopy.

These data show that pyridines can readily interact with diboron 25 to form new
compounds. Significantly, the appearance of signals around 6 21 — 24 ppm suggest
that the B—B bond has been successfully broken, as this is where B(XR)3 (X = N, O)
species appear. However, it was impossible to know whether cleavage of the

B—B bond was homolytic, as desired.
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Figure 3.3: 11B NMR (225 MHz) monitoring the reaction of diboron 25 and 4-phenylpyridine in CDsCN at
t = 0 (bottom), t = 30 min (middle) and t = 18 h (top).

Changing strategy, the reaction detailed in Scheme 3.5 was repeated but in the
presence of a catalytic amount of FeCls. First-row d-block elements are known for
their tendency to take part in single electron redox processes, including reactions
forming C-B bonds.'?® If our proposed mechanism outlined in Scheme 3.2 is valid,
we will be generating a stoichiometric amount of 17. Thus, a single electron oxidant
may help propagate the reaction by generating a highly reactive iodine radical

capable of reacting with diboron 25.

When carried out, formation of aryl boronate 26 was detected by *H NMR such that
the Ar—1/26 ratio was 11:1 after 2 h and 5.2:1 after 18 h (Scheme 3.8). Since the
H NMR spectrum of the crude material showed no arene-derived side products, it is

reasonable to normalise to 100 and quote this as a 16% NMR vyield.

Diboron 25 (2 eq.)
Phenanthroline (1 eq.)

HsC@I FeCls (10 mol%) O :@

DMSO, 100 °C 18 h

16% (not |solated

Scheme 3.8: Borylation of 4-iodotoluene in the presence of a catalytic amount of FeCla.
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This result was of great interest as it suggested that a single electron oxidant may
help promote borylation via a free radical pathway. In pursuit of higher conversion,
the same reaction under identical conditions was then screened against a set of
single electron oxidants to see if they gave an improved degree of conversion
(Table 3.1).

Table 3.1: Screen of single electron oxidants in the reaction of 4-iodotoluene with diboron 25.

Entry Single e~ oxidant % Yield*
1 FeCls 16
2 Mn(acac)s 9
3 Mn(OACc)s.2H20 10
4 Cu(NOs3)2.3H20 n.r.
5 Cu(OAC)2 n.r.
6 Cu(OTf)2 n.r.
7 (NH4)Ce(NOs3)s 0

*% Yields estimated by measuring the ratio of Ar—1/26 and normalising to 100. n.r. = No reaction.

Mn'" salts were found to give comparable conversions to that which was seen with
FeCls (Entries 2 and 3). By contrast, experiments with Cu'" reagents did not reveal
any turnover of starting material (Entries 4 — 6). Reaction with the most powerful
oxidant (NH4)2Ce(NOz3)s, returned a complex looking outcome with neither the

starting aryl iodide nor the aryl boronate 26 detectable (Entry 7).

Encouraged by the results with Fe and Mn additives, we returned to these reagents
and performed further iterations of the experiment with modifications to the reaction
parameters. Elevated temperatures did not bring higher turnover, nor did degassing
the DMSO solvent or using a re-purified batch of our diboron 25 (recrystallised from

CH2CI2/EtOAc 1:2). Stoichiometric quantities of metal salt also did not help.

To confirm that the desired product 26 was not degrading under acid work up
conditions via protodeborylation, an authentic sample of boronate 26 was acquired
from a commercial supplier and subjected to each of the work up steps. This gave a
reasonable mass recovery of 84%. When we tried again with neutral water in lieu of

acid, it returned 81%. These results do not suggest that our work up was
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problematic, rather, that the reaction was thermodynamically or kinetically

unfeasible.

3.1.3 Significant literature developments

During the course of this work, Jiao’s group published a follow-up paper to their work
on pyridine-catalysed free radical borylation.*?* The report details the structure of the
organic electron donor species (classed a “super electron donor” [SED]*?®) involved
in their reaction system and the mechanism by which it forms. Their findings
upended their prior assumptions made on the nature of the electron donor
(Scheme 3.9),°2 discussed in depth in Chapter 1.4.1.

N

Bopin, + Q + KOMe ——x—> B OMe + @ :@ Jiao, 2016

electron donor perS/stent rad/ca/)

Scheme 3.9: Reactive intermediates proposed by Jiao in 2016.

Previously, full characterisation of reactive intermediates had not been possible due
to the poor solubility of potassium methoxide in DMSO which limited the
concentration of the electron donor, thus hampering structural characterisation.
However, when they prepared a reaction in THF with 18-crown-6 (18-C-6) as an
additive, a homogenous solution formed with clearly resolved signals in NMR and
EPR spectra (Scheme 3.10).

/

o |
||3 R = + KOMe 18-C-6 (1.1 eq.) >95% conversion
_B. THF, rt, 2 h NMR- & EPR-visible species

0 (1.1 eq)

(1.1eq.) (1.0 eq.)

Scheme 3.10: Reaction conditions for the model study carried out by Jiao’s group.

The 'H NMR revealed clean conversion of the 4-phenylpyridine to another major
product 27 (ca. 77% vyield). The phenyl signals were not significantly altered, but the
pyridine C—H peaks (two doublets, 2H each), shifted drastically upfield to four distinct
signals (1H each). This indicated a disruption both to the aromaticity of the

heterocyclic ring, and its C2yv symmetry. Further 1D NOESY data implied that the
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Results and discussion

pyridine had two new chemical bonds at the 1- and 2-positions (Figure 3.4) and
1B NMR indicated the formation of a four-coordinate boron (singlet at & 6.2 ppm).

Figure 3.4: NMR-visible species formed from the reaction of 4-phenylpyridine, B2pin2 and KOMe.

Despite these useful NMR data, more information was required to fully elucidate the
structure of the new species 27. Attempts to crystallise it directly from the reaction
mixture were unsuccessful, but an alternative setup yielded a yellow crystalline solid
(Scheme 3.11). After treatment with 18-C-6, it produced identical *H, B and *3C
NMR data to that which were observed previously. Single crystal XRD analysis
performed on the yellow crystalline intermediate revealed it to be the ate complex
27 DME, which suggested the NMR-visible species was a complex with the
composition 27 18-C-6.

o N

~g° | 18-C-6 (1.1 eq.)
B * N T KOMe THF, rt., 2 h
PAnEN r.t.
1.1 eq. i
%_@ Bh ( q.)
(1.0 eq.)

(1.1 eq.)

27-18-C-6
77%

]\, = (1.0 eq.)

°ch K? 4'PheB”23sﬁly2”(doif‘Se e(;)o eq.) \ W THF, rt.
@ DME, r.t, 1h QO/ 00
Ph \ %

(1.0 eq.) 27-DME

Scheme 3.11: Independent preparation of the NMR-visible species 2718-C-6.
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Cyclic voltammetry and differential pulse voltammetry experiments were carried out
on 27-DME to assess its redox properties. They found the complex to have a similar
oxidation potential to that of other reported SEDs,*?® implying it is capable of SET to
organic substrates. This was exemplified when 27 DME was reacted with excess
4-iodoanisole, forming reduction product anisole in good yield after 30 min, along
with 4-phenylpyridine and complex 28 (Scheme 3.12). Interestingly, no arylboronate

was detected, indicating that 27 serves as an electron donor, but not a borylation

reagent.
Ph Ph Ph
| H =~
THF, rt.
/©/+27-DME 20 /@ + @ + NI
H5CO M Haco N7 NN
80% Bpin Bpin
28

Scheme 3.12: Electron donor character of complex 27.

As well as ate complex 27, it was clear from the EPR spectrum of the
B2pinz/4-phenylpyridine/KOMe/18-C-6 mixture that radical species were produced.
Moreover, the EPR spectrum matched that of the original borylation mixture,
confirming that the same radical species were being generated in both setups.
However, the original proposal that the reaction generated methoxyboronate radical
anion (MeO-Bpin™) and pyridine-stabilised boryl radical (4-PhPy<Bpin‘) was ruled
out after DFT calculations revealed this to be thermodynamically unfavourable.

A useful observation was made when a 4-phenylpyridine radical anion, partnered
with a Na* counterion, was found to give a deep purple crystal when reacted with
Bzpinz in THF (Scheme 3.13). Analysis via XRD showed the crystal to be Lewis
adduct 29 which, notably, when redissolved in THF with 18-C-6, gave a similar EPR

spectrum to that observed with the reductive mixture (see Scheme 3.10).

Ph _|
.
Ph@N'@ B2pinz o N o
N\ /' ® THF rt. ﬁ—\B_B/jf
Na O/ \O
Na
29

Scheme 3.13: Preparation of complex 29. Formal charges have been omitted for clarity.
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Results and discussion

Jiao’s group could therefore assume that their unknown EPR-visible species was
also a complex of the 4-phenyl pyridine radical anion and a boron Lewis acid. This
hypothesis was confirmed when an analogous solution of the pyridine radical was
reacted with MeOBpin (Scheme 3.14). The resulting solution gave EPR spectral
data that correlated favourably with the B2pin2/4-phenylpyridine/KOMe/18-C-6
mixture. Thus, the EPR-visible radical species was understood to be a complex
between the 4-phenylpyridine radical anion and MeOBpin, denoted as
4-PhPy*~+B(OMe)pin 30.

o’}
MeOBpin \ 1.0
/ THF, r.t. — b

(EPR-visible species)

Scheme 3.14: Preparation of complex 30. Formal charges have been omitted for clarity.

Further analysis from UV-vis data supported this structural assignment and
demonstrated the electron donating ability of complex 30. Thus, the findings made
by Jiao’s group suggest that the reaction of diboron, methoxide and 4-phenylpyridine
proceeds smoothly to give two boryl-pyridine complexes: ate complex 27 as the
major species (NMR-visible) and radical anion complex 30 as the minor species
(invisible in the NMR spectrum but detectable by EPR). Both diboron-derived

species act as SEDs, capable of reducing haloarenes via SET (Scheme 3.15).

W
\/N\:/N / H \O |:<
— KOMe K. v P, N, 1.0
r.t. %

\
O

(major) (minor)

Pyridine- and boron-containing complexes
as super electron donors

Scheme 3.15: Super electron donors present in the reaction system.

With the SED species confidently assigned, the authors proceeded to report the
findings of a comprehensive DFT study to determine the mechanism by which they

form. Their first aim was to establish the mode of B-B cleavage (Figure 3.5).
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Homolytic fission of the B—B bond to give radical anion IN3 and stabilised boryl
radical IN4 was ruled out after calculations revealed this pathway to be highly
endergonic (+17.5 kcal mol™ relative to adduct IN2). By contrast, an alternative route
involving heterolytic scission to give MeOBpin and pyridine stabilised boryl anion IN5
was found to be exergonic (-27.6 kcal mol™) with an activation barrier of
G* = 12.7 kcal mol™. Thus, the heterolytic cleavage pathway was deemed to be both

kinetically and thermodynamically feasible.

\ _—

17.5
AG = [ — IN3 IN4
- Me. N J ,// (radical anion) (stabilised boryl radical)
N

/ kcal mol™ 0
. (Homolytic cleavage] x

K

° N T
O/B—OMe+ o/B—N\ / Ph

INS
(stabilised boryl anion)

[Heterolytic cleavage] ¢

Figure 3.5: Gibbs free energy (AGsolv 208 ) profile for the homolytic and heterolytic cleavage pathways of diboron.

Calculations based on DMSO as reaction solvent. Not to scale.

It was proposed that IN5 is then transformed further to NMR-visible ate complex 27,
with the addition of an extra equivalent of 4-phenylpyridine (Scheme 3.16). The
overall conversion was calculated to be exergonic by -2.1 kcal mol™ with a

reasonable free energy barrier (G* = 23.1 kcal mol™).

Ph Ph
< 4-PhPy - —
B-N_ ' )—Ph K OB
o \ 0" 0
IN5 AG = -2.1 kcal mol™ %
AG* = 23.1 kcal mol™
27
(major SED)

Scheme 3.16: Formation of ate complex 27 from pyridine-stabilised boryl anion IN5.

Experimental studies suggested that the other SED (radical anion complex 30) was

formed upon addition of MeOBpin to boryl anion 27, with subsequent loss of
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4-PhPy+Bpin® (IN4). Independently synthesised 27-DME reacted with 1 eq. MeOBpin
in ca. 20% conversion to give radical anion 30, verified with UV-vis and EPR analysis
(Scheme 3.17). The low conversion was explained by a calculated overall Gibbs free

energy change of 0.1 kcal mol™.

Ph Ph
@A@
H\’ \ /
\/,N\ _N 7 MeOBpin (1 eq.) / \ Ol
K_ /B, > N—B +1/2 \NHN/

/O
(O N(e! THF, r.t. (‘)
% Bpln Bpln

AG = 0.1 kcal mol™ 28

AG? = 24.8 kcal mol”’ (minor SED

Scheme 3.17: Formation of radical anion 30 from complex 27.

The sensational findings from this in-depth study are at odds with the prior
assumptions made by the same group originally.®? Previously, diboron cleavage
promoted by methoxide and pyridine was believed to be homolytic, giving a methyl
borate radical IN3 (the SED) and stabilised boryl radical IN4. Once IN3 had
generated an aryl radical via SET, IN4 could then react with the aryl radical to give
the desired aryl boronate. However, not only was a homolytic pathway found to be
energetically unfavourable via DFT, but calculations also reveal IN4 to be unstable
with respect to dimerisation to 28. Moreover, kinetic competition experiments found
that the relative borylation rate was affected by [Bzpinz] but not [4-PhPy]. This
indicated that the aryl radical reacts with B2pinz rather than a pyridine-containing
boryl species in the crucial C—B bond formation step.

Very recently, Leonori et al. published a landmark report that realises the goal of
developing a Minisci-type borylation reaction that proceeds via boron-centred
radicals (Scheme 3.18).1%6 The procedure relies on the catalytic presence of a
photoredox catalyst (PC) under irradiation of blue light. Its long-lived excited state
(PC*) is capable of SET to a persulphate anion to generate a radical anion
(S208?" + PC* — S0O4%” + SO4~ + PC*). Radical anion SOs~ then abstracts a
hydrogen atom from a simple and inexpensive amine borane complex to generate a
boron-centered radical (SO4~ + H3B—-NMes — HSO4~ + H2B—NMes’). The boryl
radical is highly nucleophilic and was shown to be capable of site-selective addition
to protonated nitrogen-based heterocycles (pyridines, quinolines, isoquinolines,

pyrimidines, pyridazines, azaindoles etc.).
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Scheme 3.18: Radical C—H borylation of azines. 4-CzIPN = 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene.

Impressively, the authors go on to demonstrate that the azine amine-boranes are
capable of further elaboration via techniques such as oxidation, Suzuki

cross-coupling, Chan-Lam amination and Chan-Lam etherification.

3.1.4 Conclusion

This project aimed to develop a novel method to generate boryl radicals via a
base-free setup with an internally preactivated mixed diboron compound 25.
However, the hypothesis for our work was underpinned by the available literature in
2017. Thus, we believed base-promoted diboron cleavage would generate boryl
radicals capable of reacting with aryl halides or, preferably, heteroaromatic bases via
a Minisci-type reaction. Leonori’s work validates this original hypothesis, provided a

suitable method for boron radical generation can be found.

In our work, turnover of diboron 25 was observed but we failed to achieve significant
yields of aryl boronate. Although, Fe'' and Mn"' salts may offer some assistance.
Besides, the emergence of Jiao’s detailed study into the nature of the SEDs involved
in pyridine-catalysed borylation undermined the hypothesis on which we had
designed this project. In the light of this report, we retired our work on free radical

borylation to explore other experimental methods to form C-B bonds.
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3.2 Iridium-catalysed borylation of heteroarenes

3.2.1 Scope, limitations and functional group tolerance

Upon the outset of this project, the scope and regioselectivity of iridium-catalysed
C—H borylation on heteroarenes had been explored to an appreciable extent.17:20.127
However, an exhaustive robustness screen to probe the tolerance of the
methodology to a wide range of heterocycles and functionality has not yet been
published. We therefore aimed to further assess the limitations of iridium-catalysed
borylation reaction, particularly with respect to structurally complex ‘drug-like’

molecules.

The first compound selected for investigation was amide 3la. Examining the
functionality and structural motifs, we did not envisage any major difficulties. Alkoxy
groups, thiophenes and amide bonds have all been demonstrated to be amenable to
irdium-catalysed borylation. As expected, amide 3la reacted smoothly under
standard iridium borylation methodology to furnish both the mono- and diborylated

products 31b and 31c, respectively (Scheme 3.19).

H;CO ) H3CO H3CO
Bopin, (1.0 eq.)
[Ir(COD)OMe], (1.5 mol%)
dtbpy (3 mol%)

O+ NH

THF, 85°C, 18 h
S \
\ | o
Bfo
57{<

31a 31b 17% (59%) 31¢c 1% (26%)

Scheme 3.19: Iridium-catalysed borylation of amide 31a. NMR yields given in parentheses.

The reactivity of 31a followed an expected pattern with the first borylation occurring
on the thiophene ring at the more reactive 5-position, a to the S atom. The second
borylation was found to occur at the more hindered and less reactive 3-position, B to
the S atom. This was verified by comparing the NOE correlations associated with the

methylene group connected to C-2 in each of the products (Scheme 3.20).
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Scheme 3.20: NOE relationships associated with the —CH>— group attached to C-2 in 31b and 31c.

With unsymmetrical 2,5-disubstituted thiophenes, borylation regioselectivity is often
poor.1?® However, in the case of 31b, a significantly greater steric constraint is
provided by the —Bpin on C-5 than that which is given by the —CH2R connected to
C-2. Thus, there is no viable pathway to borylation at the 4-position. Also, it is
possible that C-3 activation is encouraged by the carbonyl oxygen coordinating to
the iridium centre and inducing proximity between the C-3 C-H and the metal centre
(Scheme 3.21). Such a phenomenon has been observed before and exploited to

give directed ortho-borylation in benzoate esters.?°

Bpin Bpin 5
in
CN’//,,’ | _Bpin -~ C-3 activation CN’/ \/ g 'Nr

// N//lr
H
Bpin Bpin &S

Induced N S
proximity

Scheme 3.21: Suggested rationale for the borylation of monoborylated amide 31b at the hindered C-3 position.

Bond lengths and bond angles have been distorted for clarity.

No borylation was found to occur on the anisole ring. This will primarily be due to
high steric demands but the electron-rich nature of the ring further disfavours C-H
insertion. A repeat of the reaction with tmphen (tmphen =
3,4,7,8-tetramethyl-1,10-phenanthroline) in lieu of dtbpy did not deliver higher NMR
yields (31b 48%, 31c 31%).

In terms of synthetic usefulness, a mixture of mono- and diborylated products is
undesirable. Changing the reaction parameters allowed for outcomes that favoured
one product over the other. For example, carrying out the reaction at a lower
temperature and higher dilution (Conditions A) gave the same yield of 31b (by
'H NMR) as observed previously, but with only a trace quantity of 31c detected.
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More forcing conditions (Conditions B) delivered exclusively 31c, although there
was clear evidence by H NMR spectroscopy of product degradation in situ
(Scheme 3.22).

| D—spin 0 [ .
s p , \ s Bpin
31b 59% __Conditions A HN S Conditions B . 31b 0%
Bpin h Bpin
| N )\
s Bpin OCHs , s Bpin
31c 1% 31a 31c 34%

Scheme 3.22: Reaction conditions to favour mono- vs. diborylation. Conditions A: Bzpinz (1.0 eq.),
[Ir(COD)OMe]:z (1.5 mol%), dtbpy (3 mol%), THF (0.2 M), 50 °C,18 h. Conditions B: Bzpinz (2.0 eq.),
[Ir(COD)OMe]2 (3 mol%), dtbpy (6 mol%), dioxane (1 M), 100 °C, 48 h.

Although NMR vyields were good, isolated yields were poor. This was largely due to
repeated silica gel column chromatography, which was necessary to remove residual
B(OR)s species. However, we pondered if this issue could be circumvented with in
situ modification of the Ar-B(OR)2 functional group. We repeated the reaction of
amide 31a under Conditions A, followed by typical Suzuki-Miyaura cross-coupling
conditions (Scheme 3.23). Our hope was to generate the monoarylated product 31d

selectively in a one-pot tandem sequence.

4-iodotoluene (1 eq.) I \ CH
Pd(OAc), (3 mol%) S 3
315 Conditions A I\ Bpin Na,CO; (1 eq.) i No
S THF, H,0, 50 °C, 18 h
31b
31d
(not isolated) H;CO 8%

Scheme 3.23: One-pot tandem iridium-catalysed borylation—Suzuki-Miyaura cross-coupling sequence.

To our disappointment, analysis of the crude reaction mixture revealed a complex
mixture of products with only 8% of monoarylated 31d separable by column
chromatography. The appearance of diarylated product 31e and monoborylated,
monoarylated 31f hinted that perhaps the borylation had continued to progress in the
interval between the two steps (Figure 3.6). However, yields of these compounds
were very low too, suggesting that perhaps our Suzuki conditions were not forcing
enough. It is also possible that our cross-coupling reaction was being outcompeted

by a base-catalysed protodeborylation process, given the presence of aqueous
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Na2COs. Although, reported one-pot iridium borylation—Suzuki coupling procedures
employ similarly basic conditions for the second step.**

I\ N
/@» 31e 6% /@2 31 3%
H,CO HsCO

Figure 3.6: Further elaborated products of diborylated amide 31c.

Our data highlight the challenges of controlling the reactivity in substrates with
multiple unhindered sites. Future attempts at in situ modification of Ar—Bpin
compounds should involve regular monitoring and be immediately followed by the
sequential step if the substrate is prone to diborylation. Alternatively, difunctionalised
amide 31f could be viewed as a highly desirable intermediate due to its potential for
diversification. It is possible to envisage a method whereby forcing borylation
conditions are employed to deliver diborylated 31c, followed by a mild sequential
step to functionalise selectively at one site, while leaving another —Bpin handle

installed elsewhere.

Broadening the scope of our investigation, we then sought to better understand how
the reactivity of the amide substrate would change if the S on the thiophene was
replaced with a different heteroatom. Two analogues of 31la were selected for
investigation; one with furan in lieu of thiophene (32a) and one with N-methylpyrrole
(33a). Unprotected pyrrole was avoided due to its tendency to undergo
self-polymerisation.’3* However, C-H activation at the C-2 position may be

discouraged somewhat by a steric influence from the N-methyl group.

Synthesis of amide 32a was facile as the corresponding carboxylic acid is readily
available. The desired product was isolated in excellent yield following an amidation
protocol developed in our group (Scheme 3.24).50
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0 Ol\

o OH /@/\NHZ B(OCH,CFs)3 (10 mol%) /@AN o
* - H
Ly HyCO TAME, Dean-Stark  ,co

100°C, 18 h 32a 96%

Scheme 3.24: Synthesis of amide 32a.

For amide 33a, the corresponding carboxylic acid was prohibitively expensive, so it
was synthesised in-house according to published methods.*3? The formation of the
desired product 35 was confirmed via *H NMR spectroscopy, but to avoid
complications in purification, crude material was used directly in the final amidation
step (Scheme 3.25).

H,CO
o)

cl NH,
/CH3 C|)H( H H,N-NH, N,CHS \©\

e i
. . Y,
/" CH,Cly, 10 °C co,H 100°C,5h COH B(OCH,CFg)s

KOH, 1 h TAME, 100°C |
34 90% 35 18 h
(not isolated) CHs
33a 13%

(Two-step yield)

Scheme 3.25: Synthesis of amide 33a from N-methylpyrrole.

With two novel amides successfully synthesised, 32a and 33a were subjected to the
same reaction conditions as described in Scheme 3.19 (Table 3.2). Since we had
plentiful stocks of amide 32a, an additional reaction was set up in parallel with
tmphen as the ligand in lieu of dtbpy. Interestingly, the Ir-tmphen catalytic system
proved to be more active than Ir-dtbpy. Hartwig’s group have demonstrated that
tmphen can outperform dtbpy in a number of cases, particularly for electron-rich
substrates.?® They credit this to tmphen’s “greater electron-donating ability” and
“‘backbone rigidity”. However, as we have seen, it is not consistently superior to
dtbpy. A definitive set of guidelines to predict which catalytic system would be more

active for a given substrate has not yet been put forward.

A third reaction with amide 32a was carried out at 75 °C instead of 85 °C.
Remarkably, the *H NMR of the crude mixture revealed a mono-/diborylated product
ratio of 3:1 (c.f. at 85 °C: 32b/32c 1:2). This indicates that the second borylation 8 to
the heteroatom has a lower kinetic barrier in the furan-containing amide 32a

compared to the thiophene analogue 31a.
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Amide 33a reacted to give roughly equal proportions of 33b and 33c but yields were
low. This was assumed to be due to a high kinetic barrier for C—H activation adjacent
to the N—Me group, as anticipated. However, analysis of the reaction via 'H NMR
revealed other unwanted side products, suggesting that pyrroles may be too

unstable at elevated temperatures.
Table 3.2: Iridium-catalysed borylation of amides 31 — 33a.2
H3;CO

B2pin;
|
0 NH Ir'/Ligand (cat.)

3COQ 3COQ
X
\ | Bp|nJ Bpln\J

Bpin
31a:X=8 31-33b 31-33c
32a:X=0
33a: X = N-CH3

% Yield®
Amide X
Monoborylated Diborylated
3la S 17 (59) 11 (26)
32a° O 8 (19) 18 (37)
33a N-CHs 15 (15) 11 (13)

aReaction conditions: Amide (1 mmol), Bzpinz (1 mmol), [Ir(COD)OMe]2 (1.5 mol%), dtbpy (3 mol%),
THF (1.0 mL), 85 °C, 18 h, sealed tube, Ar atmosphere. °Crude yields are determined from *H NMR analysis with
1,3,5-trimethoxybenzene as the internal standard and given in parentheses. °Data shown is for when tmphen was
used as the ligand in lieu of dtbpy (cf. crude yields with dtbpy: 32b 13%, 32c 30%).

Seeking to further explore the compatibility of iridium-catalysed borylation, other
compounds were selected from in-house stocks (Figure 3.7). Amide 36 did not react
under standard conditions despite possessing suitable structural motifs. It is possible
that the free —NH2 is basic enough to coordinate to the iridium catalyst and block
C-H activation. Conveniently, we were able to test this supposition by screening
amide 37, the drug molecule sitagliptin with its primary amine Boc-protected. It was
envisaged that borylation on the polysubstituted phenyl ring would be possible due to

fluorine’s very low Van der Waals radius. However, amide 37 did not borylate under
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the reaction conditions either. In this case, the fused triazole heterocycle may be too
basic, despite the deactivating presence of the —CF3 group.

As a sterner test, the diuretic drug furosemide 38 was subjected to the same
procedure as before. The Ar—H bonds on the benzene ring are too sterically crowded
to react with the iridium catalyst, but the 2-substituted furan is accessible and
amenable to this methodology, as we have seen. Also, the amine was assumed to
be too bulky to coordinate to the iridium and its basicity would be attenuated due to
overlap with the delocalised 1r-system of the benzene ring. However, no conversion
of starting material was observed by TLC at 85 °C, or in dioxane at 100 °C. It is
conceivable that the sulphonamide or carboxylic acid deactivated the catalyst, since
these functional groups do not feature in published reports of iridium-catalysed

borylation on substituted aromatics.
H

N
/4o
) -

Bu. NH, 0=8=0

0o 36 x cl
O)\NH (0] \©YOH
N
/\/ HN. O

N =\
N
F K/N\/<
CF3 72 (@)
F x __ x
F 37 38
Figure 3.7: Amides 36 and 37 and furosemide 38. Unless stated otherwise, substrates subjected to the following

reaction conditions: Substrate (1 eq.), Bzpinz (1 eq.), [I((COD)OMe]z (1.5 mol%), dtbpy (3 mol%), THF (1 M),
85 °C, 18 h, Ar atmosphere.

When antiemetic drug ondansetron 39 was screened, substantial conversion of
starting material was observed. However, TLC analysis revealed a complex mixture
of at least seven different components. Purification by column chromatography
provided 40 in a very low yield and a trace amount of impure carbazole 41
(Scheme 3.26). Notably, the formation of compound 40 reveals the existence of a
reductant in the reaction mixture. This is consistent with the established reaction
mechanism for iridium-catalysed borylation (described in Chapter 1.2.2), which

suggests the presence of reductive species (Ir-H, H-Bpin and H2). Since no
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borylated material formed in our reaction, efforts were not made to resolve the

mixture further.

N/CH3 Bopin, (1.0 eq.)
[ICOD)OMe]; (1.5 mol%)

CHs CHj
Y dtbpy (3 mol%) N O N
Y O + Unidentified
N N/§| Dioxane, 100 °C, 18 h products
PN O cH, HO cH,
H,C

39 40 12% 41
(not isolated)

Scheme 3.26: Reaction of ondansetron 39 under standard iridium borylation conditions.

In the hope of cleaner reactions, we simplified our substrate scope to include
substituted heterocyclic scaffolds with lower molecular weights. Indazole 42 was
deemed a good candidate. The iridium-catalysed borylation of N-protected indazoles
has been studied with an array of mono-substitutions on the carbocyclic ring.133
Borylation has been shown to occur first at C-3 for 5-, 6- and 7-substituted indazoles,
but at C-6 when 4-substituted. To the best of our knowledge, 3-substituted indazoles

have not been investigated.

Consistent with our earlier attempts to react substrates with an unencumbered basic
nitrogen, indazole 42 did not react. To mitigate this, we converted the substrate into
the tosyl-protected indazole 43, to block any interactions with the catalyst. However,
this compound did not react either (Scheme 3.27).

B,pin, (1.0 eq.)

Br [I(COD)OMel, (1.5 mol%)
\N dtbpy (3 mol%)
N Solvent*, 85— 100 °C, 18 h
No, R

42R=H
43 R = Tos

Scheme 3.27: Unsuccessful borylation attempts of indazoles 42 and 43. *Attempted in both THF (at 85 °C) and
dioxane (at 100 °C).

We suspected that the —NO2 group may be incompatible with the catalyst, since this
functional group is absent from published reports of iridium borylation. To test this,
we set up the reactions of m-xylene 44a and 1,3-dinitrobenzene 45a in parallel.

Confirming our assumption, 1,3-dinitrobenzene did not react. By contrast, m-xylene
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borylated readily, delivering aryl boronate ester 44b in good yield, with evidence of
dimerisation and diborylation taking place at the benzylic position on account of

overly forcing conditions (Scheme 3.28).

Bopin, (1.0 eq.) . ;
44
[I(COD)OMe], (1.5 mol%) IO Observed side products with 44a

dtbpy (3 mol%) R B~y OJ§< CH
, . \Q/ H3C Bo 3
Dioxane, 100 °C, 18 h O
B O
44aR = CH, 44b R = CH; 60% o7<< CHs

Scheme 3.28: Borylation of 1,3-disubstituted arenes.

Returning to the indazole scaffold, we acquired nitro-free indazole 46a, which failed
to react when unprotected. However, the tosyl-protected indazole 47a, did undergo
borylation to give a mixture of products 47b, albeit in a very low combined vyield of
14% (Scheme 3.29). We were unable to separate borylated regioisomers via column
chromatography. Although, NMR analysis revealed that our product mixture was
dominated by the 5- and 6-borylated isomers in a 1.7:1 ratio.

B-pin, (1.1 eq.
Br 2pin ( q.) /O Br

[I(COD)OMe], (1.5 mol%) O-B8
tmph 3 19
©\/\</N mphen (3 mol%) N ©j§N
N\ THF, 85 °C, 18 h N\
R
46aR =H
47a R = Tos

R
Scheme 3.29: Attempted borylations of indazoles 46a and 47a.

46b R =H 0%
47b R = Tos 14%

The low conversion of 47a was unlikely to be due to the sulphonyl group, since
mesyl-protected indazoles have been shown to be amenable to iridium-catalysed
borylation.’®® To investigate whether steric factors were at play, the Boc-protected
indazole 48a was synthesised and screened against standard conditions
(Scheme 3.30). Although, to our dismay, we did not observe any turnover of starting
material. It is possible that we underestimated the steric influence of a Boc group,

and that its three-dimensional nature impedes close approach to the iridium catalyst.
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Br Bopin, (1.0 eq.) Br

©j\< [Ir(COD)OMel, (1.5 mol%) /©\/<

N dtbpy (3 mol%) - \/N

N Dioxane, 85 °C, 18 h O\IIB N

O'Bu >§ro O'Bu
0 0

48a

Scheme 3.30: Iridium-catalysed borylation of indazole 48a.

The next substrate to be investigated was quinoline 49a. Quinoline is a very common
moiety in pharmaceuticals? and natural products,3* so its direct functionalisation is
of relevance to medicinal chemistry. The reaction of quinolines with various
substitution patterns under iridium borylation conditions has been explored.35-137

However, 4-substituted quinolines have not yet been investigated.

Quinoline 49a reacted under standard iridium borylation conditions to give a mixture
of 6- and 7-borylated products in a 1.3:1 ratio, respectively. Purification via silica gel

column chromatography afforded an inseparable mixture of 49b and 49c in
B,pin, (1.0 eq.

33% yield (Scheme 3.31).
)
[I(COD)OMe,], (1.5 mol%) Q CHj CHj
N/ Dioxane, 100 °C, 18 h N/ O\B N/
49a >§ré
_ J

~

Combined yield 49b + 49¢ 33% (1.3:1)

Scheme 3.31: Iridium-catalysed borylation of quinoline 49a.

It was interesting to note the influence of the methyl group giving a slight preference
for borylation at the 6-position over the 7-position. Under the same reaction
conditions, unsubstituted quinoline has been shown!*® to borylate first in the
3-position, and then with equal probability at the 6- or 7-position. Since steric effects
are unlikely to be a factor in the borylation of 49a, it must be the electronic effect of
the methyl group which causes one site to become more reactive than the other.
Intrigued by this observation, a project was designed to investigate how altering the
electronic nature of the substituent at the 4-position influences the regioselectivity of
the iridium-catalysed borylation reaction.
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3.2.2 Investigation into the borylation of 4-substituted quinolines

In selecting a set of substrates to be investigated, the aim was to choose compounds
whose 4-substituents varied greatly in their electronic nature to help identify any
trends in our results (Figure 3.8). Ether 50a as well as the initial compound 49a were
to comprise the electron-rich quinolines and ester 5la and amide 52a were the
electron-poor structures. Quinolines 53 — 55a were also included since these would
be available as precursors or intermediates during the synthetic approach to our

chosen substrates.

_ CHj OCH3;
R
49a
HN O
x = COOH X = I
53a 52a

Figure 3.8: 4-Substituted quinolines selected for investigation.

3.2.2.1 Synthesis of substrates
To synthesise ester 51a, carboxylic acid 53a was reacted with ethanol via standard
Fischer esterification methodology*® to give a fair yield of the desired product after

work up and purification (Scheme 3.32).

O+ _OH O+ OEt
EtOH
X conc. H,SO,4 2
b o
N 80 °C,2d N/
53a 51a 69%

Scheme 3.32: Synthesis of 51a from 53a.

Next, the synthesis of amide 52a was attempted via Sheppard amidation
methodology (Scheme 3.33).5° Since carboxylic acid 53a didn’t appear to dissolve in
the solvent at reflux, the reaction was left for an extended period in the hope that

trace amounts of dissolved 53a would react to form 52a. To our delight, the reaction
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mixture eventually became homogenous and the desired product could be filtered
out of the reaction once cooled to give the desired amide 52a in excellent yield.

OCH3
H
(0] 0 N\/©/

OH OCHs
H2N/© (1.0 eq.)
N

X

N/ B(OCH,CF3)3 (10 mol%) N/
TAME, Dean-Stark

53a 52a 92%

100 °C, 5d

Scheme 3.33: Synthesis of 52a from 53a.

With the two electron-withdrawing compounds successfully synthesised, we turned
our attention to the synthesis of ether 50a. A two-step synthesis reported by
Garcia-Manchefio and colleagues!*® was employed (Scheme 3.34). Quinolinol 54a
was chlorinated to provide intermediate 55a in good yield, before being stirred in a
mixture of sodium in methanol at reflux for 2 d to give a fair yield of the desired
product 50a (overall yield = 37%).

OH 4y pocl, (4 eq)) Cl OCHs
©\)j 115 °C, 1 h ©\)j Na/CH,OH ®
~ 1 ~ ° =
N i) ag oNCaOH N 70°C,2d N

54a 55a 71% 50a 52%
Scheme 3.34: Two-step synthesis of 50a from 54a.

3.2.2.2 Optimisation

Before undertaking the investigation, it was important to ensure that the reaction
conditions were optimised (Table 3.3). Since the efficiency of the iridium catalyst
varies somewhat unpredictably when dtbpy and tmphen ligands were exchanged
and reacted with different substrates, both were used in the investigation. A range of
solvents known to be compatible with iridium borylation were also screened which

confirmed dioxane to be the most suited to this reaction (Entries 4 — 6).
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Table 3.3: Optimisation of the iridium-catalysed borylation of 49a*.

CHs Bopin, QLQ CHa CHa

_ ° — —
N/ Solvent, 80 - 100 °C, 18 h N O\IB N
49a 49b O 49¢

Entry  Ligand Solvent TPMP odoa %49 %49
1 dtbpy Dioxane 80 24 23 19
2% dtbpy Dioxane 100 26 25 19
38 tmphen Dioxane 100 11 28 21
4 dtbpy THF 80 20 23 16
5 dtbpy Hexane 80 43 6 5
6 dtbpy CPME 80 37 16 10

*Reaction conditions: 49a (1 mmol, 1.0 eq.), Bzpinz (1.0 eq.), [I(COD)OMe]z (1.5 mol%), ligand (3 mol%),
solvent (1 mL), 80 — 100 °C, 18 h, sealed tube, Ar atmosphere. % Yields determined by 'H NMR spectroscopy
with 1,3,5-trimethoxybenzene as an internal standard. SM was 95% pure. ¥2% diborylated product detected.
§12% diborylated product detected.

While useful, these results raised some concern over whether material was being
lost in the work up as the total % vyield of SM and reaction products
(49a + 49b + 49c) was considerably less than 100%. Weighing the reaction after
filtration through a silica plug confirmed a near full retention of material hinting at the
formation of unwanted side products. A similar observation has been made before by
Hartwig and co-workers in an experiment designed to investigate the mass balance
of the reaction of 4-picoline with Bzpinz (Scheme 3.35).2° Without sterically
accessible C-H bonds, 4-picoline was thought to undergo slow borylation at the

2-position followed by rapid decomposition.

CH
* Bpin(10eq) [0 9J§< -
X X B

—

| 9 (10 mol%)

~0 — N.,, | wBpin
| + Unidentifiable <N"|r”\Bpin (N = dtbpy
N THF-dg, 80 °C, 7 h N products N

i |
Bpin
40% 056 _ .
conversion ~10% yield
(by "H NMR)

Scheme 3.35: Decomposition of 4-methylpyridine under standard iridium borylation conditions.
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Indeed, when 4-picoline was heated with B2pin2 at 80 °C in the presence of 10 mol%
complex 9, several unidentifiable aromatic compounds were formed along with a
small amount of pyridyl boronate ester 56. Since, after 7 h the conversion of
4-picoline was 40% but the yield of 56 was ~10%, this strongly implied that a
significant amount of starting material was converted into side products resulting

from decomposition of the 2-boryl pyridine product.

Given that 4-picoline is a substructure of 4-methylquinoline, it is easy to draw
comparisons between Hartwig’s findings and the discrepancies listed in the data in
Table 3.3 and assume that we were observing a similar phenomenon. To confirm
this, we set up the reaction of the regioisomer 2-methylquinoline under identical
conditions to those used in Table 3.3, Entry 1 (Scheme 3.36). The substrate
underwent borylation efficiently and reacted along several vectors to give a mixture

of mono- and diborylated regioisomers, in accordance with literature reports.3’

Bopin, (1.0 eq.) )9(/0

[I(COD)OMel], (1.5 mol%) O-g

N dtbpy (3 mol%) N
— + SM
N" "CHs  Dioxane, 80 °C, 18 h N” >CH,
N J
Y

94% total yield

Scheme 3.36: Reaction of 2-methylquinoline with Bzpina.

As before, the reaction was analysed via 'H NMR spectroscopy with the use of an
internal standard. For simplicity, all CHs peaks visible were integrated collectively to
measure the total yield of borylated products and unreacted starting material. This
revealed that 94% of quinoline-derived material had been retained, compared to
71% in the analogous reaction with 4-methylquinoline. Moreover, qualitative analysis
of the *H NMR spectrum for the reaction with 2-methylquinoline was visibly cleaner
compared to the corresponding spectrum with 4-methylquinoline. This suggests that
having the C-2 position accessible leads to side reactions.

For the avoidance of doubt, the side reactions we encountered were more complex
and pernicious than the well-known tendency of 2-boryl pyridines to undergo rapid

protodeborylation (discussed in Chapter 1.2.1, vide supra). This process cannot
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explain our data as protodeborylation should, in theory, return Ar—H starting material,
not consistent with the high conversions we were seeing in Table 3.3.

Steel’s group suggested!®” in a 2012 publication that the absence of borylation at the
2- and 8-position of quinolines is due to the influence of the nitrogen lone pair.
However, the origin of this effect, whether steric or electronic in nature, is not

investigated.

A few years later, Hartwig’s group conducted an in-depth study into the lack of
borylation at the ortho-position relative to a basic nitrogen. DFT calculations showed
a higher energy barrier in the reaction profile for the borylation of pyridine at the
2-position compared to the 3- and 4-position.?° However, the highest energy along
the reaction pathway for 2-borylation is only ~1 kcal mol™ higher than it is for 3- or
4-borylation, so this alone cannot account for the difference in selectivity.

In the same study, Hartwig and colleagues examined this phenomenon by
conducting the borylation of pyridine-ds in the presence of 5 mol% unlabelled
2-borylpyridine 57 and monitoring the fate of 57 (Scheme 3.37).

D D O O\ /O

D b Bopin, (1.0 eq.) 7

X A 9 (10 mol%) D B0 DD
= “~p-0 |

o — —
D~ °N” D N~ "B THF-dg, 80 °C,7h  p” >N ™p D” "N~ "D
57 © ~3% ~2%

(5eq.) (0.25 eq.) Full conversion of 57

Scheme 3.37: Decomposition of 2-borylpyridine 57 during the borylation of pyridine-ds.

Since only ~5% vyield of borylated product was observed by the time the degradation
of 57 was complete, it was clear that this decomposition was faster than the
borylation of pyridine-ds. Thus, the lack of observation of 2-boryl products during the

borylation of pyridines is accounted for.

Without pre-functionalising our substrates with a group that sterically blocks the
2-position, we were allowing for this deleterious reaction pathway to occur in our

investigation.
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3.2.2.3 Borylation of quinoline substrates

All substrates were subjected to the two optimised reaction conditions, A and B
(Table 3.3, Entries 2 and 3, respectively), with the highest yielding reactions listed
in Table 3.4. The reaction of ether 50a showed a surprisingly low degree of
conversion but did afford 50b and 50c with opposite selectivity to 49a. Out of the
electron-poor quinolines, ester 51a reacted smoothly and was also found to exhibit a
preference for 7-borylation, while amide 52a showed good conversion of starting
material but no indication of borylated product. Similarly, carboxylic acid 53a did
react to a small extent but it was unclear from the *H NMR spectrum of the crude
material whether any borylated product was generated. Quinolinol 54a gave the
most selective borylation with its 6-position reacting by far the most favourably.
Lastly, to our surprise, aryl chloride 55a reacted to give several unwanted products

despite chloropyridines being known to undergo iridium borylation very efficiently.14!
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Table 3.4: Iridium-catalysed borylation of 4-substituted quinolines.

X Q\O‘ X X
—_—
~ ~ ~
N N O\IIB N
49-553 49-55b (0] 49-55¢

Quinoline X Conditions % ConvP % YieldP 6-/7-
49a* CHs B 89 49 1.3:1
50a OCHs A 76 46 1:1.3
5la COOEt B 78 21 111
52a CONHCH2Ar A 66 0 n.d.
53a COOH - - 0 n.d.
54a OH A 77 30 2.3:1
55a Cl A 86 14 11

aReaction conditions A: Table 3.3, Entry 2 (using dtbpy) and Reaction conditions B: Table 3.3, Entry 3 (using
tmphen). % Yields, conversions and isomer ratios were determined from !H NMR yields with

1,3,5-trimethoxybenzene as an internal standard. ¥12% diborylated product detected. n.d. = Not determined.

We began to notice a trend in our data which mirrored a similar, more holistic
observation made previously in a recent publication by Steel and Marder.*3¥” They
showed that the site of reactivity in the iridium borylation of (hetero)arenes is typically
the aryl hydrogen with the furthest downfield chemical shift. However, in pyridines
and quinolines, the most shifted proton will be at the C-2 position, adjacent to the
pyridyl nitrogen (Figure 3.9); a site at which borylation is seldom observed (vide

supra).t4

87



Sterically
hindered

8.11 ppm

Figure 3.9: Chemical shifts for the aryl hydrogens of quinoline 49a. NMR experiment run in CDCls at 700 MHz.

Although pyridines and quinolines deviate from Steel’s guidelines for reactivity, this
premise still serves as a somewhat useful predictive tool in determining whether the
6- or 7-position will show preference for borylation when screening 4-substituted
guinolines. Our data showed that in all but the case of 49a, the preferred site of
borylation was the highest shifted aryl hydrogen out of the 6- and 7-positions
(Table 3.5). It may be significant that quinoline 49a is the only substrate whose
4-substituent is not capable of interacting with the core scaffold mesomerically. Aryl
chloride 55a did not show significant preference for reaction at its higher-shifted C-7
position, although, this reaction was low yielding. Crucially, it seems that the
electronic nature of the 4-substituent, i.e. whether it is electron-donating or electron-
withdrawing, does not appear to flip the selectivity from one site to the other.

Table 3.5: Predicting the regiochemistry in the borylation of 4-substituted quinolines.

'H NMR Shifts*
Quinoline X 6-/7- Consistent with Steel?
OH-6/ ppm OH-71 ppm

49a CHs 131 7.56 7.70 No
50a OCHs 1:1.3 7.49 7.68 Yes
Sla COOEt 1111 7.61 7.72 Yes
S4a OH 231 7.62 7.37 Yes
55a Cl 11 7.62 7.75 n.a.

*"NMR experiments run in CDCIls at 700 MHz. n.a. = Not applicable.
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Attempts to purify the crude reaction mixtures via silica gel column chromatography
proved to be exceptionally challenging for several reasons. Primarily, this was due to
residual Bpin-derived species which would often ‘drag’ on the silica column and
coelute with the desired products. As well as this, these impurities could not be
visualised on a TLC plate so it was difficult to make informed choices when selecting
an eluent system. Obviously, they couldn’t be removed in an oxidative work up or via

the use of boron scavengers as it would destroy our desired products.

Trituration of the crude reaction of 54a with petroleum ether did, however, work well
for removing ca. 50% of the residual Bpin material from the sample in washings that
contained almost entirely B(OR)z compounds (by 'H NMR spectroscopy).
Unfortunately, when attempted with the much less polar substrate 49a, the petrol
washings removed both Bpin material and desired compounds with equal

preference.

An added difficulty with purification was the presence of tetrahydroquinoline (THQ)
side products Xd, Xe and Xf (X = 49-55) (Figure 3.10) which revealed the

existence of a competing reduction mechanism.

X

QLQ X X

N N O-g N

H H 3 H

49-55d 49-55¢ 49-55f

Figure 3.10: THQ-derived side products observed in the iridium-catalysed borylation of quinolines 49-55a.

Successive attempts to purify these reactions via column chromatography drew vast
amounts of time and resources which ultimately gave isolated yields that were

clearly not representative of their true value (Table 3.6).
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Table 3.6: % Yields from the iridium-catalysed borylations of 49a and 51a.

% Yield*
Quinoline X
b c d e f
49a CHs 16 (49) 5(9) 1 1
5la COOEt 8 (21) 5(7) 3

*NMR vyields shown in parentheses. Combined yields are shown for Xb + Xc and for 51e + 51f.

To generate more reliable data that we could use to make valid comparisons
between different substrates, not influenced by deleterious separation techniques,
the decision was made to just measure crude % yields by *H NMR spectroscopy. In
the context of iridium-catalysed borylation, this was deemed acceptable as aryl
boronate esters are commonly elaborated further in situ without isolating borylated

intermediates (vide supra).

3.2.2.4 Mechanistic study

To better understand the origin of the THQ side products being formed, we
conducted a short study to determine whether the borylated THQ products are
formed via borylation of reduced starting material (Scheme 3.38, Path A), by the

reduction of our desired product (Scheme 3.38, Path B), or a combination of both.

CH, @
+ 4[H] + Bpin

i TN oo™ O
~N 49d .

_ Bpin
N

CH,3 N

49 + Bpin H
a \‘ N, A 49¢/49f
Borylation Bpin _ Reduction
N
49b/49c

Scheme 3.38: Two possible routes to form the undesired borylated THQs.

Firstly, the propensity of THQ 49d to undergo iridium borylation was explored
(Scheme 3.39). If THQs were found to be highly unreactive with respect to iridium
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borylation, this would point towards a borylation-reduction sequence, i.e. Path B.
However, good yields would not necessarily rule out either pathway.

Bopin, (1.1 eq.)
CHs i (cop)oMmel, (1.5 mol%) CHs
Ligand (3 mol%)
Dioxane, 100 °C, 18 h

49d 9e

Iz

dtbpy: 55% conv, 40% yield, 6-/7- = 3.7:1
tmphen: 89% conv, 75% vyield, 6-/7- = 6.5:1
Scheme 3.39: Borylation of THQ 49d under optimised conditions with both a dtbpy- and tmphen-ligated iridium

catalyst.

Given that THQ 49d was found to react to an appreciable extent under both iridium
borylation conditions, it was not possible to reject Path A at this stage. As a further
test, a competition experiment was designed whereby quinoline 49a and THQ 49d
were subjected to the same two sets of iridium borylation conditions as before
(Table 3.3, Entries 2 and 3). The fate of the two starting materials, as well as any

borylated material that formed, was monitored after 18 h (Table 3.7).

Table 3.7: Competition experiment to determine whether THQ 49d or quinoline 49a is more reactive under

iridium-catalysed borylation conditions*.

CH;

N
Bopin, (1.1 eq.)

N~ [I(COD)OMe], (1.5 mol%)
49a Ligand (3 mol%)
CHs Dioxane, 100 °C, 18 h

49b & 49c 49e & 49f
N
H
49d
% Remaining % Yield
Ligand
Quinoline 49a THQ 49d 49b & 49c 49e & 49f
dtbpy 67 88 6&4 0&0
tmphen 59 90 14 & 11 3&0

*9% Yields and conversions were determined from crude 'H NMR data with 1,3,5-trimethoxybenzene as an

internal standard.

91



The results showed clearly that, under iridium borylation conditions, quinolines are
more reactive than THQs based on their higher rate of consumption and the low
guantities of borylated THQ products 49e and 49f observed. However, an important
caveat of these results is that some of quinoline 49a will have been converted to
THQ 49d as we observed previously (Table 3.6). Our data show that, after 18 h, for
every 10 moles of quinoline 49a consumed, ca. 6 moles of monoborylated product
are formed along with ca. 1 mole diborylated and ca. 1 mole is reduced to THQ 49d.
If we account for this in this experiment and assume that the reduction pathway
competes with borylation to the same extent, quinoline is still found to be
considerably more reactive than THQ. We conclude, therefore, that the borylated
THQ side products we have observed during this investigation, Xe and Xf, form

primarily due to a borylation-reduction sequence, i.e., Path B (Scheme 3.38).

3.2.3 Reduction of quinolines to 1,2,3,4-tetrahydroquinolines

The relatively high proportion of THQ product generated in these borylation reactions
led us to consider whether we could improve the selectivity for this product and
develop a method for reducing quinolines to THQs under mild conditions. To the best
of our knowledge, this has not yet been reported with an iridium catalyst and a
borane reagent, though reactions with an iridium catalyst and Hz are well-
precedented.1#>146 An optimisation process was carried out to see the extent to

which we could encourage reduction over borylation (Table 3.8).
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Table 3.8: Iridium-catalysed reduction of 4-methylquinoline 49a to 1,2,3,4-tetrahydroquinoline 49d2.

Hs Boron source Q/\
Ir'/dtbpy
Solvent Temp O\

N /
Y
49b & 49c
Entry Boron eq. Teornp/ Solvent % Yield
source c 49a 49d  49b/49c

1 B2pinz 11 r.t. THF 71 14 2
2 B2pinz 1.0 80 Hexane 42 14 20
3 Bzpinz 1.0 80 CPME 38 9 26
4 HBpin 2.4 85 Dioxane n.d.d 13¢ n.d.
5 HBpin 5.0 50 Dioxane 30 15 10
6 HBpin 5.0 50 Hexane 74 9 11
7 HBpin 5.0 50 THF 66 8 18
8 HBpin 5.0 50 CHsCN 54 10 7
9 HBpin 5.0 75 Hexane 43 9 17
10 HBpin 5.0 75 THF 21 7 26
11 HBpin 5.0 100 Dioxanef 55 7 13
12 HBpin 5.0 r.t. None 45 7 27
13 None - 100 Dioxane 90 2 0
14 HBcat 5.0 100 Dioxane 0 0 0

aReaction conditions: 49a (2.0 mmol, 1.0 eq.), Boron source (1.0 — 5.0 eq.), [Ir(COD)OMe]2 (1.5 mol%),
dtbpy (3 mol%), solvent (2.0 mL), r.t. — 100 °C, 18 h, sealed tube, Ar atmosphere. "Unless stated otherwise,
yields were determined by 'H NMR spectroscopy based on 49a with 1,3,5-trimethoxybenzene as the internal
standard. °SM was 95% pure; contains 4% (w/w) 49d. n.d. = not determined. €Isolated yield. 10 mL solvent.

Initial reactions with Bzpinz in different solvents showed relatively high levels of THQ
formation (Entries 1 — 3) but, despite this, we explored reactions with HBpin as this

is known to be considerably less reactive for iridium borylation with the
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precatalyst/ligand combination used in these experiments,'® but should still generate
Ir-H bonds readily. When reacted first at 85 °C, these conditions afforded THQ 49d
as the major product, but the isolated yield was poor (Entry 4). To reduce unwanted
borylation, the temperature was lowered to 50 °C and the borane equivalents
increased to 5.0 (Entries 5 — 8). The crude yield of 49d dipped from Entry 4 but the
results were beginning to show dioxane to be the most effective solvent. This was
confirmed by repeats with THF and hexane at slightly elevated temperature that
showed no improvement in the yield of 49d (Entries 9 — 10). Carrying out the
reaction at five-fold dilution reduced the efficiency of both borylation and reduction
(Entry 11). Control experiments showed that performing the reaction neat at room
temperature appears to promote borylation much more effectively than reduction and

that borane is essential for reduction to take place (Entries 12 and 13).

HBcat is not used in iridium borylation which led us to consider whether it may be a
good alternative to HBpin by avoiding the borylation pathway whilst still providing
Ir—H bonds, that we assumed would be necessary for reduction. When the reaction
was attempted, it brought about a very different outcome to the reactions with HBpin
(Entry 14). It was difficult at first to glean any information from the *H NMR of the
crude reaction mixture as residual Bcat material dominated the region of the
spectrum where the diagnostic peaks of 49d are found. However, we were greatly

encouraged by the absence of any peaks corresponding to 49a, 49b or 49c.

Column chromatography provided a cleaner sample and confirmed the presence of
reduced starting material, but the Rt value according to silica TLC did not match that
of 49d. 'H NMR data revealed a mixture of products of which the major component
only had three signals from the saturated heterocyclic ring instead of five. We
tentatively assigned our mixture as an equilibrium of imine 49g with hemiaminal 49h
(Scheme 3.40).

CH, CHs
H0 NaBH, ,
_ — > No reaction
N H OH
49¢g 49h

Scheme 3.40: Proposed mixture of products generated in the reaction of 49a with HBcat. No reaction was
observed when the sample was stirred with NaBHa.
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After washing the mixture with aqueous Na2COs to remove residual catechol, we
stirred the resulting sample with 1 eq. NaBH4 at r.t. for 2 h, assuming this would
reduce 49g and 49h to deliver the desired THQ 49d. However, to our surprise, the
'H NMR remained largely unchanged and column chromatography gave the two
unknown compounds in a combined yield of 12% in a 1:5 ratio, respectively. Further
analysis of 2-dimensional NMR data revealed that our sample was not a mixture of
49g and 49h but instead 4-methyl-1,2,3,4-tetrahydroquinolin-3-ol 49i, with unique
sets of NMR shifts depending on whether the —CHs and —OH groups had a syn or
anti relationship (Figure 3.11).

CH3 CH3
: J\ ,OH : J\ ~wOH
N N
H H
syn-49i anti-49i

Figure 3.11: Diastereoisomers of 49i.

The transformation of quinolines to B-hydroxytetrahydroquinolines via a
hydroboration-oxidation one-pot sequence is well-known.'47148 On that basis, as well
as the fact that we hadn’t discovered a high-yielding route to THQs from quinolines,
we retired this side project.

3.2.4 Conclusions and future work

At first, we aimed to probe, where unknown, the scope and limitations of
iridium-catalysed borylation, particularly with respect to more challenging
heterocyclic scaffolds. Our data suggest that the methodology is intolerant of —NOz2,
—COOH and —SO2NH:2 functional groups, as well as certain heterocycles (triazoles,
imidazoles and various 3-substituted indazoles). Amide substrates with differing
2-substituted five-membered heterocycle were readily borylated at the vacant
5-position in the case of thiophene and furan, but low yields were seen with
N-methylpyrrole. The tendency of these substrates to undergo a second borylation at
the more hindered 3-position appeared to be highly sensitive to temperature,

reflecting a higher kinetic barrier.

A spin-off project set out to determine how the nature of the substituent in the
4-position of quinoline influenced the regioselectivity of the iridium-catalysed

borylation reaction. Our results show that 4-substituted quinolines react first at the
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6- or 7-position and, in some cases, again at the sterically encumbered 3-position.
No discernible trend was observed between the electronic nature of the 4-substituent
(i.e., electron-withdrawing or electron-donating) and the reaction’s preference for
reacting at the 6- or 7-position. A better guideline came from correlating the most
reactive site with the Ar—H signal that had a greater chemical shift out of the 6- and
7-position, although this pattern did not extend to substrates whose 4-substituent
could not overlap with the quinoline’s 1r-system. Besides, most substrates reacted
with a roughly equal preference along each vector, with all but one example giving

similar amounts of each isomer.

Moreover, this project reveals 4-substituted quinolines to be poor candidates for

iridium borylation for three primary reasons:

1. Itis difficult to tune the selectivity towards a preferred regioisomer.

2. Having the C-2 hydrogen accessible allows for deleterious reaction pathways
to take place. In many cases, these side reactions occur more rapidly than
borylation at the 6- or 7-position. Furthermore, a quinoline unsubstituted at
C-2 possesses an unencumbered basic nitrogen that may be capable of
catalyst poisoning.

3. A reduction mechanism competes with borylation, consuming both starting
material and borylated product to give THQ derivatives. A mechanistic study
revealed that this most likely occurs after borylation. This is consistent with the
fact that reductive species such as HBpin, H2 and Ir—H bonds would gradually

accumulate over the course of an iridium borylation reaction.

A side project designed to encourage this reduction pathway with the hydroboranes
HBpin and HBcat in the presence of the same iridium catalyst gave a maximum yield
of 15%.

Future work borylating 4-substituted quinolines should avoid direct functionalisation
without protecting group strategies that block the C-2 hydrogen. As we have shown
by carrying out high yielding borylation reactions with THQs and 2-methylquinoline,

having the C-2 site accessible is a major factor that limits the reaction’s success.

A mysterious phenomenon that featured repeatedly in our work on iridium-catalysed

borylation was the unpredictability of which catalyst-ligand combination would be the
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best performing system for a given reaction. Although Hartwig's group have
identified some trends,?® an exhaustive screen exploring a range of substrates,
solvents and perhaps sequences of addition is required to fully understand the

factors at play.

A high throughput screening study of the iridium borylation reaction concluded that
Ir-tmphen is more active than Ir-dtbpy.® The authors comment that this is consistent
with tmphen being more electron-rich. However, if electron-donating ability were the
main contributing factor, then 4,4’-bis(dimethylamino)-2,2’-bipyridine (dmabpy) would
outperform both tmphen and dtbpy since it is more electron-rich. Yet, in a test
reaction with 2,6-dimethylanisole, the conversions measured follow the order:
dtbpy < dmabpy < tmphen, indicating that tmphen outperforms a ligand that is more
electron-rich (Figure 3.12). Another suggestion is that tmphen’s constrained dihedral
angle along the chelate backbone prevents dissociation of a nitrogen atom.
However, in many cases, dtbpy will outperform tmphen, despite its unconstrained
C2-C2’ axis.

tBu NMez
tBu N \N | N N/ MesN | XN \N
_N =N N

dtbpy tmphen dmabpy

Figure 3.12: Chelating, nitrogen-based ligands for iridium-catalysed borylation.

Another major theme to our work in this area concerned the instability of 2-pyridyl
boronic acid derivatives. This is a well-known problem,?4° but work by Yoshida et al.
has shown that “2-pyridyl-Bdan” (Figure 3.13) is stable enough to be isolated by

silica gel column chromatography.

Figure 3.13: “2-Pyridyl-Bdan”.
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In Yoshida’s work, C—X bonds of alkyl, alkenyl and (hetero)aryl halides are converted
to C—-Bdan, either via copper catalysis with pinB—Bdan,**® or via the Grignard
reagent and HBdan.*®* However, direct C—H borylation of a pyridine a to the nitrogen

to deliver 2-pyridyl-Bdan has not been reported.

Elsewhere, Suginome has shown that it is possible to adapt typical iridium borylation
conditions to transfer Bdan instead of Bpin onto a range of simple, substituted
aromatic substrates.’® However, the reactivity of the system was found to be
significantly lower than for the counterpart borane HBpin, so a vast excess of arene
is required (30-120eq.). Also, the reported scope encompasses just one

heterocycle (thiophene).

We believe there is merit in attempting to synthesise and isolate 2-pyridyl-Bdan
under Suginome’s reported conditions. Use of a 4-substituted quinoline or
2,4-disubstitued pyridine scaffold may help block other reactive sites. Shortly before
the preparation of this thesis, HBdan 58 was synthesised (Scheme 3.41) and some
borylation reactions were attempted on toluene and m-xylene, although yields were

very low. Due to time constraints, we were not able to investigate this further.

NH, NH, 4 N
BH3.SMe, (1 eq.) B ‘
OO CH,Cl,, 0°C—rt, 18h 1N O
58 56%

Scheme 3.41: Synthesis of HBdan 58 via Suginome’s reported conditions.
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3.3 Electrophilic aromatic C-H borylation mediated with copper and
gold

3.3.1 Copper-mediated C—H borylation

3.3.1.1 Introduction and project aims

To date, (hetero)aromatic borylation methods that proceed via an SeAr mechanism
are much less studied than techniques catalysed by mid-to-late transition metals
such as iridium, rhodium, and ruthenium (vide supra). However, they have the
potential to offer complementary electronic and site-selectivity which raises the

prospect of orthogonal C—H functionalisation for a given compound.

We hypothesised a novel electrophilic borylation procedure that brought together two

different facets of copper catalysis:

e Firstly, Santos’ report on the [(-boration of a,B-unsaturated carbonyl
compounds via a copper(l) boryl intermediate (Scheme 3.42).1%7

R2
R? PDIPA diboron 25
R% CuCl (cat) EWG 3cf />—CH3
EWG MeOH O/ ~0

o0 PDIPA
cu' —B % diboron
25

Scheme 3.42: Copper-catalysed B-boration of a,B-unsaturated conjugated compounds.

e Secondly, the contemporaneous work on the meta-selective arylation of
acetanilide derivatives proceeding via a Cu”™ cycle, recently reported by
Gaunt (Scheme 3.43).1%3

O O
R NoRe o
AryIX via X—cy"
Cu(OTf), \©\ ‘Ar
—»
meta-selective
arylation

Scheme 3.43: meta-Selective copper-catalysed C—H bond arylation.

Combining these processes, we envisaged a borylation protocol whereby a copper(l)
salt is mixed with diboron 25 to generate a copper(l) boryl species as in Santos’

report (Scheme 3.44,1). Subsequent addition of a hypervalent iodine compound
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would then oxidise the copper to form a highly electrophilic d® copper(lll) boryl
complex Il. We would expect such a species to react readily with an electron-rich
(hetero)arene via a Friedel-Crafts-type mechanism to give intermediate Ill. Reductive
elimination would then form the desired (hetero)aryl boronate ester, and a copper(l)

salt, which could regenerate | in the presence of diboron 25.

OO

H3C—§/N\)—CH3

/O
Cu'—B >
| O o —EDG
0-g-O
PhiX B B
2 HyC<_ N CHs reduct/ve &
eI/m/nat/on
“
| /—EDG
H

| —EDG

.. =
| /O C-H activation /O
Cu'—B - cu'l—p
| |
X © X 0

] HX ]|

Scheme 3.44: Hypothetical catalytic cycle for the Cu""-mediated borylation of electron-rich (hetero)arenes.

If successful, this would pave the way for a new catalytic borylation method that
demonstrates unique regioselectivity with a cheap and highly abundant transition
metal. However, it is worth noting that this setup relies on our diboron reagent 25
resisting oxidation in the presence of a hypervalent iodine reagent. It also hinges on
reductive elimination of our desired (Het)Ar—Bpin being more favoured than

elimination of Ar—X or pinB—X.

3.3.1.2 Results and discussion

Before attempting our hypothesised protocol, we aimed to verify the quality of our
reagents. Since generation of a Cu'-Bpin complex is fundamental to our proposed
reaction, we replicated a procedure from Santos’ B-boration paper (Scheme 3.45).1%7
Pleasingly, the desired B-borated product 59 was isolated following work up and

purification.
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i) PDIPA diboron 25 (2 eq.)
10 min, r.t., CH,Cl,, Ar 0
CuCl >

- B 0.,
Emos) 1 AN O, O e

o (1eq.),0°C 0
59 39%
iii) CH30H (4 eq.)

0°C-rt,18h

Scheme 3.45: Copper-catalysed 3-boration of tert-butyl acrylate, as described by Santos.

Satisfied that we could transfer boron onto copper, we then focused on the oxidative
step. We synthesised aniline 60 and used it to replicate Gaunt’s meta-selective
arylation protocol (Scheme 3.46). This successfully delivered biaryl 61 after work up

and purification.

Bu

e} tBU
PhyIOTf (2 eq.)

2\ 0~ "NH
H,C tBu)J\C| (1.05 eq CuOTf, (10 mol%) HsC O
Et;N (1.1 eq.) \© DCE, 70 °C, 18 h

60 50% 61 52%

Scheme 3.46: Generation of aniline 60 and subsequent arylation, as described by Gaunt.

To test our hypothesised reaction, we employed N-methylindole as the substrate as
it has been demonstrated to be amenable to electrophilic borylation in literature
reports,’®"t delivering boron B to the N atom. To gain experience handling and
purifying the desired heteroaryl boronate 62, as well as a full suite of characterisation
data, a sample was prepared via a literature method (Scheme 3.47).86

CH i) BBr3 (4 eq.)
o3 2,6-lutidine (4 eq.)

©/\"> CH,Cly, Ny, 0 °C —1t., 1 h N
/ ii) Pinacol (4 eq.) %
DIPEA (15 eq.)
0°C—rt, 1h /

62 69%

Scheme 3.47: Synthesis of heteroaryl boronate 62.

In the first attempt at our novel method, we mimicked the initial step described by
Santos, mixing 10 mol% CuCl with 2 eq. diboron 25 and waited for the indicative
brown solution to develop (ca. 10 min). We then cooled to 0 °C to add the indole
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substrate, followed by the hypervalent iodine oxidant (Scheme 3.48). A series of
colour changes were observed over the ensuing 15 min (green — yellow —
pale orange — rose — crimson), suggesting that the copper catalyst had

successfully undergone oxidation.

W i) N/CH3
o. /o ©/\/) CHj
(1.0 eq.) N

CuCl + O-¢ /o + unidentified

(10 mol%) 3C4& J—CHe, iiy PhI(CF5CO0), (1.1 eq.) Y material
CH,Cly, 0 °C —rt., 18 h

25 63
(2.0 eq.)

Scheme 3.48: Attempted borylation of indole via a Cu''-boryl species.

A TLC after 15 min revealed new material but not full consumption of starting
material. Extended reaction times did not help achieve full conversion, so we
attempted to purify our reaction via silica gel column chromatography. We managed
to isolate a mixture of our SM and another indole-derived compound 63 in
ca. 5:1 ratio, respectively. Interestingly, compound 63 had a singlet in its *H NMR at
6 7.04 ppm, hinting at C-3 functionalisation. However, this was significantly upfield to
where we would expect the corresponding H-2 shift in our desired
product 62 (ca. 6 7.52 ppm). We researched literature NMR data for any plausible
compounds and concluded that indole 63  was most  likely
3-chloro-N-methyl-1H-indole 63, although we did not attempt to isolate it from our
crude sample. Instead, we prepared a small batch via a literature method'>* and
correlated the peaks from 'H and 3C NMR data (Scheme 3.49).

cl
CHj Oy N CHj
/ O /
N I): (1.1 eq.) N
% (1.0eq.) THF, 5 h, rt. @
Cl
63 56%

Scheme 3.49: Chlorination of N-methylindole to give indole 63.

To avoid formation of chlorinated indole 63, a repeat of the reaction described in
Scheme 3.48 was repeated but with Cu(OTf)2 in lieu of CuCl. Interestingly, analysis
via NMR the following day revealed the formation of a different 3-substituted indole
in a 1:3 ratio with SM, although, it was still not the desired borylated product. A
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search of the literature was conducted, as before, to find a plausible structure for the
by-product, and it was identified as 3-iodo-N-methyl-1H-indole 64, which we failed to

isolate from the crude mixture via column chromatography.

An attempt to prepare an authentic sample of indole 64 efficiently delivered the
desired product, but it was only stable when stored under high dilution, which

explained our previous difficulty isolating it (Scheme 3.50).

1

CHj OxN CHj

1 O /
) e e )

/(1-Oeq-) DMF, 2 h, 0 °C @

64

100% conv by LCMS
Decomposed instantly
upon concentration

Scheme 3.50: Reaction of N-methylindole with N-iodosuccinimide to give indole 64.

To probe the influence that different reagents were having in our setup, two control
experiments were run in parallel: one in the absence of diboron 25
(Scheme 3.51, right), another without diboron 25 or CuCl (Scheme 3.51, left).

CH,

/

N
| CH,4 /

/
@ PhI(CF3CO0), (1.1 eq.) ©/\'\> i) CuCl (10 mol%)
- 65
CHaCh rt, 3.5 h /i) PhICF,COO), (1.1 eq) &
(1.0 eq.) CH,Cl,, r.t., 18 h
< >—|

Scheme 3.51: Control experiments in the absence of: diboron 25 and CuCl (left); and diboron 25 (right).

The experiment with just SM and oxidant was analysed by GCMS after 3.5 hours
and found to contain 52% iodobenzene and 40% SM. Since the starting indole is the
only oxidisable species present, we must assume it has been oxidatively

oligomerised to insoluble polyindole that we cannot analyse spectroscopically.

In the other control experiment, with just diboron 25 excluded, a TLC after 15 min
was closely comparable to that which was observed in the initial reaction
(Scheme 3.48). However, the *H NMR of the crude material after 18 h revealed full

consumption of our indole SM, leaving a ca. 3:1 mixture of iodobenzene and another
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3-substituted indole 65, along with a complex mixture of aromatic compounds. These
unidentifiable compounds could plausibly form following decomposition of iodinated
indole 64. However, generation of indole 64 should give equimolar quantities of
phenyl trifluoroacetate, which we did not detect (Scheme 3.52). Likewise,

chlorinated indole 63 was not observed.

Unknown indole species 65 was tentatively assigned as N-methyl-1H-indol-3-yl
2,2,2-trifluoroacetate, as this could form via an oxidation—-reductive elimination
sequence from a HetAr—I"'(Ph)(CFsCOO) (red) or HetAr—Cu"'(X)(CF3COO) (blue)
intermediate (Scheme 3.52). Although, indole 65 is not a known compound in the
literature so we could not compare NMR data to verify this. In any case, a reaction
pathway proceeding via an electrophilic copper(lll) species was a more reassuring

proof of concept than direct reaction with the external oxidant.

CHj )
N/ Reductive
Reductive elimination elimination
Y
Cu-x
(0]
=0
Fs;C
' CH
CuX + PhI(CF5COO), Ph—I N |
FsC © CF CH % ' ©/
3 77/0:) 3‘/ 3 Pk <o CF,4
-0 N 65 \\< Observed
O CLI CF3
X Y, )\ Tentatively O
@) (I) 0 observed A
I
Ph™ (O™ “CFs
O CF, —
Y CH, , CHs
o) N/ R_ed.uct/_ve N/
. elimination Reductive elimination
Y Y
Not 64 I /l\Ph
observed l O
=0
Unidentifiable F3C
material

Scheme 3.52: Plausible schematic representation of possible side reactions ensuing from direct reaction of
starting indole with hypervalent iodine oxidant (red) or an electrophilic copper(lll) species.
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Concerned by the possibility that the SM and oxidant were interacting with one
another, we switched to weaker oxidant Phl(OAc)2 and screened a few substrates
that we expected to be less reactive (Scheme 3.53). As an added measure to avoid
side reactions, we used stoichiometric quantities of copper. This was to ensure that
all diboron 25 was consumed before being exposed to the oxidant. We also altered
the sequence of addition such that the oxidant was added to the Cu—Bpin solution
before the substrate to avoid iodination of the SM, as discussed above. After
exploring a few substrates, we screened some other copper salts against the original

N-methylindole substrate.

w i) Phl(OAc); (1.1 eq.)

I

source O\L'D)/O ii) Substrate (1.0 eq.)
(1.0 eq.) H3CA</,{I\)70H3 CH,Cly, N, 0 °C —r.t.,, 18 h

H

25

(2.0 eq.) Substrates By
X o)\NH OCHs
Copper sources N
CuF,, CuCl, CuBr, Cul, Cu(OTf), ©/\/)
X = CHas, Tos, Boc 60

Scheme 3.53: Screen of substrates and copper salts in attempted electrophilic borylation reactions.

To our disappointment, none of the conditions we trialled generated detectable levels
of the desired borylated indole 62. In all cases, large quantities of iodobenzene and
unreacted SM were observed, occasionally along with small amounts of chlorinated

and iodinated indoles 63 and 64, respectively.

3.3.1.3 DIPA—-dan diboron

Deviating from our core aim of borylating electron-rich (hetero)arenes via a
Friedel-Crafts-type mechanism, we refocused on Santos’ report on borylating
electron-deficient substrates via Cu'-boryl species.''” We considered that a
novel sp?sp® hybridised diboron compound, DIPA-dan diboron 66
(DIPA—dan = diisopropanolaminato-1,8-naphthalenediaminato), may hold the
potential to transfer Bdan onto copper via the same means as PDIPA diboron 25 and
CuCl (Figure 3.14).
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Figure 3.14: DIPA—dan diboron 66. Formal charges excluded for simplicity.

Successful generation of Cu—Bdan in situ raises the prospect of borylating
electron-deficient alkenes in a similarly regioselective fashion to that which is
described in Santos’ report. The alkyl-Bdan products generated should possess a
higher degree of robustness compared to their pinacolato boronate cousins. This is
because the dan moiety acts as a masking group on the boron atom, attenuating its

Lewis acidity and preventing further interactions.52.155

A similar reaction has been reported before by Fernandez et al. in 2014
(Scheme 3.54).1%6 |n their work, pinB—Bdan is selectively activated by an alkoxide at
the more Lewis acidic Bpin moiety, allowing Bdan to transfer to the B-position of
a,B-unsaturated carbonyl compounds. However, this reaction proceeds via a
different mechanism to Santos’, with no transition metal necessary. Alternatively, a
catalytic amount of phosphine is used to interact with the substrate and form a
zwitterionic phosphonium enolate, capable of deprotonating MeOH. The role of
phosphines in the organocatalytic B-boration reaction is described in depth in a

separate publication.t>’

H ,OJ§<
O N.5-Bg
NH
O N -NH
(1.1eq.)
R)J\/\R' )J\/l\
NaO'Bu (9 mol%) R R'

PCy3 (6 mol%) ‘

7 examples

MeOH, N3, 70 °C, 16 h Yields up to 79%

Scheme 3.54: Selective B-boration of a,3-unsaturated carbonyl compounds described by Fernandez.

Our first attempt at synthesising DIPA-dan diboron 66 mimicked Suginome’s
reported preparation of pinB-Bdan 67.1% Instead of pinacol, 1 eqg. of
diastereomerically = mixed  bis(2-hydroxypropyl)amine  was  stirred  with
tetrakis(dimethylamino)diborane and 1,8-diaminonaphthalene (dan-H2)
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(Scheme 3.56, Path A). Unfortunately, we were only able to detect unreacted

starting material and trace amounts of B2danz in our crude reaction mixture.

These data suggested that the B(DIPA) moiety may be more challenging to
assemble in situ than the Bdan subunit. Changing strategy, we stirred PDIPA
diboron 25 with 1 eq. of dan-Hz with the hope of exchanging the pinacolato-ligated
boron for dan, leaving the B(DIPA) half intact (Scheme 3.56, Path B). However,
analysis of the crude reaction mixture by H NMR revealed considerable disruption
to the B(DIPA) framework. Interestingly, the aromatic region of the spectrum
revealed the presence of pinB—Bdan 67 in a 1:4 ratio with unreacted dan-H..
1B NMR confirmed full consumption of diboron 25 but there was insufficient

evidence of product formation to investigate further.

In our third attempt, we decided to start with pinB—Bdan 67 and exchange the
pinacolato for DIPA. A batch of pinB-Bdan 67 was prepared according to

Suginome’s aforementioned conditions (Scheme 3.55).1%8

NH, NH,
- HO OH O
,L ) AN (eq) 1eq) HN O
~
N

- B " EOMCI, CH,Cly, 0°C -1, 2d O\IIB/B\N
/N\ (0] H
67 41%

Scheme 3.55: Synthesis of pinB—Bdan 67 via Suginome’s reported conditions.

Diboron 67 was then stired at room temperature with 1 eq. of
bis(2-hydroxypropyl)amine for 4 d (Scheme 3.56, Path C). After the reaction solvent
was removed and the residue washed with Et2O, the remaining material was
analysed by 'H NMR. Much to our excitement, integrations of chemical shifts that
corresponded to dan agreed favourably with ones that corresponded to DIPA,

pointing to successful formation of our desired diboron 66.
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Scheme 3.56: Three routes to DIPA—dan diboron 66 explored.

1B NMR shifts observed at ¢ 10.5 and 9.6 ppm indicated successful quaternisation
of boron and offered plausible values for the B(DIPA) subunit. However, since the
amine diol reagent was a 1:1:1:1 mixture of diastereoisomers, characterisation via
'H NMR was complicated by the stereochemical complexity of diboron 66. An
attempt to recrystallise our crude sample by redissolving it in hot toluene caused

immediate decomposition to a black, insoluble tar-like substance.

To simplify the analysis via 'H NMR, we decided to repeat the reaction with a
simpler, achiral amine diol starting material. However, when we swapped in
diethanolamine for bis(2-hydroxypropyl)amine and stirred it with 67 as described
above, the two species did not react (Scheme 3.57). It is possible that the two
methyl groups in bis(2-hydroxypropyl)amine facilitate cyclisation to B(DIPA) via the
Thorpe-Ingold effect.
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HN §

N
0. Bl O HO™™"">""0H (1eq)

5N
o H Et,O/DCM (9:1), r.t., 3 d

67

Scheme 3.57: Attempted exchange of the pinacolato-ligated boron of 67 with diethanolamine.

As an alternative way of simplifying NMR analysis, we considered synthesising
diboron 66 diastereoselectively, thereby generating one set of NMR shifts. Santos’
group have undertaken a similar approach to give a diastereomerically enriched
(R,R)-25 and we decided to adopt this synthesis (Scheme 3.58).118 First,
benzylamine was stirred with 2 eq. of (R)-propylene oxide in MeOH at 60 °C to
generate amine diol (R,R)-68 in excellent yield. The benzyl protecting group was
then cleaved via heterogeneous catalytic hydrogenation to deliver (R,R)-69 in

quantitative yield.

\
\\\

(j”NH2 _Ph
(1eq.) : 0 J\ H,, 10% Pd/C : H\/L
OH

o} MeOH, 60 °C, 18 h HO/\/N OH MeOH, rt., 18 h Ho/\/N

(2eq.) (R,R)-68 94% (R,R)-69 100%

Scheme 3.58: Two-step synthesis to generate amine diol (R,R)-69.

Amine diol (R,R)-69 was stirred with diboron 67 at room temperature for an extended
period of time (Scheme 3.59). The reaction was then filtered and washed with
copious amounts of Et20 to leave a grey powdery solid. When analysed by *H NMR,
it appeared we had successfully formed (R,R)-66 in a 1:1.25 ratio with unreacted

(R,R)-69. However, this only amounted to an 8% yield of our desired compound.

I H
g L e M
NI e M, 9 T

o B. (R,R)-69 (1 eq.) Q B.
B N B °N
o H Et,O/DCM (8:1), rt., 4 d, Ar HN\\;O H

67 CH,
(R,R)-66 8%
(with 10% (R,R)-69)

Scheme 3.59: Synthesis of (R,R)-DIPA—dan diboron (R,R)-66.

The aromatic region of the 'H NMR spectrum showed little change with all Bdan
peaks shifting slightly upfield with respect to pinB-Bdan 67 (Figure 3.15).
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Figure 3.15: *H NMR of crude sample of (R,R)-66 (bold) overlaid with pinB—Bdan 67 (faint) in the range
0 6.20 — 7.20 ppm. NMR experiments run in CD3CN at 700 MHz.

In the aliphatic region, three chemical shifts (each [=2H) that corresponded to
unreacted (R,R)-69 were detectable (excluding —CHs) (Figure 3.16). However, six
unique chemical shifts (each | = 1H) were observed in the range 1.94 —4.14 ppm,
which appeared to relate to the B(DIPA) backbone. This is consistent with a loss of
C2 symmetry upon complexation of boron. The *H — 'H COSY spectrum allowed us
to determine which of the six H shifts were a to the amine nitrogen and which were
B, but we were unable to refine this assignment further with the data available. A
broad singlet at 5.36 ppm (/] = 1H) was a plausible shift for the quaternised amine
N—H.
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Figure 3.16: 'H NMR of crude sample of (R,R)-66 in the range 1.80 — 5.40 ppm. NMR experiment run in CD3CN
at 700 MHz.
To rule out the possibility that we had a 1:1 mixture of a DIPA- and a dan-containing
species whose 'H shift integrals serendipitously agreed, the H NOESY spectrum
was inspected (Figure 3.17). Pleasingly, we were able to detect a
dan N-H — DIPA N-H (blue) and a dan N-H — DIPA H-B (red) correlation. This

unambiguously confirms that we had formed a diboron compound ligated with both

DIPA and dan.

From our flat representation of (R,R)-66 (Figure 3.17, inset), it is perhaps harder to
visualise how the dan N-H and DIPA N-H could be brought close in space.
However, when we drew the structure using molecular modelling software and

crudely optimised the geometry (UFF), we can see how both this interaction and the

dan N-H — DIPA H-( are plausible (Figure 3.18).
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Figure 3.17: 'H — *H NOESY NMR of crude sample of (R,R)-66.

Figure 3.18: (R,R)-66 drawn using Avogadro and optimised via UFF. NOE correlations indicated with arrows.

In the !B NMR spectrum, the same peaks observed previously in our reaction with
diasteroeomerically mixed 69 reappeared (9.6 ppm (major) and 10.4 ppm (minor)). It
is interesting that two distinct signals are observed for the quaternised boron, unlike

in PDIPA diboron 25 (Figure 3.19). This suggests that there may be some rotational
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isomerism due to the more sterically imposing Bdan moiety compared to Bpin. It may
also be that the B(DIPA) moiety undergoes conformational inversions that are slow
on the NMR timescale. Further downfield, a shift at 35.6 ppm can be ascribed to the
Bdan boron. This is a considerable downfield shift (+ 7.7 ppm) relative to diboron 67,
indicating a significant lengthening of the B—B bond upon exchange of pin for DIPA.
A similar increase is observed during the synthesis of diboron 25 from B2pinz,

although not to the same extent (+ 4.8 ppm).

g g
OJ% O s oM
BI\ 1 \ 1 Bg

031.1 ppm

B-1=634.9 ppm
B-2 =68.3 ppm

B-1=632.3 ppm
B-2 = §27.9 ppm

2 o,
0 a/ o |-
THs
67 (R,R)-66

B-1=069.6 (10.4) ppm
B-2 = §35.6 ppm

Figure 3.19: 1B NMR chemical shifts of selected diboron reagents in CDsCN. Shift quoted for B2pinz is a

literature value.1”

When we examined the ether washings, the 'H NMR revealed a 7:1 ratio of
pinB—Bdan 67 and (R,R)-69. This was an encouraging endorsement for washing our
crude material with Et20 in future attempts, although the separation of unreacted
(R,R)-69 remained a pernicious issue.

With the aim of improving conversion of starting material, we designed a repeat
experiment of our reaction to form diboron (R,R)-66. However, we were concerned to
notice that our batch of (R,R)-69 had darkened in colour significantly
(pale yellow — brown). Reanalysing our material by *H NMR revealed several new
peaks and a downfield shift of our original set of signals. Similarly, our pure sample
of diboron (R,R)-66 had decomposed within days at room temperature. A 1B NMR

shift at 23.4 ppm was indicative of oxidised material.

We repeated the two-step synthesis to generate another batch of (R,R)-69 and
stored it in a refrigerator under dry argon. We were able to attempt another ligand
exchange reaction with pinB—Bdan 67 using DCM as the solvent instead of the
Et2O/DCM (8:1) mix. Unfortunately, consumption of pinB-Bdan 67 remained very

low and new material that did form was an intractable mix of compounds. To add to
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our frustration, we later noticed our second batch of (R,R)-69 had decomposed in a
similar fashion to before, in spite of its careful storage. Curiously, we noticed EtOH in
the 'HNMR spectrum of the decomposed sample, suggesting that the
(CH3)(OH)HC—CH2(NH) bond had been cleaved.

We decided to return to using the commercially available diastereomeric mixture of
amine diol 69, on account of its improved stability. With a set of NMR shifts in hand
for (R,R)-66, we should be able to overlay these spectra with those of
diastereomerically mixed 66 to verify product formation. We screened two further
reaction solvents (DCE and pentane/DCM (4:1)) but we failed to observe an
appreciable degree of product formation. Although, B NMR did show some
evidence of pin — DIPA exchange. It is noteworthy how much more easily these
ligands exchange in Bzpinz compared to pinB—Bdan 67. This will most likely be due
to the increased steric influence of Bdan compared to the smaller Bpin. Due to a lack

of progress, we retired this project.

3.3.2 Gold-mediated C-H borylation

3.3.2.1 Introduction and project aims

With our attempts at developing a copper-mediated borylation protocol unsuccessful,
we changed strategy to see if we could devise a borylation procedure with a different
Group 11 metal; gold. There are very few documented examples of gold boryl
species in the literature.'>16 However, several reports of cross-coupling reactions
proceeding via a Au” cycle have emerged over the last two decades.61162 This
allowed us to envisage a similar electrophilic borylation procedure to that which we

aimed for with copper (vide supra). That is:

1) A redox-neutral ligand exchange of (L)Au'-X — (L)Au'-B(OR)2 I.

2) Oxidation to (L)X2Au"-B(OR)2 Il.

3) Reaction with an electron-rich (Het)Ar—H via a Friedel-Crafts-type process to
give (Het)Ar—B(OR)2 and regenerate (L)Au'-X | (Scheme 3.60).

As with copper, this hypothetical reaction is fraught with the same risk of other
reductive elimination pathways from intermediate Ill, or perhaps elimination
of X—Bpin from complex Il. If successful, this would represent the first gold-mediated
C—H borylation reaction, catalytic or otherwise.
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Scheme 3.60: a) Transmetallation of a diboron compound onto a gold(l) complex. b) Hypothetical pathway for
the Au""-mediated borylation of electron-rich arenes.

Our first objective was to prove that we can transmetallate boron onto gold in a
simple and efficient manner. A new class of gold-boryl complexes ligated with
N-heterocyclic carbenes (NHC) recently reported by Nolan and colleagues drew our
interest.1®® However, the reaction conditions reported to form the (NHC)AuBpin

complexes employ carcinogenic solvents and the use of a glovebox (Scheme 3.61).

i) CH3OH, 10 min, vacuum, 50 °C 0
(NHC)AuOH > (NHC)Au—B_
ii) Bopin, (1.1 eq.), benzene, r.t.,, 16 h o)

4 examples
56 - 84% yield
Scheme 3.61: Synthesis of (NHC)AuBpin complexes.

The (NHC)AuBpin complexes were found to be stable to air and possessed unique
reactivity. Computational and experimental studies revealed interesting differences
between (IPr)AuBpin and the copper analogue, (IPr)CuBpin. As we have discussed,
Cu'-Bpin complexes can exhibit nucleophilic behaviour and react with
electron-deficient alkenes (vide supra). However, when electron-poor organic
molecules such as styrene, phenylacetylene, and benzaldehyde were separately
mixed with (IPr)AuBpin in a 1:1 ratio, no reaction was observed. This was backed up
by a computational study which predicted a very strong and highly polarised Au—B
bond (838 kJ mol™).
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Once satisfied we could transfer boron onto gold, we needed to explore its redox
properties. A number of recent papers have demonstrated the ability of gold to act as
a catalyst in biaryl synthesis.163-169 Typically, these processes are catalysed almost
exclusively by palladium but they are tempered somewhat by the lack of selectivity
shown by the alternating Pd" and PdV species towards each of the coupling
partners.1’%17t This leads to unwanted homocoupling and often requires a directing
group to be incorporated into one coupling partner and for the other to be in vast
excess to ensure cross-coupling is achieved. However, an interesting property of
gold allows it to show a uniquely high degree of selectivity towards aromatic
substrates of opposite electron density depending on its oxidation state. For
example, Larrosa and Nolan have shown that gold(l) compounds can mediate the

C—H activation of electron-poor arenes (Scheme 3.62).172-174

1 1
R ] Ag,0 (0.75 eq.) R L
i u
R + (UAUCH K,CO5 (1.75 eq.), PivOH (2.5 eq.)‘ R3 Larrosa, 2010
R? DMF, 50 °C, 2 h R?
A r Ly
N NaOH (2 eq. N @ N F,
[ >—>AU_C| ( g ) [ >—>Au—OH —_— [ AU@
N THF/toluene (1:1) N \ Toluene, A N k
R 60 °C, 24 h S o
%© %© %© Nolan, 2012
R1 R1
H NaO'Bu (4 eq.) Aul
R® + (P'Bug)Au-Cl RS Larrosa, 2013
R2 DMF, 50 °C, 15 h R2
(4 eq.)

Scheme 3.62: C—H Auration techniques reported by the groups of Larrosa and Nolan.

Yet, gold(lll) salts possess the contrasting ability to perform C—-H activation on

o o

EDG EDG
Scheme 3.63: Au''-catalysed C—H activation.

electron-rich arenes (Scheme 3.63).175:176

AUC|3

_—

Hexane, r.t.
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This orthogonal selectivity has been exploited to develop cross-coupling
methodology based on a completely selective double C—H activation. This was first
hypothesised by Larrosa in 2013 when he reported the Au""-mediated oxidative
cross-coupling of electron-poor aryl gold(l) species with electron-rich aromatic
substrates (Scheme 3.64).164

EDG
=
EWG |

EWG
Au(PPhs) /Q PhI(OH)(OTos) (2 eq.) |\ XX
DCE, 50 °C, 16 h =
(1eq.)

(5eq.) ‘

17 examples
50 - 85% yield

Scheme 3.64: Au"'-mediated oxidative cross-coupling (EWG = electron-withdrawing group).

The same group later developed this into a catalytic process compatible with a broad
scope of electron-deficient arenes and electron-rich  (hetero)arenes
(Scheme 3.65).166 The reaction tolerated several sensitive functional groups,
including ones that are often problematic with established transition metal catalysis
(~NOz2, —CN). As well as this, carbon-halogen bonds were left intact due to gold(l)’'s
reluctance to react with aryl halides by oxidative addition, thus allowing for further
derivatisation via orthogonal palladium-catalysed transformations. However, the
reaction required the presence of a silver salt in a substoichiometric quantity to

ensure catalytic turnover.

(PPh3)AuCI (5 mol%) EDG

EDG AgOPIV (35 mOl%)

H DMSO (50 mol%)
. _
PBX (1.5 eq.)
EWG H Dioxane, 110 °C EWG
(1eq.) (5eq.)

42 examples
Up to 85% yield

Scheme 3.65: Gold-catalysed oxidative cross-coupling described by Larrosa and colleagues.

3.3.2.2 Results and discussion

Our first aim was to establish a simple and reliable method to generate Au—B bonds
in situ. Eager to steer away from Nolan’s convoluted procedure to generate
(IPr)AuBpin, we sought inspiration from literature accounts of gold-catalysed
arylation with boron coupling partners. A 2006 publication from Gray et al. described

the transmetallation of aryl boronic acids onto gold(l) complexes (Scheme 3.66).177
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59 — 94% yield

Scheme 3.66: Ar—Au bond formation by selective transmetallation of boronic acids.

The rationale behind the reaction setup evolved from the well-known Suzuki-Miyaura
palladium-catalysed cross-coupling reaction where, it is thought that the auxiliary
base is required to quarternerise boron and facilitate transmetallation of the
Ar-B(OR)2 species.'’® Consistent with this theory, Gray reported that control
experiments in the absence of base found no reaction. With this in mind, we
postulated that, if the boronic acid was swapped for a diboron reagent, this would

lead to transmetallation given the similarity between Ar—B(OH)2 and (RO)2B—B(OR)2.

To familiarise ourselves with the reaction, we replicated a procedure from Gray’s
paper and successfully isolated a pure sample of aryl gold(l) complex 70
(Scheme 3.67). Although, it was clear that we had sacrificed significant quantities of
material during the numerous purification steps as we recorded a very poor yield.
Wary of this, we considered analysing our attempts at generating gold(l) boryl

species prior to any washes, extractions or crystallisations.

QJ§<
@*P—»Au—Br HsC (1.5e9) - QP—»Au@CH3
Cs,CO5 (1.6 eq.) l

'PrOH, 50 °C, 24 h, Ar

70 4%

Scheme 3.67: Synthesis of aryl gold(l) complex 70.

It was noteworthy how downfield the 13C NMR shift was for the carbon bound directly
to the gold (6 170.1 ppm). Remarkably, this reveals the ipso carbon to be more
deshielded than the corresponding carbon in 4-methylbenzoic acid,'’®
p-nitrotoluene!® and p-fluorotoluene!®® (Figure 3.20). This observation is consistent
with the very high B chemical shift reported for (IPr)AuBpin 71 of & 49.5 ppm
(c.f. BClz & 46.4 ppm®?).
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Figure 3.20: 33C NMR shifts for the ipso carbon in aryl gold(l) complex 70 and a selection of p-tolyl arenes.

We adapted Gray’s procedure in an attempt to synthesise (IPr)AuBpin 71. Bzpin2
was employed instead of an aryl boronic acid and (IPr)AuCl replaced (PPhs)AuBr
(Scheme 3.68).

B,pin, (1.5 eq.) >
N ; Cs,CO; (1.6 €q.) N ; 0

)
[N>—>AU—C| [ >—Au- B\

K 'PrOH, 50 °C, 18 h, N, k
7

observed by
Scheme 3.68: Synthesis of (IPr)AuBpin 71 via Gray’s conditions.

'"Hand "B NMR

After 18 h, an aliquot was removed, concentrated and redissolved in CD2Cla.
Analysis via 1B NMR revealed a shift at § 48.7 ppm, hinting at successful formation
of a Au-B bond. The other two B shifts detected could be ascribed to plausible side
products. For example, a shift at § 21.9 ppm is an excellent match for 'PrO-Bpin,
and a signal at & 8.4 ppm is likely the quaternised boron species [(PrO)2Bpin]~. As
an additional reassuring proof of concept, no free Bzpinz was detected in the reaction
mixture (6 ~30 ppm). This tells us that 'PrO~ ions are effective at coordinating to
B2pinz and facilitating B—B scission and transmetallation of boron onto gold. But
despite these encouraging signs, the 'H NMR spectrum revealed unreacted

(IPr)AuCl as well as a third IPr-derived species that we were unable to identify.

We considered that this reaction may be kinetically very feasible and that Gray’s
conditions may be more forcing than necessary. To investigate this, a repeat

reaction was set up at room temperature and monitored directly by B NMR
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spectroscopy in the reaction solvent at 1 h, 4 h and 18 h. We also examined the
B2pin2/Cs2C0O3 mixture after 30 min stirring in 'PrOH, moments before (IPr)AuCl was
added. This revealed a more complex picture than expected with 1B shifts at § 28.7,
19.9, 15.6, 6.2 and 3.4 ppm.

Pleasingly, NMR analysis 1 h after adding the gold complex featured the diagnostic
11B shift at 6 48.9 ppm, as well as § 20.5, 16.1, 6.8 and 3.3 ppm. These lower four
chemical shifts can be correlated to those observed in the B2pin2/Cs2CO3 mixture,
but it is interesting that addition of gold should drive the consumption of Bzpinz to
completion. Subsequent analysis at 4h and 18 h revealed identical spectra,
indicating that our reaction plateaus within 1 h. When we removed 'PrOH solvent
from what was remaining of our reaction at 18 h and resubmitted a 'B NMR in

CD2Cl, it was an identical match to our previous reaction (Scheme 3.68).

We set up repeat reactions with the aim of isolating a pure sample of complex 71
(Scheme 3.69). When we stopped the reaction after 1 h and filtered the mixture, we
were often deceived into thinking we had a pure sample, once concentrated down.
This was due to the presence of NMR-invisible inorganic species which were not
effectively removed via filtration. However, these would precipitate out of solution

once redissolved in DCM, allowing for extra filtration(s) to bring the % yield <100.

W
> Bopin, (1.5 eq.)
N ; Cs,CO; (1.6 eq.) N ;

| >—=Au-cl - | >—Au- B
L, [ .

k 'PrOH, r.t., 1 h, N,
71

Yields up to 83%

Scheme 3.69: Synthesis of (IPr)AuBpin 71.

On some runs of the reaction, residual B(OR)3 species that failed to quaternise and
precipitate out (e.g., pinB—O-Bpin, pinB—O'Pr) were detectable by B NMR
spectroscopy (!B & 21 — 23 ppm). We tried to selectively wash out these impurities
with pentane, petroleum ether and diethyl ether, but these all dissolved considerable

amounts of our desired complex 71.
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Concerned by the inconsistent outcomes we were getting from this reaction, we
considered that a different base may help drive conversion of (IPr)AuCl, as well as
offer improved precipitation of boron adducts. A short screen of CsOPiv, CsOAc,
K2COs and potassium 2-ethyl hexanoate was run under the same conditions

described in Scheme 3.69, but no improvement was observed.

To get around the issue of inseparable inorganic material altogether, we
contemplated a simpler, base-free reaction analogous to the transfer of boron onto
copper described by Santos in Scheme 3.42.117 A series of (IPr)Au—X compounds

were readily synthesised via silver salt metathesis reactions (Scheme 3.70).

N ; AgX (1.05 - 1.10 eq.) N ;

[>_>Qu DCM, rt., 1h [>_>AUX

%© Bark %©k

X
OAc 72 73%
CF5COO0 73 99%
CF3CF,CF,COO0 74 90%

Scheme 3.70: Synthesis of (IPr)Au—X compounds via silver salt metathesis.

With a series of gold(l) compounds in hand, a set of reactions were run in parallel
with each (IPr)Au—X complex stirred for 1 h with 1.5 eq. of diboron 25 on a
0.05 mmol scale (Scheme 3.71). Each reaction was run in CDCl3, DCM, CH3CN and
THF and analysed directly via 'B NMR to look for (IPr)Au-Bpin 71 formation
(6 45 — 50 ppm).
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Sei
N O CHs 25 (1.5 eq.)

[ >—Au-X ~ Analysis via "B NMR

\ Solvent, r.t., 1 h

Solvent

=5

CDCl,, DCM,

CH4CN, THF

Cl, OAc 72, CF,COO 73
CF3CF,CF,COO 74

Scheme 3.71: Screen of attempted base-free transmetallations of Bpin onto an (IPr)Au' scaffold.

To our disappointment, no reaction screened revealed any evidence of complex 71.
This indicates a clear divergence from the reactivity of copper analogues, in which
this reaction is facile. Given the high bond enthalpy of Au—-B, thermodynamics should

favour this reaction, provided the right conditions can be found.

We tried a similar reaction under the same conditions with (PPh3)Au—OAc and Bzpinz
in DCM. This gave a clean outcome via 3P NMR with one new shift appearing
(6 57.0 ppm). However, the 1B NMR spectrum revealed two shifts at 6 30.5 and
22.5 ppm, that wil most Ilikely correspond to unreacted Bopinz and
pinB—OAc or pinB—O-Bpin, respectively (c.f. Au—Bpin B & ~50 ppm).

Despite our issues with reproducibility, we had enough material to explore the
potential of complex 71 as a C—H borylation reagent. Complex 71 was stirred with
2 eg. oxidant and an excess of 1,3-dimethoxybenzene (5 eq.) at 80 °C and analysed
by *H NMR (Scheme 3.72).

OCH,4

. @

N (5eq.)
[ S aue B OCH,4
\

i) PhI(CF3CO0), (2 eq.)

] DCE, 80 °C, 18 h | OCH,
75 59%

- (NMR vyield)

Scheme 3.72: Attempted oxidative borylation of 1,3-dimethoxybenzene.

To our excitement, analysis via 'H NMR revealed another set of signals for our

substrate with a substituent added at the 4-position, as intended. Although, when we
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tried to correlate NMR shifts from the unidentified compound with reported data for
2,4-dimethoxyphenyl boronic acid pinacol ester, we could not convincingly align the
two sets of signals. The same was true of the corresponding boronic acid and
boroxine. It later became clear that the tri-substituted compound we had made in

appreciable quantities was 1-iodo-2,4-dimethoxybenzene 75.

This indicated that our choice of oxidant was inappropriate, so we set about
synthesising the less potent 1-pivaloyloxy-1,2-benziodoxol-3(1H)-one (PBX) 77 via a

two-step synthesis described by Larrosa (Scheme 3.73).166

0]
or oA

| /
| ; |
KIO4 (1.05 eq. Piv,0 (XS
oH a ( q.) X \O 20 (XS) _ \O
30% AcOH/H,O 150 °C, 1 h
(0] 110 °C,4 h o) (0]
76 91% 77 86%

Bu

Scheme 3.73: Synthesis of PBX 77 via HBX 76.

Next, we set up control experiments to assess the degree to which PBX 77 interacts
with our substrate, compared to PhI(CF3COQ)2, the oxidant employed in
Scheme 3.72. We replicated the conditions and stoichiometry used previously, only
with no gold present. Each oxidant was tested at 80 °C and room temperature and
the % yield of 75 was measured via the use of an internal standard (Scheme 3.74).
The results clearly showed that PBX 77 was considerably less oxidising than
PhI(CFsCOOQO)2, as it did not appear to interact with the substrate at all, even at
80 °C.

OCHj, OCHg,
PBX 77 (2 eq.) PhI(CF3COO0), (2 eq.)
No reaction —= >
DCE, rt. —80 °C, 18 h OCHj DCE, r.t. —80 °C, 18 h OCHj
(5 eq.) ' s
Atr.t.: 16%

At 80 °C: 67%

Scheme 3.74: Control experiment to determine the deleterious effect of Phl(CFsCOO). and PBX 77 on
1,3-dimethoxybenzene at r.t and 80 °C.
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The obvious next step was to repeat the attempt at an oxidative borylation, with
PBX 77 as the oxidant (Scheme 3.75). This successfully consumed all complex 71

present, but no borylated material was detected.

OCHj3
y »
N
[ >_>AU_B’O OCH; (5eq.) Full consumption of 71
N \O i) PBX 77 (2 eq.) No consumption of 1,3-dimethoxybenzene
) DCE, 80 °C, 18 h
h
71 (1 eq.)

Scheme 3.75: Re-attempt at borylating an electron-rich aromatic compound via a gold(lll) boryl intermediate.

To examine whether the conditions were too forcing, complex 71 was stirred with
2 eq. PBX 77 in CD2Cl2 at room temperature for 1 h and analysed directly via NMR.
The B NMR spectrum revealed full conversion of 71 with shifts at
0 22.5and 21.9 ppm dominating. These can be plausibly correlated with
pinB—O—-Bpin and pinB—OPiv, respectively.

A clear problem presented itself, in which either: (1) the boron of 71 was being
oxidised preferentially to the gold centre; or (2) complex 71 was successfully
oxidised to a (IPr)Au"'(X)(OPiv)Bpin complex, but reductively eliminated pinB—OPiv
before reaction with an arene could take place. To mitigate against the first scenario,
we hypothesised that a less oxophilic boron subunit may be more robust to
oxidation. We targeted a novel structural analogue, (IPr)AuBdan 78, employing the
same methodology as we did to synthesise complex 71 but with pinB—Bdan 67
instead of B2pin2 (Scheme 3.76).

>Q/ o HN \
N O X 67 (1.5 eq.) N HN O

> Au-Cl -
[N ku CsCO; (1.6 eq.) N QU 5 O

> >: N iPrOH, r.t., 1 h N

Scheme 3.76: Reaction of (IPr)AuCl with diboron 67 in the presence of an auxiliary base to give novel gold

78 (major)
(No 71 detected)

complex 78.
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Results and discussion

As mentioned in Chapter 3.3.1.3, pinB-Bdan 67 is selectively activated by electron
pair donors at its more Lewis acidic Bpin. This conceptually guarantees transfer of
Bdan onto gold in preference to Bpin. Pleasingly, this is exactly what we observed
when we carried out the reaction and analysed the reaction after filtration.
Interestingly, the !B NMR shift of complex 78 was & ~40 ppm (c.f. complex 71
0 ~48 ppm). This is consistent with a more shielded boron environment.

Although encouraged that our reaction generated healthy quantities of our desired
product, we ran into the same problems as we did with complex 71 when it came to
isolation. That is, incomplete conversion of (IPr)AuCl and difficulty separating boron
material and inorganic by-products. When the stoichiometry was adjusted to
minimise leftover material (SM/67/CsCOs 1:1.1:1.2), the outcome was considerably
less clean. Also, diboron 67 was proving harder to separate out of solution compared
with Bzpinz, which seemed to be quaternised by CsCO3s more readily. We tried a third
run at SM/67/CsCOs 1:1.1:1.6, which was better but still not as good as the original
setup.

As before, purification steps such as washes (pentane, benzene, Et20) and filtrations
(Celite, gravity) failed to give pure material. Although, curiously, when we collected
material off filter paper after one reaction where we did not rinse with DCM, we were
astonished to discover that this sample was extraordinarily clean by 'H NMR
(Figure 3.21).
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Figure 3.21: Sample of (IPr)AuBdan 67. NMR experiment run in CD2Clz at 500 MHz.

To unambiguously confirm the structure, we attempted to crystallise complex 78 and
submit it for XRD analysis. Pentane vapour was diffused into a concentrated solution
of our sample in DCM and left for 1 week. To our disappointment, though, no
material crystallised out of solution. Instead, the mother liquor turned blue and an
insoluble grey solid lined the inside wall of the container. Interestingly, NMR analysis
revealed that most of our sample had returned to the starting (IPr)AuCl. This
indicates that complex 78 was not stable under the crystallisation conditions. Also,
given the high ligand cone angles of IPr and Bdan, it is plausible that these two
moieties interact with one another when ligated to the same gold atom, favouring

decomposition to a simpler complex.

A positive to take from this reaction was that our desired complex 78 possesses
some degree of insolubility and may be separable from other reaction components
via crystallisation with the right combination of solvents. Subsequent repeats of the
method described above did not cause sufficient quantities of material to be
intercepted by the filter paper. Changing plan, we made sure to wash with copious
amounts of DCM after filtering the reaction. Then, we removed the solvent under a

current of air and redissolved in the minimum amount of an aromatic solvent such as
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benzene and toluene and left it in on the benchtop for several days. On one
occasion, we observed needle-like off-white crystals forming, but XRD analysis
revealed this to be (IPr)Au—-H.

Despite laborious and determined efforts to optimise this reaction and crystallise
complex 78, it remained unreliable and so we decided not to pursue this work any

further.

3.3.3 Conclusions and future work

Initially, this project aimed to develop a Friedel-Crafts-type electrophilic borylation
reaction proceeding via a hypothetical copper(lll)-boryl intermediate. By analogy, the
same was also attempted with gold in lieu of copper. In both cases, we had good
evidence of successful (L)M'-BXz formation, but there was no indication that we
were able to generate (L)X2M"-BX: species. In many instances, metal(l)-boryl
complexes were exposed to oxidants in the presence of highly electron-rich
(hetero)aromatics, only to yield oxidised boron (and occasionally oxidised starting

material), with no sign of borylated material.

Regardless of the issues we encountered with reactivity, there was merit in
attempting to isolate (IPr)Au—Bdan 78 as an interesting, novel gold—boryl complex.
But, despite tireless efforts, we failed to optimise the reaction and isolate the
compound in significant quantities. It may be advantageous to handle this complex in

a glove box, which we did not have access to.

One avenue left to explore in this work would be a setup ensuring boron reagents
are not exposed to any oxidants. This would involve reversing the sequence of
addition and thereby flipping the electronic selectivity, i.e. reacting an
electron-deficient gold(lll)—aryl species with a nucleophilic source of boron,
e.g. diboron 25 (Scheme 3.77).
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NaO'Bu
P(Bu);Au-X + Ar-H >  P(‘Bu)zAu-Ar

(B o _
X  @N (')e B-0 P(‘Bu)sAu’-X
. PBX (0.95eq.) _ . ﬁ| H /
P(Bu)sAu-Ar —— P(BU)3I>U -Ar P(Bu)sAu-Ar — » O/\
\
& X B0
Ar

Scheme 3.77: Proposed reaction to generate Ar—-Bpin compounds via gold(lll)—aryl complexes.

Since gold(l)-aryl complexes are unusually stable (including with respect to
silica),}’>173 we were able to easily replicate a procedure described by Larrosa to
make a small range of compounds (Scheme 3.78).174

\‘/ Ar—H (4 eq.) \‘/ X
NaO'Bu (4 eq.) \
%—P—»Au—m 7 P— Au Y
4\ 75°C, 5 h, DMF 4\
X

79 X=NO,, Y =H 92%
80X=F Y=H68%
81X=F Y=F79%%

Scheme 3.78: Synthesis of tri-tert-butylphosphinegold(l) aryl complexes 79 — 81.

A blank NMR spectrum of complex 79 mixed with just diboron 25 in CD2Cl2 revealed
no interaction between the two species at room temperature, as expected. Although,
we were surprised that a different control experiment in which complex 79 was mixed
with 1 eq. PBX 77 at room temperature for 8 h in CD2Cl. also revealed no change
spectroscopically. It may be that higher temperatures, stronger oxidants, or
complexes 80 and 81 will offer improved reactivity. This work is ripe for exploration

but, due to time constraints, it was not pursued further.

We also attempted to isolate a structurally-intriguing, novel diboron compound
DIPA—dan diboron 66, with the hope that Bdan could be transferred onto copper and
reacted with electron-deficient alkenes. We were successful in making the desired
compound but only at very low yield and we could not isolate it before it
decomposed. It is possible that the size of the two subunits ligating the diboron core
is so large they interact with one another. Higher powered computational simulations

should be run to determine if diboron 66 is synthetically feasible.
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3.4 Mono-N-alkylation of primary amines and activation of nitriles

via halomethyl boronates

Amines are a fundamental class of compounds in organic chemistry due to their
prevalence as synthetic intermediates,'®2 agrochemicals (e.g. 82),'% dyes
(e.g. 83)'%* and pharmaceuticals (e.g. 84)'% (Figure 3.22).

CHs CHy CHs
Ny NN
NH,
HsC CHs H
82

O\
Amitraz IN
NH; \OMQ
H,;C CH
&)
HsC” N 0 N~ CH;, 84
H Fluvoxamine
83
Pyronin 12

Figure 3.22: Commercially available amines.

N-Alkylation of amines can drastically alter their chemical and pharmacodynamic
properties. For example, amphetamine is available via prescription in the US and
Canada to treat attention-deficit disorders and narcolepsy.®® However, its
mono-N-methylated cousin, methamphetamine, is a potent stimulant of the central

nervous system and strictly prohibited under many jurisdictions (Scheme 3.79).

NH H
2 ~
o CH;
CH3 CH3
Amphetamine Methamphetamine
(ADHD drug) (Potent CNS stimulant)

Scheme 3.79: Mono-N-methylation of amphetamine to give methamphetamine.

N-Alkylating amines is commonly performed with alkyl halides or their equivalents
(e.g. dialkyl sulphates or sulphonates) via a simple Sn2 reaction.*®’” However, this
method is not feasible for the selective monoalkylation of primary amines due to the
ease of over-alkylation, giving mixtures of primary, secondary and tertiary amines, as

well as quaternary ammonium salts. Reductive amination is another common
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method but can also be difficult to control, particularly for monomethylation of
primary amines. It is also somewhat inefficient due to often needing to synthesise the
reagents from the corresponding alcohol.'®® Monoalkylation techniques have

therefore been the focus of research for several decades.189-194

Unpublished work in our group has demonstrated that halomethyl boronates are
incredibly efficient at delivering a —CH2Bpin moiety onto cysteine (Scheme 3.80).1%
Our results showed reaction completion in 5 minutes in either CD3OD or D20 with no

discernible difference between the chloro-, bromo- or iodomethyl boronate reagents.

H NaOAc N
H
O CD30D or D50, r.t., 5 min O
X = Cl, Br, | [Isolated yields up to 94%]

Scheme 3.80: Modification of cysteine with halomethyl boronate esters.

In the light of these data, we considered that halomethyl boronates may be useful for
monomethylation of primary amines. In an analogous fashion to cysteine, we would
expect a primary amine | to coordinate to the boron reagent, then rearrange to
displace the chloride (Scheme 3.81). The resulting a-aminoboronate 11l should be
unstable with respect to rearrangement to the N—Bpin species IV, where the reaction
should stop, thus preventing overalkylation. An aqueous work up should readily
hydrolyse the N-Bpin species IV to give the N-methylated amine V and quench any
unreacted CICH2Bpin in the process. To sequester the HCI by-product, an extra
equivalent of amine starting material would be needed or a non-nucleophilic external

base.
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R R via

5 . ‘

HoN™ \

2) HC \ R) O\/K
R Cl HCl

Scheme 3.81: Proposed mechanism for the selective mono-N-methylation of primary amines with halomethyl

boronate esters.

This proposed reaction bears a striking similarity to one recently reported by
Dong et al.’® In their study, a series of tertiary a-aminoboronates is synthesised via
the so-called aza-Matteson reaction (Scheme 3.82). This involves the formation of
R2N-Bpin species in situ, followed by reaction with LICH2Cl to give an amine-borate
complex. This rearranges in the same manner we propose (Scheme 3.81, Il — IlI),
to displace the chloride and give a-aminoboronates, stable enough for further

derivatisation. Overall, this represents the insertion of methylene into N—-B bonds.

i) CH,CIBr, "BulLi Bpin
H  HBpin Bpin| 78 °c. 30 min .
/N\ N " g N -
Ar R Ar” "R i) MgBry, rit, 1h A7 R

Scheme 3.82: Aza-Matteson reaction reported by Dong et al.

3.4.1 N-Methylation of primary amines

We employed 4-methoxybenzylamine 85 as our substrate in test reactions due to the
simplicity of its H NMR spectrum. In the first attempt at a reaction, we included an
extra equivalent of starting material to neutralise the HCI formed and performed the

reaction in CD3CN to monitor directly via NMR spectroscopy (Scheme 3.83).
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+ other amine-
containing compound
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~5-0 CH
NH, © B HN® 2
(0]
/@) (1eq.) - /@)
H,CO CDsCN, r.t,, 0.25-18h H,CO
85 86

(2eq.)

Scheme 3.83: N-methylation of 4-methoxybenzylamine 85.

A white precipitate developed after a few minutes of stirring which we assumed to be
the amine-borate complex II, although over time we would expect the amine
hydrochloride salt to comprise this too. To our delight, we were able to observe the
formation of the desired N-methylated product 86 after just 15 min by H NMR. At the
same time point, almost all CICH2Bpin appeared to have been consumed
(by B NMR).

The reaction showed signs of further progression when monitored at 2 h and
plateaued before the 18 h time point, to leave three major amine-derived species:
starting amine 85, N-methylated amine 86 and an unidentified compound 87. A basic
work up was carried out, designed to wash out residual boron but mass recovery
was low (30%) and, curiously, a boron-containing species remained in our sample
(B & 7.6 ppm). Further treatment of this residue with boron scavengers also failed

to remove unwanted boron material.

Intrigued by this side product, we repeated the reaction but with protio acetonitrile
and gathered 2D NMR data to elucidate its structure. Our assignment led us to
diazaborole 87 (Figure 3.23). This was easily observable by TLC, allowing for facile
separation via column chromatography to give a pure sample of 87 in 8% yield.

High-resolution mass spectrometry agreed with our NMR assignment.

CH,
Ao
LN
H4CO B=0o
S
87

Figure 3.23: Diazaborole 87.
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The formation of diazaborole 87 revealed the existence of a competing mechanism,
whereby the a-aminoboronate Il activates a molecule of MeCN, rather than
rearranging to the N-Bpin species IV (Scheme 3.84). This behaviour is

characteristic of a frustrated Lewis Pair which nitriles appear capable of “quenching”.

N\
A\
.N/\B/O /©/\\\G)B/~o
H & H,CO
H,CO
1l 87

Scheme 3.84: Activation of nitrile solvent with intermediate 11l to give diazaborole 87.

To avoid formation of 87, it was clear we needed to switch solvent. When the
reaction was repeated in THF, we observed a cleaner reaction with higher

conversion and significantly improved mass recovery.

Since, in practical syntheses, it is often not feasible to have an extra equivalent of
starting material, we carried out a screen of non-nucleophilic organic bases
(Table 3.9).
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Table 3.9: Base screen for the mono-N-methylation of 4-methoxybenzylamine 85.*

H\ /O
H-C—B,
/©/\NH2 Cl ) /@/\H,CHs
HaCO Base - H,CO
85 THF, 40 °C, 3 h 86
Entry Base % Yield?®
1 NTN\ 25
DBU
L\ILH
2 ~ - 45
N"N" TvG
N
3 (=N pBN 33
N
4 KNJ\\D 30
\ mTBD

*Reaction conditions: 85 (0.5 mmol, 1.0 eq.), CICHzBpin (1.5 eq.), base (1.5eq.), THF (2 ml), 40 °C, 3 h,
scintillation vial. 2% Yields determined by 'H NMR spectroscopy with 1,3,5-trimethoxybenzene used as an
internal standard.

Modest yields of methylated amine 86 were achieved with all bases, with
N,N,N’,N’-tetramethylguanidine (TMG) offering the most promising activity (Entry 2).
Given the structural similarity of amine 85 and desired product 86, it is not feasible to
separate these two components from a crude mixture to obtain a pure sample of 86.
Further optimisation of this N-methylation reaction should therefore focus on
achieving full conversion of starting amine. At the time of writing, this is an active

area of research in our lab.

3.4.2 Synthesis of diazaboroles

We retained a curious interest in the earlier appearance of spiro compound
diazaborole 87 and began to consider if other structural analogues could form. Since
these compounds bring together amine, boron reagent and nitrile solvent, they have

far-reaching potential for diversification (Scheme 3.85).
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Rll R RI
‘N @

“_— N
o NHz Cl)\B\/O R—=N_ /'\L@,N‘H
O Rll ?‘O

o

Scheme 3.85: Three-component reaction of primary amines, chloromethyl boronate esters and nitriles to form

diazaboroles.

The heterocycle that assembles in situ is known as 3,4-dihydro-1,4,2-diazaborole.
Although uncommon, literature reports of other boron-centred spiro compounds
containing this molecular architecture exist. For example, in 1991, Biedrzycki and
colleagues reported a series of aliphatic and benzylic bifunctional boronate esters as

potential ligands for affinity chromatography (Scheme 3.86).1%7

)R\ i) Nal, CHCN CHs

cl B\/O i NH HN/éN@lH _ _
o )J\ B/‘ 0 Biedrzycki, 1991
HsC R = \)

NH
2 o)

Scheme 3.86: Diazaborole synthesis described by Biedrzycki and colleagues.

More recently, Niziot et al. modified the nucleoside deoxycytidine to give a
boron-containing derivative under similar conditions to our setup (Scheme 3.87).1%
However, the diazaborole forms differently, as N—B coordination from the
pyrimidinone to boron is intramolecular and occurs after formation of the

a-aminoboronate.

S

- H
I~ B
NH 1 = N
0. _N__N O N ~N-g
e <o Nizliol, 2014
HG o K,CO3, DMSO  HO o) %

HO HO

Scheme 3.87: Maodification of deoxycytidine to incorporate the diazaborole heterocycle under study.

Further examples of these unique spiro compounds can be found in works by Miura
and Hirano,'®° as well as Marder,?°° but, as in the other examples, neither involve the

activation of nitrile solvent.
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Herein, we report a short series of boron-centred diazaborole spiro compounds with
interchanging amine and nitrile components (Scheme 3.88). To simplify purification,

2 eg. of starting amine were used instead of adding 1 eq. of base.

NH, o CB Q  «xs Lo
Q o rt, 18 h -

67<<
(2 eq.) (1eq.)

B > 2
92 57%< 93 O7<< 94 072<
19% Trace 26%

(not isolated)

Scheme 3.88: Scope of diazaboroles. Reaction conditions: primary amine (2 mmol, 2 eq.), CICHzBpin
(1 eq.), nitrile (2 mL), r.t., 18 h, scintillation vial. % Yields shown are of isolated products. *% Yield shown is from

the reaction described in Scheme 3.83.

Reaction of amine 85 with the halomethyl boronate reagent in propionitrile gave
diazaborole 88 in comparable vyield to the analogous acetonitrile-derived
compound 87. When the same reaction was attempted in pivalonitrile, formation of
diazaborole 89 was not detected after work up. This is consistent with pivalonitrile’s
exceptionally sterically crowded nitrile carbon, blocking nucleophilic attack of the
C-N 1* orbital and preventing activation of the nitrile. In this reaction we observed a

mixture of starting amine 85, N-methyl amine 86 and imine 95 (Figure 3.24).
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|N/\©\
MeO

95
(not isolated)

Figure 3.24: By-product imine 95.
We suspect that amine 85 is sensitive to self-condensation when concentrated under
a current of air. As, although only trivial amounts of imine 95 were seen in the
'H NMR spectrum of the crude material, large quantities eluted when column
chromatography was later carried out. N-Methylated amine 86 was isolated in 39%

yield as an inseparable mixture of 86/85 in a 55:45 ratio. Imine 95 was not collected.

Cyclohexylamine proved amenable to diazaborole formation in both MeCN and
propionitrile, delivering 90 and 91 in 38% and 13% vyield, respectively. Interestingly,
p-anisidine was sufficiently nucleophilic to activate MeCN and give 92. Glycine
tert-butyl ester did show some formation of diazaborole 93, but only in trace
guantities. Propylamine formed diazaborole 94, which crystallised on standing as the
monohydrate, allowing us to perform single-crystal XRD analysis, verifying our

proposed structure (Figure 3.25).

Figure 3.25: XRD crystal structure of diazaborole 94. Experimental details can be found in the Appendix.

The molecule of water that co-crystallises with diazaborole 94 is situated such that
each of its H atoms interact with an O-2 atom on an adjacent molecule of 94
(Figure 3.26). Additionally, a lone pair of electrons on the water's oxygen (O-18)

form a hydrogen bond with the N—H at N-9.
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Figure 3.26: Diazaborole 94 with H-bonds included.

3.4.3 Conclusions and future work

The aim of this work was to develop a novel method to selectively mono-N-methylate
primary amines via the use of a halomethyl boronate reagent. We were successful in
realising this goal with a simple reaction setup at low temperature. However, we are
yet to find an optimised set of conditions which will consistently take the reaction to
completion. This is crucial if this method is to be applied in synthesis, as primary
amines are invariably too similar to their corresponding N-methylated analogue to be

easily separable via purification.

Our data suggest that THF and hindered nitrile solvents give clean and efficient
reactions, although a comprehensive solvent screen has not yet been carried out.
Guanidine-derived bases such as TMG appear to deliver higher yields than other

organic bases, although there is room for exploration.

The appearance of novel diazaborole 87 in our initial exploratory work caught our
attention as a structurally interesting side product. When we tried to synthesise a
series of structural analogues, we had success with straight-chain amines, cyclic
amines and anilines. Acetonitrile and propionitrile were successfully activated but

pivalonitrile proved to be too hindered.

We plan to optimise this reaction further and broaden the scope significantly in the
near future to test the limits of the required amine nucleophilicity as well as nitrile
steric hindrance. Amino acid-derived substrates such as glycine ethyl ester 96 and

the more structurally complex amide 97 will provide examples on bioactive drug-like
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molecules. (S)-a-Methylbenzylamine 98 is a potentially interesting substrate as,
together with amide 97, it features a chiral centre adjacent to the amine nitrogen.
Deactivated aniline 99 and 2-aminopyridine 100 will provide a formidable test for this
reaction system on account of their reduced nucleophilicity, and nitriles 101 and 102
offer a degree of steric pressure that may reduce reactivity. It is possible to envisage
compounds analogous to nitriles (e.g. thiocyanates, CO, CO2) being activated via

similar means to give novel heterocycles.

o .
EtO
N ONH, 0 NH ©/LNH2

O HN )
96 "/NH2 98
97
F3C /N
=
NS
NH, N NH, Y
99 100 101 102

Figure 3.27: Possible starting feedstocks to expand the diazaborole scope.

In this work, the boron reagent was fixed as chloromethyl boronic acid pinacol ester,
but we have recently generated alternatives via the Matteson reaction?°! in order to
explore a third vector (Scheme 3.89). This will install a chiral centre on the

diazaborole ring, adjacent to the boron.

i) "BuLi (1.1 eq.)

CI/.\CI i) R— 1.0 eq.)'

Cl
(1.6eq.) THF, -78°C —r.t., Ar Y
R

Scheme 3.89: Formation of halomethyl boronate reagents via the Matteson reaction.
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4 Experimental
4.1 General Methods

General considerations

All reagents and solvents were purchased and used as supplied unless otherwise
stated. All reactions were stirred and carried out at atmospheric pressure under air
atmosphere unless otherwise indicated. A “reaction tube” refers to a Radleys®
Quick-Thread Glass Reaction Tube. All reactions were monitored by TLC, 'H NMR

spectroscopy or 'B NMR spectroscopy.

Thin-layer chromatography
TLC plates used were pre-coated with silica gel 60 F254 on aluminium (Merck
KGaA). The spotted TLC plates were visualised by UV light at 254 nm or 365 nm.

Flash column chromatography
Flash column chromatography refers to purification performed using a Biotage
Isolera flash purification system with either Buchi FlashPure, Biotage SNAP or

GraceResolv flash cartridges prepacked with silica gel (40 — 60 pm).

NMR spectroscopy

Chemical shifts are quoted in parts per million (ppm) and assigned using the
following abbreviations: singlet (s), doublet (d), triplet (t), quartet (q), quintet (gn),
sextet (sext), septet (sept), multiplet (m), broad (br), or a combination of these.
Reported shifts are relative to tetramethylsilane (*H and *3C) and F3:B+OEt (!B).
Coupling constants (J) are quoted in Hertz (Hz) to one decimal place. NMR

experiments were recorded at ambient temperature.

H NMR spectra were recorded at 500 MHz on a Bruker Avance 500 spectrometer,
at 600 MHz on a Bruker Avance 600 spectrometer, or at 700 MHz on a Bruker
Avance 700 spectrometer. Chemical shifts are reported to the nearest 0.01 ppm and
compared against residual solvent signals: CDCls (6 =7.26 ppm, s), CD2Cl2
(6 =5.32 ppm, s), CD3CN (6 =1.94 ppm, gn), DMSO-ds (6 =2.50 ppm, gn), CsDs
(6=7.16 ppm, s), D20 (6 =4.79 ppm, s) or CD3OD (6 = 3.31 ppm, gn).

13C NMR spectra are proton-decoupled and were recorded at 126 MHz on a Bruker
Avance 500 spectrometer, at 150 MHz on a Bruker Avance 600 spectrometer, or at

176 MHz on a Bruker Avance 700 spectrometer. Shifts are reported to the nearest
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0.1 ppm and compared against residual solvent signals: CDCls (6 = 77.2 ppm, t),
CD2Cl2 (6 =53.8 ppm, gn), CDsCN (6 =118.3 ppm, s; 1.3 ppm, sept), DMSO-ds
(6 =39.5 ppm, sept), CsDs (6 = 128.1 ppm, t).

1B NMR spectra were recorded at 160 MHz on a Bruker Avance 500 spectrometer
or at 225 MHz on a Bruker Avance 700 spectrometer. Reported shifts are given to

the nearest 0.1 ppm.

Mass spectrometry
Mass spectrometry was performed on VG70 SE (ES+, Cl, ES— modes).

IR spectroscopy
Infra-red (IR) spectra were recorded using a Perkin-Elmer Spectrum 100 FTIR
Spectrometer operating in ATR mode as thin films. All frequencies are given in

reciprocal centimetres (cm™).

Melting point analysis

Melting points were measured with a Gallenkamp heating block and are uncorrected.
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4.2 General Procedures

General Procedure A — Amidation

This method is based on a procedure described by Sheppard and colleagues.®® A
round-bottomed flask was loaded with the carboxylic acid (5.0 mmol, 1.0 eq.), the
amine (5.5 mmol, 1.1 eq.) and TAME (5 mL). The suspension was then heated to
reflux in Dean-Stark apparatus (side-arm filled with TAME) and
B(OCH2CF3)3 (500 pmol; 5 mL of a 0.1 M solution in TAME) was added into the
reaction through the Dean-Stark apparatus via a syringe. Afterwards, the reaction

was stirred for 1 — 5 d.
General Procedure B - Iridium-catalysed borylation of 4-substituted quinolines

The quinoline (2.0 mmol, 1.0 eq.), Bzpinz (609 mg, 2.4 mmol, 1.2 eq.),
1,5-cyclooctadiene(methoxy)iridium(l) dimer (20 mg, 30 pmol, 0.015 eq.) and the
ligand (60 umol, 0.03 eq.) were weighed into a reaction tube and sealed with a
Teflon-lined screw cap. The tube was then evacuated and refilled with argon (three
cycles) before dry dioxane (2 mL) was added via a syringe and the mixture stirred at
85 °C for 18 h. The reaction mixture was then concentrated under reduced pressure

to give the crude product which was purified by silica gel column chromatography.

General Procedure C - Synthesis of aryl (tri-tert-butylphosphine)gold(l)

complexes

This method is based on a procedure described by Larrosa and colleagues.t’
(‘BusP)AuCl (1eq.), arene (4eq.) and NaO'Bu (4eq.) were dissolved in
DMF (0.2 M). The reaction mixture was stirred at the temperature and for the time
indicated. The mixture was allowed to cool to room temperature, and the suspension
was filtered through a plug of Celite. Evaporation of the solvent under a current of air
left an impure residue that was purified by flash column chromatography to afford the

corresponding aryl gold(l) complexes.
General Procedure D — Synthesis of diazaboroles

The amine (2.0 mmol, 2.0 eq.) was added to the nitrile (2 mL) in a scintillation vial
followed by CICH2Bpin (1.0 mmol, 1.0 eq.). The reaction was then stirred at room
temperature for 18 h. The resulting suspension was added to 20 mL sat ag NaHCOs
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and extracted with CH2Cl2 (3 x 20 mL), washed with brine (20 mL), dried (MgSOQa)
and filtered. Concentration of the filtrate under reduced pressure left an impure

residue that was purified by silica gel column chromatography.
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4.3 Characterisation data

4.3.1 Free radical borylation
4,8-Dimethyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,3,6,2-
dioxazaborocane (PDIPA diboron) 25

6 7 14 15
4 HH 4 12 H 16
HsC 3 “ls H HiC1_ZiaH H18
N/ ‘\H N ~ H 19
O\B' H O\B/ 17 2
/N :[ /N -
O_B O CH3 O_B\ O /CH
2 0 10, O 21
1 9
cis trans

This method is based on a procedure described by Santos and colleagues.’ A
solution of bis(2-hydroxypropyl)amine (5.25 g, 39.4 mmol, 1.0 eq.) in CH2Cl2 (20 mL)
was added to a solution of bis(pinacolato)diboron (10.00 g, 39.4 mmol, 1.0 eq.) in
Et2O (160 mL) and the resulting mixture was stirred at room temperature for 72 h.
The white precipitate formed was filtered and washed with copious amounts of Et20

to provide 25 (6.16 g, 58%, cis:trans 1:1) which required no further purification;
m.p. 202 — 203 °C;

o1 (700 MHz, CD3CN) 5.39 (1H, br s, H-8, cis), 5.14 (1H, br s, H-16, trans),
4.04 - 4.12 (3H, m, cis H-3; trans H-11), 3.64 — 3.69 (1H, m, trans H-20), 3.26 — 3.31
(1H, m, trans H-15), 2.83 (2H, dd, J 11.7 Hz, 4.6 Hz, cis H-7), 2.69 (1H, dd,
J11.4 Hz, 3.8 Hz, trans H-19), 2.45 — 2.50 (2H, m, cis H-6), 2.22 — 2.28 (1H, m,
trans H-18), 1.86 — 1.91 (1H, m, trans H-14), 1.16 (12H, s, cis H-1), 1.15 (12H, s,
trans H-9), 1.12 (3H, d, J 6.0 Hz, trans H-12), 1.11 (3H, d, J 6.0 Hz, trans H-21), 1.07
(6H, d, J 6.0 Hz, cis H-4);

Oc (176 MHz, CDsCN) 82.3 (s, cis C-2), 82.2 (s, trans C-2), 71.6 (s, cis C-3), 68.4
(s, trans C-11), 67.7 (s, trans C-20), 58.9 (s, trans C-17), 58.8 (s, cis C-5), 57.4
(s, trans C-13), 25.6 (s, trans C-9), 25.6 (s, trans C-9), 25.6 (s, cis C-9), 21.3
(s, cis C-3), 20.0 (s, trans C-21), 19.2 (s, trans C-12);

OB (225 MHz, CD3CN) 34.9 (sp?-B), 8.3 (sp3-B);
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LRMS (CI) 412 (20), 403 (20), 287 (20), 272 (100), 271 (50), 134 (25);
Data consistent with the literature.'’
p-Tolylboronic acid pinacol ester 26

5

CHj3
O
O\B 7 2
ol
7

This method is based on a procedure described by Pucheault and colleagues.®® A
reaction tube was loaded with 4-iodotoluene (236 mg, 1.08 mmol, 1.0 eq.), Bzpin2
(528 mg, 2.08 mmol, 1.9 eq.), phenanthroline (87 mg, 480 pmol, 0.5 eq.) and CsF
(471 mg, 3.10 mmol, 2.9 eq.) and sealed with a Teflon-lined screwcap. The tube was
then evacuated and refilled with argon (three cycles) before dry DMSO was added
via a syringe (500 yL). The mixture was then stirred at 100 °C for 18 h. Once
complete, the reaction was diluted in 0.1 M HCI (10 mL) and Et20 (100 mL). The
aqueous layer was extracted with Et2O (3 x 20 mL) and the combined organic
extracts were dried (MgSOa), filtered and concentrated under reduced pressure.
Flash column chromatography eluted with petroleum ether/EtOAc (100:0 — 70:30)
provided 26 as a pale yellow oil (116 mg, 49%);

Rt 0.3 (petroleum ether/EtOAc 95:5);

on (700 MHz, CDCls) 7.71 (2H, d, J 7.6 Hz, H-3), 7.19 (2H, d, J 7.6 Hz, H-2), 2.37
(3H, s, H-5), 1.34 (12H, s, H-7);

¢ (176 MHz, CDCls, C-B not visible) 141.5 (s, C-1), 135.0 (s, C-3), 128.7 (s, C-2),
83.8 (s, C-6), 25.0 (s, C-7), 21.9 (s, C-5);

08 (225 MHz, CDCls) 30.9;

LRMS (El) 218 ([M]*, 100), 203 ([M-CHs]*, 95), 161 (10), 132 (65), 119 (75),
91 ([M-Bpin]*, 10).

Data consistent with the literature.®3
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4.3.2 Iridium-catalysed borylation of heteroarenes

4.3.2.1 Initial exploratory work
N-(4-Methoxybenzyl)-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
thiophen-2-yl)acetamide 31b &  N-(4-methoxybenzyl)-2-(bis-3,5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-thiophen-2-yl)acetamide 31c

O _NH O NH o\B s
s O\B s, o A\ o
B/
N\ ’ \ 1
0 o)
17% 1%

N-(4-Methoxybenzyl)-2-(thiophen-2-yl)acetamide 31a (523 mg, 2.0 mmol, 1.0 eq.),
B2pin2 (520 mg, 2.05 mmol, 1.0 eq.), [Ir(COD)OMe]2 (20 mg, 30 pymol, 0.015 eq.) and
dtbpy (16 mg, 60 umol, 0.03 eq.) were weighed into an oven-dried reaction tube and
sealed with a Teflon-lined screw cap. The tube was then evacuated and refilled with
argon (three cycles) before dry THF (2 mL) was added via a syringe. The resulting
mixture was stirred at 85 °C for 18 h to yield a mixture of products which were
separated by flash column chromatography eluted with petroleum ether/EtOAcC
(100:0 — 40:60).

N-(4-Methoxybenzyl)-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
thiophen-2-yl)acetamide 31b

Orange oil (66 mg, 17%);

R 0.5 (petroleum ether/EtOAc 1:1);

146



Experimental

54 (700 MHz, CDCls) 7.50 (1H, d, J 3.4 Hz, H-12), 7.13 (2H, d, J 8.6 Hz, H-3), 7.00
(1H, d, J 3.4 Hz, H-11), 6.83 (2H, d, J 8.6 Hz, H-4), 5.81 (1H, br s, H-7), 4.35 (2H, d,
J 5.8 Hz H-6), 3.85 (2H, s, H-9), 3.78 (3H, s, H-1), 1.33 (12H, s, H-15);

¢ (176 MHz, CDCls, C-B not visible) 169.5 (s, C-8), 159.1 (s, C-2), 143.4 (s, C-10),
137.9 (s, C-12), 130.1 (s, C-5), 129.1 (s, C-3), 129.1 (s, C-11), 114.2 (s, C-4), 84.3
(s, C-14), 55.4 (s, C-1), 43.3 (s, C-6), 37.9 (s, C-9), 24.9 (s, C-15);

OB (225 MHz, CDCls) 28.3;

vimax (film/cm=1) 3292 (N=H), 2977 (C-H), 2931 (C—H), 1647 (C=0), 1613 (Ar), 1585
(Ar), 1536 (Ar), 1512 (Ar), 1462 (Ar);

LRMS (El) 387.2 (IM]*", 10), 223.1 (IM-ArCH:NHCOJ*, 10), 177.1 (IM-ArBpin]*,
15), 146.1 (10), 121.0 (IM-NHCOCH-ArBpin]*, 100);

HRMS Found (El): [M]* 386.1707 [C20H2604NSB]* requires 386.1706.

N-(4-Methoxybenzyl)-2-(bis-3,5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
thiophen-2-yl)acetamide 31c

Yellow oil (56 mg, 11%);
R 0.7 (petroleum ether/EtOAc 1:1);

5+ (700 MHz, CDCl3) 7.86 (1H, s, H-12), 7.09 (2H, d, J 8.6 Hz, H-3), 6.80 (2H, d,
J 8.6 Hz, H-4), 6.63 (1H, br s, H-7), 4.28 (2H, d, J 5.5 Hz, H-6), 4.03 (2H, s, H-9),
3.77 (3H, s, H-1), 1.31 (12H, s, H-15), 1.17 (12H, s, H-17);

¢ (176 MHz, CDCls, C-B not visible) 169.7 (s, C-8), 159.1 (s, C-2), 155.7 (s, C-10),
144.7 (s, C-6), 130.4 (s, C-5), 129.2 (s, C-3), 114.4 (s, C-4), 84.2 (s, C-14), 84.0
(s, C-16), 55.5 (s, C-1), 43.3 (s, C-6), 38.7 (s, C-9), 24.9 (s, C-15), 24.8 (s, C-17);
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OB (225 MHz, CDCls) 28.4;

vmax (film/cm™) 3344 (N-H), 2977 (C-H), 2932 (C-H), 1660 (C=0), 1536 (Ar), 1513
(Ar), 1462 (An);

LRMS (El) 513.3 ([M]*, 30), 349.2 ([M-ArCH2NHCO]*, 15), 329.1 (15), 177.1
(IM-Ar(Bpin)2]*, 10), 136.0 (IM-COCH:Ar(Bpin)2]*, 15), 121.0
(IM=NHCOCH-:Ar(Bpin)2]**, 100), 83.0 (20);

HRMS Found (El): [M]** 511.2596 [C26H3706NB2S]* requires 511.2595.

N-(4-Methoxybenzyl)-2-(5-(p-tolythiophen-2-yl)acetamide  31d, 2-(3,5-di-p-
tolylthiophen-2-yl)-N-(4-methoxybenzyl)acetamide 31e & N-(4-methoxybenzyl)-
2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-(p-tolyl)thiophen-2-

@) NH
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\ / (@] NH
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N-(4-Methoxybenzyl)-2-(thiophen-2-yl)acetamide 31a (523 mg, 2.0 mmol, 1.0 eq.),
B2pinz (530 mg, 2.1 mmol, 1.05 eq.), [Ir(COD)OMe]z (20 mg, 30 ymol, 0.015 eq.) and
dtbpy (16 mg, 60 umol, 0.03 eq.) were weighed into an oven-dried reaction tube and

yl)acetamide 31f

sealed with a Teflon-lined screw cap. The tube was then evacuated and refilled with
argon (three cycles) before dry THF (10 mL) was added via a syringe. The resulting
mixture was stirred at 50 °C for 18 h. Then, the reaction tube was charged with
4-iodotoluene (436 mg, 2.0 mmol, 1.0 eq.), Pd(OAc)2 (13 mg, 60 pmol, 0.03 eq.) and
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2 M ag Na2COs (1 mL). The reaction tube was then purged with argon and resealed
before being stirred at 50 °C for a further 18 h. Afterwards, the reaction was cooled
and concentrated down to leave an orange residue. The crude material was purified
by silica gel column chromatography eluted with cyclohexane/EtOAc (90:10 — 50:50)

to give a mixture of products.
N-(4-Methoxybenzyl)-2-(5-(p-tolyl)thiophen-2-yl)acetamide 31d

112

6 O [\
14 CH3z 18
8 10 17 3
/@fﬁl ~10°s
4

H 15 16
2 7
1H3CO 5

White solid (58 mg, 8%);
R 0.5 (cyclohexane/EtOAc 1:1);
m.p. 161 — 162 °C;

5+ (700 MHz, CDCla) 7.44 (2H, d, J 8.3 Hz, H-15), 7.17 (2H, d, J 8.3 Hz, H-16), 7.15
(2H, d, J 8.6 Hz, H-4), 7.11 (1H, d, J 3.6 Hz, H-12), 6.87 (1H, d, J 3.6 Hz, H-11), 6.83
(2H, d, J 8.6 Hz, H-3), 5.91 (1H, br s, H-7), 4.38 (2H, d, J 5.8 Hz, H-6), 3.80
(2H, s, H-9), 3.78 (3H, s, H-1), 2.36 (3H, s, H-18);

¢ (176 MHz, CDCls) 169.6 (s, C-8), 159.2 (s, C-2), 145.0 (s, C-13), 137.7 (s, C-17),
135.0 (s, C-10), 131.4 (s, C-14), 130.2 (s, C-5), 129.7 (s, C-16), 129.1 (s, C-4),
128.5 (s, C-11), 125.7 (s, C-15), 122.8 (s, C-12), 114.2 (s, C-3), 55.4 (s, C-1),
43.4 (s, C-6), 38.1 (s, C-9), 21.3 (s, C-18);

vinax (film/cm™1) 3287 (N-H), 2923 (C—H), 2854 (C-H), 1639vs (C=0), 1612 (Ar),
1548 (Ar), 1513 (Ar), 1467 (Ar), 1252 (H2C—H), 802 (Ar—H);

LRMS (ES+) 352.1 ([M+H]*, 100), 262.1 ([M-tol+2H]*, 20), 244.1
(IM-(4-(MeO)PhY]*, 15), 167.1 (5), 149.1 (15), 1351 (35), 121.1
([4-(MeO)PhCH2]*, 75), 107.0 ([4-(OMe)Ph]*, 35);

HRMS Found (ES+): [M+H]" 352.1366 [C21H2102NS+H]", requires 352.1366.
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2-(3,5-Di-p-tolylthiophen-2-yl)-N-(4-methoxybenzyl)acetamide 31e

Yellow/brown solid (19 mg, 6%);
Rt 0.2 (cyclohexane/EtOAc 9:1);
m.p. 152 — 154 °C,

5+ (700 MHz, CDCls) 7.47 (2H, d, J 7.9 Hz, H-15), 7.23 (2H, d, J 7.8 Hz, H-20), 7.21
(1H, s, H-12), 7.16 — 7.20 (4H, m, H-16 & H-21), 7.09 (2H, d, J 8.5 Hz, H-4), 6.81
(2H, d, J 8.5 Hz, H-3), 5.90 (1H, br s, H-7), 4.35 (2H, d, J 5.8 Hz, H-6), 3.81
(2H, s, H-9), 3.78 (3H, s, H-1), 2.38 (3H, s, H-23), 2.36 (3H, s, H-18);

¢ (176 MHz, CDCla) 169.8 (s, C-8), 159.1 (s, C-2), 143.1 (s, C-13), 142.4 (s, C-11),
137.8 (s, C-17), 137.5 (s, C-22), 133.0 (s, C-19), 131.2 (s, C-14), 130.1 (s, C-5)
129.8 (s, C-21), 129.6 (s, C-16), 129.1 (s, C-4), 128.9 (s, C-10), 128.4 (s, C-20),
125.7 (s, C-15), 125.1 (s, C-12), 114.2 (s, C-3), 55.4 (s, C-1), 43.3 (s, C-6),
36.5 (s, C-9), 21.3 (s, C-18 & C-23);

vinax (film/cm™1) 3284 (N=H), 2919 (C—H), 2851 (C—H), 1646 (C=0), 1544 (Ar), 1512
(Ar), 1247 (H2C~H), 809 (Ar—H);

LRMS (ES+) 442.2 ([M+H]*, 100), 269.2 (10), 199.2 (10), 158.2 (10), 131.1 (55);

HRMS Found (ES+): [M+H]" 442.1832 [C2sH27NO2S+H]* requires 442.1835.
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N-(4-Methoxybenzyl)-2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-(p-
tolyl)thiophen-2-yl)acetamide 31f

Red/brown oil (27 mg, 3%);
R 0.4 (cyclohexane/EtOAc 7:3);

54 (700 MHz, CDCls) 7.47 (2H, d, J 8.1 Hz, H-15), 7.41 (1H, s, H-12), 7.15 (2H, d,
J 8.0 Hz, H-16), 7.12 (2H, d, J 8.6 Hz, H-4), 6.81 (2H, d, J 8.6 Hz, H-3), 6.73 (1H,
brs, H-7), 4.32 (2H, d, J 5.5 Hz, H-6), 3.99 (2H, s, H-9), 3.76 (3H, s, H-1), 2.35 (3H,
s, H-18), 1.20 (12H, s, H-20);

¢ (176 MHz, CDCls, C-B not visible) 170.1 (s, C-8), 159.2 (s, C-2), 148.0 (s, C-10),
143.8 (s, C-13), 137.4 (s, C-17), 131.3 (s, C-14), 130.5 (s, C-5), 129.6 (s, C-16),
129.3 (s, C-4), 128.4 (s, C-12), 125.9 (s, C-15), 114.2 (s, C-3), 84.1 (s, C-19),
55.4 (s, C-1), 43.4 (s, C-6), 38.7 (s, C-9), 24.8 (s, C-20), 21.3 (s, C-18);

58 (225 MHz, CDCls) 28.9;

vinax (film/cm™1) 3338 (N=H), 2977 (C—H), 2929 (C-H), 1658 (C=0), 1613 (Ar), 1546
(Ar), 1513vs (Ar), 1464 (Ar), 1387 (Ar), 1249 (ArO—CHa);

LRMS (ES+) 478.2 ([M+H]*, 100), 388.2 ([M-tol+2H]*, 25), 352.1 ([M-Bpin+2H]*,
35), 269.2 (15), 232.1 (25), 137.1 ([CH3OCsH4CH2NH2]*, 5), 121.1
([CH30OCesH4CH2]*, 30);

HRMS Found (ES+): [M+H]* 477.2254 [C27H32BNO4S+H]* requires 477.2254.
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N-(4-Methoxybenzyl)-2-(furan-2-yl)acetamide 32a
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Prepared according to General Procedure A from furan-2-acetic acid (631 mg,
5.0 mmol, 1.0 eq.) and 4-methoxybenzylamine (650 uL, 5.0 mmol, 1.0 eq.) for 18 h.
After heating, the reaction was diluted two-fold by transferring solvent from the
Dean-Stark side-arm trap before being allowed to cool. Amide 32a then
spontaneously crystallised out as a pale yellow solid (1.18 g, 96%);

m.p. 109 — 110 °C;

5+ (600 MHz, CDCls) 7.36 (1H, dd, J 1.9 Hz, 0.8 Hz, H-13), 7.15 (2H, d, J 8.8 Hz,
H-3), 6.84 (2H, d, J 8.8 Hz, H-4), 6.34 (1H, dd, J 3.2 Hz, 1.9 Hz, H-12), 6.22 (1H, dd,
J 3.2 Hz, 0.8 Hz, H-11), 5.90 (1H, br s, H-7), 4.36 (2H, d, J 5.7 Hz, H-6), 3.78 (3H, s,
H-1), 3.65 (2H, s, H-9);

¢ (150 MHz, CDCls) 168.5 (s, C-8), 159.1 (s, C-2), 148.8 (s, C-10), 142.7 (s, C-13),
130.2 (s, C-6), 129.1 (s, C-3), 114.2 (s, C-4), 111.0 (s, C-12), 108.8 (s, C-11),
55.4 (s, C-1), 43.3 (s, C-6), 36.5 (s, C-9);

vmax (film/cm™1) 3286 (N-H), 2933 (C-H), 2836 (C—H), 1641 (C=0O), 1612 (Ar—H),
1586 (Ar—H), 1547 (Ar—H), 1512 (Ar—H);

LRMS (ES+) 491.2 ([2M+H]*, 40), 383.2 (100), 268.1 ([M+Na]*, 25), 246.1 ([M+H]*,
20);

HRMS Found (ES+): [M+H]* 246.1134 [C14H1502N+H]* requires 246.1130.
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N-Methylpyrrol-2-oxo0-2-yl acetic acid 34

9
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5 N/ 12
4%OH 8
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This method is based on a procedure described by Bandichhor and colleagues.'3? A
solution of oxalyl chloride (7.84 g, 62 mmol, 1.0 eq.) in CH2Cl2 (25 mL) was cooled
to —10 °C in a brine/ice bath before a solution of N-methylpyrrole (5.00 g, 62 mmol,
1.0 eq.) in CH2Cl2 (50 mL) was slowly added as the temperature of the mixture was
raised to 0 °C. After stirring for 1 h at 0 °C, the pH was adjusted to 10 with the
dropwise addition of 25% ag KOH solution at =10 to 0 °C. The reaction mixture was
then stirred for a further 30 min and the layers were separated. The aqueous layer
was then washed with CH2Cl2 (25 mL) before dil H2SO4 was added until the pH had
been adjusted to ca. 1 — 2. After stirring for a further 30 min, the solid was filtered,
washed with chilled water and dried under reduced pressure to give 34 (8.50 g, 90%)

as a black solid which required no further purification;
m.p. Accurate melting point analysis was not possible due to product decomposition.

5 (700 MHz, CDCls, COOH not visible) 8.05 (1H, dd, J 4.4 Hz, 1.6 Hz, H-5), 7.10
(1H, t, J 1.6 Hz, H-4), 6.28 (1H, dd, J 4.4 Hz, 2.3 Hz, H-3), 3.99 (3H, s, H-9);

5c (176 MHz, CDCls) 170.5, (s, C-7), 160.3 (s, C-6) 136.7 (s, C-5), 129.0 (s, C-3),
126.7 (s, C-2), 111.2 (s, C-4), 38.3 (s, C-9):

LRMS (ESI) 198.0 ([M+2Na-HJ*, 5), 192.0 ([M+K]*, 10), 190.1 (35), 176.0 ([M+Na]*,
100), 168.1 (40), 154.1 ([M+H]*, 55), 140.1 (10), 108.1 (IM-COOHYJ"*, 50);

Data consistent with the literature.132
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N-Methylpyrrole-2-yl acetic acid 35

CH3
/
5|N12 6
4 g 7o|-|8
0]

This method is based on a procedure by Bandichhor and colleagues.'®? A
round-bottomed flask was loaded with N-methylpyrrole-2-oxo-2-yl acetic acid (8.00 g,
52.2 mmol, 1.0 eq.) and hydrazine hydrate (4.19 mL, 86.2 mmol, 1.7 eq.) before 20%
ag KOH solution (90 mL) was added slowly and the mixture heated to reflux. After
refluxing for 5 h, the mixture was cooled to room temperature and 36% HCI was
added dropwise until the reaction mass was pH 2. The reaction mixture was then
extracted with CH2Cl2 (4 x 100 mL) and the combined organic fractions were washed
with water (50 mL), dried (MgSOa.), filtered and then concentrated under reduced
pressure to give crude 35 as a black viscous liquid. The compound was not purified
but confirmatory analysis via *H NMR indicated that it was appropriate to proceed to

the next step;

5+ (700 MHz, CDCls) 6.61 (1H, m, H-5), 6.07 — 6.09 (2H, m, H-3 & H-4), 3.67 (2H, s,
H-6), 3.58 (3H, s, H-9):

Data consistent with the literature.132

N-(4-Methoxybenzyl)-2-(N-methylpyrrol-2-yl)acetamide 33a

14
H3C\ 13
s s 9 NN
10\ 12

3
/©5/\H ° 9 1
1H3CO 2 7

Prepared according to General Procedure A from a crude sample of
N-methylpyrrole-2-yl acetic acid and 4-methoxybenzylamine (557 mg, 4.0 mmol) for
18 h. After heating, the reaction was diluted two-fold by transferring solvent from the
Dean-Stark side-arm trap before being allowed to cool. The reaction mixture was
concentrated under reduced pressure to leave a dark brown residue that was
purified by flash column chromatography eluted with petroleum ether/EtOAC
(90:10 — 70:30) to give 33a as an orange solid (550 mg, 13% [yield for two steps]);
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Experimental

R 0.5 (petroleum ether/EtOAc 1:1);
m.p. 104 — 108 °C;

5+ (700 MHz, CDCls) 7.11 (2H, d, J 8.7 Hz, H-4), 6.83 (2H, d, J 8.7 Hz, H-3), 6.60
(1H, dd, J 2.7 Hz, 1.9 Hz, H-13), 6.06 (1H, dd, J 3.5 Hz, 2.7 Hz, H-12), 6.03 (1H, dd,
J3.5Hz, 1.9 Hz, H-11), 5.88 (1H, br s, H-7), 4.32 (2H, d, J 6.0 Hz, H-6), 3.78
(3H, s, H-1), 3.59 (2H, s, H-9), 3.49 (3H, s, H-14);

5c (176 MHz, CDCls) 170.1 (s, C-8), 159.1 (s, C-2), 130.5 (s, C-5), 129.0 (s, C-4),
125.8 (s, C-10), 123.3 (s, C-13), 114.2 (s, C-3), 109.5 (s, C-11), 107.5 (s, C-12), 55.4
(s, C-1), 43.0 (s, C-6), 35.0 (s, C-9), 33.9 (s, C-14);

vmax (film/cm™1) 3290 (N-H), 2937 (C—H), 1647 (C=0), 1511 (Ar), 1495 (Ar), 1463
(Ar);

LRMS (ES+) 539.3 ([2M+Na]*, 100), 517.3 ([2M+H]*, 90), 281.1 ([M+Na]*, 30), 259.1
([M+H]*, 75);

HRMS Found (ES+): [M+H]* 259.1142 [C15H1802N2+H]* requires 259.1447.

N-(4-Methoxybenzyl)-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2-
yl)acetamide 32b & 2-(3,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-
2-yl)-N-(4-methoxybenzyl)acetamide 32c

32b 32c
(Inseparable mixture)

N-(4-Methoxybenzyl)-2-(furan-2-yl)acetamide 32a (245 mg, 1.0 mmol, 1.0 eq.),
B2pinz (254 mg, 1.0 mmol, 1.0 eq.), [Ir(COD)OMe]2 (10 mg, 15 umol, 0.015 eq.) and
tmphen (7 mg, 30 umol, 0.03 eq.) were weighed into an oven-dried reaction tube and
then sealed with a Teflon-lined screw cap. The tube was then evacuated and refilled

with argon (three cycles) before 2 mL of dry THF was added via a syringe and the
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mixture stirred at 85 °C for 18 h. Upon completion, the reaction mixture was
concentrated leaving a residue that was purified by flash column chromatography
eluted with CH2Cl2/MeOH (100:0 — 90:10) to give an inseparable mixture of 32b/32c
as an orangelyellow oil (119 mg, 32b/32c 30:70; 32b 8%, 32c 18%);

Rr 0.5 (CH2Cl2/MeOH 95:5);

51 (700 MHz, CDCls) 7.22 (1H, s, 32¢ H-12), 7.14 (2H, d, J 8.6 Hz, 32b H-3), 7.11
(2H, d, J 8.6 Hz, 32¢ H-3), 7.02 (1H, d, J 3.3 Hz, 32b H-12), 6.83 (2H, d, J 8.6 Hz,
32b H-4), 6.80 (2H, d, J 8.6 Hz, 32c H-4), 6.40 (1H, br s, 32c H-7), 6.29 (1H, d,
J 3.3 Hz, 32b H-11), 5.90 (1H, br s, 32b H-7), 4.35 (2H, d, J 5.7 Hz, 32b H-6), 4.30
(2H, d, J 5.5 Hz, 32¢ H-6), 3.89 (3H, s, 32¢ H-9), 3.77 (3H, s, 32b H-1), 3.76 (3H, s,
32¢ H-1), 3.71 (2H, s, 32b H-9), 1.33 (12H, s, 32b H-15), 1.31 (12H, s, 32¢ H-15),
1.17 (12H, s, 32¢ H-17);

¢ (176 MHz, CDCls, C—B not visible) 168.1 (s, 32c C-8), 168.1 (s, 32b C-8), 163.2
(s, 32¢ C-10), 159.1 (s, 32b, C-2), 159.1 (s, 32¢ C-2), 154.0 (s, 32b C-10), 130.4
(s, 32¢c C-5), 130.1 (s, 32b C-5), 129.2 (s, 32¢ C-12), 129.1 (s, 32¢ C-3), 129.1
(s, 32b C-3), 125.0 (s, 32b C-12), 114.2 (s, 32b C-4), 114.1 (s, 32¢ C-4), 109.7
(s, 32b C-11), 84.4 (s, 32b C-14), 84.3 (s, 32c C-14), 83.9 (s, 32c C-16), 60.8
(s, 32¢ C-9), 55.4 (s, 32c C-1), 55.4 (s, 32b C-1), 43.3 (s, 32b C-6), 43.2
(s, 32c C-6), 37.4 (s, 32c C-9), 36.8 (s, 32b C-9), 24.8 (s, 32b C-15), 24.7
(s, 32¢ C-15), 24.7 (s, 32¢ C-17);

58 (225 MHz, CDCls) 29.0;

vinax (film/cm™1) 3300 (N—H), 2978 (C—H), 2933 (C-H), 1654 (C=0), 1612 (Ar), 1595
(Ar), 1531 (Ar), 1513vs (Ar), 1472 (Ar), 1454 (Ar), 1371, 1346vs, 1247vs (Ar—OCHs),
1142vs (C-O);

HRMS 32b Found (ES+): [M+H]* 371.2013 [C20H26BNOs+H]* requires 371.2013, 32c
Found (ES+): [M+H]* 496.2904 [C2sH37B2NO7+H]* requires 496.2902.
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Experimental

N-(4-Methoxybenzyl)-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-
methylpyrrol-2-yl)acetamide 33b & N-(4-methoxybenzyl)-2-(bis-3,5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-N-methylpyrrol-2-yl)acetamide 33c

15% 1%
N-(4-Methoxybenzyl)-2-(N-methylpyrrol-2-yl)acetamide 33a (258 mg, 1.0 mmol,

1.0 eq.), Bzpinz (254 mg, 1.0 mmol, 1.0 eq.), [Ir(COD)OMe]2 (10 mg, 15 pmol,
0.015 eq.) and dtbpy (8 mg, 30 umol, 0.03 eq.) were weighed into an oven-dried
reaction tube and then sealed with a Teflon-lined screw cap. The tube was then
evacuated and refilled with argon (three cycles) before 1 mL of dry THF was added
via a syringe and the mixture stirred at 85 °C for 18 h. Upon completion, the reaction
mixture was concentrated leaving a residue that was purified by flash column
chromatography eluted with petroleum ether/EtOAc (95:5 — 15:85) to give a mixture

of products. 39 mg (15%) 33a was recovered from the reaction.

N-(4-Methoxybenzyl)-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-

14 ‘"-0

H,CO™ 2 47
1 3

Orangelyellow oil (56 mg, 15%);

methylpyrrol-2-yl)acetamide 33c

R 0.2 (petroleum ether/EtOAc 1:1);

5+ (700 MHz, CDCls) 7.09 (2H, d, J 8.6 Hz, H-4), 7.04 (1H, d, J 1.7 Hz, H-12), 6.81
(2H, d, J 8.6 Hz, H-3), 6.34 (1H, d, J 1.7 Hz, H-11), 5.85 (1H, t, J 6.0 Hz, H-7), 4.30
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(2H, d, J 6.0 Hz, H-6), 3.78 (3H, s, H-1), 3.58 (2H, s, H-9), 3.48 (3H, s, H-14), 1.29
(12H, s, H-16);

5c (176 MHz, CDCls) 169.8 (s, C-8), 159.1 (s, C-2), 132.5 (s, C-12), 130.4 (s, C-5),
129.0 (s, C-4), 127.2 (s, C-10), 115.3 (s, C-11), 114.2 (s, C-3), 108.4 (m, C-13),
83.1(s, C-15), 55.4 (s, C-1), 43.0 (s, C-6), 35.0 (s, C-9), 34.0 (s, C-14),
24.9 (s, C-16);

OB (225 MHz, CDCls) 29.9;

vmax (film/cm™1) 3295 (N-H), 2976 (C-H), 2931 (C-H), 1650 (C=0), 1611 (Ar), 1561
(Ar), 1513vs (Ar), 1441 (Ar);

LRMS (El) 407.2 ((M+Na]*, 25), 385.2 ([M+H]*, 100), 271.1 (IM-CeH1202+2H]**, 10),
259.1 ([M-Bpin+H]*, 40), 214.1 (15), 197.0 (10), 101.1 (10);

HRMS Found (ES+): [M+H]* 385.2296 [C21H290BN204+H]" requires 385.2299.

N-(4-Methoxybenzyl)-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-
methylpyrrol-2-yl)acetamide 33c

14 15\8’0
OH3C\ 13
6 10 N 12

Orangelyellow oil (54 mg, 11%);
Rt 0.5 (petroleum ether/EtOAc 1:1);

5+ (700 MHz, CDCl3) 7.14 (1H, s, H-12), 7.10 (2H, d, J 8.8 Hz, H-4), 6.97 (1H, br s,
H-7), 6.80 (2H, d, J 8.8 Hz, H-3), 4.26 (1H, d, J 5.5 Hz, H-6), 3.88 (3H, s, H-14), 3.78
(2H, s, H-9), 3.77 (3H, s, H-1), 1.28 (12H, s, H17), 1.12 (12H, s, H-20);

5c (176 MHz, CDCls) 169.8 (s, C-8), 159.1 (s, C-2), 141.6 (s, C-10), 130.5 (s, C-5),
129.2 (s, C-4), 1282 (s, C-12), 126.0 — 127.1 (m, C-13), 114.1 (s, C-3),
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Experimental

108.1 — 108.9 (m, C-11), 83.3 (s, C-16), 83.1 (s, C-19), 55.4 (s, C-1), 43.2 (s, C-6),
35.4 (s, C-9), 33.8 (s, C-14), 24.9 (s, C-17), 24.7 (s, C-20);

58 (225 MHz, CDCls) 29.4 (B-15), 28.4 (B-16);

vinax (film/cm™) 3326 (N-H), 2976 (C-H), 2933 (C-H), 1653 (C=0), 1513 (Ar),
1453 (Ar), 1317 (Ar), 1246 (Ar—OCHj3), 1135vs (C-O):

LRMS (El) 1043.6 ([2M+Na]*, 15), 637.4 (15), 511.3 ([M+H]*, 100), 122.1 (5);
HRMS Found (ES+): [M+H]* 509.3219 [C27H40B2N206+H]" requires 509.3218.

3,9-Dimethyl-1,2,3,4-tetrahydrocarbazole-4-one 40

CHa
8 8a N_ga 1
7 y/ 2
4b 4a 3
5 CH
o %

Ondansetron 39 (293 mg, 1.0 mmol, 1.0 eq.), Bzpinz (254 mg, 1.0 mmol, 1.0 eq.),
[Ir(COD)OMe]2 (10 mg, 15 pmol, 0.015 eq.) and dtbpy (8 mg, 30 pmol, 0.03 eq.)
were weighed into an oven-dried reaction tube and sealed with a Teflon-lined screw
cap. The tube was then evacuated and refilled with argon (three cycles) before 1 mL
of dry dioxane was inserted via a syringe and the mixture stirred at 100 °C for 18 h.
Afterwards, the crude mixture was purified by flash column chromatography eluted
with petroleum ether/EtOAc (7:3) to give 40 as an orange solid (25 mg, 12%);

R 0.4 (petroleum ether/EtOAc 2:1);
m.p. 122 — 123 °C;

S+ (700 MHz, CDCls) 8.24 — 8.27 (1H, m, H-5), 7.25 — 7.28 (3H, m, H-6-8), 3.66 (3H,
s, H-10), 2.95 — 2.99 (1H, m, H-1), 2.87 — 2.92 (1H, m, H-1) 2.54 — 2.59 (1H, m, H-3),
2.29 — 2.33 (1H, m, H-2), 1.95 — 2.01 (1H, m, H-2) 1.28 (3H, d, J 7.0 Hz, H-11);

5c (176 MHz, CDCls) 196.5 (s, C-4), 151.4 (s, C-9a), 137.7 (s, C-8a), 125.1 (s, C-8),
123.0 (s, C-4b), 122.6 (s, C-6), 121.7 (s, C-5), 112.1 (s, C-4a), 109.2 (s, C-7),
41.2 (s, C-3), 31.4 (s, C-2), 29.8 (s, C-10), 21.5 (s, C-1), 15.5 (s, C-11);
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LRMS (ES+) 662.2 ([3M+Na]*, 30), 449.2 (2M+Na]*, 15), 427.2 ([2M+H]*, 70), 236.1
(IM+NaJ*, 5), 214.1 ([M+H]*, 100);

Data consistent with the literature.?%?
1-Toluenesulfonyl-3-bromo-7-nitroindazole 43

4 Br
5 3a 3
\
N 2

6
> 7aN\1

8
NO, 11

O//\é CH3 42
9 10

A flask was loaded with 3-bromo-7-nitro-1H-indazole 42 (896 mg, 3.70 mmol,
1.2 eq.), KOH (370 mg, 6.60 mmol, 2.2 eqg.) and p-toluenesulfonyl chloride (581 mg,
3.05 mmol, 1.0 eq.). 25 mL dry THF was then inserted and the resulting mixture was
stirred at 50 °C for 3 d. Afterwards, the reaction was concentrated under reduced
pressure and added to 20 mL water then extracted with EtOAc (3 x 20 mL). The
combined organic extracts were then washed with brine (20 mL), dried (MgSOa),
filtered and concentrated. The residue was then purified by column chromatography
eluted with CH2Cl2/MeOH (100:0 — 90:10) to give 43 as a white solid (336 mg, 23%);

m.p. 147 — 149 °C;
Rf 0.6 (100% CH2Cly);

51 (700 MHz, CDCls) 8.07 (2H, d, J 8.6 Hz, H-9), 7.99 (1H, dd, J 7.7 Hz, 1.0 Hz,
H-6), 7.88 (1H, dd, J 8.0 Hz, 1.0 Hz, H-4), 7.51 (1H, t, J 7.8 Hz, H-5), 7.39 (2H, d,
J 8.6 Hz, H-10), 2.46 (3H, s, H-12);

5c (176 MHz, CDCl3) 146.5 (s, C-8), 138.1 (s, C-7), 134.1 (s, C-11), 131.5 (s, C-7a),
131.4 (s, C-3a), 130.0 (s, C-10), 129.3 (s, C-3), 128.7 (s, C-9), 125.9 (s, C-4),
125.8 (s, C-6), 124.7 (s, C-5), 22.0 (s, C-12);

vmax (film/cm™1) 3056 (C-H), 1614 (Ar), 1541 (N-0), 1376 (H2C—H), 1358 (N-O),
1345 (N-0), 1317 (N=N), 1177 (S=0), 1057 (S=0), 531(C~Br);

LRMS (ES+) 814.9 ([2M+Na]*, 50), 715.2 (5), 420.0 ([M+Na]*, 25), 415.0
([M+H20+H]"*, 85), 398.0 ((M+H]*, 100), 254.2 (20), 155.0 ([Tos+H]*, 30);
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Experimental

HRMS Found (ES+): [M+H]* 395.9653 [C1aH10BrN3O4S+H]* requires 395.9648.

m-Xylyl-5-boronic acid pinacol ester 44b

5
CH,
2
1 3

4

_o_ 7
HsC B 4
o)

B2pinz (254 mg, 1.0 mmol, 1.0 eq.), [Ir(COD)OMe]z (10 mg, 15 pymol, 0.015 eq.) and
dtbpy (8 mg, 30 umol, 0.03 eq.) were weighed into an oven-dried reaction tube and
sealed with a Teflon-lined screw cap. The tube was then evacuated and refilled with
nitrogen (three cycles) before dry, degassed m-xylene 44a (123 ul, 1.0 mmol,
1.0 eq.) dissolved in 1 mL dry, degassed dioxane was inserted via a syringe and the
mixture stirred at 100 °C for 18 h. Afterwards, the crude mixture was purified by flash
column chromatography (SiO2 12 g) eluted with cyclohexane/EtOAc (100:0 — 80:20)
to give 44b as a white crystalline solid (140 mg, 60%);

m.p. 98 — 100 °C;
Rt 0.6 (cyclohexane/EtOAc 95:5);

54 (700 MHz, CDCls) 7.44 (2H, s, H-3), 7.10 (1H, s, H-1), 2.32 (6H, s, H-5), 1.34
(12H, s, H-7);

¢ (176 MHz, CDCls, C-B not visible) 137.3 (s, C-2), 133.1 (s, C-1), 132.5 (s, C-3),
83.8 (s, C-6), 25.0 (s, C-7), 21.3 (s, C-5);

08 (225 MHz, CDCls) 31.3;
LRMS (ES+) 233.2 ([M+H]*, 5), 145.1 (5), 107.1 (5), 101.1 (100), 83.1 (20);

Data consistent with the literature.2%3
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1-Toluenesulfonyl-3-bromoindazole 47a

Br
4
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A flask was loaded with 3-bromo-1H-indazole 46a (694 mg, 3.52 mmol, 1.0 eq.),
KOH (378 mg, 6.74 mmol, 1.9 eq.) and p-toluenesulfonyl chloride (1.01 g,
5.30 mmol, 1.5 eq.). THF (15 mL) was then inserted and the resulting mixture was
stirred at room temperature for 18 h. Afterwards, the reaction was concentrated
under reduced pressure and added to 25 mL water then extracted with
EtOAc (3 x 25 mL). The combined organic extracts were then washed with brine
(20 mL), dried (MgSO4) and filtered. The residue was then purified by silica gel
column chromatography eluted with petroleum ether/EtOAc (100:0 — 90:10) to give
47a as a colourless crystalline solid (1.07 g, 86%);

m.p. 124 — 126 °C;
Rt 0.3 (petroleum ether/EtOAc 95:5);

dn (700 MHz, CDCls) 8.18 (1H, dd, J 8.4 Hz, 0.8 Hz, H-4), 7.86 (2H, d, J 8.6 Hz,
H-9), 7.60 (1H, ddd, J 8.4 Hz, 7.1 Hz, 1.1 Hz, H-5), 7.56 (1H, dd, J 8.2 Hz, 1.1 Hz,
H-7), 7.37 (1H, ddd, J 8.2 Hz, 7.1 Hz, 0.8 Hz, H-6), 7.24 (2H, d, J 8.6 Hz, H-10), 2.34
(3H, s, H-12);

5c (176 MHz, CDCls) 146.0 (s, C-8), 141.1 (s, C-3), 134.2 (s, C-11), 131.5 (s, C-3a),
130.6 (s, C-5), 130.1 (s, C-10), 127.8 (s, C-9), 126.1 (s, C-7a), 125.0 (s, C-6), 121.0
(s, C-7), 113.5 (s, C-4), 21.8 (s, C-12);

LRMS (ES+) 726.9 ([2M+Na]*, 15), 353.0 ([M+H]*, 100);

Data consistent with the literature.2%4
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Experimental

tert-Butyl 3-bromo-1H-indazole-1-carboxylate 48a

3-Bromo-1H-indazole 46a (500 mg, 2.54 mmol, 1.0 eq.), di-tert-butyl dicarbonate
(609 mg, 2.79 mmol, 1.1 eq.) and DMAP (31 mg, 250 ymol, 0.1 eq.) were dissolved
in 10 mL dry THF and stirred at room temperature for 18 h. Afterwards, the reaction
was diluted with water (10 mL) and extracted with EtOAc (3 x 10 mL). Combined
organic extracts were washed with water (10 mL) and brine (10 mL) then dried
(MgSO0a4) and filtered. The filtrate was concentrated to leave a solid residue that was
purified by flash column chromatography (SiO2 12 g) eluted with cyclohexane/EtOAc
(90:10 — 60:40) to deliver 48a as a yellow oil (536 mg, 71%);

Rt 0.2 (100% cyclohexane);

on (700 MHz, CDCIs) 8.15 (1H, d, J 8.5 Hz, H-7), 7.63 (1H, dt, J 8.0 Hz, 1.1 Hz, H-4),
7.58 (1H, ddd, J 8.5 Hz, 7.1 Hz, 1.1 Hz, H-6), 7.37 (1H, dd, 8.0 Hz, 7.1 Hz, H-5),
1.72 (9H, s, H-10);

dc (176 MHz, CDCls) 148.6 (s, C-8), 140.5 (s, C-3a), 130.2 (s, C-6), 130.0 (s, C-3),
126.1 (s, C-7a), 124.4 (s, C-5), 120.8 (s, C-4), 114.9 (s, C-7), 85.7 (s, C-9), 28.3
(s, C-10);

vmax (film/cm™) 2979 (C-H), 2933 (C-H), 1737 (C=0), 1492 (Ar), 1465 (H2C-H),
1368 (H2C-H), 1336 (C-H), 1239 (C-N), 1147, 1053, 972, 909 (Ar—H), 843 (Ar-H),
728vs (C-Br);

LRMS (ES+) 595.0 ([2M+H]*, 10), 495.0 (15), 299.0 ([M+H]*, 60), 297.0 ([M+H]*, 60),
255.0 (15), 253.0 (15), 243.0 ([M-'Bu+2H]*, 100), 241.0 ([M-Bu+2H]* 100), 199.0
(IM-Boc]*, 25), 197.0 (M-Boc]*, 25), 118.0 ([Boc+OH]", 5);

HRMS Found (ES+): [M+H]* 297.0233 [C12H1502N2Br+H]* requires 297.0244.
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4.3.2.2 Investigation into the borylation of 4-substituted quinolines
Ethyl quinoline-4-carboxylate 51a

A round-bottomed flask was loaded with quinoline-4-carboxylic acid 53a (1.00 g,
5.77 mmol), ethanol (75 mL) and ca. 500 yL conc H2SO4. The mixture was then
heated to reflux and left to stir for 2 d. Afterwards, the reaction was left to cool and
ag NaHCOs3 was added until the mixture was pH 7. The mixture was concentrated on
the rotary evaporator and 25 mL water was added to the resulting residue. This was
then extracted with EtOAc (3 x 25 mL), washed with brine, dried (MgSOa), filtered
and concentrated under reduced pressure to leave an oil. The residue was then
purified by flash column chromatography eluted with petroleum ether/EtOAc
(90:10 — 80:20) to give 51a as an orange/yellow oil (800 mg, 69%);

Rt 0.4 (petroleum ether/EtOAc 8:2);

54 (600 MHz, CDCls) 8.98 (1H, d, J 4.4 Hz, H-2), 8.73 (1H, dd, J 8.5 Hz, 1.2 Hz,
H-5), 8.14 (1H, d, J 8.5 Hz, H-8), 7.85 (1H, d, J 4.4 Hz, H-3), 7.72 (1H, ddd, J 8.4 Hz,
6.8 Hz, 1.4 Hz, H-7), 7.61 (1H, ddd, J 8.5 Hz, 6.8 Hz, 1.3 Hz, H-6), 4.47 (2H, q,
J 7.2 Hz, H-10), 1.43 (3H, t, J 7.2 Hz, H-11);

¢ (150 MHz, CDCls) 166.3 (s, C-9), 149.9 (s, C-2), 149.2 (s, C-8a), 135.3 (s, C-4a),
130.2 (s, C-8), 129.8 (s, C-7), 128.2 (s, C-6), 125.7 (s, C-5), 125.2 (s, C-4), 122.2
(s, C-3), 61.9 (s, C-10), 14.4 (s, C-11);

LRMS (ESI) 202.1 ([M+H]*, 100);

Data consistent with the literature.2%
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Experimental

N-[(4-Methoxyphenyl)methyl]quinoline-4-carboxamide 52a

10 15_0.
H 4 CHs 6
O N 14
5 L41° 1113
® A
. 8a A,

Prepared according to General Procedure A from quinoline-4-carboxylic acid 53a
(.00 g, 5.77 mmol) and 4-methoxybenzylamine (790 uL, 6.1 mmol, 1.1 eq.).
TAME (100 mL) was used as solvent and the reaction was stirred at reflux for 6 d.
Upon cooling, an off-white precipitate crystallised out that was filtered and then
washed with petroleum ether/diethyl ether (1:1). The resulting solid was isolated by
Buchner filtration to give the desired product 52a as an off-white solid (1.59 g, 92%);

Rt 0.3 (CH2Cl2/MeOH 3:1);
m.p. 141 — 143 °C,

54 (700 MHz, CDCls) 8.77 (1H, d, J 4.3 Hz, H-2), 8.44 (1H, d, J 8.4 Hz, H-8), 8.11
(1H, d, J 8.4 Hz, H-5), 7.68 (1H, td, J 7.1 Hz, 1.1 Hz, H-7), 7.42 (1H, t, J 7.1 Hz,
H-6), 7.32 (1H, d, J 4.3 Hz, H-3), 6.94 (2H, d, J 8.5 Hz, H-14), 6.47 (2H, d, J 8.5 Hz,
H-13), 3.74 (2H, s, H-11), 3.63 (3H, s, H-16);

¢ (176 MHz, CDCls) 173.8 (s, C-9), 159.8 (s, C-15), 150.1 (s, C-2), 148.9 (s, C-8a),
144.1 (s, C-4a), 130.0 (s, C-14), 129.8 (s, C-5), 129.4 (s, C-7), 127.1 (s, C-6),
126.5 (s, C-8), 125.5 (s, C-12), 125.4 (s, C-4), 120.1 (s, C-3), 114.3 (s, C-13),
55.3 (s, C-16), 43.2 (s, C-11);

vimax (film/cm™1) 3587 (N=H), 2933 (C—H), 2640, 1612 (C=0), 1594 (Ar);
LRMS (ES+) 293.1 ([M+H]*, 2);

HRMS Found (ES+): [M+H]* 293.1293 [C18H16N202+H]* requires 293.1290.
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4-Chloroquinoline 55a

This method is based on a procedure by Garcia-Manchefio and colleagues.*#°
4-Quinolinol 54a (2.50 g, 17.2 mmol, 1.0 eq.) and POCIs (6.44 mL, 68.9 mmol,
4.0 eq.) were added to an oven-dried round-bottomed flask and the mixture was
refluxed for 1 h. The reaction was allowed to cool before being transferred very
slowly to 100 mL of cold water immersed in an ice bath. The mixture was then raised
to pH 13 with the addition of NaOH pellets whilst still in an ice bath at 0 °C. It was
then extracted with CH2Cl2 (3 x 50 mL), dried (MgSOa), filtered and concentrated
under reduced pressure to give 55a (1.99 g, 71%) as an orange/brown oil which

required no further purification;

54 (700 MHz, CDCls) 8.76 (1H, d, J 4.7 Hz, H-2), 8.21 (1H, dd, J 8.4 Hz, 1.3 Hz,
H-8), 8.11 (1H, d, J 8.4 Hz, H-5), 7.75 (1H, dd, J 8.4 Hz, 6.9 Hz, H-7), 7.62 (1H, ddd,
J 8.4 Hz, 6.9 Hz, 1.3 Hz, H-6), 7.47 (1H, d, J 4.7 Hz, H-3);

¢ (176 MHz, CDCls) 150.0 (s, C-2), 149.3 (s, C-8a), 142.8 (s, C-4), 130.5 (s, C-7),
130.0 (s, C-5), 127.7 (s, C-6), 126.6 (s, C-4a), 124.3 (s, C-8), 121.4 (s, C-3);

LRMS (ESI) 164.0 ([M+H]*, 100);
Data consistent with the literature.14°

4-Methoxyquinoline 50a

This method is a modified version of a procedure described by Garcia-Manchefio
and colleagues.'*® Methanol (100 mL) was added to an oven-dried three-necked
round-bottomed flask and cooled to O °C in an ice-water bath. Whilst stirring, sodium

(2.13 g, 49.2 mmol, 8.0 eq.) was added slowly in small portions over 30 min. Once
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Experimental

dissolved, 4-chloroquinoline 55a (1.00 g, 6.11 mmol, 1.0 eq.) was added via a
syringe and the mixture was heated to reflux and left to stir for 3 d. Afterwards, the
reaction was left to cool then concentrated under reduced pressure to leave a
yellow/brown residue. This was then dissolved in 25 mL water and extracted into
CH2Cl2 (3 x 25 mL). The organic extracts were combined, dried (MgSOa), filtered
and concentrated under reduced pressure to leave an oil which was purified by flash
column chromatography eluted with hexane/EtOAc (7:3) to provide 50a as a yellow
oil (515 mg, 52%);

Rt 0.3 (hexane/EtOAc 1:1);

&n (600 MHz, CDCls) 8.74 (1H, d, J 5.2 Hz, H-2), 8.19 (1H, ddd, J 8.4 Hz, 1.4 Hz,
0.4 Hz, H-5), 8.02 (1H, d, J 8.5 Hz, H-8), 7.68 (1H, ddd, J 8.5 Hz, 6.9 Hz, 1.4 Hz,
H-7), 7.49 (1H, ddd, J 8.4 Hz, 6.9 Hz, 1.2 Hz, H-6), 6.72 (1H, d, J 5.2 Hz, H-3), 4.03
(3H, s, H-9);

Oc (150 MHz, CDCI3) 162.4 (s, C-4), 151.5 (s, C-2), 149.3 (s, C-8a), 129.9 (s, C-7),
129.0 (s, C-8), 125.7 (s, C-6), 121.9 (s, C-5), 121.5 (s, C-4a), 100.2 (s, C-3),
55.8 (s, C-9);

LRMS (ESI) 160.1 ([M+H]*, 100), 145.1 ([M-CHz+HJ*, 5);

Data consistent with the literature.140
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4-Methyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)quinoline 49b, 4-methyl-
7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)quinoline 49c, 4-methyl-1,2,3,4-
tetrahydroquinoline 49d, 4-methyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-1,2,3,4-tetrahydroquinoline 49e & 4-methyl-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1,2,3,4-tetrahydroquinoline 49f

%m@fm
%ﬁa Iee

General Procedure B was followed with 4-methylquinoline 49a (286 mg, 2.0 mmol)

CH;

o —

as the substrate. The reaction gave a mixture of products which were purified by

column chromatography (petroleum ether/EtOAc 100:0 — 50:50).

4-Methyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-quinoline 49b &
4-methyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-quinoline 49c

11

CH; CH3
10 ‘B 5 4
o~ 4a\ 3 4a\ 3
Sa/ Sa/
! N O\B 7
8 1
49b 49C

(Inseparable mixture)

Yellow oil (178 mg, 33%, 49b/49c 1.3:1);
R 0.2 (petroleum ether/EtOAc 8:2);

54 (700 MHz, CDCls) 8.78 (1H, d, J 4.2 Hz, 49b & 49c H-2), 8.59 (1H, s, 49b H-8),
8.49 (1H, s, 49b H-5), 8.06 (1H, d, J 8.5 Hz, 49b H-8), 8.04 (1H, d, J 8.5 Hz,
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Experimental

49b H-7), 7.95 (1H, d, J 8.3 Hz, 49¢ H-5), 7.90 (1H, d, J 8.3 Hz, 49¢c H-6), 7.23
(1H, d, J 4.2 Hz, 49b & 49c H-3), 2.76 (3H, s, 49b CHs), 2.69 (3H, s, 49¢ H-9), 1.39
(12H, s, 49b H-11), 1.38 (12H, s, 49¢ H-11);

5c (176 MHz, CDCls, C-B not visible) 151.1 (s, 49b C-2), 150.2 (s, 49¢ C-2), 149.5
(s, 49b C-8a), 147.4 (s, 49c C-8a) 145.5 (s, 49b C-4), 144.3 (s, 49c C-4) 138.0
(s, 49b C-8), 134.2 (s, 49b C-7), 132.1 (s, 49b C-5), 131.1 (s, 49c C-6), 130.1
(s, 49c C-4a), 129.0 (s, 49b C-8), 127.8 (s, 49b C-4a), 123.1 (s, 49c C-5), 122.7
(s, 49c C-3), 122.1 (s, 49b C-3), 84.3 (s, 49b C-10), 84.2 (s, 49c C-10), 25.0
(s, 49b C-11), 25.0 (s, 49¢c C-11), 19.0 (s, 49b C-9), 18.8 (s, 49¢ C-9);

58 (225 MHz, CDCls) 30.7 (49b and 49c);
Vinax (film/cm™1) 2977 (C—H), 2927 (C—H), 1618 (Ar);

LRMS (ES+) 411.3 ([M+M-Bpin+H]*, 10), 410.3 ([M+M-Bpin]*, 30), 270.2 ([M+H]",
100), 144.1 ((M-Bpin+HJ*, 15);

HRMS Found (ES+): [M+H]* 270.1669 [C16H20NO2B+H]* requires 270.1665.

4-Methyl-1,2,3,4-tetrahydroquinoline 49d

Yellow oil (14 mg, 5%);
Rt 0.3 (petroleum ether/EtOAc 95:5);

&+ (700 MHz, CDCls) 7.06 (1H, d, J 7.7 Hz, H-5), 6.97 (1H, t, J 7.7 Hz, H-7), 6.64
(1H, t, J 7.7 Hz, H-6), 6.48 (1H, d, J 7.7 Hz, H-8), 3.86 (1H, br s, H-1), 3.32 — 3.35
(1H, m, H-2), 3.26 — 3.29 (1H, m, H-2), 2.90 — 2.94 (1H, m, H-4), 1.97 — 2.01 (1H, m,
H-3), 1.66 — 1.71 (1H, m, H-3), 1.30 (3H, d, J 7.1 Hz, H-9);

5c (176 MHz, CDClz) 144.4 (s, C-8a), 128.6 (s, C-5), 126.9 (s, C-7), 126.7 (s, C-4a),
117.1 (s, C-6) 114.3 (s, C-8), 39.1 (s, C-2), 30.4 (s, C-4), 30.0 (s, C-3), 22.8 (s, C-9);

vinax (film/cm™1) 3405 (N—=H), 2922 (C—H), 1606 (Ar), 1497;
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LRMS (ES+) 148.2 ([M+H]*, 100);
Data consistent with the literature.14°

4-Methyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2,3,4-
tetrahydroquinoline 49e

Yellow oil (7 mg, 1%);
Rt 0.6 (petroleum ether/EtOAc 80:20);

54 (700 MHz, CDCls, N-H not visible) 7.50 (1H, s, H-5), 7.42 (1H, dd, J 8.0 Hz,
1.2 Hz, H-7), 6.43 (1H, d, J 8.0 Hz, H-8), 3.34 — 3.37 (1H, m, H-2), 3.27 — 3.30
(1H, m, H-2), 2.89 — 2.94 (1H, m, H-4), 1.92 — 1.97 (1H, m, H-3), 1.65 — 1.69
(1H, m, H-3), 1.31 (6H, s, H-11), 1.31 (6H, s, H-11), 1.29 (3H, d, J 7.1 Hz, H-9);

¢ (176 MHz, CDCls, C-B not visible) 147.1 (s, C-8a), 135.5 (s, C-5), 134.0 (s, C-7),
125.5 (s, C-4a), 113.3 (s, C-8), 83.2 (s, C-10), 38.7 (s, C-2), 30.2 (s, C-4), 29.5
(s, C-3), 25.0 (s, C-11), 24.9 (s, C-11) 22.6, (s, C-9);

58 (225 MHz, CDCls) 30.8;
Vinax (film/cm™1) 3405 (N=H), 2925 (C—H), 1606 (Ar), 1499 (Ar);

LRMS (ES+) 274.3 ([M+H]*, 100), 197.3 (5), 195.2 (15), 192.5 (10), 143.0 (10),
122.7 (10), 83.3 (10);

HRMS Found (ES+): [M+H]" 274.1980 [C16H24NO2B+H]* requires 274.1978.
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Experimental

4-Methyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2,3,4-
tetrahydroquinoline 49f

Orange oil, (1 mg, <1%);
Rt 0.7 (petroleum ether/EtOAc 7:3);

54 (700 MHz, CDCls) 7.08 (1H, d, J 7.4 Hz, H-6), 7.07 (1H, d, J 7.4 Hz, H-5), 6.93
(1H, s, H-8), 3.31 — 3.34 (1H, m, H-2), 3.25 — 3.28 (1H, m, H-2), 2.89 — 2.94
(1H, m, H-4), 1.95 — 2.00 (1H, m, H-3), 1.65 — 1.69 (1H, m, H-3), 1.31 (12H, s, H-11),
1.28 (3H, d, J 7.0 Hz, H-9);

oc (176 MHz, CDCI3, C-B not visible) 143.9 (s, C-8a), 130.1 (s, C-4a), 128.1
(s, C-5), 123.4 (s, C-6), 120.5 (s, C-8), 83.6 (s, C-10), 39.1 (s, C-2), 30.6 (s, C-4),
29.9 (s, C-3), 25.0 (s, C-11), 24.9 (s, C-11), 22.7 (s, C-9);

58 (225 MHz, CDCls) 30.8;
Vinax (film/cm™1) 3401 (N=H), 2925 (C—H), 1722;
LRMS (ES+) 274.2 ([M+H]*, 100), 269.2 (35);

HRMS Found (ES+): [M+H]* 274.1981 [C16H24NO2B+H]* requires 274.1978.
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Ethyl 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-quinoline-4-carboxylate
51b, ethyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-quinoline-4-
carboxylate 51c, ethyl 1,2,3,4-tetrahydroquinoline-4-carboxylate 51d, ethyl 6-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2,3,4-tetrahydroquinoline-4-
carboxylate 51e & ethyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2,3,4-

tetrahydroquinoline-4-carboxylate 51f

QLC\) COOEt COOEt COOEt
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General Procedure B was followed with ethyl quinoline-4-carboxylate 51a (402 mg,

2.00 mmol) as the substrate. The reaction gave a mixture of products which were

purified by column chromatography (petroleum ether/EtOAc 100:0 — 40:60).

Ethyl 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-quinoline-4-carboxylate
51b & ethyl-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-quinoline-4-

carboxylate 51c

(Inseparable mixture)

Yellow oil (13 mg, 8%);

Rt 0.5 (petroleum ether/EtOAc 7:3);
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Experimental

51 (700 MHz, CDCls) 9.19 (1H, s, 51b H-5), 9.03 (1H, d, J 4.3 Hz, 51b & 51c H-2),
8.73 (1H, d, J 8.5 Hz, 51c H-5), 8.65 (1H, s, 51c H-8), 8.13 (1H, d, J 8.5 Hz,
51c H-7), 8.12 (1H, d, J 8.5 Hz, 51b H-8), 7.99 (1H, d, J 8.5 Hz, 51c H-6), 7.91 (1H,
d, J4.3 Hz, 51c H-2), 7.86 (1H, d, J 4.3 Hz, 51b H-2), 454 (2H, q, J 7.2 Hz,
51c H-10), 4.51 (2H, g, J 7.2 Hz, 51b H-10), 1.49 (3H, t, J 7.2 Hz, 51c H-11), 1.47
(3H, 1, J 7.2 Hz, 51b H-11), 1.39 (12H, s, 51c H-13), 1.39 (12H, s, 51b H-13);

oc (176 MHz, CDCls, C-B not visible) 166.4 (s, 51b & 51c, C-9), 150.8 (s, 51b, C-2),
150.6 (s, 51b, C-8a), 149.9 (s, 51b, C-2), 148.7 (s, 51c, C-8a), 138.0 (s, 51c, C-8),
136.2 (s, 51b, C-4a), 135.1 (s, 51c, C-4a), 134.6 (s, 51b, C-8), 133.7 (s, 51b, C-5),
132.8 (s, 51c, C-6), 129.2 (s, 51b, C-7), 126.9 (s, 51c, C-4), 124.8 (s, 51b, C-4),
1245 (s, 51c, C-5), 122.9 (s, 51c, C-3), 122.1 (s, 51b, C-3), 84.4 (s, 51b/c, C-12),
84.4 (s, 51b/c, C-12), 62.1 (s, 51c, C-10), 62.0 (s, 51b, C-10), 25.1 (s, 51b/c, C-13),
25.1 (51b/c, C-13), 14.4 (51b/c C-11), 14.4 (51b/c C-11);

58 (225 MHz, CDCls) 30.9;

vmax (film/cm™) 2978 (C-H), 2932 (C-H), 1723 (C=0), 1615 (Ar), 1582 (Ar), 1445
(Ar), 1423 (An);

LRMS (ES+) 328.2 ([M+H]*, 100);
HRMS Found (ES+): [M+H]* 328.1721 [C18H22BNO4+H]* requires 328.1720.

Ethyl 1,2,3,4-tetrahydroquinoline-4-carboxylate 51d

Orange oil (19 mg, 5%);
Rt 0.6 (petroleum ether/EtOAc 7:3);

51 (700 MHz, CDCls) 7.12 (1H, d, J 7.6 Hz, H-5), 7.02 (1H, t, J 7.6 Hz, H-7), 6.63
(1H, t, J 7.6 Hz, H-6), 6.51 (1H, d, J 7.6 Hz, H-8), 4.17 (2H, g, J 7.1 Hz, H-10), 3.95
(1H, br s, H-1), 3.76 (1H, t, J 4.9 Hz, H-4), 3.45 (1H, td, J 10.9, 2.5 Hz, H-2),
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3.32-3.24 (1H, m, H-2), 2.25 — 2.28 (1H, m, H-3), 1.98 — 2.03 (1H, m, H-3), 1.27
(3H, t, J 7.1 Hz, H-11);

5c (176 MHz, CDClz) 174.4 (s, C-9), 144.6 (s, C-4a), 130.3 (s, C-5), 128.1 (s, C-6),
117.4 (s, C-8a), 117.1 (s, C-7), 114.9 (s, C-8), 60.9 (s, C-10), 41.8 (s, C-4), 39.0
(s, C-2), 24.8 (s, C-3), 14.4 (s, C-11);

vmax (film/cm™) 3387 (N-H), 2978 (C-H), 2936 (C-H), 1726 (C=0), 1606 (Ar), 1504
(Ar), 1317 (An);

LRMS (ES+) 206.1 ([M+H]*, 100);
HRMS Found (ES+): [M+H]* 206.1185 [C12H15sNO2+H]* requires 206.1181.

Ethyl 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2,3,4-
tetrahydroquinoline-4-carboxylate 51e & ethyl-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1,2,3,4-tetrahydroquinoline-4-carboxylate 51f

13
1
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(Inseparable mixture)
Orange oil (17 mg, 3%);
Rt 0.6 (petroleum ether/EtOAc 7:3);

5+ (700 MHz, CDCls, N—H not visible) 7.56 (1H, s, 51e H-5), 7.47 (1H, d, J 8.0 Hz,
51e H-7), 7.13 (1H, d, J 7.6 Hz, 51e H-5), 7.07 (1H, d, J 7.6 Hz, 51e H-6), 6.97
(I1H,s, 5le H-8), 6.47 (1H, d, J 8.0 Hz, 5le H-8), 4.13 — 4.20 (2H, m,
51e & 51f H-10), 3.67 — 3.77 (1H, m, 51e & 51f H-4), 3.38 — 3.48 (1H, m, 51e & 51f
H-2), 3.21-3.31 (1H, m, 5le & 51f H-2), 2.21 — 2.27 (1H, m, 51e & 51f H-3),
1.95 — 2.02 (1H, m, 51e & 51f H-3), 1.32 (12H, s, 51f H-13), 1.31 (12H, s, 51e H-13),
1.26 (3H, t, J 7.1 Hz, 51e H-11), 1.24 (3H, t, 7.1 Hz, 51f H-11);
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5c (176 MHz, CDCls, C-B not visible) 174.4 (s, 51le C-9), 174.2 (s, 51f C-9), 147.1
(s, 51e C-4a), 144.1 (s, 51f C-4a), 137.5 (s, 5le C-5), 135.1 (s, 51e C-7), 129.8
(s, 51f C-5), 123.3 (s, 51f C-6), 121.2 (s, 51f C-8), 120.5 (s, 51f C-8a), 116.3
(s, 51e C-8a), 113.8 (s, 5le C-6), 83.8 (s, 51f C-12), 83.3 (s, 5le C-12), 61.0
(s, 51f C-10), 60.9 (s, 5le C-10), 42.0 (s, 51f C-4), 41.7 (s, 5le C-4), 39.1
(s, 51f C-2), 38.6 (s,5le C-2), 24.7 (s, 51f C-3), 24.6 (s, 5le C-3), 14.3
(s, 51e & 51f C-11);

58 (225 MHz, CDCls) 30.8;

viax (film/cm™) 3404 (N-H), 2977 (C-H), 2933 (C-H), 1726 (C=0), 1608 (Ar),
1507 (Ar), 1472 (Ar);

LRMS (ES+) 663.4 ([2M+H]*, 20), 537.3 ([2M-Bpin+H]*, 25), 332.2 ([M+H]*, 100),
206.1 ([M-Bpin+H]*, 85);

HRMS Found (ES+): [M+H]* 332.2036 [C18H2sNO4B+H]* requires 332.2033.

4-Methyl-1,2,3,4-tetrahydroquinolin-3-ol 49i

1 1"
CH; CH;

5 12 5 12
6 s OH 6 A 3..OH
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A reaction tube was loaded with 4-methylquinoline 49a (293 mg, 2.05 mmol, 1.0 eq.),
HBcat (1.20 g, 10.00 mmol, 4.9 eq.), [Ir(COD)OMe]2 (20 mg, 30 ymol, 0.015 eq.) and
dtbpy (16 mg, 60 pmol, 0.03 eq.) and sealed with a Teflon-lined screwcap. The tube
was then evacuated and refilled with argon (three cycles) before 2 mL of dry dioxane
was inserted via a syringe and the mixture was stirred at 100 °C for 18 h. The
resulting mixture was then added to CH2Cl2 (25 mL) and washed with Na2COs
(83 x 25 mL) and brine (25 mL). The organic phase was dried (MgSOa.), filtered and
concentrated to leave a residue that was purified by column chromatography eluted
with petroleum ether/EtOAc (80:20 — 40:60) to give a diastereomeric mixture of 49i

as an orange oil (19 mg, syn/anti 1:5, 5%);

R 0.1 (petroleum ether/EtOAc 7:3);
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o1 (700 MHz, CDCI3, N-H & O-H not visible) 7.12 (1H, dt, J 7.7 Hz, 1.3 Hz,
syn H-5), 7.07 (1H, d, J 7.6 Hz, anti H-5), 7.02 (1H, t, J 8.0 Hz, syn & anti H-7), 6.71
(1H, td, J 7.4 Hz, 1.2 Hz, syn & anti H-6), 6.55 (1H, dd, J 8.0 Hz, 1.2 Hz, anti H-8),
6.51 (1H, dd, J 8.0 Hz, 1.3 Hz, syn H-8), 4.01 — 4.04 (1H, m, syn H-3), 3.81 — 3.84
(1H, m, anti H-3), 3.31 — 3.38 (3H, m, syn H-2 (2H) & anti H-2 (1H)), 3.22 (1H, ddd,
J 11.7 Hz, 4.2 Hz, 1.5 Hz, anti H-2), 3.00 — 3.06 (1H, m, syn H-4), 2.81 — 2.88 (1H,
m, anti H-4), 1.38 (3H, d, J 7.1 Hz, syn H-11), 1.25 (3H, d, J 7.3 Hz, anti H-11);

Oc (176 MHz, CDCI3) 143.3 (s, syn C-8a), 142.9 (s, anti C-8a), 130.6 (s, anti C-5),
128.8 (s, syn C-5), 127.3 (s, syn C-7), 127.2 (s, anti C-7), 124.2 (s, anti C-4a), 124.1
(s, syn C-4a), 118.3 (s, anti C-6), 118.2 (s, syn C-6), 114.4 (s, anti C-8), 114.0
(s, syn C-8), 68.6 (s, anti C-3), 67.6 (s, syn C-3), 47.2 (s, syn C-2), 43.7 (s, anti C-2),
39.0 (s, anti C-4), 36.3 (s, syn C-4), 22.7 (s, anti C-11), 16.1 (s, syn C-11);

LRMS (ES+) 427.4 (20), 391.3 (15), 253.1 (20), 225.0 (30), 221.1 (40), 214.1 (100),
193.0 (70), 164.1 ([M+H]*, 100), 146.1 ((M-OH]J*, 45), 144.1 (30);

Data consistent with the literature.14’

4.3.2.3 Future work
1,8-Naphthalenediaminatoborane (HBdan) 58

This procedure was adapted from a method described by Suginome.!%?
1,8-Diaminonaphthalene (1.58 g, 10 mmol, 1.0 eq.) was weighed into a flask and
dissolved in CH2Cl2 (3 mL). The solution was cooled to 0 °C in an ice/water bath and
stirred while BH3z*SMe2 (948 ul, 10 mmol, 1.0 eq.) was added dropwise via a syringe
over 15 min. The mixture was stirred at 0 °C for a further 30 min before being
allowed to warm to room temperature and stirred for an additional 18 h. Then,
compressed air was blown over the mixture to remove volatile materials and leave a
dark red solid residue. The crude material was purified by vacuum distillation
(158 °C, 6.2 mbar) to provide 58 as a white crystalline solid (937 mg, 56%);
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Experimental

m.p. 94 — 96 °C;

o1 (700 MHz, CDCls) 7.12 (2H, dd, J 8.4 Hz, 7.3 Hz, H-3), 7.05 (2H, dd, J 8.4 Hz,
1.1 Hz, H-4), 6.30 (2H, dd, J 7.3 Hz, 1.1 Hz, H-2), 5.80 (2H, br s, H-7), 3.99 — 4.26
(1H, m, H-8);

5c (176 MHz, CDCls) 140.7 (s, C-1), 136.5 (s, C-5), 127.7 (s, C-3), 120.6 (s, C-6),
118.0 (s, C-4), 105.9 (s, C-2);

58 (225 MHz, CDCls) 26.7 (d, J 149.8 Hz);

LRMS (ES+) 169.1 ([M+H]*, 100);

HRMS Found (ES+): [M+H]* 168.0968 [C10H9N2B+H]* requires 168.0968;
Data consistent with the literature.52206

4.3.3 Electrophilic aromatic C-H borylation mediated with copper and
gold

4.3.3.1 Copper-mediated C-H borylation

tert-Butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate 59

5
QLO
4

\ 2
_B 1._0.6
0\3/7)(\’<
7

This method mimics a procedure described by Santos and colleagues.''’ An
oven-dried flask was purged with nitrogen and loaded with copper(l) chloride
(3.71 mg, 38 ymol, 0.05 eq.). CH2Cl2 was then added (500 pL) and the suspension
was stirred for 2 min. PDIPA diboron 25 (403 mg, 1.50 mmol, 2 eq.) in CH2Cl2
(12 mL) was added via a syringe and the suspension was stirred for a further 10 min.
The mixture was then cooled in an ice bath and tert-butyl acrylate (110 ul, 750 pmol,
1 eq.) followed by MeOH (121 ul, 3.00 mmol, 4 eq.) were added via a syringe. The
reaction was allowed to warm to room temperature and stirred for 18 h. Afterwards,
the reaction mixture was filtered through a pad of Celite (10g) and then
concentrated under reduced pressure to leave a white solid residue. Purification of

this material by flash column chromatography (SiO2 10g) eluted with
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cyclohexane/[EtOAC/EtOH 3:1] (100:0 — 0:100) gave 59 as a pale yellow oil (74 mg,
39%);

R 0.6 (cyclohexane/EtOAC/EtOH 4:3:1);

54 (700 MHz, CDCls) 2.32 (2H, t, J 7.3 Hz, H-2), 1.41 (9H, s, H-7), 1.21
(12H, s, H-5), 0.94 (2H, t, J 7.3 Hz, H-3);

5c (176 MHz, CDCls, C-B not visible) 173.9 (s, C-1), 83.0 (s, C-4), 80.0 (s, C-6),
29.9 (s, C-2), 28.1 (s, C-7), 24.7 (s, C-5);

58 (225 MHz, CDCl3) 33.8;
LRMS (ES+) 297.2 ([M+CsHs]*, 30), 279.2 ([M+Na]*, 100), 243.1 (5), 238.1 (40);
Data consistent with the literature.11’

N-(ortho-Tolyl)pivalamide 60

This method is based on a procedure described by Houlihan and colleagues.?%’
2-Methylaniline (3.52 g, 32.8 mmol, 1.00eq.) and EtsN (5.04 mL, 36.1 mmol,
1.10 eqg.) were added to 50 mL dry toluene and stirred. Pivaloyl chloride (4.24 mL,
34.5 mmol, 1.05 eq.) was then added slowly and the mixture warmed to reflux. After
stirring for 3 h, the reaction was allowed to cool and left to stand for 18 h. Then, the
mixture was filtered and the recovered solids were added to 50 mL H20 and stirred
at room temperature for 1.5 h. A second filtration provided 60 as a white crystalline
solid (3.14 g, 50%);

m.p. 106 — 107 °C;

51 (700 MHz, CDCls) 7.86 (1H, d, J 8.0 Hz, H-6), 7.23 (1H, br s, H-4), 7.21 (1H, t,
J 8.0 Hz, H-7), 7.18 (1H, d, J 7.5 Hz, H-9), 7.06 (1H, t, J 7.5 Hz, H-8), 2.25 (3H, s,
H-11), 1.34 (9H, s, H-3);
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Experimental

dc (176 MHz, CDCls) 176.6 (s, C-1), 136.0 (s, C-5), 130.5 (s, C-9), 128.8 (s, C-10),
127.0 (s, C-7), 125.0 (s, C-8), 122.9 (s, C-6), 39.9 (s, C-2), 27.9 (s, C-3), 17.8
(s, C-11);

LRMS (ES+) 405.3 ([2M+NaJ*, 50), 383.3 ([2M+H]*, 25), 192.1 ([M+H]*, 100);
Data consistent with the literature.20”

N-(4-Methylbiphenyl-3-yl)pivalamide 61

This method is based on a procedure described by Gaunt and colleagues.!%3
N-(o-tolyl)pivalamide (48 mg, 250 pymol, 1.0 eq.) was weighed into a reaction tube
and dissolved in 1,2-dichloroethane (1.25 mL). Whilst stirring at room temperature,
diphenyliodonium triflate (215 mg, 500 pmol, 2.0 eq.) and Cu(OTf)2 (9 mg, 25 pmol,
0.1 eq.) were added in one charge and the tube was sealed. The mixture was then
warmed to 70 °C and stirred for a further 18 h. Afterwards, the reaction was allowed
to cool to room temperature and transferred to a separating funnel. CH2Cl2 (15 mL)
was added followed by sat ag NaHCOs (15 mL) and the phases were separated. The
aqueous layer was then extracted with CH2Cl2 (2 x 15 mL) and the combined
extracts were dried (MgSO0a), filtered and concentrated under reduced pressure to
leave a white residue. The crude material was then purified by flash column
chromatography eluted with cyclohexane/CH2Cl2 (50:50 — 0:100) to provide 61 as a
white solid (35 mg, 52%);

R 0.5 (cyclohexane/EtOAc 7:3);
m.p. 112 — 114 °C;

54 (700 MHz, CDCls) 8.20 (1H, d, J 2.0 Hz, H-2), 7.61 (2H, dd, J 7.9 Hz, 1.2 Hz,
H-8), 7.40 (2H, t, J 7.9 Hz, H-9), 7.28 — 7.33 (3H, m, H-6, H-10 & H-12), 7.24
(1H, d, J 7.9 Hz, H-5), 2.29 (3H, s, H-11), 1.36 (9H, s, H-15);
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5c (176 MHz, CDCls) 176.6 (s, C-13), 140.8 (s, C-7), 140.1 (s, C-1), 136.4 (s, C-3),
130.9 (s, C-5), 128.8 (s, C-9), 127.5 (s, C-4), 127.3 (s, C-8), 127.2 (s, C-10), 123.5
(s, C-6), 121.5 (s, C-2), 40.0 (s, C-14), 27.9 (s, C-15), 17.4, (s, C-11);

LRMS (ES+) 285.3 ([M+NH4]*, 10), 269.4 (30), 268.4 ([M+H]*, 100);
Data consistent with the literature.2%8
N-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole 62
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This procedure is based on a procedure described by Tanaka and colleagues.®® A
1 M solution of BBrs in CH2Cl2 (30.5 mL, 30.5 mmol, 4 eq.) and 2,6-lutidine (3.27 mL,
30.5 mmol, 4 eq.) were added to an oven-dried flask under nitrogen in an ice/water
bath. N-Methyl-1H-indole (1.00 g, 7.62 mmol, 1 eq.) was then added dropwise and
the mixture was allowed to warm to room temperature and stirred for 1 h. Afterwards,
the reaction was cooled again in an ice/water bath and a solution of pinacol (3.60 g,
30.5 mmol, 4 eq.) in DIPEA (20.0 mL, 115 mmol, 15 eq.) was added via a syringe
before the mixture was allowed to warm to room temperature and stirred for a further
1 h. The mixture was then dissolved by the addition of CH2Cl> (100 mL), dried
(MgSO0.), filtered and concentrated under reduced pressure. Purification of the crude
residue by flash column chromatography (SiO2 80g; cyclohexane/EtOAc
100:0 — 50:50) gave 62 as a yellow/brown crystalline solid (1.35 g, 69%);

R 0.5 (cyclohexane/EtOAc 95:5);
m.p. 111 -113 °C;

54 (700 MHz, CDCls) 8.03 (1H, d, J 8.0 Hz, H-4), 7.52 (1H, s, H-2), 7.30
(1H, d, J 8.0 Hz, H-7), 7.23 (1H, t, J 8.0 Hz, H-6), 7.18 (1H, t, J 8.0 Hz, H-5), 3.80
(3H, s, H-8), 1.36 (12H, s, H-10);
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5c (176 MHz, CDCls, C-B not visible) 138.6 (s, C-2), 138.0 (s, C-3a), 132.6
(s, C-7a), 122.8 (s, C-4), 121.9 (s, C-6), 120.3 (s, C-5), 109.3 (s, C-7), 82.8 (s, C-8),
33.1 (s, C-9), 25.0 (s, C-10):

58 (225 MHz, CDCl3) 30.2;
LRMS (ES+) 257.2 ([M+H]*, 25);
Data consistent with the literature.8®

3-Chloro-N-methyl-1H-indole 63

8
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This method mimics a procedure described by Liégault and colleagues.>
N-Methyl-1H-indole (244 pl, 1.91 mmol, 1.00 eq.) was dissolved in 6 mL THF and
N-chlorosuccinimide (264 mg, 1.98 mmol,1.04 eq.) was added at once. The reaction
mixture was then stirred at 20 °C for 5 h. Afterwards, the reaction mixture was
washed with brine (15 mL) and extracted with EtOAc (3 x 15 mL). The combined
organic extracts were then dried (MgSOa), filtered and concentrated under reduced
pressure to leave an orange residue that was purified by reverse phase flash column
chromatography (SiO2 Cis) eluted with MeCN/H20 (70:30 — 15:85). This gave 63 as
a pale yellow oil (175 mg, 56%);

54 (700 MHz, CDCls) 7.62 (1H, dt, J 7.8 Hz, 1.0 Hz, H-4), 7.31 — 7.36 (2H, m,
H-6 & H-7), 7.22, (1H, t, J 7.8 Hz, H-5), 7.03 (1H, s, H-2), 3.75 (3H, s, H-8);

¢ (176 MHz, CDCls) 136.1 (s, C-7a), 125.9 (s, C-3a), 125.5 (s, C-2), 122.9 (s, C-6),
120.1 (s, C-5), 118.5 (s, C-4), 109.7 (s, C-7), 104.7 (s, C-3);

LRMS (ES+) 165.1 ([M+H]*, 100), 130.1 ([M—-CIJ*, 15), 89.0 (10), 51.0 (5);

Data consistent with the literature.1%*
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2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3-dihydro-1H-naphtho[1,8-
de][1,3,2]diazaborine (pinB-Bdan) 67

This method mimics a procedure described by Suginome and colleagues.'®® A
round-bottomed flask was loaded with tetrakis(dimethylamido)diboron (10.90 mL,
51.0 mmol, 1.0 eq.) and dissolved in CH2Cl2 (102 mL). 1,8-Diaminonaphthalene
(8.07g, 51.0mmol, 1.0eq.) and pinacol (6.10g, 51.6 mmol, 1.0 eqg.) were
subsequently added and the mixture was cooled in an ice bath at 0 °C. Whilst
stirring, 1 M ethereal HCI (500 pyL) was then added dropwise over the course of
15 min before being stirred for a further 30 min. The reaction was then allowed to
warm to room temperature and stirred for 2 d. Afterwards, the mixture’s volatile
materials were removed on the rotary evaporator leaving a solid residue that was
washed with hot toluene (3 x 300 mL). The washings were combined and
concentrated under reduced pressure to leave a residue that was washed with
hexane (3 x100mL). The solid material was then purified by column
chromatography eluted with cyclohexane/CH2Cl2 (1:1) to give 67 as a pale red solid
(6.12 g, 41%);

R 0.3 (cyclohexane/CH2Cl2 1:1);
m.p. 181 — 182 °C;

on (700 MHz, CDCI3) 7.07 (2H, dd, J 8.1 Hz, 7.3 Hz, H-8), 6.98 (2H, dd, J 8.1 Hz,
0.7 Hz, H-9), 6.26 (2H, dd, J 7.3 Hz, 0.7 Hz, H-7), 6.20 (2H, br s, H-5), 1.29 (12H, s,
H-1);

¢ (176 MHz, CDCla) 140.7 (s, C-6), 136.6 (s, C-10), 127.7 (s, C-8), 121.3 (s, C-11),
117.8 (s, C-9), 105.6 (s, C-7), 83.5 (s, C-2), 25.2 (s, C-1):

88 (225 MHz, CDCls) 32.3 (s, B-3), 27.9 (s, B-4);
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Experimental

LRMS (ES+) 295.2 ([M+H]*, 100), 294.2 ([M]*, 50);
Data consistent with the literature.1%8

(2R,2'R)-1,1’-(Benzylazanediyl)bis(propan-2-ol) 68

This method is based on a procedure described by Santos and colleagues.!'®
Benzylamine (1.64 mL, 15.0 mmol, 1.0 eq.) and (R)-(+)-propylene oxide (2.31 mL,
33.0 mmol, 2.2 eq.) were added to a flask containing MeOH (10 mL). The resulting
solution was stirred at 60 °C for 16 h and monitored by TLC. Following completion,
the reaction was concentrated under reduced pressure to leave an oil. The crude
residue was purified by silica gel chromatography eluted with 100% EtOAc to provide
amine 68 as a yellow oil (3.16 g, 94%);

Rr 0.5 (100% EtOAC);

51 (700 MHz, CDCls) 7.21 — 7.36 (5H, m, H-12, H-13 & H-14), 3.78 — 3.91 (3H, m,
H-2 & H-9 or H-10), 3.50 (1H, d, J 13.6 Hz, H-9 or H-10), 3.18 (2H, br s, H-3), 2.43
(4H, m, H-6 & H-7), 1.08 (6H, d, J 6.2 Hz, H-1);

5c (176 MHz, CDCls) 138.6 (s, C-11), 129.2 (s, C-12), 128.6 (s, C-13), 127.4
(s, C-14), 64.2 (s, C-4), 62.2 (s, C-5), 60.0 (s, C-8), 20.5 (s, C-1);

LRMS (ES+) 246.2 ((M+Na]*, 5), 225.2 (15), 224.2 ([M+H]*, 100);

Data consistent with the literature.118
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(2R,2'R)-1,1’-Azanediylbis(propan-2-ol) 69

1 2
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This method is based on a procedure described by Santos and colleagues.!'®
Amine 68 (2.66 g, 11.91 mmol, 1.0 eq.) and 10% Pd/C (63 mg, 600 pmol, 0.05 eq.)
were weighed into a flask, before MeOH (13 mL) was added. The resulting
suspension was stirred under an atmosphere of hydrogen for 16 h at room
temperature and monitored by TLC. Once completed, the reaction was filtered
through a pad of Celite and concentrated under reduced pressure to provide
spectroscopically pure 69 as a pale yellow oil (1.60 g, 100%);

5+ (700 MHz, CDCls) 3.86 — 3.93 (2H, m, H-2), 2.66 (2H, dd, J 12.4 Hz, 2.9 Hz, H-7),
2.58 (2H, dd, J 12.4 Hz, 9.3 Hz, H-6), 1.14 (6H, d, J 6.5 Hz, H-1);

¢ (176 MHz, CDCl3) 63.9 (s, C-4), 55.3 (s, C-5), 21.0 (s, C-1);

LRMS (ES+) 189.2 ([M+CH2CH(OH)CH3J*, 5), 146.1 (10), 134.1 ([M+H]*, 100), 116.1
([M-OHJ*, 10), 98.1 ([M-H20-OHJ*, 5), 74.1 ((M-CH2CH(OH)CHa]*, 15);

Data consistent with the literature.118

4-Tolyl(triphenylphosphine)gold(l) 70

A reaction tube was loaded with 4-tolylboronic acid pinacol ester (55 mg, 250 ymol,
1.5 eq.) and Cs2COs (89 mg, 270 ymol, 1.6 eq.). The reaction tube was evacuated
and refilled with argon (four cycles) before dry 'PrOH (2.5 mL) was inserted and the
mixture stirred vigorously. To this suspension was added
bromo(triphenylphosphine)gold(l) (92 mg, 170 pymol, 1.0 eq.) suspended in 2.5 mL
dry 'PrOH. The reaction was then warmed to 50 °C and stirred for a further 24 h. The
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reaction was then cooled to room temperature and evaporated to dryness to leave a
solid residue that was extracted with benzene (3 x 5 mL). The combined extracts
were filtered through a pad of Celite, and the filtrate was concentrated and washed
with pentane (3 x 5 mL). Remaining solid material was re-extracted into the minimum
amount of benzene, filtered and pentane vapour was diffused into the saturated
solution to crystallise a colourless solid, which was washed with cold
MeOH (2 x 1 mL) and cold pentane (2 x1 mL) before being dried under high

vacuum to give 70 as a white crystalline solid (4 mg, 4%);

m.p. Melting point analysis could not be carried out due to an insufficient quantity of

material;

dn (700 MHz, CsDs) 8.07 (2H, dd, J 7.3 Hz, 5.5 Hz, H-6), 7.42 — 7.45 (6H, m, H-2),
7.37 (2H, d, J 7.3 Hz, H-7), 6.96 — 6.98 (3H, m, H-4), 6.91 — 6.94 (6H, m, H-3), 2.34
(3H, s, H-9);

5c (176 MHz, CoDs) 170.1 (d, J 170.1 Hz, C-5), 140.2 (s, C-6), 135.0 (s, C-8), 134.7
(d, J 13.7 Hz, C-2), 131.9 (d, J 48.1 Hz, C-1), 131.0 (d, J 2.2 Hz, C-4), 129.2
(d, J 10.6 Hz, C-3), 128.9 (d, J 6.5 Hz, C-7), 21.7 (s, C-9):

5 {1H} (283 MHz, CDCl3) 43.6;
LRMS (ES+) 551.1 ([M+H]*, 10), 263.1 ([PhsP+H]*, 100);
Data consistent with the literature.2%?

(IPr)AuBpin 71
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Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(l) (124 mg, 200 pmol,
1.0 eq.), B2pin2 (76 mg, 300 umol, 1.5 eqg.) and Cs2CO3 (110 mg, 338 umol, 1.7 eq.)
were weighed into a reaction tube. The vessel was sealed, then evacuated and

refilled with nitrogen (three cycles). Dry, degassed isopropanol (5 mL) was then
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added via a syringe and the suspension was stirred vigorously for 1 h at room
temperature. Afterwards, the reaction was filtered and the solvent was removed

under a current of nitrogen to leave pure 71 as an off-white solid (118 mg, 83%);
m.p. Accurate melting point analysis was not obtained due to product decomposition;

5 (500 MHz, CD2Cl2) 7.56 (2H, t, J 7.6 Hz, H-5), 7.36 (4H, d, J 7.6 Hz, H-4), 7.11
(2H, s, H-1), 2.63 (4H, sept, J 6.9 Hz, H-6), 1.34 (12H, d, J 6.9 Hz, H-7), 1.21
(12H, d, J 6.9 Hz, H-8), 1.01 (12H, s, H-10);

O0c (126 MHz, CD2Cl2, carbene C not visible) 145.9 (s, C-2), 134.7 (s, C-3),
130.0 (s, C-5), 123.9 (s, C-4), 123.2 (s, C-1), 79.8 (s, C-9), 28.7 (s, C-6), 25.1
(s, C-10), 24.3 (s, C-7), 23.6 (s, C-8);

08 (160 MHz, CD2Cl2) 48.4;

Vinax (film/cm™1) 2961 (C—H), 2927 (C—H), 2868 (C—H), 1459 (C—H), 1363, 1174
(C-0), 1040vs (C—N), 908 (Ar—H), 803 (Ar—H), 757 (Ar—H);

Data consistent with the literature.16°

Acetoxy(1,3-bis(2,6-diisopropylphenyl)-2,3-dihydro-1H-imidazol-2-yl)gold 72

Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(l) (50 mg, 81 umol,
1.00 eg.) and silver acetate (14.1 mg, 85 umol, 1.05eq.) were weighed into a
scintillation vial followed by the addition of 800 uL CH2Cl2. The bottle was then
sealed with a screwcap, wrapped in aluminium foil and stirred vigorously for 1 h at
room temperature. After being left to stand overnight, the reaction was then filtered
through Celite and rinsed through with small portions of CH2Cl2. Compressed air was
then blown over the resulting solution to evaporate off volatile material and leave 72
as a white solid (38 mg, 73%);
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m.p. Decomposes at ca. 190 °C;

5+ (700 MHz, CDCls) 7.50 (2H, t, J 7.8 Hz, H-5), 7.29 (4H, d, J 7.8 Hz, H-4), 7.17
(2H, s, H-1), 255 (4H, sept, J 6.9 Hz, H-6), 1.77 (3H, s, H-10), 1.37
(12H, d, J 6.9 Hz, H-7), 1.22 (12H, d, J 6.9 Hz, H-8);

5c (176 MHz, CDCls) 176.5 (s, C-11), 168.9 (s, C-9), 145.8 (s, C-3), 134.2 (s, C-2),
130.8 (s, C-5), 124.4 (s, C-4), 123.2 (s, C-1), 29.0 (s, C-6), 24.5 (s, C-7), 24.2
(s, C-8), 24.0 (s, C-10);

LRMS (ES-) 700.3 (30), 680.2 ([M-H+K]", 5), 676.2 (90), 670.2 (80), 643.2
(IM-H]~,100), 249.0 (10), 170.1 (15);

Data consistent with the literature.16°

Trifluoroacetoxy(1,3-bis(2,6-diisopropylphenyl)-2,3-dihydro-1H-imidazol-2-
yl)gold 73

Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(l) (155 mg, 25 umol,
1.0 eq.) and silver trifluoroacetate (61 mg, 280 ymol, 1.1 eq.) were weighed into a
scintillation vial. CH2Cl2 (2.5 mL) was then added and the tube was sealed with a
screwcap and wrapped in foil. The reaction was then stirred vigorously in the dark for
2 h before being left to stand overnight. Afterwards, the reaction was filtered through
a pad of Celite and the filtrate was concentrated to provide 73 as a white crystalline

solid (173 mg, 99%) that needed no further purification;
m.p. Decomposes at ca. 180 °C;

54 (700 MHz, CDCls) 7.53 (2H, t, J 7.8 Hz, H-5), 7.31 (4H, d, J 7.8 Hz, H-4), 7.21
(2H, s, H-1), 2.54 (4H, sept, J 6.9 Hz, H-6), 1.35 (12H, d, J 6.9 Hz, H-7), 1.22
(12H, d, J 6.9 Hz, H-8);
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oc (176 MHz, CDCls, carbene C not visible) 166.4 (s, C-9), 161.0 (q, J 36.6 Hz,
C-10), 145.7 (s, C-2), 133.9 (s, C-3), 131.0 (s, C-5), 124.5 (s, C-4), 123.5 (s, C-1),
29.0 (s, C-6), 24.5 (s, C-7), 24.3 (s, C-8);

5¢ (659 MHz, CDCls) ~74.1;

LRMS (ES-) 745.2 (5), 729.2 (10), 713.2 (70), 697.2 (IM-H*]", 100), 671.2 (45),
537.1 (M=(IPr)*], 5), 232.1 (5);

HRMS Found (ES-): [M-H*]~ 697.2324 [C29H3sAUF3N202—-H]~ requires 697.2322.
Data consistent with the literature.?10

Heptafluorobutoxy(1,3-bis(2,6-diisopropylphenyl)-2,3-dihydro-1H-imidazol-2-
yhgold 74

Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(l) (124 mg, 20 pmol,
1.0 eq.) and silver heptafluorobutyrate (65.5 mg, 204 umol, 1.02 eq.) were weighed
into a scintillation vial. CH2Cl2 (2 mL) was then added and the tube was sealed with a
screwcap and wrapped in foil. The reaction was then stirred vigorously in the dark for
1 h before being left to stand for 16 h. Afterwards, the reaction was filtered through a
pad of Celite and the filtrate was concentrated to provide 74 as an off-white

crystalline solid (143 mg, 90%) that needed no further purification;
m.p. Decomposes at ca. 215 °C;

S+ (700 MHz, CDCls) 7.52 (2H, t, J 7.8 Hz, H-5), 7.31 (4H, d, J 7.8 Hz, H-4), 7.21
(2H, s, H-1), 2.53 (4H, sept, J 6.9 Hz, H-6), 1.34 (12H, d, J 6.9 Hz, H-7), 1.22
(12H, d, J 6.9 Hz, H-8);
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Experimental

O6c (176 MHz, CDCl3) 166.3 (s, C-9), 161.2 (s, C-12), 145.7 (s, C-10), 133.8
(s, C-11), 131.0 (s, C-5), 124.5 (s, C-4), 123.5 (s, C-1), 29.0 (s, C-6), 24.4 (s, C-7),
24.3 (s, C-8);

Oor (659 MHz, CDCI3) -81.0 (t, J 8.4 Hz, F-10), -117.6 (q, J 8.4 Hz, F-12),
-127.4 (s, F-11);

vimax (film/cm™1) 2963 (C—H), 2928 (C-H), 2871 (C—H), 1712 (C=0), 1470 (C—H),
1326 (C-0), 1226 (C—F), 1208 (C—F), 1075 (C-0), 964, 807, 758, 743;

LRMS (ES-) 829.2 (5), 813.2 ([M+CHs]~ 30), 797.2 (IM-H*]", 100), 771.2 (20),
697.2 (5), 637.1 (10), 213.0 ([CFaCF2CF2COO]J", 10), 169.0 (5);

HRMS Found (ES-): [M-H]~ 797.2259 [CaiH3sAUF7N202—H]" requires 797.2258.

1-Hydroxy-1,2-benziodoxol-3(1H)-one  (HBX) 76 &  1l-pivaloyloxy-1,2-
benziodoxol-3(1H)-one (PBX) 77

(@)
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I\ |\
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76 77

This procedure was carried out according to a method described by Larrosa and

Bu

colleagues.%% A suspension of 2-iodobenzoic acid (3.22 g, 13.0 mmol, 1.00 eq.) and
KIO4 (3.15 g, 13.7 mmol, 1.05 eq.) in 30% aq AcOH (20 mL) was heated to reflux
and stirred for 4 h. Afterwards, the mixture was allowed to cool to room temperature
and then diluted with ice-cold water (20 mL). Then, the mixture was cooled further to
0 °C in an ice/water bath and allowed to settle for 2 h. The mixture was then filtered,
and the filtrate was washed thoroughly with cold water (4 x 25 mL) and acetone
(83 x 10 mL). A current of air was then blown over the resulting solution to leave a

white crystalline solid 76 that was dried further under high vacuum.

77 (2.50 g, 9.5 mmol, 1.0 eq.) was weighed into a round-bottomed flask followed by
the addition of pivalic anhydride (8 mL). The mixture was then stirred vigorously at
150 °C until complete dissolution of the starting material (~1 h). The reaction was

allowed to cool to room temperature, then left to settle for 18 h in a freezer (-18 °C),
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allowing colourless needles to form. The solid material was then vacuum filtered,

washed with Et20 (6 x 5 mL) and dried, affording 77 as a white crystalline solid.
1-Hydroxy-1A3-benzo[d][1,2]iodaoxol-3(1H)-one (HBX) 76

8
; OH
6 7a |11
\O 9
5 3a \3
0

White solid (3.12 g, 91%);
m.p. Accurate melting point analysis was not obtained due to product decomposition;

51 (700 MHz, DMSO-ds) 8.01 (1H, br s, H-8), 8.00 (1H, dd, J 7.4 Hz, 1.5 Hz, H-4),
7.95 (1H, ddd, J 8.4 Hz, 7.4 Hz, 1.5 Hz, H-6), 7.83 (1H, dd, J 8.4 Hz, 1.0 Hz, H-7),
7.69 (1H, dd, J 7.4 Hz, 1.0 Hz, H-5);

5c (176 MHz, DMSO-ds) 167.7 (s, C-3), 134.5 (s, C-6), 131.6 (s, C-7a), 131.1
(s, C-4), 130.4 (s, C-5), 126.3 (s, C-7), 120.5 (s, C-3a);

LRMS (ES+) 524.9 ([2M+H]*, 10), 316.9 (25), 302.9 (20), 279.0 (65),
264.9 ([M+H]*, 100);

Data consistent with the literature.66
1-Pivaloyloxy-1,2-benziodoxol-3(1H)-one (PBX) 77

0O
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White solid (2.83 g, 86%; 78% overall yield);
m.p. Decomposes at ca. 165 °C;

54 (700 MHz, CDCls) 827 (1H, ddd, J 7.6 Hz, 1.6 Hz, 0.4 Hz, H-4),
7.97 (1H, ddd, J 8.4 Hz, 1.1 Hz, 0.4 Hz, H-7), 7.93 (1H, ddd, J 8.4 Hz, 7.1 Hz,
1.6 Hz, H-6), 7.72 (1H, ddd, J 7.6 Hz, 7.1 Hz, 1.1 Hz, H-5), 1.32 (9H, s, H-10);
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5c (176 MHz, CDCls) 184.0 (s, C-8), 168.3 (s, C-3), 136.3 (s, C-6), 133.4 (s, C-4),
131.4 (s, C-5), 129.4 (s, C-7), 129.3 (s, C-3a), 118.7 (s, C-7a), 39.7 (s, C-9),
27.9 (s, C-10);

LRMS (ES+) 350.0 (15), 349.0 ([M+H]*, 100);
Data consistent with the literature.166

(IPr)Au(Bdan) 78
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Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(l) (62 mg, 100 pmol,
1.0 eq.), pinB—-Bdan 67 (44 mg, 150 ymol, 1.5 eq.) and Cs2COs3 (52 mg, 160 umol,
1.6 eq.) were weighed into a reaction tube. The vessel was sealed then evacuated
and refilled with argon (three cycles). Dry, degassed isopropanol (2.5 mL) was then
inserted via a syringe and the suspension stirred vigorously for 1 h at room
temperature. Afterwards, the reaction was filtered and grey, solid material

intercepted was found to be spectroscopically pure 78 (4 mg, 5%);
Due to product instability, only *H and 1B NMR data are reported.

54 (500 MHz, CD2Clz) 7.54 (2H, t, J 7.8 Hz, H-4), 7.35 (4H, d, J 7.8 Hz, H-5), 7.16
(2H, s, H-1), 6.91 (2H, dd, J 8.3 Hz, 7.4 Hz, H-12), 6.73 (2H, dd, J 8.3 Hz, 1.0 Hz,
H-13), 5.99 (2H, dd, J7.4Hz, 1.0Hz, H-11), 559 (2H, br s, H-9), 2.65
(4H, sept, J 7.0 Hz, H-6), 1.39 (12H, d, J 6.9 Hz, H-7), 1.22 (12H, d, J 6.9 Hz, H-8);

08 (225 MHz, CD2Cl2) 40.3;

vinax (film/cm™1) 3439 (N-H), 2963 (C—H), 2927 (C-H), 1625 (Ar), 1592vs (C-N),
1481 (Ar), 1390 (Ar), 1105, 760;

LRMS (ES+) 753.3 ([M+H]*, 5), 626.3 (100), 389.3 ([IPr+H]*, 5), 199.1 (30);

HRMS Found (ES+): [M+H]* 752.3417 [C37H44AuBN4+H]* requires 752.3433.
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2,6-Dinitrophenyl(tri-tert-butylphosphine)gold(l) 79
2 \‘/ O2N
oK)

/}\ 4 5
O,N

General procedure C was carried out with (P'Bus)AuCl (43.5 mg, 100 umol, 1 eq.),

1,3-dinitrobenzene (67.0 mg, 400 ymol, 4 eqg.) and NaO'Bu (38.0 mg, 400 umol,

4 eq.) in DMF at 75 °C for 5 h. Flash column chromatography (SiO2 12 g) eluted with
cyclohexane/EtOAc (100:0 — 95:5) provided 79 as a yellow solid (52 mg, 92%);

Rt 0.4 (cyclohexane/EtOAc 9:1);
m.p. 218 — 221 °C;

S+ (700 MHz, CDCls) 8.19 (2H, dd, J 8.0 Hz, 1.3 Hz, H-5), 7.33 (1H, t, J 8.0 Hz, H-6),
1.56 (27H, d, J 13.2 Hz, H-2);

5c (176 MHz, CDCls) 162.9 (d, J 93.3 Hz, C-3), 159.0 (d, J 2.7 Hz, C-4), 127.6
(d, J 2.7 Hz, C-5), 126.2 (s, C-6), 39.1 (d, J 17.5 Hz, C-1), 32.5 (d, J 4.1 Hz, C-2);

op {*H} (283 MHz, CDCls3) 91.4;

LRMS (ES-) 581.1 (10), 566.2 ([M]", 5), 509.1 ([M—-'Bu]", 100):

HRMS Found (ES-): [M]™ 566.1611 [C1sH30AUN204P]" requires 566.1614;
Data consistent with the literature.’?

2,4,6-Trifluorophenyl(tri-tert-butylphosphine)gold(l) 80

7
, R
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General Procedure C was carried out with (P'Buz)AuClI (86.9 mg, 200 umol, 1 eq.),
1,3,5-trifluorobenzene (82.6 ul, 800 umol, 4 eq.) and NaO'Bu (76.9 mg, 400 pumol,
4 eq.) in DMF at 75 °C for 5 h. Flash column chromatography (SiO2 12 g) eluted with
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Experimental

cyclohexane/EtOAc (100:0 — 95:5) provided 80 as a white crystalline solid (84 mg,
79%);

Rf 0.3 (100% cyclohexane);
m.p. 127 — 131 °C;
&+ (700 MHz, CDCls) 6.54 — 6.59 (2H, m, H-5), 1.56 (27H, d, J 13.1 Hz, H-2);

¢ (176 MHz, CDCls) 168.4 (dddd, J 231.0 Hz, 28.9 Hz, 15.0 Hz, 3.6 Hz, C-4), 161.8
(dt, J 242.1 Hz, 13.9 Hz, C-6), 137.1 — 137.8 (m, C-3), 98.2 — 99.0 (m, C-5), 39.3
(d, J 16.4 Hz, C-1), 32.6 (d, J 4.9 Hz, C-2);

e {IH} (283 MHz, CDCls) 92.3;
5¢ (659 MHz, CDCls) -85.6 — -86.6 (m, F-8), —114.9 (tt, J 9.4 Hz, 6.9 Hz, F-7);

LRMS (ES+) 547.2 (2), 531.2 ([M+H]*, <1), 440.2 (100), 417.2 ([(P'Bus)Au+NHa]",
55), 399.2 ([(P'Bus)Au]*, 30), 219.2 (5), 203.2 ([(P'Bus+H]*, 20), 147.1
([(PBuz+2H]*, 3);

Data consistent with the literature.172

2,6-Difluorophenyl(tri-tert-butylphosphine)gold(l) 81

F
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General procedure C was carried out with (P‘Bus)AuCl (86.9 mg, 200 umol, 1 eq.),
1,3-difluorobenzene (78.5 ul, 800 umol, 4 eq.) and NaO'Bu (76.9 mg, 400 umol,
4 eq.) in DMF at 75 °C for 5 h. Flash column chromatography (SiO2 12 g) eluted with
cyclohexane/EtOAc (100:0 — 95:5) provided 81 as a white crystalline solid
(70 mg, 68%);

R 0.3 (cyclohexane/EtOAc 9:1);

m.p. 123 - 128 °C;
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oH (700 MHz, CDCIs) 7.01 (1H, tt, J 8.1 Hz, 7.0 Hz, H-6), 6.80 — 6.85 (2H, m, H-5),
1.57 (27H, d, J 13.1 Hz, H-2);

5c (176 MHz, CDCls) 168.8 (ddd, J 231.0 Hz, 24.5 Hz, 3.7 Hz, C-4), 142.7
(dt, 94.2 Hz, 61.2 Hz, C-3), 127.5 (d, J 8.2 Hz, C-5), 109.9 (t, J 3.2 Hz, C-6), 39.3
(d, J 16.4 Hz, C-1), 32.6 (d, J 4.5 Hz, C-2);

e {tH} (283 MHz, CDCls) 92.3;
5r (659 MHz, CDCls) -88.3 (d, J 5.3 Hz);

LRMS (ES+) 617.3 (5), 542.2 (5), 513.2 ([M+H]*, 1), 456.2 ([((M-'Bu)+H]*, 1), 440.2
(100), 417.2 (75), 399.2 ([M-2Bu+H]*, 20), 219.2 (5), 203.2 (['BBu+H]*, 10):

Data consistent with the literature.172

4.3.4 Mono-N-alkylation of primary amines and activation of nitriles via
halomethyl boronates
N-Methyl-4-methoxybenzylamine 86 & 4-methoxybenzylamine 86

General Procedure D was carried out with 4-methoxybenzylamine (261 pl,
2.0 mmol, 2.0 eq.) as the amine and pivalonitrile (2 mL) as the nitrile. Silica gel
column chromatography eluted with EtOAc/MeOH/EtsN (90:8:2 — 85:13:2) delivered
an inseparable mixture of 86 and 85 as a pale yellow oil (104 mg, 86/85 55:45;
86 39%);

6 8 6

’ _CH ’
4 2 4
1H3CO 2 3 1H3CO 5
86 85

(Inseparable mixture)

Rf 0.2 (EtOAc/MeOH/EtsN 90:8:2);

54 (700 MHz, CDCls) 7.22 — 7.25 (4H, m, 86 H-4 & 85 H-4), 6.85 — 6.88 (4H, m,
86 H-3 & 85 H-3), 3.80 (2H, s, 85 H-6), 3.80 (3H, s, 85 H-1), 3.79 (3H, s, 86 H-1),
3.69 (2H, s, 86 H-6), 2.44 (3H, s, 86 H-8), 2.15 (2H, s, 85 H-6), 1.78 (3H, br s,
86 H-7 & 85 H-7);
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Oc (176 MHz, CDCls,) 158.8 (s, 86 C-2), 158.7 (s, 85 C-2), 135.7 (s, 85 C-5) 132.2
(s, 86 C-5), 129.5 (s, 85 C-4), 128.4 (s, 85 C-4), 114.1 (s, 85 C-3), 113.9 (s, 86 C-3),
55.5 (s, 86 C-6), 55.4 (s, 85 C-6), 55.4 (s, 86 & 85 C-1), 46.1 (s, 85 C-6), 35.9
(s, 86 C-8);

LRMS (ES+) 151.1 ([86 M]*, 10), 121.1 ([4-(OMe)Bn]*, 100);
Data consistent with the literature.?11.212

3-(4-Methoxybenzyl)-2,7,7,8,8-pentamethyl-6,9-dioxa-1A%,3-diaza-5A*-

boraspiro[4.4]non-1-ene 87
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A 1 M solution of 4-methoxybenzylamine (130.5 pl, 1.00 mmol, 2.0 eq.) in CH3CN
was added to a 1 M solution of CICH2Bpin (129.7 ul, 750 umol, 1.5 eq.) in CH3CN.
The resulting mixture was stirred at room temperature for 16 h (white precipitate
develops after a few minutes). Afterwards, the suspension was added to a
sat ag NaHCOs (20 mL) and extracted with CH2Cl2 (3 x 15 mL). Combined organic
extracts were then washed with brine (20 mL), dried (MgSOa), filtered and
concentrated. Column chromatography (SiO2) eluted with EtOAc/MeOH/EtsN
(90:8:2) delivered diazaborole 87 as a pale yellow oil (19 mg, 8%);

Rt 0.4 (EtOAc/MeOH/EtsN 90:8:2);

5+ (700 MHz, CDCls) 7.06 (2H, d, J 8.7 Hz, H-8), 6.83 (2H, d, J 8.7 Hz, H-9), 5.70
(1H, br s, H-15), 4.35 (2H, s, H-6), 3.78 (3H, s, H-11), 2.38 (2H, s, H-4), 2.11
(3H, s, H-16), 1.13 (6H, s, H-14), 1.06 (6H, s, H-13);

5c (176 MHz, CDCl3,) 166.6 (s, C-2), 159.4 (s, C-10), 128.7 (s, C-8), 127.6 (s, C-7),
114.4 (s, C-9), 78.8 (s, C-12), 55.5 (s, C-11), 52.1 (S, C-6), 46.0 — 47.5 (m, C-4), 25.3
(s, C-14), 25.1 (s, C-13), 15.7 (s, C-16);

08 (225 MHz, CDCls) 7.6;
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vmax (film/cm™) 3251 (N-H), 2965 (C—H), 2926 (C—H), 1599 (Ar), 1557 (Ar),
1512 (Ar), 1242 (H2C—H), 1161 (C—N), 1048 (C-N);

LRMS (ES+) 319.2 ([M+H]*, 100), 233.1 (10), 219.1 (15), 121.1 (30), 79.1 (5),
65.1 (10);

HRMS Found (ES+): [M+H]* 318.2225 [C17H2703N2B+H]* requires 318.2224.

2-Ethyl-3-(4-methoxybenzyl)-7,7,8,8-tetramethyl-6,9-dioxa-1,3-diaza-5A*-

boraspiro[4.4]non-1-ene 88
17
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General Procedure D was carried out with 4-methoxybenzylamine (261 pl,
2.0 mmol, 2.0 eq.) as the amine and propionitrile (2 mL) as the nitrile. Silica gel
column chromatography eluted with EtOAc/MeOH/EtsN (90:8:2) delivered 88 as a
pale yellow oil (25 mg, 8%);

Rt 0.4 (EtOAc/MeOH/EtsN 90:8:2);

5+ (700 MHz, CDCls) 7.05 (2H, d, J 8.6 Hz, H-8), 6.82 (2H, d, J 8.6 Hz, H-9), 5.73
(1H, br s, H-15), 4.34 (2H, s, H-6), 3.77 (3H, s, H-11), 2.38 — 2.41 (4H, m, H-4 &
H-16), 1.21 (3H, t, J 7.5 Hz, H-17), 1.13 (6H, s, H-14), 1.06 (6H, s, H-13);

5c (176 MHz, CDCls,) 170.9 (s, C-2), 159.3 (s, C-10), 128.6 (s, C-8), 127.7 (s, C-7),
114.4 (s, C-9), 78.8 (s, C-12), 55.4 (s, C-11), 51.5 (s, C-6), 46.4 — 47.8 (m, C-4), 25.3
(s, C-14), 25.1 (s, C-13), 21.7 (s, C-16), 9.9 (s, C-17);

08 (225 MHz, CDCls) 7.7,

vmax (film/cm™) 3263 (N-H), 2967 (C—H), 2930 (C—H), 1583 (C=N), 1513 (Ar), 1235
(Ar—OCHs), 1162vs (C-0), 1053vs (C-0);

LRMS (ES+) 333.2 ([M+H]*, 100), 315.2 (5), 233.1 (65), 214.1 (15), 195.1 (50),
147.1 (75), 124.1 (15);
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HRMS Found (ES+): [M+H]* 332.2382 [C1sH2003N2B+H]* requires 332.2380.

3-Cyclohexyl-2,7,7,8,8-pentamethyl-6,9-dioxa-1,3-diaza-5A*-boraspiro[4.4]non-
1-ene 90

14
9
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General Procedure D was carried out with cyclohexylamine (229 ul, 2.0 mmol,
2.0eq.) as the amine and MeCN (2mL) as the nitrile. Silica gel column
chromatography eluted with EtOAc/MeOH/EtsN (98:0:2 — 94:4:2) delivered 90 as a
colourless oil (107 mg, 38%);

Rt 0.4 (EtOAc/MeOH/EtsN 90:8:2);

54 (700 MHz, CDCls) 5.50 (1H, br s, H-13), 3.27 — 3.31 (1H, m, H-6), 2.29 (2H, s,
H-4), 2.02 (3H, s, H-14), 1.79 — 1.83 (2H, m, H-8), 1.61 — 1.65 (1H, m, H-9),
1.52 —1.60 (4H, m, H-7), 1.21 — 1.28 (3H, m, H-8 (2H) & H-9 (1H)), 1.12 (6H, s,
H-12), 1.09 (6H, s, H-11);

5c (176 MHz, CDCls,) 165.4 (s, C-2), 78.7 (s, C-10), 56.1 (s, C-6), 39.0 — 40.4
(m, C-4), 31.0 (s, C-7), 25.6 (s, C-8), 25.3 (s, C-12), 25.3 (s, C-9), 25.2 (s, C-11),
15.5 (s, C-14);

& (225 MHz, CDCls) 7.6;

vmax (film/cm™) 3270 (N-H), 2965 (C-H), 2932 (C-H), 2857 (C-H), 1592s (C=N),
1163vs (C-0),1052vs (C-0);

LRMS (ES+) 361.3 ([M+Cy]*, 15), 281.2 ([M+H]*, 15), 199.2 ([M-Cy+2H]*, 100),
181.2 (80), 158.1 (15), 101.1 (10);

HRMS Found (ES+): [M+H]" 280.2433 [C19H2502N2B+H]* requires 280.2431.
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3-Cyclohexyl-2-ethyl-7,7,8,8-tetramethyl-6,9-dioxa-1A*3-diaza-5A*-

boraspiro[4.4]non-1-ene 91
(1324
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General Procedure D was carried out with cyclohexylamine (229 ul, 2.0 mmol,
2.0eq.) as the amine and MeCN (2mL) as the nitrile. Silica gel column

chromatography eluted with EtOAc/MeOH/EtsN (98:0:2 — 90:8:2) delivered 91 as a

colourless oil (39 mg, 13%);
R 0.4 (EtOAc/MeOH/EtsN 90:8:2);

54 (700 MHz, CDCls) 5.54 (1H, br s, H-13), 3.28 — 3.33 (1H, m, H-6), 2.31 — 2.35
(4H, m, H-4 & H-14), 1.79 — 1.83 (2H, m, H-8), 1.62 — 1.66 (1H, m, H-9), 1.55 — 1.61
(4H, m, H-7), 1.22 — 1.29 (3H, m, H-8 (2H) & H-9 (1H)), 1.20 (3H, t, J 7.5 Hz, H-15),
1.14 (6H, s, H-12), 1.10 (6H, s, H-11);

¢ (176 MHz, CDCls,) 169.7 (s, C-2), 78.7 (s, C-10), 55.6 (C-6), 39.3 — 40.7 (m, C-4),
31.0 (s, C-7), 25.7 (s, C-8), 25.3 (s, C-12), 25.3 (s, C-9), 25.2 (s, C-11), 21.8
(s, C-14), 10.1 (s, C-15);

08 (225 MHz, CDCl3) 7.6;

vmax (film/cm™) 3263 (N-H), 2966 (C-H), 2934 (C-H), 2858 (C—H), 1588 (C=N),
1165vs, (C-0), 1054vs (C-0);

LRMS (ES+) 611.5 ([2M+NaJ]*, 5), 565.5 (10), 417.3 (5), 389.3 (35), 213.2
([M=Cy+2H]*, 100), 195.2 (85);

HRMS Found (ES+):[M+H]* 295.2542 [C16H3102N2B+H]* requires 295.2551.
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3-(4-Methoxyphenyl)-2,7,7,8,8-pentamethyl-6,9-dioxa-1A*,3-diaza-5A*-
boraspiro[4.4]non-1-ene 92

10
MeO 15

9 CH3
3
8 2@
6 N™NNZH 14
)
B=O

5
6%

12 1

4

General Procedure D was carried out with p-anisidine (246 mg, 2.0 mmol, 2.0 eq.)
as the amine and MeCN (2 mL) as the nitrile. Silica gel column chromatography
eluted with EtOAc/MeOH/EtsN (98:0:2 — 96:2:2) delivered an impure mixture of 92
and pinacol (6:1). This residue was dissolved in CH2Cl2 (20 mL) and washed with
1 M NaOH (4 x 20 mL) and brine (20 mL). Remaining organic material was then
dried (MgSOQa), filtered and concentrated to give pure 92 as a brown oil
(59 mg, 19%);

Rt 0.3 (EtOAc/MeOH/EtsN 90:8:2);

5+ (700 MHz, CDCls) 7.03 (2H, d, J 8.8 Hz, H-7), 6.86 (2H, d, J 8.8 Hz, H-8), 5.95
(1H, br s, H-14), 3.79 (3H, s, H-10), 2.81 (2H, s, H-4), 1.92 (3H, s, H-15), 1.16 (6H, s,
H-13), 1.11 (6H, s, H-12);

5c (176 MHz, CDCl3,) 167.0 (s, C-2), 158.9 (s, C-6), 134.5 (s, C-9), 127.1 (s, C-7),
114.8 (s, C-8), 78.9 (s, C-11), 55.6 (s, C-10), 51.2 — 52.8 (m, C-4), 25.3 (s, C-13),
25.2 (s, C-12), 16.2 (s, C-15);

& (225 MHz, CDCls) 7.8;

vimax (film/cm™1) 3252 (N-H), 2967 (C—H), 2930 (C—H), 1591 (C=N), 1513vs (Ar),
1247 (Ar—-OCHj3), 1164 (C—0), 1055 (C—O);

LRMS (ES+) 305.2 ([M+H]*, 100), 205.1 (15), 165.1 (5);

HRMS Found (ES+): [M+H]" 304.2063 [C16H2503N2B+H]* requires 304.2067.
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2,7,7,8,8-Pentamethyl-3-propyl-6,9-dioxa-1A*4,3-diaza-5A*-boraspiro[4.4]non-1-
ene 94

General Procedure D was carried out with propylamine (164 pl, 2.0 mmol, 2.0 eq.)
as the amine and MeCN (2 mL) as the nitrile. Silica gel column chromatography
eluted with EtOAc/MeOH/EtsN (90:8:2) delivered 94 as a colourless oil that

crystallised on standing as the monohydrate (62 mg, 26%);
Rt 0.4 (EtOAc/MeOH/EtsN 90:8:2);
m.p. 132 — 133 °C (as the monohydrate);

54 (700 MHz, CDCls) 5.52 (1H, br s, H-12), 3.12 (2H, t, J 7.4 Hz, H-6), 2.35
(2H, s, H-4), 1.99 (3H, s, H-13), 1.56 (2H, sext, J 7.4 Hz, H-7), 1.10 (6H, s, H-11),
1.07 (6H, s, H-10), 0.84 (3H, t, J 7.4 Hz, H-8);

5c (176 MHz, CDCls,) 166.2 (s, C-2), 78.7 (s, C-12), 50.3 (s, C-6), 44.9 — 46.5
(m, C-4), 25.3 (s, C-11), 25.1 (s, C-10), 21.0 (s, C-7), 15.4 (s, C-13), 11.3 (s, C-8);

08 (225 MHz, CDCl3) 7.6;

vimax (film/icm™1) 3275 (N-H), 2965 (C—H), 2924 (C-H), 2876 (C—H), 2853 (C—H),
1600 (C=N), 1160 (C—O), 1049 (C-O);

LRMS (ES+) 241.2 ([M+H]*, 100);

HRMS Found (ES+):[M+H]* 240.2116 [C12H2502N2B+H]* requires 240.2118.
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4.3.5 Miscellaneous compounds
The following compounds 103 — 109 were synthesised, isolated and characterised

during the course of this project, but are not discussed in this thesis.

N-(4-(Triethylsilyl)phenyl)acetamide 103

This method is based on a procedure described by Liu and colleagues.?’®* An
oven-dried flask was charged with N-phenylacetamide (135 mg, 1.0 mmol, 1.0 eq.),
Cu20 (7.2mg, 50 umol, 0.05eq.), triethylsilane (2.9 mL, 18 mmol, 18eq.),
di-tert-butyl peroxide (2.2 mL, 12 mmol, 12 eq.) and tert-amyl alcohol (5 mL). The
mixture was then stirred at 120 °C for 12 h before further portions of triethylsilane
(2.9 mL, 18 mmol, 18 eq.) and di-tert-butyl peroxide (2.2 mL, 12 mmol, 12 eq.) were
added and the solution was heated for a further 12 h. Afterwards, the mixture was
evaporated under reduced pressure and the residue was purified by flash column
chromatography (petroleum ether/EtOAc 3:1) to afford 103 as a white solid
(88 mg, 33%);

m.p. 44 — 47 °C,
Rt 0.2 (petroleum ether/EtOAc 3:1);

u (700 MHz, CDCl3) 7.81 (1H, br s, H-5), 7.50 (2H, d, J 7.8 Hz, H-3), 7.42 (2H, d,
J 7.8 Hz, H-2), 2.15 (3H, s, H-7), 0.95 (9H, t, J 7.9 Hz, H-9), 0.76 (6H, q, J 7.9 Hz,
H-8);

¢ (176 MHz, CDCls) 168.3 (C-6), 138.4 (C-1), 135.2 (C-2), 133.2 (C-4), 119.4 (C-3),
24.8 (C-7), 7.5 (C-9), 3.5 (C-8);

LRMS (EI) 249.18 ([M]*, 25), 220.12 ([M-E{]*, 100), 192.10 ([M-CH3CONH]J*, 55),
164.07 (75), 122.06 (25).

Data consistent with the literature.?13

201



2,2'-Bi(1,3,6,2-dioxazaborocane) 104 & 2,2'-oxybis(1,3,6,2-
dioxazaborocane) 105

1

/\\ /\\
O \B NH \B NH
: \ 0] \
(5 o5
L/ N\\;o
104 105

This compound was prepared according to a procedure described by Skrydstrup and
colleagues.?* A flame-dried flask was loaded with tetrahydroxydiboron (2.30 g,
25.7mmol, 1.0eq.) followed by 175mL of CH2Cl.. Diethanolamine (5.76 g,
54.8 mmol, 2.1 eq.) was then added and the mixture was stirred at room temperature
for 30 min. The reaction mixture was vacuum filtered and washed with copious
amounts of EtOAc to give the title compound as a white solid (4.65 g, 80%). As 104
was found to be insoluble in a range of common NMR solvents, the compound was

reacted with D20 to give diboraxane 105, which remained in solution in D20.

Sn (700 MHz, D20, N-H not visible) 3.77 (8H, t, J 5.3 Hz, H-1), 3.05 (8H, t, J 5.3 Hz,
H-2);

5c (176 MHz, D20) 58.1 (s, C-1), 49.7 (s, C-2);
s (225 MHz, D20) 15.7;
LRMS (ES+) 245.2 ([M+H]*, 100);

Data consistent with the literature.?14
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Triphenylphosphinegold(l) acetate 106

4
3

2

0
1 5l 6
QP*Au—O/U\CHg

(PPh3)AuClI (100 mg, 202 pmol, 1.00 eq.) and AgOAc (35.1 mg, 210 ymol, 1.04 eq.)
were weighed into a scintillation vial, followed by the addition of 2 mL CH2Clz. The
vial was then sealed with a screwcap, wrapped in aluminium foil and stirred
vigorously for 1 h at room temperature. After being left to stand overnight, the
reaction was then filtered through Celite and rinsed through with small portions of
CH2Cl2. Concentration of CH2Cl2 washings under a current of air gave 106 as a
white solid (102 mg, 98%);

m.p. Decomposes at ca. 115 °C;

5+ (500 MHz, CD2Cl2) 7.42 — 7.50 (9H, m, H-2 and H-4), 7.35 — 7.41 (6H, m, H-3),
1.86 (3H, s, H-6);

5c (126 MHz, CD2Cl2) 176.2 (s, C-5), 134.1 (d, J 13.7 Hz, C-2), 132.0 (d, J 3.1 Hz,
C-4), 129.2 (d, J 12.2 Hz, C-3), 128.8 (d, J 64.1 Hz, C-1), 23.5 (s, C-6);

e {tH} (202 MHz, CD:Cly) 27.6;

Vinax (film/cm™1) 3442, 3053 (C-H), 2926 (C-H), 1625 (C=0), 1481 (Ar), 1435 (Ar),
1305vs (C-0), 1101 (C-0), 692vs (Ar—H), 548vs, 508;

Data consistent with the literature.?1>
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2,2'-Oxybis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (pinB-O-Bpin) 107

B2pinz (254 mg, 1.0 mmol, 1.00 eq.) and trimethylamine-N-oxide (79 mg, 1.05 mmaol,
1.05 eq.) were weighed into a scintillation vial. CHsCl (1 mL) was added slowly and
the reaction was stirred at room temperature for 18 h. Volatile material was removed
in vacuo to give 107 as a white solid that require no further purification
(154 mg, 57%);

m.p. 59 - 60 °C;

on (700 MHz, CDCls) 1.27 (24H, s);

Oc (176 MHz, CDCls) 83.4 (s, C-1), 24.7 (s, C-2);
58 (225 MHz, CDCl3) 22.5;

LRMS (ES+) 270.3 ([M+H]*, 5), 255.2 ([M-CHs]*, 45), 170.2 (45), 129.1 (100), 101.2
(40), 89.1 (45), 83.2 (95), 69.2 (35), 59.1 (55), 57.1 (50), 55.1 (45), 43.1 (90), 41.1
(85);

Data consistent with the literature.?16

2,4-Dimethoxyphenyl boronic acid pinacol ester 108

10
OCH,

2,4-Dimethoxyphenylboronic acid (364 mg, 2.0 mmol, 1.00 eq.) and pinacol (248 mg,
2.1 mmol, 1.05 eq.) were weighed into round-bottomed flask. Benzene (4 mL) was

added to the mixture and Dean-Stark apparatus was fitted to the flask (side-arm filled
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with benzene). After stirring the reaction at reflux for 18 h, the mixture was allowed to
cool and water (10 mL) was added before extraction with EtOAc (3 x 20 mL).
Combined organic extracts were washed with brine (25 mL), dried (Na2SO4) and
filtered. Concentration of the resulting solution under reduced pressure gave 108 as

a colourless oil which required no further purification (453 mg, 86%);

o1 (600 MHz, CDCls) 7.63 (1H, d, J 8.2 Hz, H-6), 6.47 (1H, dd, J 8.2 Hz, 2.2 Hz,
H-5), 6.40 (1H, d, J 2.2 Hz, H-3), 3.81 (3H, s, H-10), 3.81 (3H, s, H-9), 1.33 (12H, s,
H-8);

5c (150 MHz, CDCls) 166.1 (s, C-2), 163.8 (s, C-4), 138.5 (s, C-6), 108.7 — 111.1
(m, C-1), 104.5 (s, C-5), 98.2 (s, C-3), 83.3 (s, C-7), 55.9 (s, C-10), 55.4 (s, C-9),
25.0 (s, C-8);

58 (225 MHz, CDCls) 30.8;

LRMS (ES+) 265.2 ([M+H]*, 90), 197.1 (30), 183.1 (60), 145.1 (40), 139.1
([M-Bpin+H]*, 100):

HRMS Found (ES+): [M+H]* 264.1641 [C14H21BO4+H]* requires 264.1642;
Data consistent with the literature.?1’

2-(2,4-Dimethoxyphenyl)-2,3-dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine
109

2,4-Dimethoxyphenyl  boronic acid (315mg, 1.73mmol, 1.00eq.) and
1,8-diaminonaphthalene (288 mg, 1.82 mmol, 1.05eq.) were weighed into a
round-bottomed flask. Fluorobenzene (3.5 mL) was added and the mixture was
stirred at reflux for 18 h. Afterwards, the reaction was allowed to cool and water
(10 mL) was added before extraction with EtOAc (3 x 20 mL). Combined organic
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extracts were washed with brine (25 mL), dried (MgSOa4) and filtered. Concentration
of the resulting solution under reduced pressure left a solid residue that was purified
by flash column chromatography (SiO2 25 g) eluted with cyclohexane/EtOAc
(100:0 — 75:25) to provide 109 as a pale red solid (367 mg, 70%);

Rt 0.3 (cyclohexane/EtOAc 8:2);
m.p. 158 — 160 °C;

51 (500 MHz, CDCls) 7.46 (1H, d, J 8.4 Hz, H-6), 7.12 (1H, dd, J 8.4 Hz, 7.3 Hz,
H-9), 7.01 (2H, dd, J 8.4 Hz, 0.9 Hz, H-10), 6.58 (1H, dd, J 8.4 Hz, 2.2 Hz, H-5),
6.48 — 6.51 (3H, m, H-3 & H-13), 6.38 (2H, d, J 7.3 Hz, H-8), 3.90 (3H, s, H-14), 3.86
(3H, s, H-15);

5c (126 MHz, CDCls, C-B not visible) 165.7 (s, C-2), 163.1 (s, C-4), 141.7 (s, C-7),
136.5 (s, C-11), 134.6 (s, C-6), 127.7 (s, C-9), 119.9 (s, C-12), 117.3 (s, C-10), 105.8
(s, C-8), 105.1 (s, C-5), 98.5 (s, C-3), 55.5 (s, C-14), 55.5 (S, C-15);

58 (225 MHz, CDCls) 28.3;

vimax (film/cm™1) 3410 (N-H), 3383 (N—H), 3052 (C-H), 2933 (C—H), 2830 (C-H),
1595 (N—H), 1493 (Ar), 1402 (Ar), 1250 (C-0), 1198, 1122, 1033 (C-O), 819 (Ar—H),
763 (Ar—H), 688 (Ar—H);

LRMS (ES+) 305.1 ([M+H]*, 100), 243.1 (5), 171.1 (15), 159.1 (25), 127.1 (20),
113.1 (45);

HRMS Found (ES+): [M+H]* 304.1493 [C1sH17BN202+H]* requires 304.1492.
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6 Appendix

6.1 Single crystal X-ray diffraction measurements

The diffraction data for 94 were collected on a four-circle Agilent SuperNova (Dual
Source) single crystal X-ray diffractometer using a micro-focus CuKa X-ray beam
(A=1.54184 A) and an Atlas CCD detector. The sample temperatures were

controlled with an Oxford Instruments cryojet.

All data were processed using the CrysAlisP©.! The crystal structures were solved
with the SHELXT programme," used within the Olex2 software suite,"" and refined by
least squares on the basis of F2 with the SHELXL'" programme using the ShelXle
graphical user interface.V All non-hydrogen atoms were refined anisotropically by the
full-matrix least-squares method. Hydrogen atoms associated with carbon atoms

were refined isotropically [Uiso(H) = 1.2Ueq(C)] in geometrically constrained positions.

Table 6.1. Crystallographic information and refinement parameters for 94.

94 (SCXRD)

empirical formula C24H2sNsO7
512.52
orthorhombic

M/ g mol™?
crystal system

space group Pnma
alA 7.2385(4)
b/A 9.9560(6)
c/A 10.9548(7)
al® 76.357(5)
Bl° 89.805(5)
yle° 84.418(5)
VviIA3 763.40(8)
Z 2

Pcaic/ g cm™3 1.123
T/K 150.0(1)
u/ mmt 0.628
F(000) 284

crystal size / mm?3

0.19 x 0.14 x 0.04

radiation CuKq (A = 1.54184 A)

26 range for data collection = 4.154-66.569

/o

index ranges -8<h<8
-11<k=<11
-12<1=<13

number of collected = 10940

reflections

unique reflections 2694

number of unique
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2156 [I > 20(1)]



reflections

Rint

R(F), F > 20(F)
wR(F?), F > 20(F)
R(F), all data
wR(F?), all data

Ar (max., min.) e A3

Appendix

0.0402
0.0393
0.1001
0.0514
0.1076
0.263/-0.197

Figure 6.1: The asymmetric unit of compound 94. The thermal ellipsoids are drawn at the 50% probability level.

Colour scheme: carbon — dark grey, hydrogen — white, boron — yellow, nitrogen — blue, oxygen — red.
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