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Abstract

Aryl and alkyl boronic acids and their derivatives have a broad variety of applications,
ranging from uses in medicines to cross-coupling partners in modern organic synthesis. This
thesis presents the work undertaken in both the synthetic and application aspects of this

important class of synthetic intermediates.

Chapter 1 gives a brief overview on the bonding and physical properties of boronic acids,

their synthesis and applications.

Chapter 2 shows that the activation of C-H bonds in the iridium-catalysed borylation of
arenes is contingent on C-H acidity in the absence of steric effects, allowing for the

prediction of regiochemistry through a simple 'H NMR analysis of the starting material.

Chapter 3 shows that the high electronic barrier hindering the borylation of C-H bonds alpha
to a pyridyl nitrogen can be overcome through steric effects, and that the resultant a-pyridyl

boronate can be used, in-situ, in Suzuki-Miyaura cross-coupling reactions.

Chapter 4 describes the development of C-H borylation/1,4-conjugate addition sequence, for
the synthesis of B-aryl ketones and also the corresponding alcohols under reducing

conditions.

Chapter 5 describes the development of a new methodology for the preparation of alkyl
boronate esters through copper-catalysed borylation of alkyl halides and pseudohalides.
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Chapter 1 Boronic Acids and their Derivatives

1.1 Introduction and Background

Although the first boronic acid was isolated by Frankland in 1860 through atmospheric
oxidation of triethylborane obtained from treatment of diethylzinc with triethylborate,*? it
was not until 1979 that chemists began to realise the power of boronic acids as synthetic
building blocks. This followed Suzuki’s and Miyaura’s pioneering work on the palladium-
catalysed cross-coupling reactions of alkenylboranes (1) and vinyl and aryl boronic acids and
esters (2) with aryl halides (Scheme 1).*° The collective impact of these publications has
been enormous, as exemplified by over 1500 citations and the award of 2010 Chemistry

Nobel prize to Professor Suzuki.

Pd(PPhs), (1-5 mol%)

, 2N EtONa-EtOH (2.0 eq.) .
A) R XwBR2 4 R'—X e [ref. 4]
benzene, reflux

1(1.1eq.) 41-100%
R = aryl, alkyl R" = aryl, alkyl; X =1, Br, Cl
R', = catechol, bis(1,2-dimethylpropyl)

Pd(PPh3), (3 mol%)
Na,CO3 (2.0 eq.
B) Ph—B(OH),  + Ar—Br 2C03 (2.0eq.) Ph—Ar [ref. 5]
benzene or toluene
2(1.1eq.) reflux, 6-12 h 40-94%

Scheme 1. First reports on the palladium-catalysed cross-coupling reactions.

Subsequently, the use and application of boronic acid derivatives has become one of the key
strategies in modern organic synthesis. Reflecting this, new methods for the generation and
reaction of boronic acid derivatives remain in great demand. This thesis describes work

directed towards this objective and is divided into four main chapters. Chapter 2 describes
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Chapter 1 Boronic Acids and their Derivatives

the synthesis of aromatic boronate esters through iridium-catalysed aromatic C-H borylation
methodology by exploring the regioselectivity of this transformation. Chapter 3 deals with
developing strategies for the synthesis of electron-deficient heterocyclic aromatic boronate
esters. Chapter 4 focuses on the development of ‘one-pot’ sequences, combining the
efficiency of the iridium-catalysed borylation with the diverse chemistry of boronic acids.
Finally, Chapter 5 discusses synthetic methodologies for the preparation of alkylboronic
acids. The remainder of this chapter will give a short overview of the bonding and physical

properties of boronic acids, their synthesis and applications.
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1.2 Bonding and Physical Properties

Boronic acids (3) are trivalent organoboron compounds containing one C-B bond and two
hydroxyl groups in a trigonal planar geometry. They typically exist as white crystalline solids
that are easy to handle. Although they are generally chemically stable in air at room
temperature, slow atmospheric oxidation of boronic acids eventually affords boric acid (4),

which is highly toxic to mammals and carries the risk of infertility to humans (Scheme 2).*’

atmospheric oxidation

,OH or auto oxidation /OH
R-B R-OH + HO-B
OH OH
3 4
boronic acid boric acid

Scheme 2. Slow decomposition of boronic acids under aerobic conditions.

Special precautions are required for the less stable alkyl-substituted and some
heteroaromatic variants.® Despite recent evidence citing mutagenic properties,g’10 boronic

acids is still widely considered as attractive intermediates in synthetic organic chemistry.

Boronic acids have a tendency to form a cyclic trimeric boroxine (5) and higher oligomeric
anhydrides (6) under dry conditions can complicate analysis, quantification, purification and

characterisation (Scheme 3).

R
0.5-0 -nH,0 HO.__OH -nH,0 !
< : > ——— w8 ———= oo
R /an +nH,0 R +nH,0 B.__B.
RO 'R
6 3 5
boronic anhydride boronic acid tricyclic boroxine

Scheme 3. Reversible condensation of boronic acids.
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Although the average C-B bond is relatively strong (323 kJ mol™ versus 358 kJ mol™ for a C-C
bond)™ all boronic acid derivatives can undergo protolytic deboronation under a variety of

21 The tendency of boronic acids to

acid, base, thermal and/or metal induced conditions.
form anhydrides or undergo protolytic deboronation has led to the use of more stable
derivatives as surrogates. Of these, the most common derivatives are the esters 7a-e as

they are readily formed by simple condensation reactions of the boronic acid with the

corresponding alcohol (Scheme 4).

/
R—B\ + 2HO-R or

o
T
I
W
A
)
T
N
O
(@]
sl
o)

R-B or R-B }R'
OR'

o

0
0 0 o oy OJS
/ / / \
R-B R-B >< R-EB ]@ R-B—NH R-B-N—
o o 0o o) 071)
0

7a 7b Tc 7d Te
pinacol ester neopentylglycol ester  catechol ester  diethanolamine methyliminodiacetic ester
(pin) (neop) (cat) ester (MIDA)

Scheme 4. Commonly used boronate esters.

Whilst reducing the deleterious side reactions, the ester moieties can provide novel
reactivity profiles. For example, recent work by Burke has shown that the slow hydrolysis of
MIDA (methyliminodiacetic) boronate esters to the boronic acids in the presence of KsPO,

can minimise protodeboronation in Suzuki-Miyaura cross-coupling reactions (Scheme 5).2
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Pd(OAC), (5 mol%)

S . SPhos (10 mol%) S
UB(OR)Z + d O-Bu @—Qo-fsu
K3PO4 (75 eq)

dioxane/H,0 (5:1) B(OH), = 68% yield
60°C,6h BMIDA = 94% yield

Scheme 5. MIDA boronate ester versus boronic acid in a Suzuki-Miyaura cross-coupling

reaction.
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1.3 Preparation Methods

Aryl, alkyl and alkenyl boronic acids can be synthesised in a variety of ways. This includes the
classical reaction of an organometallic reagent with a suitable boron electrophile and the
increasingly popular transition-metal mediated C-H activation of substrates. Despite this, the
challenge remains to develop a robust, efficient and economical method amenable for the
production of all types and structures of boronic acids. A comprehensive review on the
syntheses of boronic acids falls outside of the scope of this thesis. The following section will
serve only to give an overview of this subject matter, highlighting the benefits and

drawbacks of the main synthetic methods that have been developed to date.

1.3.1 Via Organometallic Reagents or Intermediates

As shown by Frankland in 1860, trapping of an organometallic reagent with a suitable boron
electrophile was the earliest synthetic methodology developed for the preparation of

boronic acids (Scheme 6)."

3ZnEt, 3 Zn(OEt),
} i oxidation in air
2 B(OEt)3 2BEty; ——»  EtB(OH),

Scheme 6. First preparation of a boronic acid.

Subsequent development of this methodology has led to the use of simple Grignard and
organolithium reagents in combination with a suitable trialkylborate electrophile. These

reactions, which typically proceed through an initial metal-halogen exchange, even enable
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access to sterically hindered arylboronic acids, for example 2-(2,6-dimethylphenyl)-1,3,2-

dioxaborolane (8) (Scheme 7).%°

i. PrMgBr, THF, -40 °C 0
Br B, j
ii. B(OMe)s, THF, -78 °C o
iii. HOCH,CH,OH, toluene
8
85% yield

Scheme 7. Synthesis of a sterically hindered arylboronate ester via a Grignard intermediate.

One useful extension of this methodology involves directed C-H metalation of arenes
containing ortho-directing functional groups such as amines, ethers, anilides, esters, amides
and carbamates. Crude boronic acid mixtures obtained from ortho-lithiation can often be
used directly in Suzuki-Miyaura cross-coupling reactions, for example, in the synthesis of

Losartan (9) (Scheme 8).**

CPh; CPh;
N-N N-N i. Pd(OAC),/4PPhy
N__N i."BuLi (1.0 eq.), THF, <20 °C NN K,CO3, H,O/THF/DEM
ii. B(O'Pr); (1.3 eq.), -25 °C (HO),B N cl
iii. PrOH-NH,CI-H,0
4 2 ”Bu/< \ OH

crude mixture 88% yield
Losartan (9)
Br

antihypertensive dru
ii. H;0" ( P 9)

Scheme 8. Synthesis of Losartan.

Transmetalation of a boron electrophile with other organometals have also been reported.
. . . . 22 H
Of these reactions, the use of zirconecene intermediates”” and aryl cadmium are less

effective,”® whilst diaryl mercury is generally avoided due to its toxicity.**

Aryl silanes and
aryl stannanes on the other hand, are less toxic and undergo smooth transmetalation with
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hard boron halides (Scheme 9).*° This is because the transmetalation process is
thermodynamically driven by the greater stability of the B-C and Si(Sn)-X bonds formed in

the products relative to the corresponding B-X and Si(Sn)-C bonds in the starting reagents.?’

OCONEt; ;i R (1.5eq.), DCM, -78 °C to rt. OCONEt,
SiMe3 ii. 5% aq. HCI B(OH),
85% yield

Scheme 9. Ipso-borylation of an aryl silane.

Although these methods do form aryl, alkyl and alkenyl boronic acids, the requirement of
either hard or highly toxic organometals leads to health and safety issues and a limited range
of structural variety and functional groups in the final products. Moreover, the low
temperature and anhydrous conditions required to minimise the formation of a borinate
side-product arising from double alkylation, is an inconvenient practical hindrance.

28,29
d.

Consequently, many alternative strategies have been explore Among these, the key

methodologies are summarised in the following sections.

1.3.2 Hydroboration of Unsaturated C-C Bonds

Hydroboration as a route to trialkylboranes was first developed by Brown and Subba Rao in
1956 through the treatment of simple alkenes such as ethene-1,1-diyldibenzene (10) with
NaBH; in the presence of aluminium chloride. Subsequent oxidation affords the

corresponding alcohol 11 via boronate ester and trialkylborate intermediates (Scheme 10).*°
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Ph . . Ph Ph
\[/ NaBH, (0.5 eq.) < ﬁB NaOH (0.4 eq.) j/\OH
Ph AICI; (0.17 eq.) Ph 3 30% H,0, (1.2 eq.) Ph
rt,3hthen120°C, 1 h ethanol

10 11
87% yield

Scheme 10. Hydroboration of simple alkenes with sodium borohydride.

Subsequently, the related borane (BH3) has become a popular choice of boron electrophile
for the synthesis of alcohols from olefins. Controlling this oxidation process to obtain the
initially formed alkylboronic acids, however, is difficult. In the hydroboration of alkynes, the
use of dialkylboranes such as Ipc,BH to give dialkyl alkenylborane intermediate has allowed
for the selective oxidation of C(sp°)-B over C(sp?)-B bonds, affording the desired boronic acid
(Scheme 11A).3>' Selective hydrolysis following hydroboration with dihaloboranes has also
been reported (Scheme 11B)>* With the emergence of dialkoxyboranes and
diaryloxyboranes as stable and commercially available reagents, both alkyl and
alkenylboronate esters can now be synthesised directly through the hydroboration of

alkenes and alkynes (Scheme 11¢).*
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i. Ipc,BH, THF, -35to 0 °C _
ii. CH3CHO (10 eq.) 0 to 40 °C Bpin

A) MeO,C—=—=—H ~ [ref. 31]
iii. pinacol (1.0 eq.) MeO,C
12a rt.12h 84% yield
i. HBBry-SMe, (1 eq.), CH,Cly, 0 °C to r.t.
i. H,O, NaOH (2.5 eq.) Bpin
B) "By—=——H - — [ref. 32]
iii. pinacol (1.2 eq.), hex-Et,0 (1:4.) nBut
12b 78% yield
HBpin (1.1 eq.), HCu(PPhs) (2 mol% Bpin
) "Pr—==—C0,Me ( ), HCU(PPhs) ( ) — [ref. 33]
PPh; (3 mol%), THF, 0 °C, 10 min "pY’ CO,Me
12¢ 85% yield
(>25:1 Z/E)

Scheme 11. Terminal versus internal alkyne hydroboration.

Hydroboration generally requires heating or the presence of a transition metal and typically
proceeds with an anti-Markovnikov addition of a B-H bond. This strategy is thus particularly
suited for the synthesis of terminal alkyl and alkenyl boronic acids. The ability to select
between the two ends of unsymmetrical internal double or triple bonds and achieve
regioselective addition across an internal double bond, however, remains a challenge. While
hydroboration of terminal and internal alkynes is selective towards cis-addition of a B-H
bond, the opposite trans-addition has yet to be achieved. This is best exemplified by the
hydroboration of two representative propiolate derivatives 12a and 12c. The related
diborylation (Scheme 12A),** cyanoboration (Scheme 12B)* and silaboration (Scheme 12€)*®

of alkynes 13a-c have also been reported to give products with an extra functional group

handle.
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Pt(PPha), (3 mol% R R
A) R—R (PPho)s ) = [ref. 34]
B,pin, (0.95 eq.) pinB Bpin
DMF, 80 °C, 24 h
13
(R = "Hex, "Oct, cy, "Pr, Ph 78-86% yields

R' = H, ‘But, Ph)

iPer NiPrz
OH " B . /
ProN),BCN B~ Pd] or [Ni -B CN
B) RM (‘PraN),BC o Cﬂ [Pd] or [Ni] o-B (et 35]
! ~—~  80-110°C, 2-43 h R
13b R
(Ror R'=H, alkyl) 63-94% yields
@ PdCp(allyl) (1 mol%) @ OO PPh
S 14 (1.2 mol% ) (G 2
C) 7R+ 5 % (2mof%) _ 0.0 [ref. 36]
B’ toluene, r.t.
i )\/R
SiMe,Ph
SiMe,Ph 14
13¢c 91-96% vyield (R)-[1,1-binaphthalen]-2-
(R = alkyl, aryl) (86-96% de) yldiphenylphosphine

Scheme 12. Examples of diboronylation, cyanoboration and silaboration of alkenes.

1.3.3 Metal-Catalysed Coupling of Aryl Halides

Recent development of palladium-catalysed borylation of aryl halides and triflates in the
presence of a diboronyl reagent provides access to a wide range of structurally diverse aryl
boronic acids compared to the methods that require organometallic reagents. Borylation of
ketone-containing 1-(4-bromophenyl)ethanone (15) for example, is possible using a
palladium catalyst (Scheme 13A).*” The related nickel-catalysed borylation of aryl halides
such as 16 to give arylBneop have also been reported (Scheme 13B).*® These reactions were
later successfully extended to aryl mesylates and tosylates.39 More recently, Zhu and Ma

have developed a copper-catalysed variation of these borylation reactions using copper(l)
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iodide in the presence of sodium hydride and pinacolborane.*”® Although this methodology
was initially limited to aryl iodides, Marder and co-workers later showed that by employing
an alkoxide base and a phosphine ligand among other changes, these reactions can be

further extended to the bromides, for example 17 (Scheme 13C).**

Bopin, (1.1 eq.)

O Pd(dppf)Cl, (3 mol%) 0
A) >—@& >—®Bpin [ref. 37]
KOAc (3.0 eq.)

DMSO, 80 °C, 1 h
15 80% yield

i. BH3:DMS, 0-23 °C

ii. O
>—< >—Br
HO
16 0
B) >—®f8ne0p [ref. 38]
NiCl,/dppp (10 mol%)

HO Et3N, toluene, 100 °C

72% yield

Cul (10 mol%)
"BusP (13 mol%)

Bopin, (1.5 eq.)
C) OBr OBpin [ref. 41]
KOBu 1.5 eq.)

17 THF, r.t. 83% yield

Scheme 13. Examples of Pd, Ni and Cu-catalysed C-X borylation.

These methodologies provide a simple and efficient route to aryl and alkenyl boronic acids.
They are however, less suited to alkylboronic acids owing to the notoriously slow oxidative
addition of C(sps)—X bond with palladium and the relatively fast B-hydride elimination of the
alkyl-Pd-X species over the desired transmetalation with a boron electrophile. For these
reasons, other metals such as nickel and copper have been explored and will be discussed in

more detail in Chapter 5.
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1.3.4 C-H Activation

More recently, there has been a great deal of focus on C-H bond activation using transition
metals (e.g. Rh and Ir), circumventing the need for prefunctionalised reagents. While both
thermal and photolytic conditions have been reported, developing a catalytic method with
the ability to differentiate and activate particular C-H bonds remains a challenge. Despite the
weaker bond-strengths of secondary and tertiary C-H bonds relative to primary C-H bonds,*?
transition-metal catalysed C-H activation of simple alkanes typically proceed with high
selectivity in favour of the less sterically hindered terminal carbon (Scheme 14).8 Borylation

of a specific internal C-H bond would be more synthetically useful. However, this has yet to

be achieved.

! Cp*R 1(1]4-06 Meg) (1-5 mol%) \M,Bpil /LMBpin Bpin
alk CHy
150 °C, 5-80 7 4

88%yield  73% yield 49% yield

Scheme 14. Borylation of a terminal alkyl group through rhodium-catalysed C-H activation.

Such steric effects however, can be beneficially exploited in aromatic systems. For example,
suitably substituted arenes can be used to direct activation, through sterics in iridium-
catalysed aromatic C-H borylation employing bipyridyl ligands (see Chapter 2). In these
reactions the addition of the boryl group avoids sterically hindered positions such as C-H
bonds ortho to substituents or ring junctions in fused-ring systems. The borylation of m-
xylene (18) for example, gives a single product 19 where the boryl group is installed at the

only sterically accessible 5-position (Scheme 15).**
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[Ir(cod)OMel], (1.5 mol%)
dtbpy (3 mol%)

Bpin
Bopin, (1.0 eq.)
MTBE, uW, 80 °C, 1 h
18 19

96% yield

Scheme 15. Ir-bipyridyl C-H borylation of m-xylene.

However, when more than one C-H bond is accessible, a mixture of regioisomers and/or
multiply borylated products are possible, and represents an issue which remains to be
resolved. This transformation is central to this thesis and is discussed in greater details in

Chapter 2.

1.3.5 Elaboration of Pre-formed Boronate Esters

There are other methods for the preparation of boronic acids, but a comprehensive review
of these synthetic routes is beyond the scope of this thesis. It is worth noting, however, that
one useful approach involves the elaboration of preformed boronate esters (Scheme 16).
These examples include the cycloadditions of alkynylboronates such as 20 followed by

45-51

aromatisation for the preparation of aryl boronic acids (Scheme 16A), and the use of

simple alkenyl boronate esters 21 in alkene metathesis for the preparation of extended

2258 A more popular example is the Matteson’s

alkenyl boronic acids (Scheme 16B).
homologation strategy, which utilises an iteration of stereospecific displacement of halide
from an a-haloalkylboronate ester 22 and a reaction with (dihalomethyl)lithium to install an

additional stereocentre (Scheme 16€).”° Such methodology is ideal for the preparation of

chiral aliphatic boronate esters with multiple stereocentres.
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OH
i. 1,2-Cl,CqH,, 180 °C, 18 h “Bu
A) [ref. 48]
Cr(CO)s ii. "Bu—==—Bpin (20) Bpin
OMe THF, 45 °C, 16 h OMe
73% yield
B(OR'
__ B(OR)z (21) B(ORY),
B) V= - ~ [ref. 52-58]
R RU:CHZ R
0 oR i. LICHCI, cy, © SR MeMgBr P, O R
C) "Pr—B —_— >~B\ l _ B, l [ref. 59]
(@] R' ii. ZnCI2 npr (@] R' iv. ZnCI2 Me (0] R'
22

Scheme 16. Elaboration of preformed boronate esters.
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1.4 Reactions of Boronic Acids and Boronate Esters

Boronic acids are ideal as intermediates, cross-coupling partners and precursors for a wide
range of functional groups. For example, oxidation of boronic acid derivatives using an
aqueous mixture of hydrogen peroxide and a hydroxide base is particularly a popular
method of preparing alcohols. This oxidative replacement of boron proceeds with retention
of configuration, which is ideal for the preparation of chiral aliphatic alcohols following
either asymmetric hydroboration of olefins or as a conclusion of Matteson’s homologation
strategy (for example, Scheme 17A). Oxidation of arylboronate esters to phenols has also
found wide use. For example, in the preparation of 3,5-disubstituted phenols when
combined with an iridium-catalysed aromatic C-H borylation of 1,3-disubstituted benzenes

(Scheme 17B).°

"Pr. O-sR poyNaoH  "Pr
A) >7B\ l — >7OH [ref. 59]
Me (O (Y Me
R [Ir(cod)Ind] (2 mol%) R R
dmpe (2 mol%) ag. oxone®
B) Bpin _ OH [ref. 60]
HBpin (1.5-2.5 eq.) acetone, 25 °C,
R' 150°C,3.5h R' R'
R, R'=Br, Cl, OMe, CO,Me, Me 64-89% vyields

Scheme 17. Alcohols from organoboronate esters.

Ipso-azidation (Scheme 18A)*! and ipso—nitration (Scheme 18B)%* of arylboronic acids are
also straightforward. However, ipso-amination to primary and secondary alkylamines is

more difficult and requires the intermediacy of more electrophilic boron substrates.

45



Chapter 1 Boronic Acids and their Derivatives

Optically pure primary amines (e.g. 24) for example, can be generated from borinic esters
(23) (Scheme 18C)®® and optically pure secondary amines (26) from dichloroboranes (25)

(Scheme 18D).**

i. Pb(OAc), (1.0 eq.)
R Hg(OAc), (0.1 eq.) R

@ CHCl3, 40 °C, 12 h 7 f
A) B(OH), QNa [ref. 61]
\_/ ii. NaN5, DMSO, r.t., 3h \_7/
R AgNO; or NH4NO3 (2.2 eq.) R
= TMSCI (2.2 eq.) @ et 62
B B(OH) NO ref.
) \_7/ 2 CH,Cly, .t., 30-72 h \ /7
0 i. MeLi | iii. NHyOSOzH N
c R*—B —_— _B. —————— > R'—NH, [ref. 63]
) o i.Accl  R*”07"0Ac iv. H,0
R* = chiral C(sp®) 23 24
Cl RN R R N R NaoH '
D) R-B — =, Cl—B-N —2. BN a R N'Flj [ref. 64]
! ) _
cl c Ny c” R
25 26

Scheme 18. Ipso-azidation, -nitration and -amination of boronic acid derivatives.

In contrast, aniline derivatives can be easily prepared from arylboronic acids using a

copper(l) oxide catalyst and aqueous ammonia (Scheme 19A).5>

N-arylation as a route to
diarylamines is also possible using a different copper salt such as copper(ll) diacetate
(Scheme 19B).°”%° A wide variety of other C-heteroatom bond-forming reactions are also

possible under these conditions to give ethers, thioethers and amides. A wide variety of

conditions employing a combination of different copper catalyst precursors, bases and
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additives have since been developed in the effort to facilitate this type of transformation

with greater efficiency.

R R
= o, + Nt CueO (10 mol%) = \H et 65,661
A B(OH), 3'H2 2 retf. 69,
) W/ MeOH, air, r.t. \_/
Cu(OAc),
R—=B(OH), + R'—XH _ R-XR' [ref. 67-69]
B) base

R = alkenyl, aryl R' = aryl, heteroaryl, alkenyl
X=0,NR", S, C(O)N

Scheme 19. Selected copper-promoted C-heteroatom bond-forming processes.

Halodeboronation of arylboronic acids can be achieved using aqueous chlorine, aqueous
bromine and aqueous iodine/KI mixtures to give the corresponding aryl halides (Scheme
20A).”° Whilst improved yields can be obtained with N-bromo and N-iodosuccinimides in
acetonitrile under reflux,71 a combination of 1,3-dibromo-5,5-dimethyldantoin (27a,
DBDMH) or the chloride equivalent (DCDMH, 27b), with sodium methoxide, has been found
to be more efficient (Scheme 20B).”> A more contemporary method employs cuprous
chloride or bromide, which can be used in combination with iridium-catalysed aromatic C-H
borylation to generate the corresponding 3,5-disubstituted aryl halides (Scheme 20¢).”?
Fluorodeboronation of arylboronic acids is more challenging and can be achieved with
modest yield by treatment with cesium fluoroxysulfate (28) in methanol (Scheme 20D).”*"”
More recently, stepwise Pd(ll)- and Ag(l)-promoted methods have been developed to give

aryl fluorides in good yields (Scheme 20E).”*"’
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A)

C)

D)

R = 2-F, 2-NO,, 2-Me (1.1 eq.)
3-CH3CO, 4-CH3CO

aq. Cl, or aq. Br,
B(OH), —— X [ref. 70]
or aq. ly/Kl
X=Cl,Br, |

R
. X\N><fo NaOMe (5 mol%) —|— .
@X [ref. 72]

)/*N\ MeCN, r.t.
o] X

_999% vi
X = Br (27a), Cl (27b) 43-99% yields

R

CuBr, (3.0 eq.)
Br
MeOH/H,0 (1:1)

[Ir(cod)OMe], (0.1 mol%) R ‘ R

dtbpy (0.2 mol%) 51-80% yields
Bpin [ref. 73]
THF, 80 °C

then evaporation R' ‘ R

CuCl, (3.5 eq.)
cl
MeOH/H,O (1:1)
R

46-81% yields

R

R
= CsSO,F (28) 7
<\:/>78(OH)2 \ / F [ref. 74, 75]

MeOH, 0 °C to r.t.
10-56% yields

i. NaOH (1 eq.)

iii. 3 A MS, acetone, r.t.

[ref. 76, 77]

R
AgOTf (2 eq.) @F
ii. F-TEDA-BF, (29) W/

70-95% yields F-TEDA-BF,

Scheme 20. Halodeboronation of aryl boronic acid derivatives.

Bromo- and iododeboronation of alkenyl boronic acids can be accomplished using sequential

treatment of Br, or |, and sodium hydroxide in one-pot. These reactions are widely believed

to proceed via an initial dihalogenation of the double bond, which upon addition of the

hydroxide base, leads to an anti-elimination of a halide and (OH)B(OR’), from 30 to give the

corresponding alkenyl halide with inverted olefin geometry (Scheme 21A).

7880 Simultaneous
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addition of |, and sodium hydroxide, however, gives alkenyl iodide with retention of
geometry possibly due to syn elimination of HOB(OR’), from an iodohydrin intermediate 31
(Scheme 21B).2"® Alternatively, retention of geometry can also be achieved using

halosuccinimides 32 as reagents (Scheme 21€).%**

A R\/\ X, then NaOH X [ref. 78-80]
. ref. 78-
) B(OR), inversion of geometry R&
_ _ anti-
i. X, (X2 =Bry, 1) [ elimination
X
X X :
= A X H ii. HO X - o
Y BOR), T Y B(ORY), = O ory,
X R H |
30 R OH
I,/NaOH
B) "Ry, I e

retention of geometry

syn-
1,/NaOH elimination
|
| :
R\%}\B(OR') R\‘/E\B(OR')Z R 3
2 OH .B(OR),
o

31 H

X
I

O0=N_o0 (32
R g
C
) R\/\B(OH)Z

R -
R, R'=H, alkyl, or Ph
R\/\x x=I Br G [ref. 84, 85]

MeCN

Scheme 21. Halodeboronation of alkenyl boronic acids.

Boronic acids have found significant application in many C-C bond forming processes,
notably palladium-catalysed Suzuki-Miyaura cross-coupling reactions with aryl halides
(Scheme 1).*” Extensive work on this palladium-catalysed methodology, particularly in the

area of ligand design, has been central to the development of increasingly efficient
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systems.?® The cross-coupling of arylboronic acids with sterically hindered aryl chlorides can
now be achieved in good vyields using a combination of palladium(ll) acetate, SPhos (33)
ligand and aqueous KsPO, under ambient temperature (Scheme 22A).2° Even reactions
involving an alkyl boronic acid can be carried out by using a small set of specific, particularly
effective, ligands such as Tedicyp (34) (Scheme 22B).®” Whilst examples of palladium-
catalysed cross-coupling reactions of two sp° centres exist, these reactions are typically low-
yielding owing to the notoriously slow oxidative addition of C(sp3)—X bond to palladium and
the thermodynamically more favourable B-hydride elimination of the resultant
organopalladium over the desired transmetalation with the boronic acid derivative. This
problem is exacerbated by the slower transmetalation of alkyl-boronic acids in comparison
to arylboronic acids and slower reductive elimination of alkyl-alkyl when compared with an
aryl-aryl unit.2® One solution to this has been to use alternative metal catalysts. For example,
Fu et al. have shown that nickel catalysts such as NiCl, (35) bound to a cyclohexyldiamine

ligand are particularly effective (Scheme 22¢).%°
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Pd(OAc), (0.5 mol%) O
Sphos (33) (0.5 mol% PC
A) Cl + (HO)LB phos (33) ( 0) O O Voo 0|v|y2 [ref. 86]
KsPO4-H,0 (3.0 eq.) e e
THF, rt, 3h O

(1.5eq.) 90% 33 (Sphos)
Y
owe_ TSI owe ]
B) "Octyl—B(OH), + /O/ —edoyp Y Q/ Yy [ref. 87]
Br xylenes, K,CO3 "Octyl 34
130°C, 20 h .
Tedicyp
(Y = PPhy)

NiCl,-glyme (35) (6 mol%)
N,N'-dimethyl-1,2-

Ph B Br lohexanediamine (8 mol %
o — o~ @ . \O cyclohexanediamine (8 mol %)  Ph [ref. 89]
KOBu (1.2 eq.)
)

'BUOH (2.0 eq.)

(1.8 eq. dioxane, r.t.

75% vyield

Scheme 22. Selected C-C bond-forming processes.

Whilst halides are the most common cross-coupling partners to arylboronic acids, other
electrophiles have been successfully used such as aryltosylates,”>®* arylammonium salts
(Scheme 23A),>* arylcarbamates and carbonates,”*®” aryl methyl ethers,” arylsulfonium

salts,” thioesters'®”'%" and thioethers (Scheme 23B)."%*'*®
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-HCI
/ - \
MeO Mes— N\/N‘ Mes

MeQO
(10 mol%)
A) Bu NMe;"OTf + (HO),B Bu [ref. 93]
Ni(cod), (10 mol%)

CsF, dioxane
80°C,12h 94% vyield

Pd,dba; (4 mol%)

(HO)B oN (2-furyl)s-P (16 mol%) | X CN
X CuTC (1.2 eq.
B) MeOOOMe + (1-2eq.) N OMe  [ref 105]
NZ ~SMe THF, 50 °C, 18 h
MeO
CuTC = copper(l)
thiophene-2-carboxylate 76% vyield

Scheme 23. Alternative C-C bond cross-coupling partners to organohalides.

In addition to cross-coupling chemistry, there are many other important C-C bond-forming
reactions of boronic acids. Addition of allylboronate esters to aldehydes is useful for the
stereoselective synthesis of homoallylic secondary alcohols (e.g. 35) (Scheme 24A).'%°
Uncatalysed additions to imines and iminium ions, pioneered by Petasis, is another useful
way of utilising boronic acids in stereoselective synthesis of useful small a-amino acids (36)
or B-aminoalcohols (37) (Scheme 24B)."*"'° Rhodium-catalysed addition to carbonyls and a
wide variety of olefins represents another useful potentially asymmetric C-C bond-formation
(Scheme 24C)."% Finally, oxidative addition of boronic acids to olefins provides a useful

alternative to classical Heck chemistry (Scheme 24p).M°
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R4 thermal or 4
0 5 L. A. catalysed OH R 5
A) J - RWB(OR)Z o caalysed R1%R [ref. 106]
R H T g e
35
Ji§
R2” ~CO,H R3RAN H
2 0, [ref. 107]
R3R*NH R! R?
. 36
B) R'-B(OH),
OH
R3R*NH P
5 R R2 [ref. 108]
R2 NR3R*
H
37
OH
o)
RZJ\H OH frof. 109]
rer.
‘ Rh(l), base R1J\R2
R'-
o B(OH),
R' = alkenyl, aryl
R.R2 f. 109
2 ~Ewe [ref. 109]
XOEWG
EWG = COR, CO,R, NO,, etc.
cat. Pd(Il)
D) Ar—B(OH), + X — AR [ref.110]
2

Scheme 24. Other examples of boronic acids in C-C bond-forming reactions.
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1.5 Applications

The ability of boronic acids to form esters with alcohols is central to many of their
applications beyond the use of these compounds as intermediates in synthetic organic
chemistry. As catalysts and reaction promoters (through templation), boronic acids have

111,112

been used in the hydrolysis of chloroalkanols, etherification of chloroethanol,'®*

113

amidation between amines and carboxylic acids,' aldol reactions,'** Diels Alder

reactions,"™ asymmetric ketone reduction****’

and many more. Other applications include
their use as protecting groups for diols and diamines, and by extension, the immobilisation
of these types of compounds on solid supports.28 These are particularly useful strategies in
carbohydrate chemistry and applications relating to the derivatisation, affinity purification

and analysis of diols, sugars and glycosylated proteins have been described. 18122 These

include roles as sensors.

Away from synthetic chemistry, boronic acids have also found uses in medicine as

antimicrobial agents, enzyme inhibitors,"***%

drug carriers to facilitate membrane
transport126 and as boron carriers as part of neutron capture therapy for treatment of
cancer.'?’ Uses in related fields including protein labelling, bioconjugation and as probes in

chemical biology have also been reported. More recently, boronic acids are being used to

develop new materials and in self—assembly.28
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Chapter 2 Iridium-Catalysed Aromatic C-H Borylation

2.1 Introduction to Iridium-Catalysed Aromatic C-H Borylation

Selective activation of ubiquitous C-H bonds is a synthetically useful way of converting
unreactive hydrocarbons into desirable functionalised molecules. Of these reactions,
aromatic C-H borylation is particularly useful as the resultant arylboron compounds can be
used in a wide variety of chemical transformations (see Chapter 1). The first reported
observation of aromatic C-H borylation was the substoichiometric formation of a borylated
toluene solvent in the preparation of a trisboryl iridium complex 38 (Scheme 1A).} Shortly
after, Hartwig and co-workers reported stoichiometric borylation of arenes using defined
metal-boryl complexes [Mn(CO)s(Bcat)] (40a), [Re(CO)s(Bcat)] (40b), [CpFe(CO),(Bcat)] (40c),

and [Cp*Fe(CO),(Bcat)] (40d) under photolytic conditions (Scheme 25B).%3

HBcat (5.0 eq.) Bcat

A) [If(n®-CoH7)cod] ————————  [Irn®-MeCqHs)(Bcat)s]  + ] [ref. 1]
toluene —
38 39 2 isomers by GC-MS
[M-Bcat] yield (%)
[M-Bcat] [Mn(CO)s(Bcat)] (40a) 45
B) @ o @Bcat [Re(CO).(Bcat)] (40b) 50 L2

[CpFe(CO),(Bcat)] (40c) 100
[Cp*Fe(CO),(Bcat)] (40d) 99

Scheme 25. Earliest reports on borylation of arenes through functionalisation of C-H bonds.

The following section gives a brief overview of how aromatic C-H borylation has evolved to
become an efficient catalytic system. For a more comprehensive review of this process, see

reference 4.*
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2.1.1 Catalytic Aromatic C-H Borylation

The earliest reports of catalytic aromatic C-H borylation involved the use of Cp*-Ir, -Mn and -
Rh complexes (41a-c) and a rhodium complex [Rh(CI)(Nz)(PiPr3)2] (41d) (Scheme 26).>® Of
these, the rhodium system employing [Rh(CI)(N2)(P'Prs);] precursor (41d) showed a
particularly high turnover number, although the preferential borylation of benzylic C-H
bonds may represent a problem for selective aromatic borylation of substrates such as

toluene.®

[Cp*Ir(PMes)(H)(Bpin)] (41a) (17 mol%)

Bpin [ref. 5]

J

HBpin (5.0 eq.), neat, 150 °C, 120 h
53% yield

[Cp*Mn(CO)3] (41b) (10 mol%)
B,pin, (1.0 eq.), CO (2 atm), hv, r.t., 36 h

@ 76% yield

[Cp*Rh(n*-CgMeg)] (41¢) (5 mol%)
B,pin, (1.0 eq.), 150 °C, 2.5 h

Bpin [ref. 6]

Y

Bpin [ref. 7]

J

92% yield

[RhCI(PPr3)5(Ny)] (41d) (1.0 mol%)

Bpin [ref. 8]

)

HBpin (1.0 eq.), 140 °C, 14 h
62% yield

Scheme 26. First examples of catalytic aromatic C-H borylation.

Building on Marder’s original report' and Hartwig’s work on phosphine iridium(lll) boryl
hydride complex,” Smith and co-workers reported a remarkably efficient catalyst for the
borylation of arenes using a combination of [Ir(cod)Ind] (38) and a phosphine ligand such as

PMe; (42a), dmpe (42b) or dppe (42c) (Scheme 27).°
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[Ir(Ind)cod] (38) (2 mol%)
42a-c (4 mol%) PMe; (42a), 18 h, 88% yield
@ @Bpin dppe (42b), 2 h, 95% yield
HBpin dmpe (42c), 2 h, 94% yield

neat, 150 °C

Scheme 27. Iridium-catalysed aromatic C-H borylation with phosphine ligands.

Concurrent with this paper,9 Hartwig, Ishiyama, Miyaura and co-workers reported that
bipyridine Ir(lll) complexes were effective catalysts for arene C-H borylation under mild
conditions.’® A systematic screening of a range of iridium(l)-cyclooctadiene precursors (43a-
f) with a range of symmetrical disubstituted 2,2’-bipyridyl ligands (44a-j) showed that
alkoxo-iridium complexes, particularly [Ir(cod)OMe], (43f), were especially effective (Table
1, entries 1-6)."* A screening of steric effects in 2,2’-bipyridyl ligands revealed that the ability
of the two pyridyl rings to adopt a co-planar geometry and to coordinate unhindered to the
iridium-metal centre are crucial for high levels of conversion (Table 1, entries 6-10). The
presence of electron-withdrawing groups also appeared to have detrimental effects (Table
1, entries 14-15 vs. 10-13). Consistent with these observations, 2,2’-bipyridines containing
methyl, methoxy, tert-butyl or dimethylamine groups at the 4- and 4’-positions are
particularly effective ligands (Table 1, entries 10-13). While these experiments were
conducted using neat arenes, further studies showed that these reactions can also be carried
out in non-polar non-coordinating solvents. The combination of [Ir(cod)OMe], (43f) and
dtbpy (44h) in hexane is particularly effective, due to solubility reasons, and has since

become the standard protocol for aromatic C-H borylation of arenes.
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Ir-precursor (43a-f) (1.5 mol%)

@ bipyridyl ligand (44a-j) (3 mol%) @B )
pin
Bopin,, neat, r.t.

time conv. GC-MS

entry Ir-precursor bipyridyl ligand (h) (%) vyield (%)
1 [Ir(cod)Cl], 43a 24 0 0
2 [Ir(cod),;]BF; 43b 24 3 0
3 [Ir(cod)OAc], 43c —, = 24 19 1
4 [Ir(cod)OH], 43d 5 ) hﬂ B\N A ) (442) 4 100 88
5  [ir(cod)OPh], 43e 4 100 84
6  [Ir(cod)OMe], 43f 4 100 90
7 [Ir(cod)OMe], 43f <) (44b) 8 100 60
N N
8 [Ir(cod)OMe], 43f \ ,\f }\j / (44c) 24 27 0
9  [Ir(cod)OMe], 43f \_N/ \N_/ (@4d) 2 100 82
10 [r(cod)OMe], 43f X=Me (44e) 4 100 89
11 [Ir(cod)OMe], 43f X=NMe, (44f) 2 100 89
12 [ircod)OMe], 43f X X X=OMe (44g) 4 100 90
13 [Ir(cod)OMe], 43f N\ .7/ X='Bu (44h) 4 100 83
14 [Ir(cod)OMe], 43f X=Cl (44i) 24 16 0
15  [Ir(cod)OMe], 43f X=NO, (44j) 24 46 0

Table 1. Steric and electronic effects on a core bipyridine ligand.

Aromatic C-H borylation using iridium(l)-salicylaldiminato complexes (45),** biscarbene
iridium complexes (47a-c)** and iridium complexes containing ligands such as 2,6-
disubstituted pyridine (48),** and tris(pyrazolyl)borate (49a-c)> have all been reported

(Scheme 28).
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‘/O:Q

o

N 46 (2:

i ‘N /46 (2:1)

/ PPh; P B T
R 45 s Py Bpy Tpy

= 46a) (46b) (4 4
@ Bopiny, 80 °C, 21 h @ ) R (46a) (46b) (48c) (48d)
A) Bpin [ref. 12]

ii. ag. HCI Bn(45a) 23 30 63 70
Ph (45b) 14 22 65 52

* CF4COy
[1r] 47 (1-1.5 mol%) RN R\N/}
HBpin ) );
B) @ @Bpln [’i ¥ R or i ¥ [ref. 13]
40-45°C, 9-12 h N

- 0,
Do | e oy
R =Me (47a), Cy (47b)  R/X = Cy/CH, (47c)

"Bu/CH,CH, (47d)
Me/o-xylylene (47e)

1/2[Ir(cod)Cl],/48 (2 mol%)

B,pin
o O —2m— O
80°C,12h

74-78% yields

[ref. 14]

[Ir(cod)Cl], (1 mol%)
R

=N o
( N}BH,  (49) _ _
</ 'n (2 mol%) ligand R= n= yield

R
D) @ @Bpin TpK(@49a) H 3 71% [ref. 15]
HBpin

BpK(49b) H 2 77 %
TpMe2K (49c)Me 3 20 %

neat, 120 °C, 16 h 20-77%
by GC-MS

Scheme 28. Aromatic C-H borylation with a range of iridium(l) complexes.

2.1.2 Proposed Mechanism for Bipyridyl Ir(lll) Complexes

Ishiyama, Hartwig, Miyaura and co-workers proposed that the aromatic C-H borylation of
arenes using a catalyst generated from [Ir(cod)X],/dtbpy combination proceeds with an

initial formation of a stable [Ir(coe)(dtbpy)(Bpin)s] complex (50a). Reversible dissociation of
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cyclooctene generates the 16-electron complex 50b with a vacant site allowing oxidative
addition of an aryl C-H bond. Reductive elimination of the arylBpin product from the
resultant iridium(v) trisboryl complex 50c gives an iridium(lll) boryl complex 50d. The active
catalytic species 50b is then regenerated through successive oxidative addition of B,pin, and

reductive elimination of HBpin (Scheme 29).%*

Bu

+COE || -COE

vacant site
HBpin Bu_~

51 I _Nv, | | #Bpin ©
- N/|r\ .

Bu X Bpin oxidative addition or
o-bond metathesis

Bopin; 50b

Bu =
—N,, «H
o
= [\l/| \Bpin
By X Bpin

Scheme 29. Proposed catalytic cycle for the borylation of benzene with [Ir(cod)X]./dtbpy.

The proposed formation of [Ir(coe)(dtbpy)(Bpin)s] (50a) as a key intermediate in the catalytic

cycle is consistent with the reduction of cyclooctadiene to cyclooctene-d, observed in the
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borylation of deuterated benzene. Moreover, the isolated trisboryl iridium complex reacts
almost instantaneously in CgD¢ at room temperature suggesting that 50a is a competent
reactive intermediate. The inhibitory effect of added coe supports the reversible dissociation
of coe. A primary isotope effect observed in reactions involving the trisboryl complex 50a
with benzene and deuterated benzene suggests that the oxidative addition of an aryl C-H
bond is the rate-limiting step. The formation of such a hindered iridium(V) complex 50c is
supported by computational studies carried out by Sakaki and co-workers and is attributed
to the stabilisation effect of the electron-rich bipyridyl Iigand.17 This could account for the
regioselectivity of these reactions, which is predominantly controlled by sterics (see Chapter
1). The same theoretical study also reported that an alternative mechanism involving o-bond
metathesis is less favourable. In addition, Sakaki and co-workers suggested that the
mechanism could involve an additional catalytic cycle, which is much slower and involves the
regeneration of [Ir(dtbpy)(Bpin)s] (50b) through HBpin (51) generated from the first cycle

(Scheme 30).
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[Ir(OMe)(dtbpy)]

B,pin, | -pinBOMe

H, .---=  [Ir(dtbpy)(Bpin)s]
AR 50b

HBpin
- \

[Ir(dtbpy)(H)2(Bpin)s] [Ir(dtbpy)(H)(Bpin)4] [Ir(dtbpy)(H)(Ar)(Bpin)s]
| 50c
A
K Bopin,
[Ir(dtbpy)(H)(Bpin),] Ar—Bpin
50d

Scheme 30. Proposed regeneration of the active catalytic species through B,pin, and HBpin.

2.1.3 Regioselectivity in Bipyridyl Ir(lll)-Catalysed Borylation of Arenes

The regioselectivity of the iridium-catalysed aromatic C-H borylation employing bipyridyl
ligands is predominantly controlled by steric effects. As a general rule, borylation ortho to a
substituent or ring junction is usually avoided. When multiple unhindered C-H bonds are
present, the borylation reaction occurs with equal probability at each of these positions. The
borylation of monosubstituted benzenes, for example, typically gives meta and para
products in an approximately 2:1 ratio (Scheme 31A).1° Symmetrical 1,2-disubstituted and
1,3-disubstituted benzenes lead to a single product (Schemes 7B-C).'' In the absence of
unhindered C-H bonds, for example 1,4-disubstituted benzenes, borylation occurs

preferentially ortho to the smaller substituent (Scheme 31D).*®
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R

R R
[Ir(cod)Cl], (1.5 mol%)
@ bpy (3 mol %) [ref. 10]
A) +
neat, 80 °C, 16 h Bpin

R = Me, OMe, CF4 Bpin
80-95% yields (ca. 2:1)

[Ir(cod)OMe], (1.5 mol%)

5 C'Ij dtbpy (3 mol %) C':©/Bpin ot 11
> refr.
cl hexane cl

rt.,8h
82% yield

[Ir(cod)OMe], (1.5 mol%)

o R dtbppy (3 mol %) R Bpin et 1]
hexane '
rt, 2-8 h

R’ R'
R, R'=Cl, CF3, Br, OMe, I, CN, CO,Me )
80-91% yields

¢l [Ir(cod)OMel, (1.5 mol%) ¢ %
dtbppy (3 mol %) Bpin
D) - + [ref. 18]
Bopiny Boi
THF, rt, 16 h pin
CN CN CN
20 : 80

Scheme 31. Regioselectivity in the borylation of disubstituted benzenes.

In the absence of steric effects, electronic effects are observed, particularly in
heteroaromatic systems. Unsubstituted five-membered ring heteroaromatics for example,
react much faster than benzene and borylate alpha to the heteroatom (Scheme 32A)."° The
higher reactivity of electron-rich heteroaromatics contradicts Smith’s observation that
electron-poor carbocyclic arenes react faster than electron-rich carbocylic arenes.’
Benzofused derivatives also show a similar selectivity with preferential borylation occurring
at the 2-position of the heterocyclic ring (Scheme 32B)."° If the 2-position is sterically
hindered by a bulky N-protecting group then borylation occurs in the heterocyclic ring at the

19,20

3-position (Scheme 32C). Interestingly, a 2-substituted indole undergoes borylation in
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the carbocyclic ring at C-7, presumably via N-H coordination to a boryl group on the iridium

catalyst (Scheme 32D).** >

3 L)

[Ir(cod)Cl]5 (1.5 mol%)
dtbpy (3 mol%)

B3N

. ref. 19
X Bopin; x~ “Bpin [ ]
X =0, S, NH octane, 80 °C, 16 h 67-83% yields
[Ir(cod)Cl], (1.5 mol%)
dtbpy (3 mol%)
B) % — . [ref. 19]
X Bopin, X Bpin
octane, 80 °C, 16 h
X=0,S,NH 89-92% yields
RN [Ir(cod)OMe], (1.5 mol%)
& 7\ dtbpy (3 mol%)
C) »[ X [ref. 19,20]
N HBpin (1.0 or 3.5 eq.)
Boc "hexane or THF
55-60 °C, 8-13 h
via
[Ir(cod)OMe], (1.5 mol%) o
A dtbpy (3 mol%) N v Bpin
D) R - R o’B"m | “\\\Bpin [ref. 22,23]
N HBpin (1.5-2.0 eq.) or N 'S
H B,pin, (1.0 eq.) Bpin H AN H N
R = Me, CO,E, hexane, 60 °C, 1-4 h \N
CONEty, TMS, Ph 69-90% yields R

Scheme 32. Borylation of 5-membered ring heteroaromatics.

The regioselectivity of pyridine borylation is distinctly different to pyrrole, wherein

borylation alpha to the nitrogen is generally avoided. For a more detailed discussion on this,

see Chapter 3.
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2.1.4 Directing Effects

In an analogous fashion to 2-substituted pyrrole, N-dialkylsilyl indoles undergo borylation at
C-7, this time via a silyl-iridium coordination (Scheme 33A).** Similar directing effects have
also been achieved in carbocyclic arenes using benzylic and phenolic dialkylhydrosilanes

(Scheme 33B).”

i) [Ru(p-cymene)Cl,], (1 mol%)
Et,SiH,, PhMe, r.t.

N\ i) solvent removal N\
A) [ref. 24]
N iii) [Ir(cod)Cl], (0.25 mol%), N
H dtbpy (0.5 mol%), Bopin, (1.0 eq.), Bpin H
HBpin (5 mol%), THF, 80 °C )
iv) 3 M aq. NaOAc 86% yield
via Bpin
‘ Bpin
X [Ir(cod)Cl]5 (0.25 mol%) X MeQSi/m...,”\;N
X s dtbpy (0.5 mol% X " siMe,H 4
B R SiMe,H . py ( . 0) RI SiMe, \N H [ref. 25]
= B,pin, (1.0 eq) or HBpin (5 mol%) Bpin X
THF, 80 °C
R =Me, Et; X =0, CH,

Scheme 33. Ortho -directed borylation of benzyl and phenolic dialkoxysilanes.

Recently, substrate-ligand interactions have been exploited to direct borylation ortho to N-

Boc and benzylic amine groups (Scheme 34).**
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H

R N.
A) D( Boc
R

[Ir(cod)OMe], (2 mol%)
dtbpy (4 mol%)
HBpin (20 mol%)

Bopin, (1.0 eq.) R’
MTBE, 50 °C, 12-36 h

R, R = Cl, OH, Br, F, Me, OMe, CF3, OC(=O)NMe,, CN

N NMe
=

(1.2 eq)

R = 2-Me, 2-F, 2-Cl, 4-Me, 4-CO,Et, 3-Me, 3-OMe, 3-Cl, 3,5-Me,

[Ir(cod)OMe], (1.5 mol%)
picolylamine (3 mol%)

Bopin, (1.0 eq.)
Me-cyclohexane, 70 °C, 16 h

R

R~

49-81% yields

via .
H o Bpin ‘
N. é \\\\Bpln
j@[ > O =N | fref.21)
Bpin H N
AN
N
Boc
40-95% yields
via Bpin
X7 NM /—Y\ N
©2 H—Nu,, | [ref. 26]
Bpin H ping”" " Bpin

MezN\é

Scheme 34. Ortho-borylation of N-Boc-anilines and benzylic amines.

Pyridine-hydrazone N,N-ligands can also be used to direct borylation ortho to hydrazones

(Scheme 35).27'28 In these reactions, reversible coordination between the labile hydrazone to

the ligand and the iridium catalyst leads to intermittent coordination of the hydrazone of the

borylation substrate resulting in activation of an adjacent C-H bond on the neighbouring

ring.

[Ir(cod)OMe], (0.5 mol%)
N,N-dibenzyl-2-benzylidenehydrazine (1 mol%)

HBpin (5 mol%)
Bopin, (1.0 eq.)
THF, 80 °C
(X =NMe,, NBn,, CH)

via BnoN
A |
R X 7 Bpin
N s~ No,,, | «Bpin
Bpi Xy ™
X PPN " "SN” HBpin
R—- R+
i W
= S | X
//
R

Scheme 35. Ortho-borylation of phenyl hydrazones.

Ishiyama, Miyaura and co-workers showed that monodentate phosphine ligands such as

tris(3,5-bis(trifluoromethyl)phenyl)phosphine (52) can also be used with similar effects,
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2930 A similar directing effect for

leading to ortho-borylation of alkyl benzoates (Scheme 36A).
a wide range of other ortho-directing groups have been reported using polymer supported

Silica-SMAP-Ir (53) (Scheme 36B).>' This has since been successfully applied to 5-membered

ring heteroaromatics>> and phenyl carbamates.*

o] [Ir(cod)OMel, (1.5 mol%) 0 CF3
52 (6 mol?
A) X" OOoR' (6 mol%) N oMe b [ref. 29,30]
R_|/ Bopin, (1.0 eq.) R—,/ _
H octane, 80 °C, 16 h Bpin
CF3 3
57-99% yields
R = Me, Et, ‘Pr, /Bu, Me,CN, Br, CF, 52

Silica-SMAP-Ir (53) (0.5 mol%)

R B,pin, (0.5 mmol) R R
B) E [ref. 31]
hexane or octane Bpin . .
/ /

25-100 °C, 1-24 h

50-96% yields

R = CO,Me, CO,Bu, CONMe,, SO;Me, CH,OMOM, CI
FG = Me, OMe, CF3, 'Pr

Silica-SMAP-Ir (53)

Scheme 36. Ortho-borylation of alkyl benzoates using a monodentate phosphine ligand.
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2.2 Previous Work and Project Goals

Previously in the group, P. Harrisson explored the iridium-catalysed aromatic C-H borylation
as a method for selective functionalisation of important quinoline motifs.>* From these
studies, interesting electronic effects were observed in the borylation of a range of
disubstituted quinolines. The reactions of sterically encumbered 4,7-disubstituted
quinolines, for example, afforded the 3-borylated product when the 4-position is occupied
by a chlorine atom (Scheme 37A) but no reaction was observed with the more sterically
demanding methoxy and methyl groups (Scheme 37B). The reason for the lack of borylation
at the 2-position in these reactions is not clear, especially as the reported borylation of

analogous 4,4’-di-tert-butyl-2,2’-bipyridine proceed smoothly alpha to the pyridyl nitrogen.35

Cl Cl Cl

[Ir(cod)OMel, (1.5 mol%) .
N X dtbpy (3 mol%) meln m
R N7 B,pin; (2.0 eq.) R N R N
MTBE, 100 °C, uW, 1.5 h

54 R = CF3 (55a), 76% yield 56
R = ClI (55b), 81% yield not observed

[Ir(cod)OMe], (1.5 mol%)
or .
FsC N7 Me N7 B,pin, (2.0 eq.) reaction

MTBE, 100 °C, uW, 24 h

Bpin

Scheme 37. Borylation of 4,7-disubstituted quinolines.

Borylation of 2,6-disubstituted quinolines is favoured on the heterocyclic over the
carbocyclic ring and with a preference for C-H bonds adjacent to ring junctions over

positions adjacent to substituents (Table 2).
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Bpin

, [Ir(cod)OMe], (1.5 mol%) , 5 Boi
N” R Bpin, (2.0 €q.) N7 R N” >N
MTBE, 100 °C, uW, 1.5 h

59a-e 60a-e 61
R = Me, OMe, ClI, Br 72-84% yields

entry 59 R R vyield 60 (%)

1 a Me Me 72
2 b Me OMe 76
3 c Me (d 79
4 d Me Br 84
5 e CN OMe 98°
6 e CN OMe 83

A mixture of 60e and 61 (85:15) was observed; ®reaction run at r.t. for 48 h.

Table 2. Borylation of 2,6-disubstituted quinolines.

Continuing with this trend, 7-substituted quinaldines typically give 4- and 5-borylated
products in favour of the former (Table 3). Enhanced regioselectivity is observed at room
temperature. However, the reaction does not function below 0 °C. Interestingly, 7-
chloroquinaldine (62f) borylates exclusively at the 5-position in the carbocyclic ring to give
64f in 81% isolated yield (Table 3, entry 11). This unusual regiochemistry was confirmed by
obtaining a crystal structure of the 5-borylated product. Such an observation was particularly
difficult to rationalise when compared with the results for the bromo and trifluoromethyl
analogues (Table 3, entries 9, 10, 12 and 13). If, however, this could be understood through
electronic effects, it could potentially be exploited to enable further control of
regioselectivity beyond the use of steric effects alone. Importantly, the ability to use both
steric and electronic effects to define and control regioselectivity would increase the
versatility of iridium-catalysed aromatic C-H borylation for selective functionalisation of

arenes. In order to achieve this, the subsequent section describes initial efforts to obtain
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further insights regarding the electronic parameters that govern the borylation

regioselectivity in the absence of steric effects.

[Ir(cod)OMel, (1.5 mol%) Bpin Bpin
/@\/j\ dtbp.)y (3 mol%) § ~
R N~ “Me Bopin; (2.0 eq.) _ P
MTBE R N"Me R N” “Me
62 63 64
temp.® time conv. ratio® yield
entry 62 R ("C) (h)  (%)° 63:64:0ther (%)
1 a Me 100 1 88 82:12:6 nd
2 a Me r.t. 72 93 >95:<5 80
""" 3 b OMe 100 15 95  90:10:0  nd
4 b OMe r.t. 48 89 >95:<5 73
""" 5 ¢ CN 100 025 95  82:9:9  nd
6 c CN r.t. 48 92 >95:<5 86
""" 7 d TMS 100 15 8  70:20:10  nd
8 d TMS r.t. 72 91 85:10:5 68
""" 9 e B 100 15 80  65:35  nd
10 e Br r.t. 48 90 80:20 65°
11 f o 100 15 95  »5:<95 81
12 g CFH 100 15 95 60:40  nd
13 g CF3 r.t. 20 94 70:30 65

. . . . b .
®Reactions were either run at room temperature or at 100 °C under microwave heating; “conversion

determined by GC-MS; ‘product ratios determined by GC-MS; Ysolated yield of major isomer, unless otherwise

stated, nd = not determined; *minor isomer isolated in 15% vyield; fminor isomer isolated in 27% yield.

Table 3. Borylation of 2,7-disubstituted quinolines.
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2.3 Results and Discussion

Given the preference for borylation of the heterocyclic over carbocyclic ring in the quinoline
derivatives above, it was of interest to examine if similarly high electronically-guided

regioselectivity exists on the less sterically encumbered 2-substituted quinolines.

2.3.1 Borylation of 2-Substituted Quinolines

The borylation of 2-substituted quinolines was initially conducted using the same conditions
as reported by Harrisson.?® This involved charging a crimp top microwave vial with the
substrate followed by purging with argon and the addition of an aliquot of preformed stock
solution of the catalyst containing [Ir(cod)OMe]; (1.5 mol%), dtbpy (3 mol%), MTBE (2.4 mL)
and B,pin; (1.0 eq.). The tubes were then heated in a focused microwave reactor at 80 °C for
1.5 hours before they were quenched with dichloromethane and concentrated under
reduced pressure to give a complex and intractable mixture containing multiple mono- and
bisborylated products (GC-MS and TLC). The quenching mode of action of dichloromethane
is not well understood; however, this effect has been previously observed on numerous
occasions within the group. In order to simplify the analysis, reactions were run at room
temperature with an excess of B,pin, leading to the formation of a mixture of three major
bisborylated products (GC-MS). Careful analysis of the crude mixtures using COSY, HSQC and
HMBC NMR spectroscopic techniques revealed that the mixture contained 4,6- and 4,7-
bisborylated isomers 66 and 67, accompanied by a small amount of the 5,7-isomer 68 (Table

4),
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Bpin Bpin Bpin

[Ir(cod)OMel, (1.5 mol%) .
+
N/ R B,pin, (2.0 eq.) pinB N/ R NT R pinB N/ R
MTBE, r.t.
65 66 67 68

GC-MS  'H NMR ratio
65 R time(h) conv.(%) 66:67:68
a Me 24 >95 68:32:0
b CF; 5 90 51:42:7

Table 4. Borylation of 2-substituted quinolines with excess B,pin,.

Identification of these products was primarily based on a combination of HMBC correlation
of a distinctive >CF5 or *CHs signal to 3-H and the upfield shift of protons adjacent to newly
formed C-B bonds (Figure 1). The lack of a boryl group in the heterocyclic ring of product 68b
for example, was determined on the basis that a distinctive 3¢k, quintet showed an HMBC
correlation to a 3-H doublet rather than a singlet at 6 7.76 ppm. In addition, there is a
correlation in the COSY between this doublet and another highly deshielded doublet at &
9.34 ppm consistent with an upfield shift of 4-H by approximately 1.0 ppm, arising from the
introduction of a boronate at a peri 5-position. The protons at 6 8.58 ppm and 6 8.83 ppm
have similar integral values and showed a weak complementary w-coupling, suggesting that
the remaining boryl group must be at the 7-position. This assignment was consistent with
upfield shift of 6-H and 8-H by approximately 0.5 and 1.0 ppm respectively. In an analogous
fashion to 68b, HMBC correlation of each of the two remaining Bcr, groups to two different
singlet 3-H suggests the presence of a boronate in the heterocyclic ring for both of the
remaining isomers. Careful analysis of the proton chemical shifts in these products led to

putative structures consistent with 66b and 67b.
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Bpin Bpin Bpin
5 ) 4
6 SN pinB
. I~ 7
pinB s N CF3 :
66b 67b
5-H
67b
6-H
66b
4-H 3-H
M L
i - s e I I . I
S 8 N2 8 5 e 3 N 2
o ~— o — — o o~ — — o
94 93 92 91 90 89 88 87 84 83 82 81 80 79 78 7.7

Figure 1. 'H NMR spectrum of the 2-(trifluoromethyl)quinoline crude borylationmixture.

The absence of product 68a from the borylation of quinaldine (65a) and its trace formation
from the borylation of 2-(trifluoromethyl)quinoline (65b) suggests that the initial borylation
occurs preferentially at the 4-position in the heterocycle. Interestingly, there is also a
preference for the subsequent borylation of the 7-position over the sterically equivalent 6-
position, an effect that was diminished in the presence of an electron-withdrawing group at
the 2-position. These results suggest that the high selectivity between sterically equivalent
C-H bonds in either heterocyclic/carbocyclic or carbocyclic/carbocyclic systems could be

intrinsically linked to the same underlying electronic effects.
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2.3.2 Borylation of 7-Chloroquinaldine

Given the general preference for 2-substituted quinolines and 2,7-disubstituted quinolines
to borylate at the heterocylic over carbocyclic ring, the unusual regioselectivity in the
borylation of 7-chloroquinaldine (62f) reported by Harrisson>* was investigated. Initial work

involved repeating the borylation experiment using identical conditions (Scheme 38).

[Ir(cod)OMel, (1.5 mol%) Bpin Bpin

+
Cl N~ Me Bopin, (2.0 eq.) cl N” Me Cl N~ Me
MTBE, 100 °C, uW, 1.5 h
62f 63f 64f

Scheme 38. Borylation of 7-chloroquinaldine under microwave heating.

Analysis of the crude mixture by GC-MS showed a single product peak on the TIC trace
exhibiting a single chlorine isotope pattern with peaks at m/z = 303.1 and 305.1, consistent

with a monoborylated product (Figure 2).

I monoborylated 7-chloroquinaldine
Im/z=303.1and 305.1

residual | (**c1/¥clisotope pattern)

|
|
|
|
|
7-chloroquinaldine I
W '
|
|
|
|

pinB-O-BpinI_lL I

I |

3 10 15 20 25 30 35 40 45 50 55 60 65 70
Retention time (min)

Figure 2. GC-MS TIC trace of 7-chloroquinaldine crude borylation mixture.
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Analysis of the same mixture by 'H NMR spectroscopy, however, showed two possible
monoborylated products in approximately 2:1 ratio with the minor isomer consistent with
Harrisson’s reported 5-borylated product 64f. Subsequent flash column chromatography
using a Teledyne Isco Combiflash®Rf following Harrisson’s purification protocol showed a
large sharp absorption followed by a weaker and much broader absorption peak in the UV-
trace under short (254 nm), long (280 nm) and broad (200-360nm) UV-detection mode

(Figure 3).

18 ' 20

7 | 19

0.25

0.00

| 0.0 5. 10.0 15.0
Absorbance Run Length 24.0 CV (23.0 Min) Percent B

Figure 3. UV-absorption on flash column chromatography of 7-chloroquinaldine crude

borylation mixture.

The fractions (32-35) containing strongly absorbing material were concentrated and
following recrystallisation from acetonitrile, gave 64f in 11% yield. The loss of 5-H signal and
the highly shifted signals for 4-H (& 8.93 ppm) and H-6 (& 8.09 ppm) in the *H NMR spectrum
were consistent with the introduction of an adjacent (ortho) boronate group and the data

reported by Harrisson (Figure 4). Concentration of fractions 36-48, however, afforded 63f in
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61% yield. Formation of the 4-borylated product could be clearly ascertained from the 'H
NMR spectrum, by the loss of the 4-H signal and a distinctive shift to higher frequency of the
signals for 3-H (6 7.74 ppm) and 5-H (6 8.53 ppm) (Figure 4). These assignments were
confirmed through COSY, HSQC and HMBC experiments with the HMBC correlation between
a distinctive CH3 carbon signal and either a singlet 3-H in 63f or a doublet 3-H in 64f being

particularly diagnostic.

5-H 3-H
5 4 _ _
o & 8-H 4-H
6-H
—
Cl N Me
8
62f
Bpin
4
6 A 3
~
Cl 5 N Me
3-H
64f 4-H 6-H 8-H
Bpin
6 A 3
cY; N” “Me 3-H
5-H 8-H
J | J W

K 83 82 81 80 79 78 77 76 75 74 73 7.2
f1 (ppm)

Figure 4. *H NMR spectra of 7-chloroquinaldine and its borylated products.

This observation of a 65:35 mixture of 4-:5- borylated products was in stark contrast to the

5:95 ratio reported by Harrisson. An improved regioselectivity of 73:27 was obtained when
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the reaction was repeated at room temperature, consistent with the temperature-

regioselectivity effects observed with other 7-substituted quinaldines (Scheme 39).

[Ir(cod)OMe], (1.5 mol%) Bpin Bpin
X dtbpy (3 mol%
cl N~ ~Me Bopin, (2.0 eq.) _ P
MTBE, r.t., 68 h Cl N~ "Me ClI N~ "Me
62f 63f 64f

conditions: 63f : 64f

100 °C, uW,1.5h  65:35

r.t,68h 73:27

Scheme 39. Borylation of 7-chloroquinaldine.

These new results were subsequently confirmed by an independent collaborator, S.
Kawamorita, in Germany. The difference between the regioselectivity observed here and
that reported in Harrisson’s thesis is not understood. One reason could be a
misinterpretation of the TIC trace of the GC-MS of the crude mixture, which appeared to
indicate a single product. The UV-trace of the flash column chromatography also appeared
to suggest, and led to, the isolation of the minor isomer, 64f, as a single product. This,
however, could not account for the high reported yield of 81% in Harrisson’s thesis.
Nonetheless, the corrected regioselectivity reported herein provides a more consistent
trend in the borylation of 7-substituted quinaldines. This trend is better observed at room
temperature and revealed a range of directing effects. In the absence of steric factors,
borylation preferentially occurs on the heteroaromatic ring rather than the carbocyclic ring.
However, the presence of a strongly inductive electron-withdrawing group at C-7 resulted in

significant levels of borylation at the sterically equivalent C-5 position.
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2.3.3 Borylation of 1,2-Disubstituted Benzenes

Having confirmed that electronic parameters could have a distinctive effect on the
regiochemical outcome of borylation reactions when conducted at room temperature, it was
speculated that similar electronically-guided regioselectivity could be observed in
unsymmetrical 1,2-disubstituted benzene derivatives. Consequently a series of substrates
was examined for selectivity at both elevated temperature and at room temperature. While
at elevated temperatures these substrates give a near 1:1 mixture of products, reactions at

room temperature led to mixtures of the two isomers in unequal amounts (Table 5).

R R [Ircod)OMel, (1.5 mol%) R

dtbpy (3 mol%) .

Bypin, (1.2 eq.)

MTBE, r.t, 16 h pinB Bpin

69 70 71
'H NMR ratio
entry 69 R R’ conv. (%) 70:71

1 a OMe Cl 94 60 : 40
2 b OMe Me 75 75:25
3 c OMe CO;Me >99 85:15
4 d OMe COMe >99 89:11
5 e Me cl >99 34 :66
6 f Me COMe 87 56:44
7 g Me CN >99 60:40
8 h Me CO,Me >99 73:27
9 i -CH,CH,CH,CO- >99 80:20
10 j cl COMe >99 62 :38
11 k Cl Bpin >99 84 :16
12 I COMe Bpin 35 53:47

Table 5. Borylation of 1,2-disubstituted benzenes.
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Due to the high volatility of the substrates, reaction conversions were calculated by GC-MS
analysis of the quenched reaction mixtures prior to concentration. Separation of the
regioisomers proved to be difficult and so the isomeric ratios were calculated by NMR
analysis of either the crude reaction mixture or the reaction mixture in-situ. One exception
to this is the borylation of 69I, which gave convoluted *H NMR spectrum both in-situ and as a
crude mixture. The isomeric ratios were consequently calculated based on GC-MS analysis of
the crude mixture, which was tentatively assigned based on the selectivity trend observed
with other 1,2-disubstituted benzenes. The calculation of isomeric ratio in-situ for some of
the other reactions exploits the homogeneity of the borylation reaction mixtures. This
involves conducting the reaction in an NMR tube containing a coaxial acetone-dg solvent
stick. Acetone-dg was chosen for its high deuterium loading, which helps with locking the
deuterium signal in the presence of a substantial amount of protiated MTBE solvent. This
method is particularly useful for substrates that give a convoluted crude 'H NMR spectrum in
CDCl;, as well as ketone-containing substrates such as 69f and 69j, which can undergo
reduction to the corresponding alcohol when the reaction mixture is subjected to work-up.
The mechanism for such reduction is not well understood; however, an iridium(l) trisboryl
complex has been previously shown to facilitate transfer hydrogenation of carbonyls in the
presence of H, donors such as methanol or isopropanol (see Chapter 4.3.5).>” A combination
of 1D and 2D NMR spectroscopic experiments (COSY, HSQC, HMBC and NOESY) enabled
resonances to be assigned unambiguously to individual isomers. For example, the reaction of
2-methylbenzonitrile (69g) produced a 52:40 mixture of two monoborylated isomers

accompanied by a small amount (8%) of the 3,5-bisborylated product 72 (Figure 5).
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Me CN Me CN Me CN
3 6 3 6 3 Bpin
pinB  ° 4 Bpin pinB  °
709 719 72

8.10 805 800 795 790 785 7.80 7.75 7.70f (7.65) 760 755 750 745 740 735 730 725 7.z
1 (ppm

Figure 5. 'H NMR spectrum of 2-methyl benzonitrile crude borylation mixture.

The formation of this last product reflects the relatively low steric requirements of the cyano
group. The minor monoborylated isomer 71g was deduced to be the 5-borylated product by
virtue of the appearance of a highly de-shielded peak at 6 8.02 ppm, corresponding to the
hydrogen mutually ortho to both the nitrile and boronate ester, showing a weak three-bond
coupling to a doublet of doublets for the hydrogen at C-4 at 6 7.86 ppm. In contrast, the
major C-4-borylated isomer 70g showed a similar shift to the higher frequency of the
hydrogens adjacent to the boronate ester, but in this case corresponding to H-3 (6 7.72
ppm) and H-5 (6 7.66 ppm), the latter showing coupling to the hydrogen ortho to the nitrile
at 6 7.56 ppm. This assignment was confirmed by a NOESY correlation between the singlet at

6 7.72 ppm and the Ar-CHs group at 6 2.53 ppm, while a similar link could be made between
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the alternative methyl singlet at 6 2.54 ppm and the H-3 doublet of the minor isomer at &

7.30 ppm.

These experiments lead to a general observation that while m-electron acceptors (-M) such
as CO,Me, and strong o-donors (+1) such as Bpin, favour borylation at the para position, m-
donors (+M) such as Cl, and o-electron withdrawing groups (-1) direct borylation towards the
meta position. These directing effects are in direct contrast to electrophilic aromatic
substitution whereby groups that donate electron density to the ring act as ortho/para
directors whilst groups that withdraw electron density from the ring act as meta directors. If
this electronically-guided selectivity could be further improved, then the borylation of
arenes could serve to complement electrophilic aromatic substitution for the selective

functionalisation of a wide range of aryl C-H bonds.

2.3.4 Borylation of Monosubstituted Benzenes

In order to further investigate and thus establish an empirical hierarchy of these electronic
directing effects, the product ratios obtained from the borylation of a series of
monosubsituted benzenes were re-examined in the hope that by undertaking these
experiments at room temperature, similar electronically guided selectivities could be
observed. Literature reports on the relative selectivities of iridium-catalysed borylation of

monsubstituted arenes have been limited to reactions at high temperatures with, in most
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cases, regiochemistry not substantially different from the commonly reported 2:1 statistical

ratio of meta:para products (Scheme 40)."%>**°

R Me CF4 OMe ipr
@ [Cp*Ir(PMe)3(H)(Bpin)], (20 mol%) @ @ @ @
HBpin, neat, 150 °C, 16-142 h X X X X

Bpin Bpin Bpin Bpin
o:m:p 4:62:34 0:67:33 2:79:19 1:68:31
yield 91% yield 99% yield 55% yield 52% yield

Scheme 40. Borylation of monosubstituted benzenes.

One noticeable exception to this is the preference for the meta-borylation of anisole, which
is commonly attributed to the coordination of the methoxy group to the iridium catalyst
leading to the activation of C-3.%° In this study, the borylation of monosubstituted benzenes
at room temperature was carried out in a similar fashion to the borylation of 1,2-

disubstituted benzenes (Table 6).
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R [Ir(cod)OMel, (1.5 mol%) R R R
© dtbpy (3 mol%) /@ . /@\ .
pane(i2e0) e
73 74 75 76
'"H NMR & (ppm) conv. H NMR ratio m:p ratio
entry 73 R o m p (%) 74:75:76 (74+75) : 76

1 a Bmes, 7.51 7.34 7.47 69 26:6:68 32:68
2 b Bneop 7.81 7.36 7.44 45 33:0:67 33:67
3 c Bpin 782 738 748 71 32:4:64 36:64
4 d CO,Me 797 7.37 7.47 >99 22:22:56 44 :56
5 e CN 7.65 7.46 7.60 >99 30:36:34 59:41
6 f Si(TMS); 7.44 7.24 7.24 72 48 :15:37 63:37
7 g cl 7.29 7.24 7.17 98 32:33:35 65:35
8 h Me 7.06 7.14 7.04 30 63:6:31 69:31
9 i CF; 764 749 7.56 >99 29:40:31 69:31
10 T™MS 7.68 7.44 7.44 93 56:16:28 72:28
11 k ‘Bu 7.28 7.18 7.05 82 68:8:24 76 :24
12 | NMe, 6.60 7.08 6.59 69 75:4:21 79:21
13 m OMe 6.78 7.17 6.82 93 68:16:6 84:16

Table 6. Borylation of monosubstituted benzenes.

As such, the conversions of these reactions were also calculated based on GC-MS analysis of
the quenched reaction mixture, prior to concentration. The conversions with respect to non-
volatile PhBmes, (73a), PhBneop (73b), and PhBpin (73c), however, were more conveniently
calculated alongside analysis of the products isomer distribution from the *H NMR spectrum
of the crude mixture. Product structural assignments using a combination of *H NMR, **C
NMR, COSY, HSQC and HMBC experiments revealed that these reactions proceed to give a
3,5-bisborylated product 75a-m in addition to the expected meta and para products (74a-m

and 76a-m respectively). The formation of para product 76i, for example, was initially
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identified on the basis that two doublets with similar integral values at & 7.60 ppm and 6
7.91 ppm show COSY to each other but not to signals in other regions of the 'H NMR
spectrum (Figure 6). This assignment was confirmed by an HMBC correlation between a
distinctive 3CF; signal and the less deshielded of the two sets of doublets. In addition, the
upfield shift of the more deshielded protons is consistent with an introduction of a boronate
on the adjacent C-4. Similar rationale follows the identification of 74i and 75i with coupling

patterns key to their initial assignment.

2,6-H
75i

T T T T T T T T T T T T T T T T
8.50 8.45 8.40 8.35 8.30 8.25 8.20 8.15 8.10 8.05 8.00 f7.(95 7).90 7.85 7.80 7.75 7.70 7.65 7.60 7.55 7.50 7.45 7.40
1 (ppm

Figure 6. 'H NMR spectrum of (trifluoromethyl)benzene crude borylation mixture.

By assuming that the bisborylated products 75a-m arise from initial borylation at the meta

position, the underlying m:p selectivity ratios can then be determined. Satisfyingly,
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significant deviations from the 2:1 statistical ratio typically observed at elevated
temperatures were found for all substrates (Table 6). These deviations matched the findings
from the 1,2 series, with m-accepting groups (-M) such as CO,Me, and strong o-donors (+l)
such as Bmes,, Bneop and Bpin, leading to enhanced para selectivity (Table 6, entries 1-4),
while chlorobenzene, N,N-dimethylaniline and anisole (+M, -I) all underwent increased meta
borylation (Table 6, entries 7, 12 and 13). Further analysis of these results showed a good
correlation between 'H and *C NMR shift patterns of the starting arene (determined
experimentally) and the preferred site of borylation. With the exception of the benzonitrile
(73e), for which a significant amount of ortho borylation is observed,”® and
trifluoromethylbenzene (73i), the electronically preferred site for borylation appears to
correspond to the most deshielded of the meta and para hydrogen atoms. A similar situation
exists for all the quinoline analogues and 1,2-disubstituted benzenes studied (Figure 9). This
simple predictive test is also valid for all of the other substrates explored, for example the
ratio of isomers arising from the bisborylation of 2-(trifluoromethyl)quinoline (65b) (Figure
1) correlating with the chemical shifts in the starting material (Figure 7). Thus, the most
deshielded protons are the most likely to be substituted on electronic grounds once simple

steric effects and statistical factors are taken into account.
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minor site
of second
borylation

major site of
second
borylation

minor site
of first
borylation

major site
of first
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22

5791 5836
— 5768 P

S
—» 57.83 5
58.26

sterically
hindered
positions

Figure 7. Correlation of borylation regiochemistry with *H NMR chemical shift as typified for

2.3.5 C-H Acidity

2-(trifluoromethyl)quinoline.

Although valuable as a predictive tool, the NMR-regiochemistry correlation is only

gualitative as the difference in chemical shifts (A8) and the observed quantitative selectivity

do not appear to be related (Figure 8).

9 -
8 - *
7 .
6 .
S * ¢
o
S 4 - .
<
3 - 2 *
2 o
1{ @ « ¢ ¢
2
O T T T T T 1
0.98 1 1.02 1.04 1.06 1.08 1.1
A8(H3-H4)

Figure 8. Difference in *H NMR chemical shifts vs. borylation regioselectivity.
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Consequently, C-H acidity was considered as a related physicochemical parameter in an
effort to provide a better prediction of selectivity. Such involvement of C-H acidity would be
consistent with Smith and Hartwig’s suggestions that the activation of C-H bonds proceed

42 than oxidative addition.'” This pathway, in which an

through o-bond metathesis rather
IrHBpin adduct is formed, suggests that a basal boryl ligand might effectively ‘deprotonate’ a
C-H bond of an Ir-H bound arene.*! This is related to the ligand-assisted depotonation
mechanism frequently invoked in other transition metal-catalysed C-H activation processes,
in which C-H acidity has also been suggested to be a selectivity driving force. For example, in
palladium-catalyzed C-H arylation of fluorine-containing arenes, C-H acidities provided good

43-46

correlations with site selectivities. In many of these palladium examples, a ligand can

function as a base in the key C-H activation step (Scheme 41).

via Ph F

Pd(OAc), FF Phe E
tBuzPMe HBF, RsP—Pd.
)~ "~ 9~ A
KoCOs /k {OF
° F F x__.-H
DMA, 120 °C o -

98% yield

Scheme 41. Ligand-assisted C-H activation as described by Fagnou et. al.

In contrast, in C-H borylation reactions, the electrons in the M-B o-bond could formally
deprotonate an Ir-complexed arene. Moreover, recent studies on Ir-catalyzed C-H
borylation, particularly those relating to heteroarene substrates, have also suggested that C-

18,41 . .
841 such an observation would also fit

H acidity may contribute to regiochemical selectivity.
with the observed higher reactivity of heteroarenes in the Ir-catalyzed aromatic C-H

borylation reaction when compared with their carbocyclic counterparts, as the former have
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uniformly lower pKj values. On this basis, and as NMR chemical shifts can be related to C-H
acidities, collaborative work was initiated with Professor Lin at Hong Kong University of
Science and Technology. Using Guo’s pKa prediction model, Professor Lin obtained pK,
values for compounds in solution (Figure 9).* Reflecting the NMR shift values, there is very
close correlation between the site of highest C-H acidity and the position of preferred
borylation of 1,2-disubstituted benzenes. Although a similar link can also be seen in the
quinoline series, the model does not fully account for the increasing amounts of borylation
at C-5 as the 7-substituent has an increasingly larger inductive electronic effect (CF3 > Cl >

Br).
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MeO Cl MeO Me MeO CO,Me
428 4238 448 455 421 432
723  6.90 718 6.88 746 6.97
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69a 69b 69c
(60 : 40) (75 : 25) (85: 15)
Me CN Me CO,Me o}
409 405 42.6 432 419 424
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132.7 126.3 131.9 1258 133.5 126.7
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59a 59e
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Figure 9. Calculated pK, values, *H NMR and 3C NMR chemical shifts and regioselectivity in

the room temperature Ir-catalyzed borylation of 1,2-disubstituted arenes and quinolines.
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2.3.6 Testing the C-H Acidity Hypothesis: Borylation of Phthalide

To test the hypothesis that the borylation of arenes is contingent on C-H acidity in the
absence of steric effects, and that the regiochemistry can simply be predicted from the 'H
NMR spectrum of the starting material, the borylation of phthalide at room temperature
was undertaken. The reaction was conducted in an NMR tube containing a co-axial acetone-
dg solvent stick and monitored in-situ by 'H NMR spectroscopy. Analysis of *H and *C NMR
spectra of the phthalide starting material indicates that borylation between the only two
unhindered sites would be favoured at the more deshielded proton at the 4-position over

the 3-position (Scheme 42).

2 5 "H NMR
; — > TR
4 - 7.54

7.69
7.50

[4)]
QRew
IITTIT=T

[Ir(cod)OMel], (1.5 mol%)
dtbpy (3 mol %)
B,pin; (1.2 eq.)
MTBE, r.t., 24h

0} O (0] o}

Bpin Bpin
O (0] (0] (0]
Bpin

Bpin Bpin
79 80 81 82
:79:80:81:82
6:6:28:31:29

Scheme 42. Borylation of phthalide.

Experimentally however, significant borylation of the 2- and 5-positions (78 and 81,

respectively) was also observed along with some 3,5-bisborylated product 82 (Scheme 42).
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The structural assignments were confirmed by COSY, HSQC and HMBC experiments in a
similar fashion to the products obtained from the borylation of 1,2-disubstituted benzenes in
Section 2.3.3. In order to simplify analysis, the relative ratio of 79, 81 and 82 were monitored
over time (Table 7). The similar rate in the formation of the bisborylated product (82) and
the fall in the amount of 81 suggests that 82 was likely to form as a result of the second
borylation of 81. The rise in the formation of 79 on the other hand, is more sluggish and is

unlikely to contribute significantly to the formation of 82.

product ratio
entry time(h) 79 81 82

1 1 6 87 6
2 17 13 53 34
3 24 17 39 45

Table 7. Relative ratios of products in the borylation of phthalide as a function of time.

Following these assumptions, the underlying selectivity for the borylation of 2-, 3-, 4, and 5-
positions becomes 6:6:28:60. The significant borylation of 2-H and 5-H may be attributed to
the less sterically demanding ortho substituents as they are tied back in a 5-ring system. This
effect has been previously observed between the borylation of veratrole (83) and the related

benzodioxole (84) (Scheme 43).*
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| ©=120° Bpin

preferred " Oj\© [Ir(dtbpy)(coe)(Bpin)s] (2 mol%) Meo@ Meojiijm
anti +
rt,9h MeO MeO

confirmation X\ O

83 2:98
0=125° Bpin
oL [Ir(dtbpy)(coe)(Bpin)s] (2 mol%) <O o} Bpin
+
84 95:5

Scheme 43. Borylation of veratrole and benzodioxole.

This however, cannot account for the preferential borylation of 5-H, which is less deshielded
than the protons at the 2- and 3-positions. One possible explanation could be an initial

borylation of a benzylic CH, followed by Bpin migration (Scheme 44).

o Q Bpin Q Q
[Ir] migration
S | 42 T A |
Bapiny
pinB\/H H*') H Bpin Bpin

Scheme 44. Proposed mechanism for theunprecedented borylation of phthalide at the 5-

position.

In order to investigate this, phthalide-d, (86) was synthesised in good vyield from the
reduction of phthalic anhydride (85) with NaBD, (Scheme 45).°>>' The mechanism for this
reduction proceed via double reduction of one of the carbonyls to give a primary alcohol,

which then attacks the carbocylic acid to give the desired lactone.
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o o} o o}
NaBD, (1.2 eq.) NaO NaO
5 — — o]
DMF D 8
o 0°Ctort,thenrt. 1h o ONa DD
a5 86

65 % isolated yield

Scheme 45. Reduction of phthalic anhydride with NaBD,.
The signal for benzylic CD, could be seen in the D NMR spectrum of the product at § 5.35

ppm (Figure 10). By comparing the integral of the residual benzylic CH, with the aromatic

region of the *H NMR spectrum an excellent deuterium level of 99.6% was found.

o) R

CH, | |

'H NMR (CDCl5) o | :
|

|

|

|

H :

77 |

|

|
| |
.

o) |
'H NMR (CDCl5) | |
o ' :
99.6 % deuterium level : |
Dp | I
86 I '
| |
| 1
B 1
! ; |
|
N 2D NMR (CHCl;) oi:@ |
| |

|
| : Dp l
} | 86 |
|

80 79 78 77 76 75 74 73 72 71 7.0 69 68 6.7f (6.6 )6.5 64 63 62 61 60 59 58 57 56 55 54 53 52
1 (ppm

Figure 10. Evidence for benzylic CD, in phthalide-d,.
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Subsequent borylation of phthalic anhydride at room temperature however, did not lead to
an increase in benzylic C-H signal in the 'H NMR spectrum of the reaction mixture in-situ.
This suggests that the migration mechanism proposed in Scheme 44 could not have occurred
and that other electronic factors such as coordination of the carbonyl to the iridium complex
or to a boryl ligand must be involved. The borylation of the related open-chain methyl 2-
(acetoxymethyl)benzoate (87) could offer further insight. The larger steric bulk of these

groups, however, would most likely hinder borylation at the 5-position altogether.
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2.4 Conclusions

Once steric factors have been taken into account, NMR chemical shift analysis of substrates
can be used to predict the preferred site of iridium-catalyzed borylation from a range of
unhindered C-H bonds in both arene and heteroarenes. Although the reaction is often
carried out at elevated temperatures, enhanced regioselectivity can be achieved at lower
temperatures, allowing the underlying electronic effects to become more evident. This
electronic selectivity appears to be diametrically opposed to that observed in electrophilic
aromatic substitution reactions with m-electron withdrawing group favoring para
substitution and inductive electron-withdrawing groups and m-electron donating groups
leading to enhanced meta substitution. Consistent with this, transfer of negative charge
from Ir to arene has been suggested to be a key factor in these C-H borylations.41 While C-H
acidity appears to provide a qualitative measure of this selectivity, the correlation is not
perfect and alternative factors may be more important, for example in the borylation of
phthalide. Further experimental and theoretical studies of regioselectivities, as well as the
development of more-active catalysts is required to exploit this effect in unencumbered

substrates.
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Chapter 3 Borylation of Pyridine Derivatives

3.1 Introduction

It was shown in the previous chapter that the regioselectivity of the iridium-catalysed
aromatic C-H borylation is contingent on C-H acidity in the absence of steric effects.
Following on from this, work in this chapter is directed towards the exploration of these

electronic effects for the synthesis of a-pyridyl boronate esters.

3.2 Literature Background

Five-membered ring heteroaromatics such as pyrrole, borylate rapidly and exclusively at the
2-position, alpha to the heteroatom. The borylation of analogous unsubstituted pyridine (89)
however, is much slower and gives 4- and 3-borylated products in a statistical 2:1 ratio, akin
to the borylation of monosubstituted benzenes (Scheme 46).* This lower reactivity and
yield can be attributed to coordination of the pyridyl nitrogen to, and hence inhibition of,

the iridium catalyst by blocking access to the required site for C-H activation.??

| A
[Ir(cod)Cll, (1.5 mol%) Bpin , B z
A dtbpy (3 mol%) A X BPin ! [ N .
| - | + =N, | HIABpIn
= in = ~ r
N 2PINy Ng
hexane, 100 °C, 16 h N N = {\l/| Bpin
~ .
89 42% yield (67 : 33) ‘Bu Bpin
(2.0eq) . N .
pyridyl coordination leading to
inhibition of the iridium catalyst

Scheme 46. Borylation of unsubstituted pyridine.
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Consistent with this, disruption of the pyridyl coordination by one or two ortho substituents
allows the borylation reaction to proceed very readily, for example in the borylation of 2,6-

dimethylpyridine (90) and 2,3-dimethylpyrazine (91) (Scheme 47).*

Bpin
[Ir(cod)OMe], (2.5 mol%)
| X dtbpy (5 mol%) | X
N7 B,pin, (0.5 eq.) N"
MTBE, 80 °C, 30 min
920 95% yield

[Ir(cod)OMe], (2.5 mol%

) .
N
;[ j dtbpy (5 mol%) INj/Bp'”
N/ szinz (05 eq) N/
01

MTBE, 80 °C, 60 min
100% by GC-MS

Scheme 47. Borylation of 2,6-dimethylpyridine and 2,3-dimethylpyrazine.

Interestingly, the analogous 2-phenylpyridine (92) borylates at the 4- and 5-positions whilst
the sterically equivalent 6-position remained unaffected (Scheme 48).” The complete lack of
borylation at this most deshielded proton, alpha to the pyridyl nitrogen, cannot be explained
by simple steric effects arising from the proposed pyridyl coordination.

-
7.64 [Ir(cod)OMel, (2.5 mol%) pin

766/(? 7.14 dtbpy (5 mol%) B ﬁBp'n
> +
szinz (05 eq) = =

Ph” N 8.66
hexane, r.t., 16 h

92 >90% conversion (1: 1)
"H NMR & (ppm)

Scheme 48. Borylation of 2-phenylpyridine.

Hartwig initially proposed that coordination of the pyridyl nitrogen to a boron atom of B,pin,
could account for this observation. However, Santos and Marder have independently

110



Chapter 3 Borylation of Pyridine Derivatives

demonstrated that a solution of 4-picoline and B,pin, does not lead to the formation of a
tetravalent boron adduct.>” A more likely scenario could involve the formation of a partial
negative charge on the aryl carbon during the deprotonation step of C-H activation. This is
consistent with computational studies, which demonstrates that the oxidative addition of
aryl C-H bonds proceed with significant proton transfer character.® The formation of such a
transition state is therefore unfavourable in the presence of a neighbouring pyridyl lone pair
due to coulombic repulsion. To overcome this electronic effect, extremely large steric groups
are required to block the 4- and 5-positions. For example, whereas 4,4’-dimethoxy-2,2’-
bipyridyl (93) leads to the borylation at 3- and 3’-positions (Scheme 49A), borylation
proceeds at C-6, alpha to the nitrogen when the methoxy groups are replaced with
significantly larger tert-butyl groups (Scheme 49B).° Disruption of the pyridyl coordination by
an ortho substituent is also crucial, as 4-'Bu-pyridine have been shown to be a reluctant

substrate in the borylation reaction.”

MeQ OMe [Ir(cod)OMe], (5 mol%) MeQ OMe
— — dtbpy (10 mol%) ) — — .
A) N\ 7N > pinB e, Bpin
N N Bopin, (2.0 eq.) N N
hexane, 80 °C, 16 h
93 85% yield
By ‘Bu [Ir(cod)OMel, (5 mol%) ‘Bu ‘Bu
— — dtbpy (10 mol%) — —
B) 7\ _ 77\
\ N N / Bopin; (2.0 eq.) N N N %
hexane, 80 °C, 16 h pinB Bpin
94 100% conversion

Scheme 49. Selected borylation of pyridyl substrates.
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Although borylation alpha to a pyridyl nitrogen can be directed by sterics, the resultant a-
pyridyl boronate ester derivatives (95) readily undergo protodeboronation.® Such
decomposition is thought to proceed via an initial protonation of the pyridyl nitrogen
followed by an alkoxide-assisted elimination of the boryl group leaving a negative charge on
the adjacent carbon, which is then protonated (Scheme 50). The initial protonation step is
crucial as direct elimination of the boryl group leads to the unfavourable formation of a high-

energy intermediate 96.

R-OH
i 0 O
N_ B(OR), n NZ_B(OR), Nlo +H* N H @ e-erepulsion
| j/ | jé - E/j —_— Rj/ E/j high energy
X X X X ¢ unlikely to form
R R R R R
95 96

Scheme 50. Proposed mechanism for protodeboronation of a-pyridyl boronate esters.

This propensity for a-pyridyl boronic acids and their derivatives to undergo facile
protodeboronation means that their use in cross-coupling reactions has been limited.
Interestingly, however, David Blakemore at Neusentis, Pfizer, observed that unlike other
pyridine derivatives, a-pyridyl boronate esters containing 2-OMe, 2-Cl or 2-CF3 groups lead
to unusually good conversions in Suzuki-Miyaura cross-coupling reactions. These results
have not been published and were simply communicated to the author of this thesis and his
supervisor, P. G. Steel, during a private discussion. Subsequent work by Blakemore and his
team at Neusentis has since revealed that the pyridinium salt of the related 2-Cl, 2-OMe, and
2—CF; pyridines (97a-c) have significantly lower experimental pK; values when compared to

the parent pyridine molecule (Figure 11). These results suggests that these molecules are
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less Lewis basic, which in turn, are less prone to protonation and the downstream

protodeboronation process.

~ ] ~ ]
NS NS
H ITI‘“ MeO ITIJ'
H H
89 97a
pK, 5.25 3.28

N+ FsC N+
H H
97b 97c
0.72 0.60

Figure 11. Experimentally determined pKj values for 2-Cl, 2-OMe and 2-CF; substituted

pyridinium salts.
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3.3 Chapter Goals

There is increased focus on reducing lipophilicity in drug discovery research. One way of
achieving this is the replacement of non-polar aryl units with polar heterocyclic alternatives.
Reflecting this, the synthesis of a-pyridyl boronate esters as precursors for Suzuki-Miyaura
cross-coupling reactions is highly desirable. Iridium-catalysed aromatic C-H borylation could
represent a convenient route to these compounds, provided the electronic barrier
preventing the borylation alpha to the pyridyl nitrogen can be overcome. The subsequent
section describes the borylation of a series of pyridine derivatives undertaken to determine
the electronic and steric requirements for this reaction. The underlying hypothesis to this
study is that the presence of an electron-withdrawing group at the 2-position of the pyridine
nucleus would diminish the columbic repulsion responsible for the electronic barrier

preventing the borylation of C-H bonds alpha to the pyridyl nitrogen.
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3.4 Results and Discussion

3.4.1 Borylation of 2-Substituted Pyridines

Work in this area began with the borylation of simple 2-substituted pyridines. To account for
the possibility that 6-borylated 2-substituted pyridines may be unstable to
protodeboronation, the room-temperature borylation of these substrates (97a-c) were
monitored in-situ. This involved charging a vial with the substrate under nitrogen followed
by the addition of an aliquot of preformed stock solution containing [Ir(cod)OMe],
(1.5mol%), dtbpy (3 mol%) and B,pin, (1.2 eq.) in MTBE. A 0.5 mL aliquot of this
homogeneous solution was then transferred into an NMR tube fitted with a Young’s tap
containing a coaxial acetone-dg solvent stick and monitored by 'H NMR spectroscopy. After
24 h, the reaction mixture was quenched with dichloromethane and concentrated. Analysis
of this crude mixture and the reaction mixture after 24 h by 'H NMR showed an identical
mixture of products, suggesting that protodeboronation is not problematic. Full conversion
of the starting arene materials was observed in all cases. Using a combination of *C NMR,
COSY, HSQC and HMBC experiments, the products were identified as 4- and 5-borylated

products as well as 3,5- and 4,6-bisborylated products (Table 8).
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Bpin Bpin

4 [Ir(cod)OMe], (1.5 mol%) ) ) .
RN 6 B,pin; (1.2 eq.) R N7 RN Bpin  R7ON7 R™ N7
MTBE, r.t., 24 h
97 98 99 100 101
'H NMR ratio p : m ratio
entry 97 R 98:99:100:101 (98+99):(100+101)
1 a OMe 45:16:30:9 61:39
2 b Cl 29:40:26:5 69:31
3 C CF3 20:42:38:0 62 :38

Table 8. Borylation of 2-substituted pyridines at room temperature.

The lack of 2-borylated products in these reactions and the substantial formation of both 4-
borylated and 4,6-bisborylated products suggests that product 99 arises from the second
borylation of product 98. Similarly, the absence of a 3-borylated product suggests that the
bisborylated product 101 must form via a second borylation of monoborylated product 100.
Following these assumptions the underlying ratio of borylation at the 4- and 5-positions is
approximately 7:3 for 2-chloro and 2-methoxy pyridines, with preferential borylation at the
more deshielded 4-H (Figure 12). A similar regioselectivity was observed for 2-
(trifluoromethyl) pyridine (97c). Although these regioselectivities are consistent with the C-H
acidity hypothesis, the complete lack of borylation alpha to the pyridyl nitrogen in the
absence of steric hindrance suggests that the electronic barrier preventing the activation of

such C-H bond is large, even when the Lewis basicity of these substrates is relatively low.
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7.52 7.57 7.88

XN 6.82 N 714 | X /50

| | P
MeO~™ "N~ 8.14 Cl N~ 8.30 FsC N~ 8.74

97a 97b 97c

Figure 12. *H NMR chemical shifts of 2-substituted pyridines.

3.4.2 Borylation of Methyl 2-Chloroisonicotinate

Given the high electronic barrier preventing the borylation ortho to the pyridyl nitrogen, it
was proposed that in an analogous fashion to the borylation of 4,4’-di-tert-butyl-2,2’-
bipyridine, this can be overcome by steric effects. To this end, commercially available methyl
2-chloroisonicotinate (102a), was borylated under identical conditions as the 2-substituted
pyridines above (Scheme 51). The formation of a single 6-borylated product (103a) could be
clearly observed in the *H NMR spectrum of the reaction mixture in-situ as two fine doublets
showing complementary coupling constants. After 72 h, the reaction reached a plateau at
73% conversion. Subsequent attempts to purify the product using flash column
chromatography under a variety of solvent systems were undertaken. However, this proved
challenging due to co-elution of residual B,pin; and slow product degradation on the acidic

silica column.
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Os_OMe [Ir(cod)OMel, (1.5 mol%) Oy_OMe "~ 0._OMe _
dtbpy (3 mol%) )
A - X X Bpin
| P B,pin, (1.2 eq.) | P | _
cl” >N MTBE, r.t., 72 h ¢l >N” Bpin - N
102a 103a 104a
73% by "H NMR not observed

Scheme 51. Borylation of methyl 2-chloroisonicotinate.

The borylation of 102a was subsequently repeated with substoichiometric amounts of B,pin,
in the hope that a full consumption of the diboron reagent would lead to a less problematic
purification (Scheme 52). Under these modified conditions however, a longer reaction time
of 98 h was required and only 78% of the B,pin, was converted (by 'H NMR in-situ). Given
this incomplete conversion, it was envisaged that a one-pot C-H borylation/Suzuki-Miyaura
cross-coupling sequence previously developed in the group by Harrisson, could provide a
viable alternative to the problematic purification of the borylated product.*® This involved
guenching of the borylation mixture with aq. KOH followed by the addition of 2 mol%
Pd(dppf)Cl, and 1.1 equivalents of methyl 4-iodobenzoate (105). Following heating at 80 °C
under microwave irradiation for 5 minutes however, only residual aryl halide (105) was
recovered. It was thought that hydrolysis of the ester groups could have occurred leading to

loss of materials on workup.
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o2 r(cod)OMel, (1.5 mol%) TOMe Pd(dppf)Cl, (2 mol%) gOMe
| X dtbpy (3 mol%) | AN KOH (5.0 eq.) | AN
& B,pin, (0.9 eq. - : =
CclI” N M%FBEZ, (r.t., ggr), Ccl”” N7 TBpin |@COZMe clI” N
105 (1.1 eq.) CO,Me
102a 103a 106
78% by "H NMR w.r.t. Bypin, not found

Scheme 52. Borylation of methyl 2-chloroisonicotinate using substoichiometric amounts of

szinz.

With this in mind alternative protocols were considered. A brief survey of the literature
revealed three other different Suzuki-Miyaura cross-coupling conditions developed

specifically as a tandem sequence to the iridium-catalysed aromatic C-H borylation (Scheme

1
5 3)-5,9, 0
. . i. [Ir(cod)OMe], (1.5 mol%), dtbpy (3 mol%) . .
Bu Bu B,pin, (0.5 eq.), THF, 80 °C, 20 h Bu Bu
— then removal of volatiles -
A) 7 N\ » 2 \ ) [ref. 5]
=N N ii. Pd(dppf)Cl, (10 mol%), KsPOy4 2H,0 (2.0 eq.) =N N
Phl (1.1 eq.), DMF, 80 °C, 6 h
67% yield
i. [Ir(cod)OMe], (1.5 mol%), dtbpy (3 mol%)
A B,pin, (0.5 eq.), hexane, r.t., 4 h then removal of volatiles A Vi
B) | [ref. 9]
H ii. Pd(dppf)Cly (3 mol%), K3PO,- nH,0(3.0 eq.) ” S
Br/© (1.0 eq.), DMF, 60 °C, 2 h 93% yield
Ph i. [Ir(cod)OMel, (5 mol%), dtbpy (10 mol%) Ph
B,pin, (1.2 €q.), THF, 80 °C, 20 h
N then removal of volatiles N7
c) 1] b 1§ N OMe  [ref. 10]
N/ N ii. Pd(dppf)Cl, (5 mol%), K,CO3 (4.0 eq.) N/ N
Bn |©—0Me (1.1 eq.), DMF, 90 °C, 1 h Bn
74% yield

Scheme 53. C-H borylation/Suzuki-Miyaura cross coupling sequences in the literature.
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More recently, Burgey and co-workers have shown that Suzuki-Miyaura cross-coupling

reactions in the presence of copper(l) chloride are particularly effective for the notoriously

unstable 2-pyridyl boronate esters (Scheme 54).

A) CI@Bpin
N

B) QBpin

Pd(OAc), (5 mol%)
dppf (10 mol%)
CuCl (1.0 eq)
Cs,CO3 (2.0 eq.)

BrOPh (1.1eq.)

DMF, 100 °C, 16 h

Pd(OAc), (5 mol%)
SPhos (20 mol%)
CuCl (1.0 eq.)
Cs,CO3 (4.0 eq.)

CI—@Ph (1.1 eq.)

DMF, 100 °C, 16 h

11,12

Cl \ Ph

/
N

70% yield
(<5% conversion without CuCl)

Ph
73% vyield
(0% without CuCl)

F’Cy2

MeO ! OMe

SPhos

Scheme 54. Copper-assisted Suzuki-Miyaura cross-coupling reactions.

[ref. 11]

[ref. 12]

With these Suzuki Miyaura conditions noted, methyl 2-chloroisonicotinate (102) was

borylated on a large 6.0 mmol scale using 15.0 mL of a preformed stock solution containing 3

mol% dtbpy, 1.5 mol% [Ir(cod)OMe], and 1.0 equivalent B,pin, (Table 9). Pleasingly, similarly

high conversion of the pyridyl substrate (78%) compared to previous room temperature

reactions was achieved under microwave heating after only 1 h (by *H NMR in-situ). A 2.5 mL

aliquot of the reaction mixture was used to repeat Harrison’s one-pot Suzuki-Miyaura cross-

coupling protocol. The remaining mixture was concentrated, dissolved in DMF and then split

into five equal portions. Each aliquot was transferred into to a crimp top microwave vial

charged with appropriate amounts of the palladium catalyst, ligand, inorganic base, methyl
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4-iodobenzoate, additional DMF and other required additives such as a drop of water or one
equivalent of copper chloride. All six reactions were heated in parallel at the stated
temperature and reaction times (Table 9). LC-MS analysis of the aqueous phase following
aqueous workup of each reaction however, showed a large signal in the UV-trace exhibiting
a single chlorine isotope pattern with peaks at m/z = 290 and 292, consistent with the
hydrolysed biaryl product 107. Such hydrolysis is unlikely to occur on the alkyl benzoate
portion of the molecule given that these functionalities have been successfully used by
Harrisson under this protocol before. The alkyl picolinate moiety however, is more
electrophilic and is therefore more prone to hydrolysis. Nonetheless, following this
observation, the aqueous phase was acidified to pH 5, extracted and combined with the
organic phase from the initial aqueous work-up. These combined organic fractions were
then concentrated and re-esterified using acidic methanol under reflux. Disappointingly,
following the purification of the final biaryl units, low isolated yields (15-28%) were obtained

for all six reactions.
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105 (1.1 eq.) CO,Me CO,Me
COM [Ir(co;jt);)pl\;ltgzr(n‘lcﬁ/or?ol"/o) COMe '@COZMG B i. removal of volatiles S
| D Bopin, (1.0 eq.) " | \/ [Pd}/ligand/base oI ON ii. conc. H,SO, T oo N
cI” N7 MTBE, uW, 80 °C, 1 h CI” >N” Bpin solvent, temp, time CO,Me MeOH, reflux CoMe
102a large-scale borylation 103a, 78% small-scale cross-coupling 107a 106a
(6.0 mmol) (by "H NMR) (1.0 mmol)
removal of [Pd] ligand base other solvent temp. time isolated
entry  volatiles (mol%) (mol %) (eq.) additives (mL) (°C) (h) yield 106a ref.
1 x Pd(dppf)Cl; (3) - KOH (5.0) - H,0 (0.4) 80  5min 15% (8]
2 v Pd(dppf)Cl; (3) - K3PO, (3.0) - DMF (1.6) 60 2 28% [9]
3 v Pd(dppf)Cl, (5) - K,COs (4.0) H,O (3 drops) DMF(1.6) 90 10 38% [10]
4 v Pd(dppf)Cl, (10) - K3PO, (2.0) - DMF (4.0) 80 6 28% [5]
5 v Pd(OAc), (5)  dppf(10) Cs,CO;(2.0) CuCl(1.0eq.) DMF(4.0) 100 16 23% [11]
6 4 Pd(OAc); (5) Sphos (20) Cs,CO5(4.0) CuCl(1.0eq.) DMF (4.0) 100 2 15% [12]

Table 9. Screening of Suzuki-Miyaura cross-coupling conditions on methyl 2-chloroisonicotinate crude borylation mixture.
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3.4.3 Borylation of 2,4-Dichloropyridine

Given the problematic side-reaction of an alkyl picolinate group, the more hydrolytically
stable 2,4-dichloropyridine (102b) was explored as an alternative substrate (Table 10).
Unlike methyl 2-chloroisonicotinate (102a) however, the reaction of 2,4-dichloropyridine
proceeded with significant borylation at C-5, reflecting the smaller steric demand of the
chlorine atom compared with a methyl ester. The formation of 5-borylated product 104b,
could clearly be ascertained by the appearance of two singlets in the 'H NMR spectrum of
the reaction mixture. In a similar fashion to the previous screening of Suzuki-Miyaura cross-
coupling conditions, the reaction mixture was split into equal portions for the subsequent
cross-coupling reactions, this time using iodobenzene (108) rather than methyl 4-
iodobenzoate (105) to avoid the possibility of ester hydrolysis. Unlike the previous screening
however, with the exception of the Harrisson protocol (Table 10, entry 1), each set of
conditions was employed under both ‘one-pot’ conditions (without removal of volatiles) and
as two distinct steps. Pleasingly, good yields of both biaryl products 109b and 110b were
obtained as a mixture for most of these reactions. The cross-coupling reactions in entries 4,
10 and 11 were unsuccessful, presumably due to practical errors. Since some of the
remaining protocols appeared to be effective, these reactions were not repeated in the

interest of time.
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cl [Ir(cod)OMe], (1.5 mol%) cl Cl | < > 108
dtbpy (3 mol% . (11e
N Y ( 0) N . - BPin q.)

| _ B,pin, (1.0 eq.) | — ) | _ [Pd)/ligand/base

CcI” N MTBE, uW, 80 °C, 30 min CI” >N” “Bpin CI” N solvent, temp, 16 h
102b large scale-borylation 103b 104b small-scale cross-coupling 109b 110b
(5.5 mmol) 92 % conversion ('H NMR) (0.5 mmol) 100% conversion in all cases
108:109 = 53:47
solvent [Pd] ligand base solvent temp. 102b 109b:110b ratio combined
entry removal (mol%) (mol%) (eq.) additives (mL) (°C) (%) GC-MS *HNMR vyield (%)
1 x Pd(dppf)Cl; (3) - KOH (5.0) - H,O (0.4) 80(pw) 8 48:52  50:50 51
""" 2 v PddppfiCh(3) - KPO,(30) -  DMF(L6) 60 12 4159 3763 66
3 x Pd(dppf)Cl; (3) - K3PO4 (3.0) - DMF (1.6) 60 18  49:51  48:52 59
""" 4 v PdidppfiCi,(5) - KCO5(40) H,0(3drops) DMF(L6) 90 100 - - -
5 x Pd(dppf)Cl; (5) - K,COs3 (4.0) H,0 (3 drops) DMF (1.6) 90 12 50:50 50:50 68
""" 6 v  PddppfiCh(10) -  KPOs(20) -  DMF(40) 80 4 4258 4753 43
7 x Pd(dppf)Cl; (10) - K3PO4 (2.0) - DMF (4.0) 80 5 48:52  52:48 64
""" 8 v Pd(OACk(S)  dppf(10) Cs,C05(2.0) Cucl(10eq) DMF(40) 100 O 6436 6436 66
9 x Pd(OAc); (5) dppf (10) Cs,CO5(2.0) CuCl(1.0eq.) DMF (4.0) 100 7 58:42  61:39 67
10 v Pd(OA)(5) Sphos(20) Cs,COs(4.0) CuCl(1.0(eq) DMF(4.0) 100 100 - N -
11 x Pd(OAc), (5)  Sphos (20) Cs,CO;(4.0) CuCl(1.0eq.) DMF (4.0) 100 100 - - -

Table 10. Screening of Suzuki-Miyaura cross-coupling conditions on 2,4-dichloropyridine crude borylation mixture.
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Although the conditions outlined in entries 2, 3, 5, 7, 8 and 9 all gave similarly high yields,
the low base loading requirement, the one-pot method and the low levels of
protodeboronation in entries 7 and 8 are all particularly outstanding traits. A subsequent
repeat of these two selected conditions on a larger 2.0 mmol scale afforded almost identical

results (Scheme 55).

Pd(dppf)Cl, (10 mol%) Cl Cl
K3PO, (2.0 eq.) N+ S
Phl 108 (1.1 eq.) | 2 | pZ
DMF,80°C,16h  CI” 'N° "Ph CI™ N
109b (40%) 110b (30%)
Cl
[Ir(cod)OMel, (1.5 mol%) B
| A dtbpy (3 mol%) fj\ /ﬁj/ pin
cl N/ Bopin, (1.0 eq.) Bpin Cl
MTBE, r.t., 48 h
102b 103b 104b

95% conversion (55 : 45) by "H NMR

Pd(dppf)Cl, (10 mol%) cl cl
Cs,CO3 (2.0 €q.) N N Ph
+
Cul (1.0 eq.) = =

Phl1 108 (1.1 eq.)
DMF, 100 °C, 16 h 109b (40%) 110b (28%)

Scheme 55. C-H borylation/Suzuki-Miyauara cross-coupling sequence on 2,4-

dichloropyridine.

Pleasingly, application of the sequence involving Cul in the Suzuki-Miyaura cross-coupling
step on methyl 2-chloroisonicotinate (102a) and methyl 4-iodobenzoate (105) afforded the

biaryl 106a in 58% vield (Scheme 56).
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M coM Pd(dppf)Cl, (10 mol%) CO,Me
COMe 11 cod)OMe], (1.5 mol%) 2Ve Cs,CO; (2.0 €q.) N
| X dtbpy (3 mol%) | X Cul (1.0 eq.) »
, cI” N
- N7 Bopin, (1.0 eq.) ¢ >N > Bpin | COMo
MTBE, r.t., 48 h 2 CO,Me
102a 103a 105 (1.1 eq.) 106a (58 %)

DMF, 100 °C, 16 h

Scheme 56. C-H borylation/Suzuki-Miyaura cross-coupling sequence on methyl 2-

chloroisonicotinate.

3.4.4 Borylation of 2-Cl-, 2-OMe-, and 2—CF; 4-substituted Pyridines

Having identified effective sequential C-H Borylation/Suzuki-Miyaura cross-coupling
conditions, a series of 2,4-disubstituted pyridines were considered for borylation. Although
alkyl picolinate functional groups have been shown to be particularly sensitive to hydrolysis,
methyl 2-methoxyisonicotinate (102c) and methyl 2-(trifluoromethyl)isonicotinate (102d)
can be readily obtained from methylation of the corresponding carboxylic acids, both of

which are commercially available (Scheme 57).

Ox-OH O.__OMe
conc. Hy,SO,4
X
| _ MeOH, reflux, 16 h | N
R N R N/

R = MeO (102c); 65% yield
R = CF, (102d), 58% yield

Scheme 57. Synthesis of methyl 2-methoxyisonicotinate and methyl 2-

(trifluoromethyl)isonicotinate.
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Subsequent borylation of these substrates as well as methyl 2-chloroisonicotinate (102a),
afforded almost exclusively 6-borylated products 103a, 103c, and 103d by *H NMR spectrum
in-situ of the reaction mixture (Table 11). The lack of 5-borylated products is reminiscent of
the reported borylation of dtbpy, which is attributed to the large steric demand of the ester

groups.

COMe 11 cod)OMel, (1.5 mol%) GOMe COMe
| A dtbpy (3 mol%) | A | X BPin
.
R N7 B,pin, (1.0 eq.) R” N7 > Bpin R™ON”
MTBE, r.t.
102 103 104
entry 102 R time (h) conv. (%) 103 :104
1 a cl 72 78 100:0
2 ¢ OMe 24 57 100:0
3 d CF; 1 93 93:7

Table 11. Borylation of methyl 2-substituted isonicotinates.

Borylation of the analogous 2-chloro-4-trifluoromethyl pyridine (102e), also leads to
formation of the 6-borylated product. However, significant amounts of side-products were
detected by GC-MS following the subsequent Suzuki-Miyaura cross-coupling step (Scheme
58). While the formation of bipyridyl 111 could be identified from a peak exhibiting a lack of
chlorine isotope pattern with m/z = 368, the remaining side-product 112 with m/z = 232 was

not identifiable.
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CF CF. CF
° 8 i. removal of 3
A [Ir] A volatiles N unknown
| > | - = | + + side-product
cl N/ szinz cl N/ Bpln 1. [Pd]/CSzCOs/ cl N/ Ph (m/z = 299)
Phl/CuCl
102e 103e 109e 112
61% conversion ("H NMR) GC-MS ratio
102e:109e:111:112
6:75:7:12

Scheme 58. C-H borylation/Suzuki-Miyaura cross-coupling sequence on 2-chloro-4-

(trifluoromethyl)pyridine.

The formation of 111 could be explained by an initial reaction between the residual 102e
and B,pin, in the presence of a palladium catalyst followed by a Suzuki-Miyaura cross-
coupling reaction of the resultant boronate ester with 109e (Scheme 59A). This could
account for the substantial reduction in the amounts of 102e following the Suzuki-Miyaura
cross-coupling step. Alternatively, in the presence of residual B,pin;, 109e undergoes

dechloroborylation at C-2 followed by a Suzuki-Miyaura cross-coupling with residual 102e

(Scheme 59B).
CFs CFy4
A) | A [Pd)/Bopin, | B [Pd]/109e
c” >N Miyaura C-X pinB N Suzuki-Miyaura l
borylation cross-coupling
102e
CFs CF4
/@ [Pd]/B,pin, /@ [Pd]/102e T
B) P
Cl N Ph dechloroborylation pinB N/ Ph Suzukl-Mlyei\_ura
109¢ cross-coupling

Scheme 59. Possible routes to the bipyridyl side-product.
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An attempt to subject this sequence to 2-chloro-4-cyano pyridine (109f) also afforded a
complex mixture of products (Scheme 60). Careful GC-MS analysis of the crude reaction
mixture revealed significant formation of 114 (presumably through protodechlorination of
102f), identified by a peak at m/z = 180 and a lack of chlorine isotope pattern. Unfortunately,

the remaining side-product exhibiting a peak at m/z = 299 was not identifiable.

CN
i. removal of
/@ [Ir] rj\ rj/Bp'n volatiles rj\ /ﬁj/ fj\
.
cl N/ szmz Bpin CI ii. [Pd)/Cs,CO5/
Phl/CuClI
102f 103f 104f 109f 113 114
42% conversion ("H NMR) +

103f : 104f = 57 :43 102f : 109f : 110f : 114 :

30:4:15:31:

Scheme 60. C-H borylation/Suzuki-Miyaura cross-coupling sequence on 2-chloro-4-

cyanopyridine.

3.4.5 Borylation of Methyl 2-Substituted Nicotinates

It is clear from the borylation of 2-substituted and 2,4-disubstituted pyridines that extreme
steric effects are required to selectively direct borylation alpha to the pyridyl nitrogen. On
this basis, it was proposed that steric blocking of the 4-position in 2,3-disubstituted pyridines
should lead to exclusive borylation at the 5-position, leaving H-6 completely intact. To
investigate this, methyl 2-methoxy nicotinate (16a), and methyl 2-(trifluoromethyl)nicotinate
(16b) were prepared through the methylation of the corresponding commercially available

carboxylic acids (Scheme 61).
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conc. H,SO,4

| _ MeOH, reflux, 16 h | _

R = OMe (116a); 58% yield
R = CF; (116b), 61% yield

Scheme 61. Synthesis of methyl 2-methoxynicotinate and methyl 2-

(trifluoromethyl)nicotinate.

Consistent with the above hypothesis, subsequent borylation of these substrates, as well as
the commercially available methyl 2-chloronicotinate (116c), afforded 5-borylated products

118a-c almost exclusively.

[Ir(cod)OMe], (1.5 mol%)

MeOzC AN dtbpy (3 mol%) MeOZC X MeO,C AN Bpin
B DS
R™ N B,pin, (1.0 eq.) R™ "N” "Bpin R™ °'N
MTBE, r.t.
116 117 118

entry 116 R time(h) conv. (%) 117:118

1 a Cl 45 78 6:94
2 b OMe 25 100 7:93
3 c CF3 1 100 0:100

Table 12. C-H borylation/Suzuki-Miyaura cross-coupling sequence on methyl 2-substituted

nicotinates.
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3.5 Conclusions

The regioselectivity of the iridium-catalysed aromatic C-H borylation is contingent on C-H
acidity in the absence of steric effects. The borylation of C-H bonds alpha to the nitrogen
atom in pyridine derivatives however, is inhibited by an electronic barrier arising from a
coulombic repulsion between the pyridyl nitrogen lone pair and the formation of a partial
negative charge on the adjacent carbon during C-H activation. In the studies described
above, attempts to sequester the Lewis basicity of the pyridyl lone pair by introducing
electron-withdrawing groups at the 2-position of pyridine derivatives were not successful.
This inhibitory electronic effect however, can be overcome by introducing extremely large
steric groups such as CF; and CO,Me at the 4-position. Smaller substituents such as Cl and
CN lead to a mixture of 5- and 6-borylated products demonstrating the high electronic
barrier involved in activating C-H bonds alpha to a pyridyl nitrogen. A one-pot C-H
borylation/Suzuki-Miyaura cross-coupling sequence has also been developed to enable the
purification of the biaryl unit derived from the notoriously unstable a-pyridyl boronate

esters formed initially in the borylation step.
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4.1 Aims and Objectives

The use of combinatorial or array chemistry to build chemical libraries for rapid exploration
of structure-activity relationships is an important strategy to enhance drug discovery.’
Effective protocols typically need to be robust and efficient under generalised reaction
conditions across a wide range of substrate structures. As seen in chapters 1 and 2, the
direct borylation of aromatic C-H bonds promoted by iridium trisboryl complexes has
developed into a popular and powerful method for the functionalisation of arenes. This
transformation is ideally suited to array chemistry as it avoids the need for specifically
functionalised precursors and exploits the diverse chemistry of the resulting boronate ester.
This is most effective when carried out in a single vessel, and such in-situ elaboration of the
initially formed boronate ester can provide rapid access to a variety of functionalized arenes
(Scheme 62).%° One example of this is Harrisson’s report on the use of MTBE as a compatible
solvent for both the borylation and the Suzuki-Miyaura cross-coupling reactions and showing
that both processes can be efficiently accelerated using microwave irradiation.'®*! To build
on this work, and to further contribute to this ‘one-pot’ methodological toolbox, the
subsequent section describe efforts directed at exploring rhodium-catalysed 1,4-conjugate
addition for the in-situ elaboration of aryl boronate esters to form a library of B-aryl carbonyl

compounds.
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H\ WBU
R'\N’R"
BF3;K
iy X 3 B(OH),
T N X
e R—i— R—~
Bpin P =
[ref 9]
[ref 2]
[ref 5]
Bpin _Ar H. AT H. R
[ir]
AN _— AN —_—
. . - e X X A
R—— P HBpin or Bypiny R—; P [ref 7] R—:/ R—:/ R_!i)
[ref 8, 10, 11]
[ref 3] [ref 4]
Ar Cl Br
N X N
R_| R | |
= OH P %
X
R——
=

Scheme 62. Literature examples of “one-pot” elaboration of arylboronate esters formed in

iridium-catalysed C-H borylation.
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4.2 Rhodium-Catalysed 1,4-Conjugate Addition of Organoboranes

Carbon-carbon bond formation is a fundamentally important tool in synthetic organic
chemistry. In particular, rhodium-catalysed 1,4-conjugate addition of organoboron
compounds is a valuable method for the concomitant construction of new stereogenic

centres through the use of chiral catalysts.'**

Since its discovery, considerable advances in
this area over the last 20 years has led to the ability for these reactions to be undertaken

with high efficiency and stereoselectivity. Consequently, it has become the method of choice

for C(spz) nucleophiles, complementing the related copper methodology that employs hard

14,15 16-18

organometallic C(sp3) nucleophiles such as organolithium, -magnesium, or —zinc

reagents.l‘g'22

The following section presents an overview of the scope and key advances
made in the rhodium-catalysed 1,4-conjugate addition methodology. For a more

comprehensive review, see references 12 and 13.

4.2.1 Discovery of the Rhodium-Catalysed 1,4-Conjugate Addition Reaction

and Key Advances

The use of rhodium(l) complexes to catalyse the 1,4-conjugate addition of aryl and alkenyl
boronic acids to enones was first reported in 1997 by Miyaura and co-workers (Scheme
63).% By using Rh(acac)(CO), (121) as a catalyst precursor, it was noted that water and a
bis(phosphine) ligand possessing large bite angles such as bis(diphenylphosphino)butane
(dppb) (122) were required for good reactivity. However, while products arising from

conjugate addition to B-unsubstituted enones such as methylvinylketone (MVK) (124) were
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obtained in high yields, B-substituted enones such as cyclohex-2-enone (126) were much less

reactive resulting in poor yields.

Rh(acac)(CO), (121) (3 mol%) Q
B(OH), 0 dppb (122) (3 mol%)
NG
MeOH/H,0 (6:1)
50°C, 16 h
123 124 125
99% yield
O
Rh(acac)(CO), (121) (3 mol%)
©/B(OH)2 ﬁ‘j dppb (122) (3 mol%)
cyclohexane/H,0 (6:1)
50°C, 16 h
123 126 127
52% yield

Scheme 63. First reported rhodium-catalysed 1,4-conjugate addition of organoboranes.

Subsequently, Hayashi and Miyaura showed that additions to cyclic and linear B-substituted
enones can be carried out with improved efficiency as well as excellent enantioselectivity by
switching to a catalyst generated from Rh(acac)(C,H4), (128) and the chiral phosphine ligand
BINAP (129) and employing a high excess of the boronic acids (up to 5.0 equivalents) to
account for the competing protodeboronation side-reaction (Scheme 64).** This reaction has
since become a benchmark for subsequent work in rhodium-catalysed 1,4-conjugate

addition of organoboranes both in terms of reactivity and enantioselectivity.
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R O
0 Rh(acac)(CzHy), (128) (3 mol%) . OO

B(OH) " o, \\\"K)J\ ' PPh
O/ 2 . R/\)LR' (S)-BINAP (129) (3 mol%) © R 2

dioxane/H,0 (10:1) OO PPh,
0,
123 100°C, 5h >99% yield: 97% ee

(S)-BINAP (129)

o} o}

6]

99% yield; 97% ee 93% yield; 97% ee 51% yield; 93% ee 82% yield; 97% ee 88% yield; 92% ee

Scheme 64. First reported asymmetric rhodium-catalysed 1,4-conjugate addition.

Although Rh(acac)(C,Hs), (128) has since been widely used with good success, rhodium
sources possessing a cyclooctadiene ligand such as [Rh(cod)Cl], (130),® Rh(cod)OH]; (131),%
and [Rh(cod),][PFe] (132)%° have recently been shown to be more effective. Key to the high
reactivity of these systems is the weak binding between the rhodium and the diene ligand,
shifting the equilibrium towards the catalytically active hydroxo-rhodium species in the
presence of water (more on this in section 4.2.2). Consistent with this, the conjugate
addition of p-tolylboronic acid (133) to cyclohex-2-enone (126) at 5 °C using [Rh(cod)Cl],
(130) in the absence of base is slower than the analogous reaction employing the
corresponding rhodium-hydroxo complex, [Rh(cod)OH], (131) (Figure 13). Moreover, a
remarkable acceleration effect can be obtained through the addition of an inorganic base,
such as KOH, particularly at low temperature.25 The addition of base presumably aids the

generation of the rhodium-hydroxo species.
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0}

o]
B(OH), b [Rh(cod)X], (1.5 mol%) é
+
base (1.0 eq.) ﬁ
133 126 DME/H,0 (6:1), 5°C
(1.5eq.)

[RhCI(cod)]/KOH

\

100 ¢

yield/%

80

[RhOH(cod)]o/KOH
60 |

X

[RhOH(cod)]/EtsN
40
[ [RhOH(cod)),

|

[RhCI(cod)],

20

—©
3
time/h

-0

o
<
2

Figure 13. [Rh(cod)Cl], versus [Rh(cod)OH], and accelerating effect of bases on rhodium-

catalysed 1,4-conjugate addition of p-tolyboronic acid to cyclohex-2-enone.

4.2.2 Proposed Catalytic Cycle

Detailed mechanistic studies on the rhodium-catalysed 1,4-conjugate addition of arylboronic
acids to enones were reported by Hayashi in 2002.” On the basis of NMR studies, the
catalytic cycle was proposed to proceed via three key intermediates, arylrhodium 133c, oxa-
r-allylrhodium 133d and hydroxorhodium 133b complexes (Scheme 65).”” With
[Rh(acac)(CyH4),] (128) as a catalyst precursor, the hydroxorhodium species 133b was
formed through an initial ligation of added phosphine ligands accompanied by a loss of
ethene gas. In the presence of water, the resultant complex exists in equilibrium with the

catalytically active 133b. Although the transmetalation of the arylboronic acid to form
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arylrhodium complex 133c can occur directly with 133a, this process is very slow and occurs
more readily for 133b. Two pathways are possible at this stage; the arylrhodium complex
133c can either undergo hydrolysis in a competing side-reaction or it can coordinate with the
alkene and then undergo arylrhodation to the oxa-m-allylrhodium complex 133d.
Protonolysis of this complex releases the conjugate addition product, regenerates 133b and
triggers the reversible formation of the rhodium-acac complex 133a. In presence of a base
such as KOH, this equilibrium is shifted to the more reactive hydroxorhodium species 133b

leading to faster reaction rates.

[Rh(acac)(CaH,),]

128
Py (P, = BINAP)
[Rh(acac)P;]
H,0 133a slow
9 fast acac ‘/ fast
/ij P,Rh—OH
Ar 133b
Ar—B(OH),
H,O
O

P2Rh\j H,O
P,Rh—Ar — Ar—H + P,Rh—OH
133c
Ar

133d
o)
\ (o) /\
P 126
P.
L)
Ar’

Scheme 65. Proposed catalytic cycle for rhodium-catalysed 1,4-conjugate addition of

arylboronic acid to cyclohex-2-enone.
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4.2.3 Chiral Ligands

Since Hayashi and Miyaura’s report on the first enantioselective rhodium-catalysed 1,4-
conjugate addition, a large variety of chiral ligands have been explored (Scheme 66). Like
BINAP, the use of a binaphthyl backbone such as in 134a”® and 134b* leads to high levels of
enantioselectivity, with significantly higher reactivity observed in using the latter. Bipyridyl
atropisomeric  diphosphines (134c)*® exhibit markedly superior reactivity and
enantioselectivity, as does a P-chiral diphosphine ligand (134d).** Superior reactivity can be
achieved with the related cyrhetrene (134e)*? and diphonane (134f)*® derivatives but at the
expense of enantioselectivity. Away from chiral diphosphines, some success has been found
with hemilabile ligands such as amidophosphines (134g)** and alkenophosphines (134h)*
while generally excellent yields and enantioselectivity were found with a bisphosphonite
(134i)*® and phosphoramadite ligands such as 134j-|.37'40 This reactivity and
enantioselectivity is closely rivalled by a range of chiral dienes based on a bicyclic skeleton

(134m-r).***°
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o 0 f
©/B(OH)2 [Rh]/Lig* . :
+ > '
;Bu Me
e @
_ ‘tBU | PR2 3 z
N E OC—R|e\CO PhZP PPhQ
Me CO

134d [ref. 31]
90% yield, 96% ee

134e [ref. 32]
99%, 76% ee

134f [ref. 33]
98% vyield, 86% ee

° (@)
P-NE,
Dl °
e, 99
NM62 NM62

134j [ref. 37, 38]
90% yield, 98% ee

134k [ref. 39]
95% yield, 96% ee

Bn
/

Bn Ph

1340 [ref. 43]
81% yield, 90% ee

134p [ref. 44]
95% yield, 92% ee

H,NT N
C,, ™y
PPh, PPh,
PPh, PPh,
H
HoN e N
NH,CI
129 [ref. 24] 134a [ref. 28]
51% yield, 93% ee 44% yield, 89% ee
_//—Ph
(2~ :
P=Ph

PPh,
o

1349 [ref.34]
95%, 91% ee

134h [ref. 35]
70% yield, 91% ee

OMe
8:P—NEt2 ;
/

134m [ref. 41]
81% yield, 95% ee

/\Cbg "
s
R
(R = p-MeOCGH4 )
134r [ref. 46]
89% vyield, 99% ee

1341, [ref. 40]
78% yield, 95% ee

Pr

Me

s

134q [ref. 45]
94% yield, 98% ee

OMe

N7 X
MeO = PPh,
MeO__\_ PPN,

Ne |

OMe
134c [ref. 30]
88% vyield, 98% ee

134b [ref. 29]
82% yield, 90% ee

134i [ref. 36]
100% vyield, 96% ee

I

134n [ref. 42]
:  88%yield, 96% ee

Scheme 66. Examples of chiral ligands in rhodium-catalysed 1,4-conjugate addition reactions.
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4.2.4 Acceptors

In rhodium-catalysed 1,4-conjugate addition, a,B-unsaturated ketones are the most reactive
and commonly used class of acceptors. Generally, simple unsubstituted enones are more
reactive than the sterically more demanding substrates. For example, MVK (124) readily
undergoes the addition process under Hayashi and Miyaura’s original conditions.”> However,
cyclohex-2-enone (126) require the use of more efficient catalysts derived for example from
Rh(acac)(C,Ha), (128).* Consistent with this steric effect, cyclic B-substituted enones are
more reactive than the analogous acyclic variant. For example, Krause and co-workers
showed that 1,4-conjugate addition proceed chemoselectively at the endocyclic C-C double
bond in a bifunctional Michael acceptor 135 containing a trisubstituted exocyclic alkene
moiety (Scheme 67A)."” Moreover, B-arylsubstituted enones are less reactive than B-alkyl
substituted enones (Scheme 67B)." Similarly, but not surprisingly, aryl vinyl ketones are less

reactive than their aliphatic counterparts (Scheme 67C).”
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O

A)

135

0}

B N

©) RJ\/APh

Rh(acac)(C,H,), (128) (3 mol%)
(134k) (7.5 mol%)
PhB(OH),

KOH (1.0 eq.)
Dioxane/H,0 (6:1)
70°C,14 h

[Rh(C,H4),Cll, (128) (1.5 mol%)
(134m) (3.3 mol %)
4-MeOCBH4B(OH)2

KOH (0.5 eq.)
Dioxane/H,0, 25 °C

[Rh(cod)OH], (131) (1.5 mol%)
KOH (1.0 eq.)
4-M606H4B(OH)2

DME/H,0 (6:1)
0°C,6h

(e}
93% yield
92% ee
R O

Ci

MeO

R = Me, 78% yield, 89% ee
R = Ph, 68% yield, 90% ee

O Ph

RM@

R = Me, 99% yield
R = Ph, 82% yield

O:P—NEtZ
134k
OMe
/. / [ref. 41]
134m
[ref. 25]

Scheme 67. Steric effects on the reactivity of substituted enones in 1,4-conjugate addition.

After enones, a,B-unsaturated esters are the second most commonly used class of acceptors

in rhodium-catalysed 1,4-conjugate addition. Enoates are generally less reactive than

enones, and like their more reactive counterpart, steric effects have a profound influence on

reactivity. Hayashi and co-workers showed that reactivity decreases with increasing steric

bulk of the ester moiety (Scheme 68).*®

[Rh(acac)(C,Hy),] (128)/(S)-BINAP (129)

O

Il-a.
=

R
o

dioxane/H,0 (10:1)

100°C, 3 h

%

R = Me; 94% yield, 86% ee
R = Et; >99% yield, 90% ee
R =Pr; 42% vyield, 94% ee
R = Bu; 21% yield, 9% ee

Scheme 68. Steric effects on the reactivity of enoates in 1,4-conjugate addition.
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A large range of enoates have been successfully employed in this 1,4-conjugate addition
methodology including B-aryl acrylates,* B-aryl-a-cyano acrylates,® B-benzyl acrylates,
ao,B-unsaturated N-protected-3-aziridines,” fumaric esters,”® 2,4-dienoate esters,”
coumarins> and chiral 8-hydroxy-y-butenolides® as acceptors. However, a,B-unsaturated
esters possessing B-substituted amine functionality give poor yields unless the amine group
is masked as phthalimide. These substrates are particularly useful for the synthesis of a wide
variety of functionalised amino acids. Examples of this include the 1,4-addition to a,B-

>78 -methylamino acrylates (137)°° and B-phthalimino

dehydroamino acid derivatives (136),
acrylates (138)®° providing general synthesis of a-, B~ and B'-amino acid derivatives

respectively (Scheme 69).
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o)
o)
0 [Rh(cod)Cl], (130) (5 mol%) o
A) N EtO N [ref. 57, 58]
EtO ArB(OH), Y
o H,0, reflux Ar
136 59-90% yield
81-90% ee
0
"X 1)
F o PPh, (S)-Difluorphos
PPh (2 mol%)
F O 2
(0] 0 >< 0] 0]
F o
B) ’BUOJH(\N ‘BuO N [ref. 59]
[Rh(acac)(C,Hy),] (128) (2 mol%)
o ArB(OH), A7 g
137 __ Phthalimide 70-95% yield
dioxane, 50 °C, 20 h 63-91% ee

o) 0 [Rh(OH)(134n)], (1.5 mol%) o A o0
ROMN ArB(OH), RO)VN

dioxane/H,0 (10:1)
o 50 °C, 12 h o

[ref. 60]

87-98% yield
93-98% ee

134n

Scheme 69. Synthesis of functionalized amino acids using rhodium-catalysed 1,4-conjugate

addition reactions.

o,B-Unsaturated amides are less reactive when compared to the corresponding enones and
enoates. Miyaura and co-workers showed that while crotonamide (139a) proceeded
smoothly in 1,4-conjugate addition (Table 13, entry 1), better reactivity was observed with
both N-aryl and N-alkylsubstituted crotonamides (Table 13, entries 2 and 3). However,
consistent with the steric effects observed with enoates, the presence of another

substituent at the amido nitrogen diminishes reactivity (Table 13, entry 4).
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o Rh(acac)(C,H,), (128) (3.0 mol%) Me O
B(OH) S)-BINAP (129) (4.5 mol%
©/ 2 . /\)J\ ( ) ( )( mo ) ©)\)J\NX2
Me” ™ NX5 K,COj3 (0.5 eq.)
123 139 dioxane/H,0 (6:1), 100 °C 140
(2.0 eq.)
entry 139 NX, yield 140 (%) ee (%)
1 a NH, 62 89
2 b N(H)cy 80 93
3 c N(H)Ph 88 90
4 d piperidine  no reaction -

Table 13. Steric effects on the reactivity of enamides in 1,4-conjugate addition.

In contrast to enones, enoates, and enamides, enals suffer from a propensity to undergo 1,2-

additions as a side-reaction. Significantly,

Miyaura and co-workers showed that this

chemoselectivity could be tuned towards the 1,4-conjugate addition product by employing a

cationic rhodium complex [Rh(cod)MeCN),]BF,; (141) in aqueous methanol (Scheme 70).

Conversely, a single product arising from 1

61

,2-addition could be obtained by employing a

neutral rhodium complex Rh(acac)(coe), (142) in aqueous DME in presence of ‘BusP (143).

[Rh(cod)(MeCN),] BF; (141) (3 mol%)

I O

MeOH/H,0 (6:1), 25 °C, 16 h O H
0
BOR), NH 88% yield
Saul -
123 Rh(acac)(coe), (142) (3 mol%) OH
(2.0eq.) BugP (143) (3 mol %)
DME/H,0 (3:2), 25 °C
90% yield

Scheme 70. Solvent effects in the chemoselectivity of enals under rhodium catalysis.
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High enantioselectivity can be achieved through the use of a chiral BINAP ligand (129) but at
the expense of yield (Scheme 71A).”> Chiral diene ligands such as 1340 however, have been

shown to give improved yields while maintaining the same level of selectivity (Scheme

71B).°
R O
B(OH) o [Rh(BINAP)(nbd)]BF4 (3 mol)
D ’ NEt; (1.0 eq. N
A) R_: + .M 3 ( q.) R:— H Iref. 25]
Z R H : _ D
Dioxane/H,0 (6:1)
0,
se sore.en 56-59% yields
fhoes) 86-92% ee

%b/Bn 1340
3.3 mol %
©/B(OH)2 Vok B ( ) R O
B) + xn [ref. 64]
R H  [RnCI(C,H,)], (128) (1.5 mol %) Ph/\)kH
KOH (10 mol %)

MeOH/THF/H,0 (12:3:2) Sg'gz?yyizgs
= 0
10°C, 6 h

123
(2.0 eq.)

Scheme 71. Enantioselective 1,4-conjugate addition to enals.

Other acceptors such as nitroalkenes (144),° alkenyl sulfones (145),54°° alkenyl
phosphonates (146),%” sulfinamides (147),%%%° 4-nitrobenzenesulphonylimines (148),° N-
phosphinony! aldimines (149),”* oxonorbornene derivatives (150),”” and oxabicyclic alkenes

(151)"*”* have also been employed in this 1,4-conjugate addition methodology (Figure 14).
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% 0 g
RN X

R AN S q /S\
/\(, | RXR-oRr' NIe!
R N OR A
R H
144 145 146 147
[ref. 63] [ref. 64-66] [ref. 67] [ref. 68 and 69]
R
o, 0 o
pEle E-Ph SN R
N PR "
/m N| Ph | /—R
A" H NO, Ar1)\H i R
148 149 150 151
[ref. 70] [ref. 71] [ref. 72] [ref. 73 and 74]

Figure 14. Alternative acceptors in rhodium-catalysed 1,4-conjugate addition reactions.

4.2.4 Boryl Donors

Due to the wide range of commercially available boronic acids, boryl donors have become
the reagent of choice for many of the rhodium-catalysed 1,4-conjugate addition reactions
described thus far. However, as these reactions typically employ aqueous conditions at
elevated temperature, high excess of the boronic acid is required to compensate for the
competing protodeboronation process. Consequently, boronate ester derivatives such as
alkenyl catechol boronate esters (152) (Scheme 72A)” and lithium trimethoxyborates (153)

(Scheme 72B)’® have been explored as alternative nucleophiles.
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Rh(acac)(C,H,4), (128) (3 mol%) (0]
(S)-BINAP (129) (3 mol%)
Bcat
HBcat AN cyclohex-2-enone (126)
A) R—R' N RA(' } NG [ref. 75]
0t070°C R dioxane/H,O (6:1) /\Il?'
EtsN 100 °C, 3 h
152
(e}
Rh(acac)(CyH,), (128) (3 mol%)
i. "BuLi, Et,0 (S)-BINAP (129) (4 mol%)

B) /@/Br 0°C-r.t. /©/B(0Me)3Li cyclohex-2-enone (126) /©\ (rof. 76]
_— .
MeO ii. B(OMe); MeO dioxane/H,0 (10:1) MeO
-78°C-r.t. 100°C,5h
153 80% yield, 98% ee (S)

Scheme 72. Rhodium-catalysed 1,4-cojugate additions on in-situ formed alkenyl catechol

boronate esters and aryl lithium trimethoxyboronate species.

Owing to their facile transmetalation to rhodium, potassium organotrifluoroborates (154)
are also finding wide use in rhodium-catalysed 1,4-conjugate addition reactions (Scheme
73A).”7 Similarly, successes have also been found with sodium tetraarylborates (156)
(Scheme 73B).”® For the notoriously unstable heteroaryl boronate esters, however, only the
cyclic triolborates (158) developed by Miyaura are sufficiently resistant to

protodeboronation (Scheme 73C).”
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O
BEK 0 [RNCI(C,H,)0lo (1 mol%)
N 3 155 (2.2 mol%) X
A R—— + X [ref. 77]
= | KOH (2.2 mol%) Ph
s NEt; (1.0 eq.) n
toluene/H,0, r.t. .
84-96% yield, 84-99% ee
154 (X=0,CHy;n=1,2)
155
o [RhCI(157)], (2.5 mol%)
KOH O
MeOH (10 eq.)
B) Ar,BHo,Na + : (6] [ref. 78]
dioxane / Me Q
156 60 °C, 24-60 h 157
(1.2eq.)
o O BX=B(OH), trace yield
. [Rh(nbd),]BF, (3 mol%) Bpin trace yield
X (S)-BINAP (129) (3.3 mol%) BF;K 5% vield
C) | _ + » e = [ref. 79]
loxane,
MeO~ "N . 3 ~ | Lit 9 83% vyield
95°C,16 h MeO N B o
158 126 QAZB\O 97% ee

Scheme 73. Alternative boryl donors in Rh-catalysed 1,4-conjugate addition reactions.
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4.3 Results and Discussion

4.3.1 Preliminary Work on the Rhodium-Catalysed 1,4-Conjugate Addition

Reaction

In order to explore the 1,4-conjugate addition step as an independent reaction, initial work
in this area began with repeating Miyaura’s original observation (Scheme 74).%2 This involved
the addition of water and MVK (124) to a stirred methanolic solution of Rh(acac)(CO), (159)
(3 mol%), dppb (160) (3 mol%) and phenylboronic acid (123) (2.0 eq.) in a Young’s tube in a
glovebox. The reaction mixture was heated at 50 °C in a preheated aluminium heating block
for 16 h, cooled to room temperature, extracted into toluene, and concentrated. Following
flash column chromatography of the resultant crude mixture, only 44% yield of the desired
ketone 162 was obtained in comparison to Miyaura’s reported 99% GC-MS vyield. The
product was easily identified by a peak at m/z = 148 in GC-MS and two triplets showing
complementary coupling constants (3J = 8.0 Hz) at § 2.90 and 6§ 2.76 ppm in the 'H NMR
spectrum. This is further supported by a large sharp peak in IR at 1720 cm™, consistent with

a saturated carbonyl stretch.

0 (acac)Rh(CO), (159) (3 mol%) ?
B(OH), dppb (160) (3 mol%)
+ \)J\
MeOH/H,0 (6:1)
123 124 50°C,16h 162
(2.0 eq.) 44% isolated yield

lit. 99% yield by GCMS [ref. 23]

Scheme 74. Rh-catalysed 1,4-conjugate addition of phenylboronic acid to MVK.
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For the purpose of array synthesis it would be more efficient if the arene component was
the limiting reagent. Consequently, the procedure was modified to use an excess of acceptor
124. Simultaneously, in order to accelerate the reaction, the use of a microwave reactor was
also explored. This involved conducting the reaction in a crimp top microwave vial rather
than a Young’s tube. Pleasingly, the use of a 2:1 ratio of phenylboronic acid:MVK in a
microwave reactor at 100 °C required only 5 minutes for complete consumption of the
boronic acid 123 (Scheme 75). Significantly protodeboronation did not appear to be
problematic, and an excellent 81% isolated yield of ketone 162 was obtained following

purification by flash column chromatography.

O

(acac)Rh(CO), (159) (3 mol%)
©/B(OH)2 \)OJ\ dppb (160) (3 mol%) @/\)\
+
MeOH/H,0 (6:1)

W, 100 °C, 5 mi
123 124 K min 162

(2.0 eq.) 81% yield

Scheme 75. Rh-catalysed 1,4-conjugate addition under microwave-irradiation.

Following this result, it was proposed that similar microwave effects should apply to the
related pinacol boronate esters which, as products of iridium-catalysed C-H borylation,
would be more relevant to the development of array synthesis. To investigate this, the 1,4-
conjugate addition reactions of m-xylylBpin (19) and MVK (161) was conducted under both
conventional heating using a preheated aluminium block and in a microwave reactor at two
different temperatures (Table 14). The conjugate addition reaction was regularly monitored
by TLC until complete disappearance of the boronate ester 19 was observed. Following

purification, similar levels of isolated yields of ketone 163 were obtained across all four
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reactions (69-75%). Significantly, consistent with the microwave effects for phenylboronic
acid (123), substantial acceleration was observed under microwave heating (Table 14, entry
1 vs. 2 and 3 vs. 4) particularly at the lower temperature (Table 14, entries 3 and 4). It should
be noted that microwave acceleration in rhodium-catalysed 1,4-conjugate addition has only

been previously reported for boronic acids with acrylates and enamides as acceptors.>#%%

(acac)Rh(CO), (159) (3 mol%) o
Bpin o) dppb (160) (3 mol%)
+ \)J\
MeOH/H,O (6:1)
19 124 163

(2.0eq.)

entry temp('C) heating method time (min) isolated yield (%)

1 100 conventional 16 69
2 100 uw 6 75
3 60 conventional 120 73
4 60 pwW 20 72

Table 14. Temperature and microwave effects on Rh-catalysed 1,4-conjugate addition.

To develop a more convenient analytical method in future work, m-xylylBpin (19) was
calibrated against "hexadecane (164) as an internal standard in GC-MS analysis (Figure 15).
Such calibration is required to account for the variation in response factors of these
compounds under FID. "Hexadecane (164) was chosen as an internal standard as it is
chemically inert, has a molecular mass large enough to be easily detected, gives a sharp
signal on the TIC trace and, most importantly, has retention time which is well away from
any other components of the conjugate addition reaction. By plotting different molar ratios

of 19 and 164 against the corresponding area ratio on the TIC trace, a mathematical
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relationship could be obtained, which allows for the quantification of m-xylylBpin in the

presence of a known amount of the internal standard.

25

molar ratio (m-xylylBpin/hexadecane)

area ratio (m-xylylBpin/hexadecane)

Figure 15. GC-MS calibration of m-xylyIBpin with "hexadecane as an internal standard.

With this analytical method in hand, optimisation of the rhodium-catalysed 1,4-conjugate
addition on the boronate ester 19 and MVK (124) was explored using a range of solvent
systems. Among these THF and MTBE solvents were chosen as they are commonly used in
iridium-catalysed C-H borylation and could therefore provide early indications on whether
they could be used as a single solvent for both the borylation and the 1,4-conjugate addition
reactions. However, reduction of the water content (Table 15, entry 1) or replacement of
methanol with either THF (Table 15, entry 2) or MTBE (Table 15, entry 3) at 100 °C under
microwave heating led to poor conversions of 19 (21-26% by GC-MS). Following these
results, both methanol and water components of the original solvent mixture appear to be
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important. Consistent with this, the 1,4-conjugate addition reaction was completely

inhibited in MTBE solvent in the absence of both methanol and water (Table 15, entry 4).

o (acac)Rh(CO), (159) (3 mol%)

Bpin
dppb (160) (3 mol%
N § ppb (160) (3 moi%)
solvent, 100 °C, uW, 10 min

19 124 163
(2.0eq.)
entry solvent GC-MS conv. (%)
1 wet MeOH 21
2 THF/H,0 (6:1) 26
3 MTBE/H,0 (6:1) 23
4 MTBE 0

Table 15. Solvent effects in the rhodium-catalysed 1,4-conjugate addition.

4.3.2 Rh(acac)(CO), in Iridium-Catalysed Aromatic C-H Borylation/Rhodium-

Catalysed 1,4-Conjugate Addition Sequence

Having established that both methanol and water are important to the rhodium-catalysed
1,4-conjugate addition, initial attempts to achieve a sequential borylation/conjugate
addition process simply involved subjecting the reaction mixture obtained from the
borylation of m-xylene (18) to the conjugate addition conditions (Scheme 76). To maximise
the efficiency of this sequence, Harrisson’s previously reported microwave-accelerated
protocol was used for the borylation step. This involved charging a crimp top microwave vial
with m-xylene (18) (1.0 mmol) followed by the addition of an aliquot of preformed stock

solution of the catalyst containing [Ir(cod)OMe], (1.5mol%), dtbpy (3 mol%), MTBE (2.4 mL)
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and B,pin; (1.0 eq.) in a glovebox. The tube was then heated in a focused microwave reactor
at 80 °C for 1 h, leading to 89% conversion (GC-MS) to m-xylylBpin (19). To initiate the
conjugate addition reaction, a methanolic solution of 159/160 (3 mol%), water and MVK
(124) were added, in sequence, directly to this reaction mixture. However, following
microwave heating at 100 °C for 20 minutes, aqueous workup and flash column

chromatography, only a 10% isolated yield of the desired ketone 163 was obtained.

(acac)Rh(CO), (159) (3 mol%)

[Ir(cod)OMe], (1.5 mol%) _ - and dppb (160) (3 mol%) in MeOH O
dtbpy (3 mol%) Bpin then H,0
B,pin, (1.0 eq.) MVK (124) (2.0 eq.)
MTBE, pW, 80 °C, 60 min uW, 100 °C
18 19 163
89% conversion by GC-MS 10% isolated yield

Scheme 76. Initial attempt to facilitate C-H borylation/1,4-conjugate addition sequence.

In an effort to determine the cause of this low yield, the GC-MS trace at the crude stage was
reanalysed and a significant level of m-xylene (18) arising from protodeboronation of m-
xylylBpin (19) was observed. This suggested that although protodeboronation is negligible in
the rhodium-catalysed conjugate addition step as a standalone reaction, it becomes
problematic in presence of additional components from the borylation step. With this in
mind, a method to quench the borylation mixture prior to initiating the 1,4-conjugate
addition was considered. It was noted that effervescence was observed following addition of
the methanolic solution in the original sequence, probably as a result of partial quenching of
the borylation mixture. It was postulated that this may have a deleterious effect on the
rhodium catalyst. By simply switching the sequence of addition so that water is used to

facilitate the initial quenching, and that the addition of the methanolic solution of 159 and
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160 was only carried out once the resultant effervescence has completely stopped, it was
hoped that the reactivity of the 1,4-conjugate addition could be recovered. Satisfyingly,
under these modified conditions, a much improved 69% isolated yield of the desired ketone
163 was obtained (Scheme 77). Considering that the initial borylation reaction underwent
90% conversion (by GC-MS), this final yield represented an excellent 77% conversion in the
second step. The quenching action of the water on the borylation mixture is not known,
however, its importance has also been previously reported in Harrisson’s thesis on the

development of borylation/Suzuki-Miyaura cross-coupling sequence.82

H,O then

[Ir(cod)OMe], (1.5 mol%) ) (acac)Rh(CO), (159) (3 mol%) 9
dtbpy (3 mol%) Bpin dppb (160) (3 mol%)
Bopin, (1.0 eq.) iii. MVK (124) (2.0 eq.)
MTBE, pW, 80 °C, 60 min MeOH, uW, 100 °C
18 19 163
90% conversion by GC-MS 69% isolated yield

Scheme 77. Quenching of the borylation step with water prior to initiating the second step.

Having established an efficient protocol for the C-H borylation/1,4-conjugate addition
sequence on m-xylene (18) and MVK (124), a range of suitable borylation substrates was
explored (Scheme 78). For simplicity, arenes that are known to give a single borylation
product, such as 1,3-disubstituted benzenes and 2,5-disubstituted 5-ring membered
heteroaromatics were used, with MVK (124) as acceptor. Satisfyingly, excellent isolated
yields of the desired ketones 163-172 (up to 84%), were obtained from the reactions of both
electron-rich and electron-poor 1,3-disubstituted benzenes as well as heteroarenes.

Although pyrazines underwent the initial borylation reaction efficiently, the resultant o-
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pyridyl boronate esters were unstable to the conditions of the subsequent 1,4-conjugate

addition step, and so ketones 171 and 172 were not found.

H,O then
[Ir(cod)OMe], (1.5 mol%) (acac)Rh(CO), (159) (3 mol%) o
dtbpy (3 mol%) ] dppb (160) (3 mol%)
Ar—H oo Ar—Bpin Ar/\)J\
Hpin, (1.0 eq.) MVK (124) (2.0 eq.)
MTBE, uW, 80 °C, 5-60 min MeOH, pW, 100 °C, 20 min 8a-j
o} (e} e} o}
\(;/\)K C'\@/\)‘\ C'W FSC\Q/\)‘\
OMe Cl CF3
163, 68% 164, 84% 165, 67% 166, 74%
o o o) o)
MeO
X
| ~ ~
@/\)g W O;A/L S;A/L
OMe
167, 71% 168, 56% 169, 75% 170, 76%
O o
N N
N N

N N
171, 0% 172, 0%

Scheme 78. Screening of arenes in the C-H borylation/1,4-conjugate addition sequence.

Following these promising results, a range of alternative acceptors was explored including a
cyclic B-substituted enone, enoate, enamide, and alkynoate (Scheme 79). To simplify analysis
and product characterization, fluorine-containing 1,3-bis(trifluromethyl)benzene (173) was
used as the arene substrate. Disappointingly, poor conversion was observed in the second
step across all of the acceptors tested. In particular, the use of methyl propiolate did not

lead to any discernable formation of product 178. Although the poor reactivity of cyclohex-
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2-enone (126) has been previously reported in Miyaura’s original work on Rh(acac)(CO),
(159), the low conversion involving methyl acrylate (179) was unprecedented given that

enoates appeared to be almost as reactive as enones in the same report.?*

H,O then
F.C [Ir(cod)OMel, (1.5 mol%) E.C Bo (acac)Rh(CO), (159) (3 mol%)
3 dtbpy (3 mol%) 3 pin dppb (160) (3 mol%)
B,pin, (1.0 eq.) acceptor (2.0 eq.)
CF4 MTBE, uW, 80 °C, 20 min CF3 MeOH, uW, 100 °C, 20 min
173 174
O
(e} 0} (e}
F3C F,;C
F3C F3C\©/\)‘\OM6 3 \Q/\)LNHZ 3 \Q/\)J\OMe
CF, CF, CF, CFs
175, 8% 176, 24% 177, 14% 178, 0%

(43% 178 also isolated
from the same reaction)

Scheme 79. Screening of acceptors in the C-H borylation/1,4-conjugate addition sequence.

Interestingly, in the reaction involving the enoate 179, a significant amount of a side-product
178 was isolated in 43% yield. This was identified by two doublets with complementary
coupling constants (®J = 15 Hz) at 6 6.61 ppm and & 7.43 ppm in the 'H NMR. These chemical
shifts and coupling constants are consistent with trans olefinic protons. A peak on the GC-MS
with m/z = 162 also supports the proposed structure. While this oxidative Heck
transformation has considerable precedence using palladium chemistry, it is not so well
documented with rhodium catalysts.®® This and the lack of such product in Miyaura’s original

1,4-conjugate addition protocol,? suggest that the oxidative ‘Heck’ side-product 178, was
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not promoted via a rhodium complex, but possibly through a combination of both rhodium

and iridium complexes.

4.3.3 Evaluation of [Ir(cod)OMe], and [Rh(cod)Cl], as a Single Catalyst

Precursor for the Borylation/1,4-Conjugate Addition Sequence

The low reactivity of the 1,4-conjugate addition step above towards acceptors other than
MVK (161), prompted the search for a more reactive and efficient catalyst systems. One
catalyst precursor which stood out in the literature was [Rh(cod)Cl], (130), as it displays high
efficiency and significantly, can function in array chemistry in the absence of added ligand.
For example, Hu and co-workers showed that 1 mol% of this complex catalysed the 1,4-
conjugate addition of phenylboronic acid (123), and cinnamaldehyde (180) in excellent 98%

yield (Scheme 80).3*

© [Rh(cod)Cl], (130) (0.5 mol %) O
©/B(OH)2 . WH aq. K3PO, o
MeOH, r.t., 48 h O H

123 180 98% by 'H NMR

Scheme 80. Rhodium-catalysed 1,4-conjugate addition using [Rh(cod)Cl],.

Given the similar electronic configuration of this complex and [Ir(cod)X], (both rhodium and
iridium occupy the same group in the periodic table), it was speculated that [Ir(cod)OMe],,

could potentially be used as a single catalyst precursor for both steps of the borylation/1,4-
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conjugate addition sequence. To test this theory, the previously developed sequence was
modified to exclude the Rh(acac)(CO), precursor (159) and dppb ligand (160), with H,O
replaced by 5.0 M aq. K3PO4. Although the addition of base is known to have detrimental
effects on the catalyst generated from Rh(acac)(CO),, there is considerable precedence for
accelerated reaction rates when used in combination with [Rh(cod)Cl], (130) as a catalyst
precursor. Disappointingly, however, complete protodeboronation of m-xylylBpin (19), was

observed (GC-MS) following the second step (Scheme 81).

[Ir(cod)OMe], (1.5 mol%) . aq. K3PO4 (5.0 M, 6.0 eq.) Q
dtbpy (3 mol%) Bpin then MVK (124) (2.0 eq.)
Bopin, (1.0 eq.) MeOH, uW, 100 °C, 20 min
MTBE, uW, 80 °C, 60 min
18 19 18 163

100% by GC-MS not observed

Scheme 81. C-H borylation/1,4-conjugate addition sequence in the absence of rhodium

complexes.

This result suggested that iridium complexes do not promote 1,4-conjugate addition of
arylboronates esters. Consistent with this, complete protodeboronation was also observed
when the second step was carried out as an independent reaction on a purified sample of

the boronate ester 19 (Scheme 82).
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. aq. KsPO, (5.0 M, 6 eq.) o
Bpin [Ir(cod)OMe], (1 mol %)
\Q/ MVK (124) (2.0 eq.) \Q
MeOH, uW, 100 °C, 20 min
19 18 163

100% by GC-MS not observed

Scheme 82. An attempt to catalyse 1,4-conjugate addition using [Ir(cod)OMe]s,.

Following these results, the related [Rh(cod)Cl], (130) was explored as a catalyst precursor
for the borylation of m-xylene (18) (Scheme 83). This simply involved replacing [Ir(cod)OMe],
directly with [Rh(cod)Cl], (130) in the typical borylation protocol. However, no reaction was

observed indicating that the sequence required the two discrete catalytic species.

[Rh(cod)Cl], (130) (1.5 mol%)

dtbpy (3 mol%) no
B,pin, (1.0 eq.) reaction
MTBE, uW, 80 °C, 60 min

18

Scheme 83. An attempt to borylate m-xylene using [Rh(cod)Cl],.

4.3.4 Preliminary Work on C-H Borylation/1,4-Conjugate Addition Sequence

with [Rh(cod)Cl],

Having established that it was not possible to use either [Ir(cod)OMe], or [Rh(cod)Cl], (130),
as a single catalyst precursor for both the borylation and 1,4-conjugate addition reactions,
attention returned to the original strategy of using both precursors in the sequence. Initial
work on this simply involved replacing Miyaura’s original 1,4-conjugate addition conditions

with those reported by Hu and co-workers in the one-pot sequence described in section
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4.3.2 (Table 3). In these reactions employing 3-chloroanisole (181) as the starting material,
the quenching of the borylation mixture was facilitated using aq. K3PO4 prior to the 1,4-
conjugate addition step. Under these conditions, and with MVK (124), as acceptor, an
excellent 93% isolated yield of the desired ketone 165 was obtained (Scheme 84A). This
represents a marked improvement on the 84% yield obtained with Rh(acac)(CO), (159) as
the catalyst precursor (Scheme 78). Significantly, excellent 90% yield was also obtained with
methyl acrylate (179) as acceptor (Scheme 84B). This is again a remarkable achievement
given that the same reaction with methyl acrylate in the previous one-pot sequence (albeit
with 173 as the arene starting material) afforded the ester product 182 in only 24% vyield.
Moreover, the lack of oxidative Heck product in this reaction only serves to demonstrate the

greater reactivity of the catalyst derived from [Rh(cod)Cl], (130) when compared to

Rh(acac)(C0O), (159).
i. [Ir(cod)OMe], (1.5 mol%), dtbpy (3 mol%) Q
Cl B,pin, (1.0 eq.), uW, 80 °C, 20 min cl
A)
ii) aq. K3PO4 (5.0 M, 6.0 eq.) then
OMe [Rh(cod)Cl], (130) (2 mol%), MVK (124) (2.0 eq.) OMe
MeOH, pW, 100 °C, 20 min
181 165
93% vyield
¢l i. [Ir(cod)OMel, (1.5 mol%), dtbpy (3 mol%) *
H ] 1 I
B) Bopin, (1.0 eq.), MTBE, puW, 80 °C, 20 min N C OMe
ii) aq. K3PO4 (5.0 M, 6.0 eq.) then
OMe [Rh(cod)Cl], (130) (2 mol%) OMe
methyl acrylate (179) (2.0 eq.)
181 MeOH, pW, 100 °C, 20 min 182
90% vyield

Scheme 84. Initial attempts to conduct one-pot C-H borylation/1,4-conjugate addition

sequence using [Rh(cod)Cl], in the second step.

164



Chapter 4 “One-Pot” Tandem C-H Borylation/1,4-Conjugate Addition Sequence

Since for the purpose of one-pot reactions it would be more efficient to use a single solvent,
attempts were subsequently made to replace methanol in the second step. Although
previous attempts to do this on the sequence employing catalyst precursor 159 was
unsuccessful, THF has been reported as a suitable solvent for [Rh(cod)Cl], (130). With this in
mind, both borylation-compatible THF and MTBE were used as single solvents in the one-pot
sequence with MVK (124), and methyl acrylate (179), employed as acceptors (Table 16).
While excellent yields of ketones 165 and 183 were retained for the reactions with MVK
(124) (Table 16, entries 1 and 3), a significant drop in yield were obtained with methyl
acrylate (179) owing to the formation of oxidative Heck products 183 and 184 (Table 16,
entries 2 and 4). Following these results, further attempts to optimize the one-pot sequence
by reducing the amounts of acceptor or base, were made on the more promising two-
solvent system. Pleasingly excellent isolated yield was maintained when the amount of
acceptor 124 was reduced from two to one equivalent (Table 16, entry 5). However, a
combination of this and the reduction of K3PO,4 base from six to three equivalents led to

lower 80% yield due to increased amounts of protodeboronation (Table 16, entry 6).
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o 181 0

\)]\ i. [Ir(cod)OMe], (1.5 mol%), dtbpy (3 mol%) \)J\OMe

Bopin, (1.0 eq.), solvent, uW, 80 °C, 20 min
124 179

(2.0eq.) ii. aq. K3PO, (5.0 M, 6.0 eq.) then (2.0eq.)
[Rh(cod)Cl], (130) (2 mol%), acceptor
solvent, uW, 100 °C, 20 min

O (0] (0] O
CI\@/\)\ Cl\@M CI\@/\)\OMe CI\@/\)‘\OMG
+ +
OMe OMe OMe OMe

165 183 182 184
(not observed)

solvent isolated yields®

entry stepi. stepii. KsPO,; acceptor(eq.) CA(%) OH (%)
1 MTBE MTBE 6.0eq. 124(2.0) 165(96) 183 (0)
2 MTBE MTBE 6.0eq. 179(2.0) 182(82) 184 (10)
3 THF THF 6.0 eq. 124 (2.0) 165 (96) 183 (0)
4 THF  THF 6.0eq. 179(2.0) 182(71) 184 (26)
5
6

MTBE MeOH 6.0eq. 124(1.0) 165(92) 183 (0)

MTBE MeOH 3.0eq. 179 (1.0) 182 (80) 184 (0)
®CA = 1,4-conjugate addition product, OH = Oxidative ‘Heck’ product.
Table 16. Solvent effects in one-pot C-H borylation/1,4-conjugate addition sequence.

However, subsequent attempts to repeat this sequence led to substantially lower yield (ca.
35%) of the desired ketone 165 (Scheme 85). In these reactions, a substantial amount of the
corresponding alcohol product 185, was also isolated, clearly as a result of an
unprecedented reduction of the initially formed ketone. This alcohol product could be
clearly ascertained by GC-MS (m/z = 176) and the chiral carbinol proton signal at 6 3.84 ppm
on 'H NMR spectrum. While the difference between these latter set of results and in earlier

work is not clear, it was quickly recognised that if the reduction process could be suppressed
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or encouraged, selective formation of either the ketone or the alcohol products could be

achieved.
i. [Ir(cod)OMel,, (1.5 mol%), dtbpy (3 mol%) 0 OH
cl B,pin, (1.0 eq.), uW, 80 °C, 20 min cl Cl
N
ii. ag. K3POy4 (5.0 M, 6.0 eq.) then
OMe [Rh(cod)Cl]; (130) (2 mol%), MVK (124) (1.0 eq.) OMe OMe
MeOH, uW, 100 °C, 20 min
162 165 185
35% yield 24% yield

Scheme 85. Unprecedented alcohol side-product generated in the one-pot C-H

borylation/1,4-conjugate addition sequence.

For the reduction process to occur, a source of hydride is required. On this basis, it was
speculated that H, or HBpin, generated from the arene borylation, could be involved in this
reductive pathway. Using m-xylene (18) as the borylation substrate, an initial attempt to
improve the ketone yield through expulsion of H, by applying a continuous flow of nitrogen
in the head space of the reaction vessel prior to addition of the enone 124 was unsuccessful
(Table 17, entry 1). Prolonging of the quenching time to ensure complete decomposition of
residual HBpin also failed to inhibit the formation of the alcohol product 185 (Table 17, entry
2). Interestingly, the combination of these modifications led to an increased methanol
concentration, owing to evaporation of some of the MTBE, resulting in a higher proportion
of 186 (Table 17, entry 3). This suggested that the reduction proceeds via transfer

hydrogenation with the MeOH serving as the hydrogen source.
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i. [Ir(cod)OMel, (1.5 mol%), dtbpy (3 mol%) o OH
Bopin, (1.0 eq.), pW, 80 °C, 60 min
ii. aq. K3POy4 (5.0 M, 6.0 eq.) then *
[Rh(cod)Cl], (130) (2 mol%), MVK (124) (1.0 eq.)
MeOH, uW, 100 °C, 20 min
18 163 186
isolated yield (%)
entry modifications 163 186
1 expel H, 40 24
2 extended quenching time 37 30
3 expel H, + extended quenching time 14 51

Table 17. Initial attempts to suppress the formation of alcohol side-product.

4.3.5 Mechanistic Studies

In order to confirm this hypothesis, deuterated methanol, CDsOH and CDs0D, were used in
the second step of the sequence. The ketone and alcohol products were analysed for
deuterium incorporations by comparing the signal strengths of the residual proton of the

deuterated carbon against the aromatic signals in the *H NMR spectrum (Figure 16).
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OH
N 186
HCOH signal
—— I l
L |AI UL -
TrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrnTr
80 75 70 65 60 55 50 45 ho |35 30 25| 20 15 1.0 05 0
Chemical :sniﬂ (ppm)
|
|
OH | '
I I
| |
D 186-d, | :
|
| | 4
: | L~
|~ I :
|
IJ.LJL_ I‘JI A_J&I__I_—J
3.00 0.17 2.01 6.03 202 3.96
—_ u [ [y N
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0

Chemical Shift (ppm)

Figure 16. Evidence for deuterium incorporation.

From these reactions, high deuterium incorporation (>80%) was observed at the carbinol

carbon of the alcohol product 186 (Scheme 86). These results are consistent with the

proposed reductive pathway with MeOH as the hydrogen source in transfer hydrogenation.

Low level of deuterium incorporation at the adjacent carbon of the ketone and alcohol

products from the sequence employing CD;0OD was attributed to the participation of the

labile deutero in the hydrolysis step of the 1,4-conjugate addition. Conversely there was a

complete lack of deuterium incorporation at this position when CD30H was used.
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i. [Ir(cod)OMel, (1.5 mol%), dtbpy (3 mol%) 0 OH
Bopin, (1.0 eq.), uW, 80 °C, 60 min
A) * D (83% D)
ii. ag. KsPO, (5.0 M, 6.0 eq.) then °
[Rh(cod)Cll, (130) (2 mol%), MVK (124) (1.0 eq.)
163

CD3OH, pW, 100 °C, 20 min
18

i. [Ir(cod)OMel, (1.5 mol%), dtbpy (3 mol%) 9 OH
B,pin, (1.0 eq.), pW, 80 °C, 60 min
B) =~ * D (87% D)
ii. ag. KsPO, (5.0 M, 6.0 eq.) then E’ ? °
[Rh(cod)Cll, (130) (2 mol%), MVK (124) (1.0 eq.) (41% D) (31% D)

CD50D, uW, 100 °C, 20 min
18 163-d, 186-d,

186-d,

Scheme 86. Percent deuterium incorporation.

Further studies showed that the transfer hydrogenation process requires an iridium complex
to be present (Table 18). Reduction was suppressed by filtering the reaction mixture through
silica gel prior to the 1,4-conjugate addition step (Table 18, entry 1). While addition of
[Ir(cod)OMe], (Table 18, entry 2) or a combination of this with dtbpy (Table 18, entry 3) in
the rhodium-catalysed conjugate addition of m-xylylBpin (18), to MVK (124), resulted in no
alcohol product (186) being detected, the addition of a premixed solution of B,pin,,
[Ir(cod)OMe], and dtbpy led to the alcohol product being observed once again (Table 18,

entry 4).
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[Rh(cod)Cl], (130) (2 mol%) 0 OH

Bpin  aq.KsPO, (5.0 M, 6.0 eq.)
+
MVK (124) (1.0 eq.)
[Ir] additives (3 mol%)

MeOH, pW, 100 °C, 20 min
19 163 186

isolated yield (%)

entry [Ir] 163 186
1 none® 56 0
2 [Ir(cod)OMe], 63 0
3 %[Ir(cod)OMe],/dtbpy 66 0
4  Y[lr(cod)OMe],/dtbpy (3 mol%)+ B,pin, (1.0 eq.) 45 10

®1,4-Conjugate addition was carried out following rapid filtration of the borylation reaction mixture through a
short plug of silica to remove any Ir complexes.

Table 18. Rhodium-catalysed 1,4-conjugate addition of m-xylylBpin to MVK in the presence

or absence of Ir complexes.

This suggested that the active species responsible for the transfer hydrogenation process is
generated through the quenching of the trisboryl iridium complex [Ir(dtbpy)(Bpin)s] formed
in the borylation step. In support of this, reaction of purified m-xylylBpin (19) with methanol
in the presence of the iridium species generated by quenching a mixture of [Ir(cod)OMe],
(1.5 mol%), dtbpy (3 mol%) and 0.1 or 1 equivalent of B,pin, with aqg. K3sPO,4 afforded alcohol

186 in 78 and 80% yields respectively (Scheme 87).
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[Ir(cod)OMe]»(1.5 mol%)
% dtbpy (3 mol%) OH
Bopin, (0.1 or 1.0 eq.)

aq. K3PO4 (6.0 M, 6.0 eq.)
MeOH, uW, 100 °C, 20 min

163 186
1.0 eq. B,piny; 80% yield
0.1 eq. Bypiny; 78% yield

Scheme 87. Transfer hydrogenation reduction of ketone using trisboryl iridium complex pre-

guenched with aq. K3PO,.

4.3.6 Optimisation of the C-H Borylation/1,4-Conjugate Addition Sequence

with [Rh(cod)Cl],

Having identified methanol as the reductant, attempts to optimise the sequence to obtain
either the ketone or alcohol product through solvent selection was carried out (Table 19). By
replacing the methanol solvent in the second step with a solvent such as acetone, MTBE or
THF (Table 19, entries 1-3), selective formation of the ketone product 163 was achieved.
While extended reaction time in MeOH leads to a higher proportion of the alcohol product
188 (Table 19, entry 4), superior reaction rate can be achieved using isopropanol (IPA) as a
more efficient hydrogen source (Table 19, entries 5 and 6). Introduction of other hydrogen
sources, however, were less effective. For example, the addition of 9,10-dihydroanthracene
(187) did not affect the reaction (Table 19, entry 7), while 1,4-cyclohexadiene (188) suffers
from poor conversion of the boronate ester 19 (Table 19, entry 8). Although the alcohol
product 186 was obtained exclusively with the addition of ammonium formate (189) as
hydrogen source, again, poor conversion of the boronate ester 19 was observed (Table 19,
entry 9).
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i. [Ir(cod)OMel, (1.5 mol%), dtbpy (3 mol%) o OH
Bopin, (1.0 eq.), pW, 80 °C, 60 min
.
\© ii. aq. K3POy4 (5.0 M, 6.0 eq.) then
[Rh(cod)Cl, (130) (2 mol%), MVK (124) (1.0 eq.)
additive (1.0 eq.), MeOH, uW, 100 °C
18 163 186

isolated yield (%)

entry base (eq.) additive’ time (min) solvent 163 186
1 KsPO4 (6.0) - 20 acetone 73 0
2 KsPO,(6.0) - 20 MTBE 71 0
3 KsPO, (6.0) - 20 THF 67 0
4 KPO,(60) - 150 MeOH 10 42
5 K3PO4 (6.0) - 20 IPA 26 49
6 K3PO4 (6.0) - 60 IPA 6 65
7  KsPO,(6.0) 187 20 MeOH 47 17
8  K3PO4 (6.0) 188 20 MeOH 7 11
9 K3PO4 (6.0) 189 20 MeOH 0 10

187 = 9,10-dihydroanthracene, 188 = 1,4-cyclohexadiene, 189 = ammonium formate.
Table 19. Solvent effects in the second step of the C-H borylation/1,4-conjugate addition

sequence.

This poor conversion was attributed to the reduction of MVK (124), arising from the
powerful reducing nature of ammonium formate (189). As a confirmation of this, substantial
amount of the ketone (193) and alcohol (194) were isolated from the sequence employing

the corresponding methyl styryl ketone (190) as acceptor (Scheme 88).
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e

18
i. [Ir(cod)OMel, (1.5 mol%) ii. aq. K3POy4 (5.0 M, 6.0 eq.) then
dtbpy (3 mol%) [Rh(cod)Cl], (130) (2 mol%)
B,pin (1.0 eq.) 0

MTBE, uW, 80 °C, 60 min A 190
(1.0 eq.)

ammonium formate (193) (1.0 eq.)
MeOH, uW, 100 °C, 20 min
i T ©/\)?\ ©/\)Oi

35% 35%

not observed not observed

Scheme 88. Reduction of the methyl styryl ketone acceptor in the presence of a powerful

reducing agent, ammonium formate.

Having resolved the chemoselectivity issues of the sequence through solvent selection, the
practical aspect, particularly with regard to array synthesis, was considered. With K3;PO, as
the base, the highly viscous 5.0 M ag. solution required posed handling difficulties during
both the reaction set-up and aqueous work-up. Screening of a stronger Brgnsted base, KOH,
in the one-pot tandem borylation/1,4-conjugate addition reaction (Table 20) showed that
indeed only 2.0 eq. is required for optimum performance under non-reducing conditions
(Table 20, entries 1-6). Slightly lower yield of the alcohol product 188 was obtained under
reduced conditions with 2.0 eq. of the KOH base (Table 20, entry 7). However, by increasing
the reaction time to 80 minutes, complete reduction of the ketone 163 was achieved leading

to an improved yield (Table 20, entry 7). Significantly, increasing the amount of enone 124 to
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2.0 eq. did not lead to superior yields under both reducing and non-reducing conditions

(Table 20, entries 9 and 10).

i. [Ir(cod)OMel, (1.5 mol%), dtbpy (3 mol%) 0 OH
Bopin, (1.0 eq.), pW, 80 °C, 60 min
N
\© ii. ag. KOH (3.8 M 0.2-0.4 eq.) then
[Rh(cod)Cl], (130) (2 mol%), MVK (124) (1.0 eq.)
MeOH, uW, 100 °C, 20 min
18 163 186

entry solvent KOHeq. MVK 124 eq. time (min) isolated yield (%)

1 MTBE - 1.0 20 163 (11)
2 MTBE 0.2 1.0 20 163 (23)
3 MTBE 05 1.0 20 163 (48)
4  MTBE 1.0 1.0 20 163 (66)
5  MTBE 2.0 1.0 20 163 (68)
6 MTBE 4.0 1.0 20 163 (65)
""" 7 PA 20 10 20  186(52)
8 IPA 2.0 1.0 80 186 (61)
""" 9 MTBE 20 20 20  163(65)
10  IPA 2.0 2.0 20 186 (63)

Table 20 KOH as base in the C-H borylation/1,4-conjugate addition sequence.

Further optimisation was sought by comparing the reactivity of the catalyst derived from
[Rh(cod)Cl], (130), against a range of some of the most commonly used rhodium catalyst
precursors in 1,4-conjugate addition (Table 21). For convenience, these reactions were
analysed by LC-MS at the crude stage. While [Rh(cod)OH], (131), displayed similar level of
reactivity to [Rh(cod)Cl], (130), poorer conversion of m-xylyBpin (19), was observed for
[Rh(nbd)Cl], (193), and [Rh(acac)(C,H4),] (128) (Table 21, entries 1-4). Significantly, lowering

the rhodium catalyst loading (Table 21, entries 5-7) or reducing the temperature to the
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lowest allowable setting on the microwave reactor of 60 °C led to much slower reaction

rates (Table 21, entries 8-9).

OH

i. [Ir(cod)OMel, (1.5 mol%), dtbpy (3 mol%) Q
B,pin, (1.0 €q.), uW, 80 °C, 20 min
\© ii. aq. KOH (3.8 M, 2.0 eq.) then '
[Rh] (2 mol%), MVK (124) (1.0 eq.)
MTBE, uW, 60-100 °C, 30-90 min
18 163 186 (not observed)
Rh catalyst [Rh] temp. time LC-MS ratio
entry precursor (mol%) (°C) (min) 18 163 186
1 [Rh(cod)Cl], 2.0 100 30 0 27 73
2 [Rh(cod)OH], 2.0 100 30 2 30 68
3 [Rh(nbd)Cl], 2.0 100 30 12 26 62
4  Rh(acac)(CHa), 2.0 100 30 42 20 38
5 [Rh(cod)Cl, 1.0 100 30 12 58 48
6 [Rh(cod)Cl], 0.5 100 30 34 39 30
7 [Rh(cod)Cl], 0.1 100 30 71 3 3
8 [Rh(cod)Cll, 20 60 30 46 22 31
9 [Rh(cod)Cl], 2.0 60 90 26 24 50

Table 21. Screening of rhodium catalyst precursors.

4.3.7 C-H Borylation/1,4-Conjugate Addition Sequence with [Rh(cod)Cl],

Under Schlenk and Array Conditions

With these optimised conditions identified, the general applicability of the reaction

sequence was explored using a wide variety of electron-rich and electron-poor arenes and
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heteroarenes with o,B-unsubstituted, a-substituted, B-substituted and cyclic a,B-

unsaturated ketones (Scheme 89).

i. [Ir(cod)OMe],/dtbpy (3 mol%) i. [Ir(cod)OMe],/dtbpy (3 mol%)

4
R OH B,pin, (1.0 eq.), uW, 80 °C, 10-60 min B,pin, (1.0 eq.), uW, 80 °C, 10-60 min R' 0O
Ar R3 - ArH - Ar)\)LRs
5 ii. ag. KOH (3.8 M, 2.0 eq.) then ii. ag. KOH (3.8 M, 2.0 eq.) then
R [Rh(cod)Cl], (130) (2 mol%), in IPA [Rh(cod)Cl], (130) (2 mol%), in MTBE R?
B-aryl alcohol O O B-aryl ketone
R1N)LR3 (1.0eq.) R1N)LR3 (1.0eq.)
R? R?
100 °C, pW, 80-120 min 100 °C, pW, 30-40 min

Scheme 89. Optimised one-pot C-H borylation/1,4-conjugate addition for selective access to

B-arylketone or the corresponding alcohol product.

Two different batches of arene/enone combinations in 3x2 format under both reducing and
non-reducing conditions were explored. In order to obtain an accurate assessment of these
cascade reactions under array conditions, each reaction was first conducted independently
under strict precautions to exclude oxygen using Schlenk techniques. Since for the purpose
of array synthesis it would be more efficient to automate both the addition of chemicals and
the purging of reactions under an inert atmosphere, the use of a Tecan Freedom Evo® liquid
handling robot and a Radleys GreenHouse Parallel Synthesiser™ was explored. Similarly, an
Anton Paar Synthos 3000™ microwave oven was also adopted for simultaneous heating of
the reactions rather than the Personal Chemistry Emrys Optimiser™ that had been used to
date, which is limited to heating one reaction at a time. Rather than focused microwave
irradiation, however, the microwave oven heats with the aid of a metallic block composing
of highly microwave absorbing materials. These blocks would absorb the microwave

irradiation and then transfer this energy to pressure vials that are placed inside.
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Attempts to use the liquid handling machine, however, were complicated by inconsistent
volumes being transferred between different batches of injections. Moreover, a substantial
loss of MTBE through evaporation was observed during the subsequent purging of reactions
under an inert atmosphere using the greenhouse reactor. Given these practical issues it was
decided that the array would simply be conducted without any precautions to exclude air,
and that the addition of liquids be carried out using multi-channel pipettes. To begin the
array synthesis, a preformed stock solution of the borylation catalyst, solutions of
[Rh(cod)Cl], (130) and the appropriate enone (MVK and cyclohex-2-enone) in degassed
MTBE and a 3.8 M aqueous solution of KOH in degassed water, were first prepared under
inert atmosphere using Schlenk techniques. Following additions of the iridium stock solution
to individual pressure vials containing a specific arene substrate, the resultant mixtures were
heated simultaneously at 80 °C for 1 h in the microwave oven. The pressure vessels were
then opened and the seal removed. LC-MS analysis at this stage showed that all arenes
underwent smooth borylation. The reaction mixtures were individually quenched with 3.8 M
aqueous KOH solution and following subsequent additions of the appropriate MTBE solution
of the rhodium precursor and enone, the pressure vessels were resealed and reheated in the
microwave oven at 100 °C for a further 30 minutes. To facilitate the aqueous work-up of
these multiple reaction mixtures, Biotage Isolute® phase separators containing hydrophobic
frits were used. This simplified the operation to a process involving dilution of each reaction
mixtures with dichloromethane and water before the phases are separated. The organic
phases were then concentrated, in series, under centrifugal force on a Biotage V-10
Evaporator™ and purified by automated flash column chromatography (Flashmaster 1I™)

using identical solvent systems. The array synthesis was subsequently repeated under
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reducing conditions simply by switching the MTBE solvent in the second step for
isopropanol. All these results are summarized in Table 22. From the individually performed
reactions, good overall isolated yields were achieved for a,B-unsubstituted and cyclic o,B-
unsaturated ketones (Table 22, entries 1-6). Acyclic enones bearing substitution at either the
o- or B-position resulted in slightly lower yields but remain within an acceptable range for a
two-step synthesis (Table 22, entries 7-12). In each case, the remaining mass balance can be
accounted for (LC-MS analysis) by unreacted ArBpin and arene arising from incomplete
borylation or competing protodeboronation during the conjugate addition step. Pleasingly,
all reactions repeated in air under array conditions also proceeded smoothly, albeit giving
somewhat lower, but still acceptable, isolated yields. Although the reduction proceeds with

low stereoselectivity, this can potentially be addressed by the addition of chiral ligands.
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non-reducing conditions ! reducing conditions
isolated yield (%) ! isolated yield % (dr)
entry arene enone product Schlenk  array product Schlenk array
o}
1 \© \)J\ 163 68 45 186 61 46
0 58 53
2 \© b 194 65 55 203 (1:1) (1:1)
(syn:anti) (syn:anti)

0
(

Cl 68 68

204 (1:1.9) (1:2)
(syn:anti) (syn:anti)

195 68 63

29,
(o

OMe

FsC

166 53 45 205 53 47

(6}
)
/
o

\@/\)?\ \Q/\)oi
\@/& \@5
al ; O ; OH
E Cl E Cl
164 71 69 185 71 68
OMe OMe OMe
E O E OH
OMe OMe
(0] OH
F3C\©/\)‘\ F30\©/\)\
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! 0 ; OH
FaC o i 52 44
6 © b . FC 196 55 47 1 FC 206 (1:1.7) (1:1.7)
CF, (syn:anti) (syn:anti)
CF, CFs
MeO E (@] E OH
7 e g 1M 197 47 36 M 207 >1 47
AN g (1:12)  (1:1.2)
OMe i OMe i OMe
MeO | o 5 o
8 e N 198 45 30 e 208 >2 47
ﬁ)k | | (1:1.3)  (1:1.3)
OMe OMe OMe
E (@] : OH
\ 1
| o N N 38 30
N | | |
? 7 AN N 199 46 35 N 209 1992)  (1:13)
O OH
S o i
| ! A X 36 25
N ' | |
10 _ Y& Y 200 42 30 1> 20 )
i (0] OH
o 41 36
S = i ~ S
11 ;; A s;;/)\/k 201 39 30 S;)\)\ 21 T o)
o é (0] | OH
! ! 47 43
s : = ! =
12 ; Yk | s;;//\(k 202 42 37 | S;;//\(K 22 ) (1)

Table 22. Optimised one-pot C-H borylation/1,4-conjugate addition under Schlenk and array conditions.

181



Chapter 4

“One-Pot” Tandem Aromatic C-H Borylation/1,4-Conjugate Addition Sequence

4.3.8 Other Acceptors

Having established an effective array protocol for the C-H borylation/1,4-conjugate addition

sequence, other acceptors were screened under the non-reducing conditions (Table 23).

entry

acceptor

product

yield (%)

S pp

Ph O
Ph O
\C;MPh

213
Ph OH
Ph OH

213 \@MPh

O
214 \Q/\)Lwez
(@]
215 \(;/\)LNHz
(0]
\Q)‘\Ph

216

)

N\’

S

O
“Ph

191

218

219

220

221

222

223

224

55°

61°

63¢

62

10

42

® contain approximately 5% reduced acceptor (4-phenyl butan-2-one) by 'H NMR after two purifications; b

contain 6% of the corresponding alcohol by 'H NMR after two purifications; ‘under reducing conditions — IPA

solvent in step 2; dcontain 5% oxidative Heck product after two purifications.
Table 23. Other acceptors under the C-H borylation/1,4-conjugate addition sequence.
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Although phenyl-substituted enones (190 and 213) underwent the sequence smoothly,
separation of the ketone product (191) from the reduced form of the acceptor (1,3-
diphenylpropan-1-one and 4-phenylbutan-2-one, respectively) by flash column
chromatography proved to be problematic (Table 23, entries 1 and 2). A similar problem was
encountered under reducing conditions with the corresponding alcohol form of the acceptor
as the unavoidable contaminant (Table 23, entries 2 and 4). Protected and unprotected a,B-
unsaturated amides 214 and 215 also proceeded smoothly under non-reducing conditions,
however, the purification of the amide products 221 and 222 were complicated by
unavoidable co-elution of small amounts of the corresponding oxidative ‘Heck’ side-product
(GC-MS) during flash column chromatography (Table 23, entries 5 and 6). Surprisingly, a
small amounts of a mixture of diarylketone (223) and the corresponding alcohol product
(GC-MS) was observed with sulfonylimine (216) (Table 23, entry 7). Although the reaction
with phenylvinylsulfone (217) afforded the desired addition product 224 in moderate 42%
yield, obtaining a pure sample of the product was complicated by the co-elution of the
corresponding alcohol side-product during flash column chromatography (Table 23, entry 8).
Disappointingly, 1,4-conjugate addition products were not observed with acrolein (225), N-
phenyl maleimide (226) and methyl propiolate (228) (Scheme 90). Attempts to perform 1,2-
additions on acrylonitrile derivatives (229 and 230), vinylpinacolboronate (231) and an

imino-pyrrole derivative (232) were also unsuccessful.
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yCN

Cl
229

o}
N i 0
O
Ej/\)L = ©
e}
226 227 228

N
xCN X Bpin /@

230 231 232

Scheme 90. Unsuitable acceptors in the C-H borylation/addition sequence.
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4.4 Conclusions

A highly robust, microwave-assisted, one-pot, tandem Ir-catalysed aromatic C-H
borylation/Rh-catalysed 1,4-conjugate addition sequence, which is suitable for application in
high-throughput array format, has been developed. Key to this strategy is the quenching of
the borylation step prior to initiating the subsequent 1,4-conjugate addition. Both B-aryl
substituted ketones and the corresponding alcohols can be selectively accessed in good
overall isolated yields by employing non-reducing or reducing conditions, respectively.
Mechanistic studies using deuterated methanol showed that the reduction process proceed
via transfer hydrogenation with methanol serving as the hydrogen source. Although the
reduction proceeds with low stereoselectivity, this can potentially be addressed by the

addition of chiral ligands.
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Chapter 5 Alkylboronate Esters from Copper-Catalysed Borylation of Alkyl Halides and pseudo-Halides

5.1 Introduction

In contrast to aryl- and alkenyl boronic acids, alkylboronic acids and esters have found more
limited use in organic synthesis. The major detraction in using these compounds has been
their reluctance to undergo transmetalation in transition metal-catalysed cross-coupling
methodologies.’® Moreover, in carbon-carbon bond-forming processes such as the Suzuki-
Miyaura cross-coupling reactions, the reductive elimination of R-C(sp®) bonds are slower
than R—C(spz) bonds, making side-reactions more Iikely.l'3 Consequently, whilst the use of
aryl- and alkenyl boronic acids and esters in this important carbon-carbon bond-forming
strategy has become widespread, the coupling of C(sp3) nucleophiles are still centred on the
use of classical hard organometallic reagents such as alkyl-magnesium, -zinc and —lithium.
These reactions are therefore fraught with poor functional group tolerance. Recently
however, efficient cross-coupling of alkylboronic acids and esters, particularly in Suzuki-
Miyaura protocols, have been realised through the development of highly reactive catalyst

systems (Scheme 91)."

Pd(OAc), (5 mol%)
P('Bu),Me or [HP(‘Bu),Me]BF, ,
R'/\B(OH)Z R/\/R
KO'Bu (3.0 eq.)
2-methyl-2-butanol, r.t., 24 h

Br +

Scheme 91. Alkylboronic acids in a Suzuki-Miyaura cross-coupling reaction.

The attraction of using these organoboron C(sp®) nucleophiles is that they are more stable,
can be readily purified and have superior shelf-stability and functional group tolerance.>® For

these reasons, there is now a rapidly increasing demand for the development of a general
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and efficient synthetic protocol for alkyl boronic acid and ester synthesis. The following

section describes some of the key recent advances in this area.

5.1.1 Synthesis of Alkylboronic Acids

As discussed in Chapter 1, classical methods for the synthesis of alkylboronic acid derivatives
involve either the hydroboration of olefins or transmetalation of alkyllithium or
alkylmagnesium reagents with electrophilic boron compounds. However, these methods
suffer from either poor functional group tolerance in the case of organometallic reagents, or
regioselectivity issues in hydroboration. Transition-metal catalysed C-H activation also
suffers from regioselectivity issues, with terminal alkyl C-H bonds favoured over the less
sterically accessible internal C-H bonds. Recently, metal-catalysed B-borylation has allowed
for a convenient access to enantiomerically pure carbonyl compounds containing boronate

ester functionality (Scheme 92).”

Pd,dbaz (2.5 mol%)
o (R)-(S)-Josiphos 233 (5 mol %) Bpin O
+ Bypin
Moa 2pina Cs,CO5 (1.5 eq.) /\)J\OE'( thP/@Fe P

: “Me
toluene/MeOH (20:1), r.t., 4 h 81% yiold =

(R)-(S)-Josiphos
233

Scheme 92. 3-Borylation of an a,B-unsaturated carbonyl compound.

In the interest of developing a method capable of affording alkylboronate esters with a

diverse range of structures and other functionalities, recent attention has been given to the
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development of transition metal-catalysed methods for the activation of C-X bonds.
Although such a strategy using palladium catalysts has served the preparation of aryl and
alkenyl boronic acids well, extending this to alkyl reagents has proven to be difficult. This is
due to the slow oxidative addition of alkyl C(sp®)-X bonds to palladium(0), which once
formed, undergo B-hydride elimination in preference to the desired transmetalation step.
The following section describes efforts directed at facilitating this C-X borylation process
using an alternative catalyst derived from copper. Concurrent with the publication of these
results,® Ito and co-workers reported a similar protocol for the copper-catalysed borylation
of unactivated alkyl halides with a diboron reagent (Scheme 93A).% In the same year, Biscoe
and Fu separately developed a palladium- (Scheme 93B),'° and nickel-catalysed variant

(Scheme 93C)™* of this methodology, respectively.

CuCl (3 mol%)

Xantphos (3 mol%) .
A) alkyl—X + Bypin, alkyl—Bpin [ref. 9]
KOBu (1.0 eq.)

THF, r.t.

Pd,(dba); (0.5 mol%)
‘Bu,MePeHBF, (3 mol%)
B) R >Br + Bopiny R > Bpin [ref. 10]
K3PO4-H,0 (2.0 eq.)
‘BUOH/H,0, 60 °C

cat. NiBr,-diglyme/lig ) A
C) alkyl—X + Bopin, . alkyl—Bpin 0 | P o [ref. 11]
KOEt, 'Pr,0/DMA, r.t. </ 7 N
\N N
Pr lig Pr

Scheme 93. Palladium-catalysed borylation of primary alkyl bromides.
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5.2 Results and Discussion — Discovery, Optimisation and Scope of the

Unprecedented Copper-Catalysed Borylation of Alkyl Halides

5.2.1 The Discovery of the Copper-Catalysed Borylation of Alkyl Halides

In 2009, Marder et al. reported that Cul in the presence of phosphines can catalyse the
borylation of aryl halides with diboron reagents to generate arylboronate esters (Scheme
94A).12 More recently, Liu et al. found that under similar reaction conditions, Cul can also
catalyze the cross-coupling of unactivated alkyl electrophiles with aryl boronate esters

(Scheme 94B)."

Cul (10 mol%)

o X _ "BugP (13 mol%) NP
A) R—— + B,pin, R—— [ref. 12]
& KO'Bu (1.5 eq.) &
1.5 eq.
(X=1,Br) (1.5eq.) THF, r.t.

Cul (10 mol%)

o S LiO'Bu (2.0 eq.) A A
B) R +  Alkyl—X R [ref. 13]
DMF, 60 °C

(X = OTs, OMs
1, Br, Cl)

Scheme 94. Marder’s aryl borylation reaction and Liu’s aryl-alkyl coupling reaction.

On the basis of these findings, the groups of Marder, Liu and Steel formed a collaboration to
explore the feasibility of combining both methods into a one-pot borylation/cross-coupling
reaction. It was proposed that by subjecting an aryl halide, a boron electrophile, and an alkyl
halide to the copper conditions in the same reaction vessel, an initial borylation of the aryl
halide would take place followed by a subsequent cross-coupling reaction with the alkyl
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halide to give the corresponding arylalkane product. In an initial attempt to do this workers
in Liu’s group reacted iodobenzene (234), B,pin, and hexyl bromide (235) in the presence of
Cul and "BusP (Scheme 95A). Although all three reagents were consumed rapidly in the
reaction and phenylBpin (236) was generated as anticipated, only a small amount of the
cross-coupled product, phenylhexane (237) was obtained. A thorough analysis of the
reaction mixture then revealed that an alkylboronate ester hexylBpin (238), was produced in
36% isolated yield. In an independent experiment, Liu’s group was able to confirm that
phenylBpin (236) reacts with hexylbromide (235) to produce the cross-coupled arylalkane
(237) under the same reaction conditions (Scheme 95B). All of these observations indicated
that the alkyl halide must be consumed by an alternative pathway that is faster than its

reaction with the in-situ formed arylboronate ester (236).

Cul (10 mol%)
n

' _ "BuP (13 mol%) Bpin Hexyl
A) + Bopiny  + "Hexyl—Br + + "Hexyl—Bpin
LiO'Bu

DMF (1.0 mL), 60 °C, 24 h
234 235 236 237 238

0.30 mmol 0.38 mmol  0.25 mmol 63% yield <10% yield 36% yield

Cul (10 mol%)

Bpin P"Bus (13 mol%) “Hexy!
B) +  Hexyl-Br
LiO'Bu (2.0 eq.), DMF

o]
236 235 60°C, 24 h 237

Scheme 95. Initial attempt to develop a one-pot borylation/cross-coupling reaction.

In the presence of a strong base such as LiO'Bu, it was conceivable that a competing
elimination process may be involved, and that the hexene side-product is too volatile under

GC-MS detection. To explore this possibility, a less volatile electrophile, 3-
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phenylpropyltosylate was first prepared by treating 3-phenylpropanol (239) with tosyl

chloride in presence of pyridine (Scheme 96).

TsCl (1.1 eq.)
©/\/\OH pyridine (1.1 eq.) ©/\/\OTS
B —
rt.,4h
239 240

85% yield

Scheme 96. Preparation of 3-phenylpropyltosylate.

With 3-phenylpropyltosylate (240) in hand, this electrophile was subjected to the ‘one-pot’
conditions with iodobenzene (234) replaced with 3,5-dimethyliodobenzene (241) (Scheme
97). Analysis of the reaction mixture in-situ by GC-MS using "hexadecane as an internal
standard, revealed that the alkylboronate 243 was produced in 85% yield, accompanied by
smaller amounts of the aryl boronate 19 (63%). More importantly, the elimination side-
product 244 was not observed. This suggested that the lower yields in the initial experiment
resulted from losses during isolation. Consistent with this, when half of the reaction mixture
was purified, only 35% isolated yield of alkyl boronate ester 243 was obtained (based on half
the amount of aryl iodide used in the first step). However, 95% of the corresponding alcohol

245 was obtained following oxidation of the remaining reaction mixture.
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242
not observed

Bpin .
B

19 243
57% (0.17 mmol) 35% (0.07 mmol)
w.rt 1/2 241 w.r.t. 1/2 240

|
+ Bopiny  +

241 240
0.60 mmol

0.75 mmol 0.40 mmol

Cul(10 mol %)

LiO'Bu (2.0 eq.)

P"Buz (13 mol %)

"hexadecane (internal standard)
DMF, 60 °C

Bpin ) =
>0 s i cag e ag
+ + +
19

243 244
85% w.r.t. 240

(GCMS analysis of reaction mixture)

63% w.r.t 241 not observed

mixture halved

flash column

chromatography | i H202/NaOH

WOH

245
95% (0.19 mmol)
w.r.t. 1/2 240

ii. flash column
chromatography

Scheme 97. Investigating the mass balance from the one-pot borylation/cross-coupling

reaction.

All of these results suggested that the unprecedented copper-catalysed cross-coupling

reaction between the alkyl halide and diboron reagent is far more efficient than previously

indicated in Scheme 95A.
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5.2.2 Optimisation Efforts

Following these results, efforts were subsequently directed to optimising this copper-
catalysed borylation of hexyl bromide (Table 24). This work was largely undertaken by Yang,
Zhang, Wu, Liang, Liu and Fu of Liu’s group with the key results independently verified by the
author and Czyzewska of Steel and Marder’s groups, albeit with slightly lower isolated yield.
This was attributed to a greater loss of materials during flash column chromatography
arising from a different grade of silica used. From a range of copper salt, ligand, base and
solvent screened, the desired alkylboronate ester 239 was obtained in optimum 84% yield at
25 °Cin 18 hours using a combination of Cul as catalyst precursor, PPhs as ligand, LiOMe as
base and DMF as solvent (Table 24, entry 6). In addition to B,pin,, other diboron reagents
such as bis(neopentyl glycolato)diboron (B,neop,) function equally effectively (Table 24,
entry 15). The necessity for copper in these reactions was confirmed by the observation that
without adding the catalyst the reaction does not occur (Table 24, entry 21). Moreover, the
possible involvement of palladium or nickel contamination in the catalyst was largely
eliminated by the observation that palladium and nickel salts provide only a trace amount of
hexylBpin (238) under the optimised reaction conditions (Table 24, entries 19-20). The role
of other more effective palladium or nickel contaminants in these reactions, however,
cannot be entirely ruled out. Finally, the reaction is not significantly sensitive to moisture,
because the addition of 4.0 equivalents of water only reduces the yield to 77% (Table 24,

entry 22).
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catalyst (10 mol%)
ligand (13 mol%)
"Hexyl—Br + Bopiny > "Hexyl—Bpin
base (2.0 eq.)
235 solvent, 25 °C, 18 h 238
0.25 mmol 0.38 mmol

entry  catalyst ligand base solvent temp (°C) vyield 238 (%)°

1 Cul PPhs LiO'Bu DMF 25 84

2 Cul PPhs KO'Bu DMF 25 28

3 Cul PPh; NaO'Bu DMF 25 24

4 Cul PPhs LIHMDS  DMF 25 13

5 Cul PPhs Li,CO3 DMF 25 Trace
6 Cul PPh; LiOMe DMF 25 91(89')
7 Cul P"Bus LiOMe DMF 25 78

8 Cul P'Bus LiOMe DMF 25 70

9 Cul 1,10-phen  LiOMe DMF 25 65
10 CuBr PPhs LiOMe DMF 25 72
11 Cucl PPhs LiOMe DMF 25 56
12 Cu(OTf), PPhs LiOMe DMF 25 60
13 Cul PPhs LiOMe  DMSO 25 57
14 Cul PPhs LiOMe THF 25 35
15° Cul PPh; LiOMe DMF 25 87(83))
16° Cul / LiIO'Bu THF 25 90
17¢ Cul / LiO'Bu THF 60 86
18° Cul / LIO'BU  MeCN 60 76
19 Pd(OAc), PPh; LiOMe DMF 25 Trace
209 Nil, PPhs LiOMe DMF 25 Trace
21 - PPhs LiOMe DMF 25 Trace
22" Cul PPhs LiOMe DMF 25 77

2 GC yields after 18 hours (average of two runs); ® bis(neopentyl glycolato)diboron was used in the
coupling; © "hexyl iodide was used;  "hexyl chloride was used and 1.0 eq. of N(Bu)4l was added; ©
"hexyl tosylate was used and 1.0 eq. of N(Bu),l was added; "2 mol% of Pd catalyst used; ® 2 mol% of
anhydrous Nil, used - similar negative results were obtained with NiCl,*6H,O and NiBr,*3H,0; h18 uL
(1.0 mmol) of water was added; "isolated yield.

Table 24. Optimisation of the copper-catalysed borylation of hexyl bromide.
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"Hexyl iodide, chloride, and tosylate are also viable substrates with optimal yields of 90%,
86%, and 76%, respectively (Table 24, entries 16-18). However, higher temperatures (60 °C)
and the addition of (BusN)I are required for reaction of the chloride and tosylate.
Presumably, these proceed via the iodide and, interestingly, for this substrate the PPh;
ligand is not needed but the optimal base changes from LiOMe to LiO'Bu. Overall, the
reactivity decreases in the order: iodide > bromide > chloride = tosylate (Table 24, entries
16-18). This observation is consistent with the previous Cu-catalyzed coupling of Grignard or

1% This reactivity difference can be

organoboron12 reagents with alkyl electrophiles.
exploited to allow the selective substitution of the bromine atom of 6-chlorohexyl bromide
(246) at room temperature affording monoborylated product 247 in an excellent 91% yield

(Scheme 98). However, on increasing the reaction temperature to 60 °C, and in the presence

of BuyNI, both bromide and chloride react efficiently to give bisborylated product 248.

Cul/PPhj, LiOMe, B,pin, (1.5 eq.) Bpin
1o g

DMF, r.t.
247
91% vyield
B
Clm T r
246
‘ Cul, LiO'Bu )
NN Bpin
pinB
Bopin, (3.0 eq.), NBuyl, THF, 60 °C
248
86% vyield

Scheme 98. Site-selective borylation.
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5.2.3 Substrate Scope

With optimised conditions identified, the scope of the new borylation reaction was
examined (Scheme 99). The yields in red were obtained by Zhang, Yang, Wu, Liang, Liu and
Fu of Liu’s group while the yields in blue and green were obtained by the author and
Czyzewska, respectively. Consistent with the previous observation in Table 24, entry 6,
slightly lower isolated yields were obtained by the author when compared to those obtained
by Liu’s group. From these studies, many synthetically important functional groups including
ester (249), cyano (250), ketone (251), ether (254 and), olefin (252), amide (257 and 258),
ketal (264), and silyl ether (261) were well tolerated in the reaction with the isolated yields
of the desired alkylboronates ranging from about 50% to 80%. Furthermore, arene (253,
254, 256 and 260) and heterocycle-containing compounds (263, 255 and 262) are good
substrates for the borylation process. Significantly, even the presence of a free alcohol group
(265 and 266) does not interfere with the reaction. This feature compares favorably with
early alkylboronate syntheses starting from alkyllithium or alkylmagnesium reagents, in

15,16

which nearly all of the alkyl groups are only hydrocarbons. More reactive electrophiles

12,17

such as benzyl bromides (35-37) can be readily borylated by this method. However, 2.0
eg. of the diboron reagent was required to minimise the formation of bibenzyl. Finally, it was
confirmed that aryl halides are less reactive than alkyl halides (267-269). This allows
alkylhalides bearing bromo and chloro substituted arene rings to be successfully used,

potentially allowing for subsequent modifications through further coupling reactions at the

halogenated positions.
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Cul (10 mol%)

PPh3 (13 mol%) )
FG—alkyl—Br + Bypin, ——mF—> FG—alkyl—Bpin
0.5 mL solvent
base (2.0 eq.) 48-87% isolated yields

o O\/\/\Bpln
/\O)J\/WBpin MBpm Bpin Bpin
249, 75% (X=I, 86%) 250, 85% 251, 84% 252, 77% 253, 70% (81%) 254, 71% 255, 76% (X=Cl)
0 S
SN B . i i NN CK/\
©\/\A3pin @\N)]\/\/Bpin N _~_~_-Bpin Bein Bpin (Pr)ss! P = Bpin
| (0]

256, 77% (X=Cl) 257, 48% (X=Cl) 258, 51% 259, 83% 260, 71% (80%) 261, 81% (X=Cl) 262, 74% (X=0Ts)

0._0O (0] (0] . F
V\/\Bpin <\O o \/\/\Bpln Bpin Cl Boin
\/\/\/\ .
N O)\ABpin Bpin BrOJ ©_/ C}—\ .
OH Bpin
263, 87% 264, 62% 265, 48% (53%) 266, 76% 267,57% 268, 69% 269, 65%
; ; . 0.0 (0] Bpin
Bpin Bpin Bpin Bpin Bpin Bpin V\r P Bpin
Boc
270, 66%, (79%) 271, 72% 272,81% 273,61% 274, 64% 275, 65% 276, 76% 277, 72%
X=1: 66%, (76%)
X =Cl: 30%

Scheme 99. Substrate scope of the borylation reaction.
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In addition to primary alkyl electrophiles, secondary alkyl halides can also be borylated. For
cyclohexyl bromide, the yield reaches 50% at 25 °C in 24 hours. Simply increasing the
reaction temperature to 37 °C enables the desired secondary alkylboronate 270 to be
produced in a 66% isolated yield. In a similar fashion, other cyclic and acyclic secondary
bromides can be smoothly borylated (271-277). A similar reactivity profile to primary halides
is observed; cyclohexyl iodide is readily converted to 270 (yield = 66% yield), whilst
cyclohexyl chloride affords only a moderate yield (30%) under the current conditions. It is
important to note that in most of the previous Cu-catalyzed cross-coupling of organometallic
reagents with an aliphatic electrophile, secondary alkyl halides have seldomly been used

131820 This new borylation reaction therefore provides an interesting option for

successfully.
Cu-catalyzed cross-coupling reactions of secondary alkyl electrophiles. Moreover, Czyzewska
showed that commercial polystyrene-bound PPhs can be employed in the reaction with no
loss in efficiency. For example, borylation of 2-bromoheptane led to a crude product mixture
which required two chromatographic runs to separate the heptyl-2-Bpin product 277 from

PPhs. With PS-PPhs clean formation of the product and no separation problems were

encountered affording 277 in 72% yield.
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5.3 Results and Discussion - Mechanistic Studies

The copper-catalyzed borylation of alkyl electrophiles above represents a new and exciting
route towards alkyl boronate esters. The mechanism of this transformation, however, is not
immediately obvious. In analogy to the copper-catalysed cross-coupling of aliphatic

13,14,18-20

electrophiles, the mechanism of the present borylation reaction might involve an

2122 senerated through transmetalation®?

Sn2-type substitution with a Cu(l) boryl complex
between Cu(l) and B,pin, (Scheme 100). Alternatively, the alkyl halide might interact with
the Cu(l) boryl complex via an oxidatively added transition state (OATS) similar to that
proposed for the Cu-catalyzed borylation of aryl halides.’> However, hydroxyl group
compatibility and the selective reaction at an alkyl sp3 C-X bond over an aromatic sp2 C-X
bond are inconsistent with the catalytic cycle proposed for the borylation of aryl halides. The

following section describes efforts directed towards obtaining further insights into the

mechanistic pathway involved in this transformation.

A
R-X
[Cu]—Bpin
OATS R
(oxidatively added [Cu]—Bpin Sn2
transition state) X
R—Bpin

Scheme 100. Possible mechanisms for C-X activation via a copper-boryl complex.
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5.3.1 Borylation of 6-bromohex-1-ene

Whereas the borylation of 10-bromo-dec-1-ene proceeds smoothly to give 252 as expected
(Scheme 99), the borylation of thye analogous 6-bromohex-1-ene (278) affords
cyclopentylmethyBpin (280) (Scheme 101). This combined with the absence of the linear 5-
hexenylBpin (279), suggests a radical mediated pathway is involved. This result was

subsequently confirmed by workers in Liu’s group.

Cul (10mol%)

PPh3 (13 mol%)
AT T — /\/\/\Bpin + E>—\
Bopin, (1.5 eq.) Bpin
LiOMe (2.0 eq.)
278 DMF, r.t., 18 h 279 280
not found 57% vyield

Scheme 101. Borylation of 6-bromohex-1-ene.

Similar observations were made with the tosylate and iodide analogues 281 and 282,
prepared from the corresponding alcohol (261) under the classic tosylation and Appel

conditions (Scheme 102).
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TsCl (1.1 eq.) Cul (10 mol%) )
Pyridine (1.1 eq.) P"Buj (13 mol %) Bpin
/\/\/\OTS _— WBpin + QJ
rt,4h LiO'Bu (2.0 eq.)
282 Bopin; (1.5 €q.) 279 280
71% yield DMF, 60 °C, 12h Mixture of 279 and 280 in 33%yield
279:280 = 1:10 by 'H NMR
M\OH
281
> (2.0 eq.)
PPh; (2.0 eq.) Cul (10 mol%) .
imidazole (2.0 eq.) _ P"Bus (13 mol %) _ Bpin
NN ——2 T AN Bpin +
Et,O/MeCN (4:1) LiO'Bu (2.0 eq.) P
0°C,4h 283 B,pin, (1.5 eq.) 279 280
98% yield DMF, 60 °C, 12 h

Mixture of 279 and 280 in 40% yield
279:280 = 1:11 by "H NMR

Scheme 102. Borylation of hex-5-en-1yl 4-methylbenzenesulfonate and 6-iodohex-1-ene.

These results suggest that the cyclopentylmethylBpin (280) may have been generated via a
copper-catalysed cyclisation of an initially formed linear 5-hexenylBpin (279). However, by
monitoring these experiments by 'H NMR spectroscopy the product ratio 279:280 was
maintained throughout the course of both reactions suggesting that 280 is not formed via
279. To confirm this an authentic sample of 279 was required. An initial attempt to prepare
this 5-hexenylBpin from the corresponding Grignard reagent generated from 5-
hexenylbromide was unsuccessful. However, the desired 5-hexenylBpin (279) was finally
prepared via oxidation of the selenide 281, which was generated from the reaction of 265

with o-nitrophenylselenocyanate, with mCPBA (Scheme 103).

NO,
(1.2eq) NO,
. mCPBA (1.0 eq.
AN Bpin SeCN @S A Bpin #. [~ ~_-Bpin
HO "BusP (1.2 eq.) e Et,0, 0 °C, 30 min
265 THF, r.t., overnight 284 279

80% yield 48% yield
Scheme 103. Synthesis of 6-Bpin-hex-1-ene via a selenide intermediate.
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With 5-hexenylBpin (279) in hand, this compound was subjected to the copper-catalysed
borylation conditions in deuterated dimethylformamide and monitored by 'H NMR
spectroscopy (Scheme 98A). However, no reaction could be observed after 12 hours at 60 °C
suggesting that cyclopentylmethylBpin (280) could not have formed from 5-hexenylBpin

(279) in the borylation of 6-bromohex-1-ene (278).

5.3.2 Radical Scavenger Experiments

To test the hypothesis that a radical-mediated pathway is involved, the borylation of
phenylethylbromide (285) was performed in the presence of a range of radical scavengers
(Table 25). The reaction proceeded smoothly with cyclohexadiene (287) as the radical
scavenger (Table 25, entry 2) and again this was independently confirmed in Liu’s group
using cyclohexylbromide and "hexylbromide as eIectrophiIes.8 The related radical scavenger
9,10-dihydroanthracene (288) also afforded similar result (Table 25, entry 3). An attempt to
use TEMPO (289) was complicated by its oxidising nature leading to a complex mixture of
products (Table 25, entry 4). However, the use of Galvinoxyl (290) resulted in complete
inhibition of the borylation reaction leading to the exclusive formation of styrene (286)

(Table 25, entry 5).
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Cul (10 mol%)

LiOMe (2.0 eq.) .
Br PPh; (13 mol%) Bpin A
©/\/ o (8] ©/\/
285 radical scavenger (1.0 eq.) 253 286
DMF, r.t., 18 h elimination product

radical scavenger =

287 288 289 290
cyclohexadiene 9,10-dihydroanthracene  TEMPO Galvinxoyl
entry radical scavenger GC-MS analysis isolated yield (%)
1 none 100% conversion 253 (66)
2 287 100% conversion 253 (57)
3 288 100% conversion 253 (61)
4 289 complex mixture not isolated
5 290 formation of 286 observed® 286 (65%)

? A trace amount of Galvinoxyl-Bpin was also detected

Table 25. Borylation of phenylethylbromide in presence of radical scavengers.

In order to confirm that Galvinoxyl (290) was acting as a suitable radical scavenger, various
modifications of the reaction conditions were explored (Table 26). In reactions where both
B,pin, and Galvinoxyl are present, a trace amount of a Galvinoxyl-Bpin adduct (not isolated)
was observed by GC-MS analysis (m/z = 548) (Table 26, entries 1, 3, 5 and 6). No background
reactions involving Galvinoxyl and any of the other components of the borylation reaction
could be readily identifiable. It is interesting, however, that the elimination reaction appears
to require Galvinoxyl in the presence of both B,pin, and LiOMe (compare entries 1 and 6).
One possible explanation is that a Galvinoxyl-B,pin, or Galvinoxyl-Bpin adduct was formed
which then inhibits the methoxide base from forming a boron’ate’ complex with B,pin,. The
unreacted base is then able to promote E2 elimination of HBr and afford the observed

alkene.
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Cul (10 mol%)
LiOMe (2.0 eq.)
Br PPh; (13 mol %) Bpin A
©/\/ Bopin, (1.5 eq.) ©/\/ O/\
285 Galvinoxyl 290 (1.0 eq.) 253 286
DMF, r.t, 18 h not observed elimination product

Galvinoxyl-Bpin in isolated yield (%)
entry R-X Cul PPhsy Bypin, LiOMe crude mixture 253 286

1 v v v v v trace 0 65
2 v x x x x - - -
3 v v v v x trace 0° 0
4 v x x x v - 0 60
5 vooox x v v trace 0 61
6 x v v v 4 trace 0 0
7° v  x v v v - 0 0

% 88% of phenylethylbromide 285 was recovered; ® reaction was carried out in absence of Galvinoxyl.
Table 26. Evaluation of Galvinoxyl as a suitable radical scavenger.

These observations provide doubts as to the validity of Galvinoxyl acting as a radical

scavenger under the tested conditions.

5.3.3 Borylation of Enantiomerically Pure Substrates

To further investigate the putative involvement of radicals, borylation of enantiomerically
and diastereomerically pure substrates were undertaken. Scrambling would be expected to
occur if a free-radical mechanism was involved. The work in this area was carried out on 1-
phenylethanol derivatives. An initial attempt to prepare the racemic (1-
bromoethyl)benzenes (rac-289) from racemic 1-phenylethanol (rac-288) using

tetrabromomethane under the classic Appel conditions was unsuccessful due to unavoidable
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co-elution of the CHBrs by-product during flash column chromatography. The required
bromide was finally achieved using phosphorous oxybromide, with the product readily
identified by the bromine isotope pattern in mass spectrometry (m/z = 184 and 186). The
enantiomerically pure bromide analogues were subsequently prepared from the
corresponding 1-phenylethanol enantiomers under the same conditions. Subsequent [a]p
measurements of these products showed relatively equal but opposite optical rotation,
confirming that their stereochemistry had not been lost. Standard conditions were
employed in the subsequent borylation reaction, followed by one-pot oxidation to alcohol
using an aqueous solution of Oxone® (Scheme 104). Significantly, [a]p measurements of the
oxidised alcohol products 288 showed that the borylation/oxidation of both (R) and (S)
enantiomers of (1-bromoethyl)benzene (289) afforded the same racemic mixture of alcohols

as from racemic bromide (rac-289).
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i. Cul (10 mol%)
PPhs (13 mol %)

—_—

B,pin, (1.5 eq.)
" POBr;, Br LiOMe (2.0 eq.) OH
©)\ DMAP ©)\ DMF, r.t,, 18 h ©)\
- . _DMF,rt,18h
oHexane ii. Oxone®
rac-291 0°C-rt,2h rac-292 Acetone/H,0 rac-291
61% yield 0°C [olo = ca. 0
60% yield
i. Cul (10 mol%)
PPh; (13 mol %)
Bopin, (1.5 eq.)
o POBrs, Br LiOMe (2.0 eq.) OH
©/\ DMAP ©/k DMF, r.t., 18 h ©)\
_—
0 ogexatnez h ii. Oxone®
T acetone/H,0
(R)-291 (5)-292 0°C rac-291
61% yield [alp =ca. 0
[a]p?® = -80 £7 (c = 1, CHCl3) 60% yield
i. Cul (10 mol%)
PPhg (13 mol %)
szinz (1 5 eq)
s POBrs, o LiOMe (2.0 eq.) OH
©)\ DMAP ©/\ DMF, rt., 18 h ©)\
- _DMF, rt, 18h
0 Oge:xratnez h ii. Oxone®
(S)-291 (R)-292 acetone/H,0 rac-291
exp. 61% yield 0°C [alp =ca. 0
)
[a]p?® = +88 5 (c = 1, CHCl3) 56% yield

Scheme 104. Loss of stereochemistry in the borylation/oxidation sequence on bromo

derivatives of 1-phenyl ethanol.

To rule out the possibility of halide-mediated scrambling of the stereochemistry, borylation

of the enantiomerically pure tosylate analogue 1-phenylethyl 4-methylbenzenesulfonate
[(S)-290], using Cu(MeCN)4(OTf) as the catalyst, was undertaken. Again, consistent with a

radical pathway complete loss of stereochemistry was observed (Scheme 105).
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i. MeCN,4Cu(OTf) (10 mol%)
PPh3 (13 mol %)
OH OTs Bopin, (1.5 eq.)

LiOMe (2.0 eq.) OH
@/k TsCl, NEt, ©/'\ DMF, r.t., 18 h ©)\
DCM, 0 °C ii. Oxone®
Acetone/H,0O
(S)-291 (S)-293 0°C rac-291
51% yield [alp=ca.0
exp. [a]p?® = -62 8 (c = 1, CHCI5) 44% yield

Scheme 105. The loss of stereochemistry in the borylation of 1-phenylethyl 4-

methylbenzenesulfonate.

Concurrent with these studies, workers in Liu’s group reported similar observation starting
from the analogous (S)-(2-bromopropyl)benzene [(S)-294)] (Scheme 106A). Interestingly,
they also reported that the borylation of exo-2-bromonorbornane (297) proceeds with

retention of configuration to give exo-2-B(OR),norbornane (298) (Scheme 106B).

Cul (10 mol%)

Br, PPh; (13 mol%)
PPh, - B,pin, (1.5 eq.) NaOH/H,0,
A) _— B - .
OH 0°C Br LiOMe (2.0 eq.) Bpin 0°C OH
overnight DMF, 40 °C, 24 h
(S)-294 rac-295 rac-296
exp. [a]p?® = +33 (c = 1, CH,Cly) [l =0 ee=0

lit. [a]p?® = +28 (c = 2, CH,Cly)

\";'\‘ T U
297 298 = r

Scheme 106. Loss and retention of stereochemistry in the borylation reaction, as reported by

workers in Liu’s group.
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This observation, however, does not rule-out involvement of radicals as trapping of a

norbornyl radical intermediate is expected to occur from the less hindered exo face.

5.3.4 Borylation of Diastereomerically Pure Substrates

Concurrent with the studies described above, alternative stereochemical probe substrates
were explored. Pure syn and anti monoprotected 2,4-pentanediols (301), synthesised via a
DIBAL reduction of the corresponding acetal (300), were transformed into the relevant alkyl
electrophiles (alkyl-iodide, -bromide and —tosylate) (Scheme 107). For reasons not yet fully
understood, the attempted borylation of all these substrates afforded a complex and

intractable mixture of products.

Benzaldehyde (1.0 eq.) Ph Ph

OH OH TsCl (1 mol %) Py . L
O o O
cyclohexane H
reflux, 18 h /\/'\ /'\/'\
299 anti-300 syn-300
62% yield 30% yield

(pure single diastreoimer)  (pure single diastereosimer)

l DIBAL, DCM, 0 °C l

OBn OH OBn OH
anti-301 syn-301
65% yield 81% yield

(pure single diastereoisomer) (pure single diastereoisomer)

.

OBn X OBn X
l CUI/szinz l
(X =1, Br, OTs)

complex mixture of products

Scheme 107. Synthesis and borylation of diastereomerically pure substrates.
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Following these results, threonine derivatives were considered as alternative stereochemical
probes. Conveniently, the stereochemical properties of these compounds are well-
documented in the literature simplifying the downstream analysis. The synthesis of target
compound 303 was realised through esterification of commercial N-Boc-L-threonine (302).
The retention of stereochemistry of 299 was confirmed by an almost identical [a]p value
when compared to the literature.” The subsequent Appel reaction proceeded smoothly to

afford the bromo derivative 304, in good yield (Scheme 108).

OH BnBr (2.0 eq.) OH CBrs (1.1 eq.) «Br
Na,COj; (3.0 eq.) PPh; (1.1 eq.) ’
_— _—
BocN o DMF, 0 °C - r.t. BocN o8N DCM, r.t. BocN OBn
H O H O H O
302 303 304
87% yield 72% yield
exp. [a]?®p = -18 0.5 (c = 0.5, MeOH) [0]?%p = +28 +1 (c = 1.0, CHCl5)

lit. [a]?"p = -20 (c = 1, MeOH) [ref. 23]

Scheme 108. Synthesis of the bromo derivative of N-Boc-L-threonine benzyl ester.

It was speculated that the 'H NMR spectra of the two diastereomers of N-Boc-threonine
benzyl esters would be sufficiently different allowing for the diastereomeric ratios to be
readily determined without having to perform chiral HPLC or [a]p measurements.
Consequently, 307, the diastereomer of 302, was synthesised through sequential protection

of the amine and carboxylic acid groups of L-allothreonine (305) (Scheme 109).
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~OH Na,CO3 (2.1 eq.) ~OH BnBr (2.0 eq.) ~OH
Boc,0 (1.1 eq.) Na,CO; (3 eq.)
OH —— OH ——MM OBn
HoN THF/H,O (1:1)  BocN DMF,0°C-rt  Boch

(e} rt,16 h H O H O
305 306 307
85% yield 72% yield
[a]®p = +28 1 (c = 1.7, CHCl3) [a]®p = +20 +1 (c = 0.5, MeOH)

Scheme 109. Synthesis of N-Boc-L-allothereonine benzyl ester.

Pleasingly, the 'H NMR spectra of diastereomeric pairs 303 and 307 are distinctively

different and can be readily identified in a mixture (Figure 17).
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Figure 17. "H NMR spectrum of a 2:1 mixture of diasteroemeric pairs of diprotected

threonines.
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With a reliable analytical method in hand, 304 was subjected to the same
borylation/oxidation sequence employed on 1-phenylethylbromides (292) earlier (Table 27,
entry 1). From this the diastereochemically pure alcohol (303), with the opposite
configuration was obtained indicating that the borylation step must proceed with inversion
of configuration. An immediate repeat of this reaction afforded the same result (Table 27,
entry 2). To explore the scope of this steroselectivity, the corresponding enantiomerically
pure tosylate (308) was prepared from N-Boc-L-threonine benzyl ester (303). Optical
rotation measurement of the tosylate product was consistent with the reported value from
the literature.?* The subsequent borylation of this under halide-free conditions, however,
afforded an unequal mixture of alcohol products 303 and 307 (Table 27, entry 3). Switching
from THF to the same solvent used for the bromo derivative, DMF, afforded the same
mixture of products, ruling out any solvent effects (Table 27, entry 4). An identical result was
also obtained with a different copper salt, CuOTf.benzene (Table 27, entry 5). The original
experiment was repeated using freshly prepared 304, in both THF and DMF solvents,
resulting in 1:1 mixtures of 303 and 307 (Table 27, entries 6 and 7). The reason for the
failure to reproduce the results in entries 1 and 2 is not understood. It should be noted that
these reactions (Table 27, entries 3 to 7) were carried out several months after the initial
reactions outlined in entries 1 and 2. Consequently, different batches of base, Cul and

solvent were used in these later experiments.
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OH

BoclTl CO,Bn

H
303
TsCl (1.1 eq.)
pyridine (2.0 eq.) i. [Cu] (10 mol %)
rt,18h PPh; (13 mol %)
B,pin, (1.5 eq.)
Br OTs LiO'Bu (2.0 eq.) OH \OH
j\ solvent, r.t., 18 h
or —_— +
BocN™ "CO.Bn BocN™ "CO.Bn i. ag. Oxone® BocN” “CO.Bn BocN”™ “CO,Bn
H H acetone, r.t. H H
304 308 303 307
65% yield

exp. [a]?5p = +38 +4 (c = 1.7, CHCl3)
lit. [a]?%p = +40 (c = 1.7, CHCI3) [ref. 24]

isolated yield (%) product ratio

entry alkyl-X [Cu] solvent 303+307 303:307
1 304 Cul DMF 45 100:0
2° 304 Cul DMF 52 100:0
3 308 Cu(MeCN),OTf  THF 42 67:33
4 308 Cu(MeCN)4,OTf  DMF 43 67:33
5 308 CuOTf.benzene THF 43 67:33
6° 304 Cul DMF 44 50: 50
7° 304 Cul THF 40 50:50

®First repeat of entry 1; ®second repeat of entry 1; “repeat of entry 1 with THF as solvent.
Table 27. Borylation of threonine derivatives

The consistent and reproducible results in the latter series of experiments outlined in Table
27 suggest that the borylation of these substrates actually undergo loss of stereochemistry.
Whilst at present the original results cannot be reproduced, it was suspected that these
earlier reactions contained an unknown component, which enables the stabilisation of any
radical species formed leading to a complete retention of stereochemistry. In order to
investigate this further, the borylation of 304 was repeated using PPh3 and Cul from a variety

of sources. However, in all cases, a 1:1 mixture of 303 and 207 was obtained. The
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irreproducable results in entries 1 and 2 of Table 27 remain unclear and require further

investigation.

5.3.5 Cyclopropyl Ring-Opening as Evidence for a Radical Mediated

Mechanistic Pathway

To further explore the mechanistic pathway of the borylation process, substrates with the
propensity for radical-mediated fragmentation were explored. In this regard,
cyclopropylmethyl halide derivatives would be expected to ring-open affording a linear
product. The work in this area began with attempts to synthesise substrates 311 and 312 as
simple and non-volatile variants of the cyclic and linear radical probes (Scheme 110). Whilst
the synthesis of the bromide compound 311 was easily achieved from LiAIH4 reduction of
(E)-4-phenylbut-3-enoic acid (309) followed by an Appel reaction (Scheme 110A), synthesis
of alkyl bromide 312 (Scheme 110B and Scheme 110C) proved problematic as the
cyclopropyl motif readily ring-opens to give (bromoethyl)styrene 311. Such facile ring-
opening suggests that compound 312 may not be a suitable radical probe for the borylation

reaction.
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N . OH LiAIH, (1.2 eq.) N OH PBr; (0.5 eq.) N Br
—_— —_—
(0] THF,0°Ctor.t. benzene

0 °C toreflux, 4 h

309 310 31
84% yield 55% yield
PBr3 (1.3 eq.)
B)
neat, -15 °C 15h
OH
311 312
83%yield not observed
CBry (1.1 eq.)
PPh3 (1.1eq.)
C)
neat, -15 °C 15h
OH
311 312
100% by 1H NMR not observed

(not isolated)

Scheme 110. Attempts to synthesise cyclopropylmethyl halide derivatives.

Concurrent with this work, Ito and co-workers reported that borylation of the analogous
(bromomethyl)cyclopropane (313), under conditions, afforded the linear products 314 and
316 (Scheme 111). Whilst the formation of 314 (and absence of 315) is consistent with a

mechanism involving radicals, the formation of bis-borylated product 316 is less obvious.

CuCl (3 mol%)

Xantphos (3 mol% . : i ifi
vﬁBr phos ( o) O~ Bpin + VABPIH . me\/\/\Bpin N unld%ntlftled
Bopin, (1.2 eq.) products
f
313 KO'Bu (1.2 eq.) 314 315 316
THF, r.t., 24 h 18% (NMR) not observed 30% (NMR)

Scheme 111. Borylation of (bromomethyl)cyclopropane.

Under the conditions developed reviously in this chapter, however, the borylation of
(bromomethyl)cyclopropane proceeded with exclusive formation of linear 314 (the
bisborylated product 316 was not observed) (Scheme 112A). The low isolated yield of 314

220



Chapter 5 Alkylboronate Esters from Copper-Catalysed Borylation of Alkyl Halides and pseudo-Halides

was due to problematic coelution of PPhs during flash column chromatography. An improved
isolated yield was achieved when polymer-supported PPhs (PS-PPhs) was employed.
Borylation of the linear equivalent of (bromomethyl)cyclopropane in the form of 3-
hexenylbromide (317) afforded the same product, albeit with a trace amount of two
unknown monoborylated products (by GC-MS) (Scheme 112B). These results provided a

strong argument for a radical mediated pathway hypothesis.

Cul (10 mol%)

9 - PS-PPh; =
A) ﬁ\Br PPh.S (13 mol%) NBpin . v/\Bpm . 3
Bopin, (1.5 eq.) polymer-supported PPhg
Ot
313 LiO'Bu (2.0 eq.) 314 315
DMF, rt, 20h PPhg: 23% yield not observed

PS-PPh3: 82% yield

Cul (10 mol%)

B) gy _ PPh3 (13 mol%) A ~"ppin + v/\Bpin , @ mixture of 2 different unknown
Bopin, (1.5 eq) monoborylated products

317 LiO'Bu (2.0 eq.) 314 315
DMF, rt, 20 h PPhs: 15% yield not observed <4% (GC-MS)

PS-PPhj3: 85% yield

Scheme 112. Borylation of (bromomethyl)cyclopropane and 4-bromo-but-1-ene.

Following these results, it was envisaged that through a suitably sited introduction of an
ester group (318 and 319), different fragmentation pathways might occur depending on

whether an anionic, radical or Sy2 mechanism is involved (Scheme 113).
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0, .
COZEt Cul (10 mol /0) Bp|n O COZEt
PPh3 (13 mol %) Bpin
A . (-1 ------ )» Ph X or o™~ or A
X 2pin (1.5 eq. Bpin
Ph LiOMe (2.0 eq.) SR ph N Ph
X =Br (318) DMF, r.t., 18 h 321 322 323
X = Cl (319)
\radical T anionic TSNZ

Oy O~ O O~ Oy O~
ph Ph © Ph Br
Scheme 113. Hypothesis for differentiating between Sy2, anionic and radical-mediated

mechanistic pathways.

In order to test this hypothesis, substrates 318 and 319 were prepared via rhodium-
catalysed cyclopropanation of cinnamylhalide with ethyldiazoacetate (Scheme 114A and
Scheme 114B). The reaction was accompanied by significant amount of Wittig

reararrangement but sufficient target compounds could be obtained.

Rh,(OAG), (1 mol%) COEt Ph Ph _~
A) prxNg, + NCHCOE A .
Br

hexane, rt,18h Br” “CO,Et Et0,0” “Br

318 ) _
- I
8% yield side-products (not isolated)

hexane, r.t., 18 h CI”~ “CO,Et EtO,0” “Cl

Rhy(OAC), (1 mol%) COEt Ph Ph _~
B) pro g + NCHCOE /AV .
cl
Ph

319_ side-products (not isolated)
32% yield

Scheme 114. Synthesis of non-volatile cyclopropyl mechanistic probes.

Disappointingly, borylation of these substrates under a variety of reaction conditions

afforded a complex and intractable mixture of products (Table 28).
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CO,Et 5 cul F;P;'S
2Pin; (1.5 eq.) 4to6products . 4to6 products
/z = 332 mjz = 458
X base (2.0 eq.) m _ .
Ph solvent, temp., time (SM-X+2H+Bpin) (SM-X+H+2Bpin)

X = Br (313), Cl (314)

Bpin (0] CO,Et
TS AL

Bpin
070N P N Ph
\ 316 317 318 /
m/z = 330 not observed

entry X= Cul (mol%) PPhs(mol%) base solvent temp. time (h)

1 Br 10 13 LiOMe DMF r.t. 18
2 CP 10 none LIO'Bu THF  60°C 18
3 cbf 10 none LIO'Bu THF  60°C 18
4 Cl 10 13 KO'Bu  THF r.t. 18
5 Cl° 10 none LIO'Bu  THF r.t. 18
6 ¢ 20 none LIO'Bu  THF rt. 72
7 Cl® 20 none LIO'Bu  THF r.t. 72

®reactions performed on both small (0.5 mmol) and large (2.0 mmol) scales; °1.0 eq. of TBAI was added; “poorer
conversion; Yoxidation of crude reaction mixture with Oxone® afforded 11% recovered starting material; *flash
column chromatography afforded four separate unidentified set of products; fGC-MS trace of these mixtures
were less complex than in previous entries.

Table 28. Attempts to borylate non-volatile cyclopropyl derivatives.

It is worth noting, however, that a large number of products with m/z = 458 were detected
by GC-MS in these reactions. This indicates the same addition of an H atom and two Bpin
groups observed in Ito’s borylation of (bromomethyl)cyclopropane to give bis-borylated
compound 316 (Scheme 111). Such process could also account for the addition of two H

atoms and a Bpin group to give the remaining set of products with m/z = 332.
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5.4 Summary

In conclusion, an unprecedented Cu-catalyzed cross-coupling reaction of unactivated alkyl
halides and pseudo-halides with diboron reagents have been developed. This reaction can be
used to prepare both primary and secondary alkylboronate esters with diverse structures
and functional groups, many of which would be difficult to access by other means. The
reaction is efficient, practically simple and gives easy isolation of the products that can be
further enhanced through the use of polymer-supported ligands. Some evidence of radical
mediated pathway was obtained, particularly in the formation of cyclopentylmethylBpin in
the borylation of 5-bromohex-1-ene and the loss of stereochemistry from stereochemically
pure substrates. However, other mechanistic pathways should not be ruled out as these
borylation reactions proceed smoothly in presence of radical scavengers. Further work is
required to obtain a better understanding of the full mechanistic pathway of this

transformation.
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Chapter 6 Experimental Details

6.1 General Experimental Considerations

Handling Techniques
Unless otherwise noted, all reactions and air and/or moisture sensitive compounds were
carefully prepared and handled in a nitrogen or argon-purged environment, either by

Schlenk techniques or in an Innovative Technology Inc. System 1 double-length glovebox.

Solvents

Methyl-tert-butyl-ether (MTBE) was bought anhydrous from Sigma Aldrich and was degassed
before use. All other reaction solvents were dried using an Innovative Technology Solvent
Purification System (SPS) and stored under argon, unless otherwise stated. Petrol refers to
distilled light petroleum with boiling point in the 40-60 C range. Ether refers to diethyl
ether. Deuterated chloroform (CDCl3), was purchased from Apollo Scientific and were dried

over 4 A molecular sieves and used without further treatment.

Reagents
Bis(pinacolato)diboron was received as a generous donation from Allychem Co. Ltd. (P. R.
China) and was used without purification. Unless otherwise stated, all other reagents were

purchased from Alfa-Aesar, Acros, Sigma Aldrich or Lancaster, and were used as received.
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Microwave Reactor

Individually performed microwave reactions were carried out in septum-containing, crimp-
capped, sealed vials in a monomodal Emrys™ Optimizer reactor from Personal Chemistry.
The wattage was automatically adjusted to maintain the desired temperature for the desired

period of time.

Array Techniques

Injection of solvents and liquid reagents were carried out in air using multi-channel pipettes.
Reactions were carried out in 3.0 mL pressure vials fitted with lip-type seal and screwcap.
Heating was achieved using an Anton Paar Synthos 3000™ microwave oven (50 Hz) with
automatic wattage adjustment to maintain the desired temperature for the stated time. The
extraction-separation phase of reaction work-ups was achieved using Biotage Isolute® phase
separators with hydrophobic frits. The removal of solvent was carried out under centrifugal
force on a Biotage V-10 Evaporator™. Flash column chromatography was carried out on
prepacked silica columns (Biotage Isolute® Flash Si Il) using automated Flashmaster Il

purification system using the stated solvent system.

Thin Layer Chromatography
Thin layer chromatography (TLC) were performed on ‘Polygram® Sil G/UV’ plastic-backed

silica plates with 0.2 mm silica gel layer doped with fluorescent indicator.
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Dry Loading
Silica gel was added to a solution of the crude product in a volatile organic solvent such as
DCM and ether. The mixture was concentrated under reduced pressure to dryness and used

in the subsequent silica gel flash column chromatography.

Flash Column Chromatography

Flash column chromatography refers to purification either by manual operation on silica gel
(40-63u mesh size) with the stated solvent system or automated operation using a Teledyne
Isco CombiFlash Rf machine on prepacked silica RediSep® Rf cartridge with the stated

solvent gradient and at constant flow rate of 35 mL/min.

NMR Spectroscopy

1H, 13C, 19F, and B NMR spectra were recorded in CDCl3 (unless otherwise stated) at room-
temperature on Varian Mercury-200 (*H), Varian Mercury-400 (*H, **C, °F), Bruker Avance-
400 (*H, ¢, 'B) , Varian Inova-500 (*H, *C) or Varian VNMRS-700 (*H, *C) spectrometers
and reported as follows: chemical shift & (ppm) (multiplicity, coupling constant J (Hz),

| 3C NMR spectra were proton decoupled. The *H and *3C

number of protons, assignment). Al
chemical shifts are reported using the residual signal of CHCI; as the internal reference (6H =
7.26 ppm; 6C = 77.16 ppm). All chemical shifts are quoted in parts per million relative to
tetramethylsilane (6H = 0.00 ppm). 1'B NMR spectra are externally calibrated with reference

to BF3.Et,0 (6B = 0.0 ppm). All coupling constants are Jun unless otherwise stated.

Multiplicities are reported using the following abbreviations; s (singlet), d (doublet), t
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(triplet), g (quartet), m (unresolved multiplet) and br (broad). Assignment of spectra was

carried out using COSY, HSQC, HMBC and NOESY experiments.

Mass Spectrometry

GC-MS analyses were performed using an Agilen 6890N gas chromatograph (column: HP-
5MS, 10 m, @ 0.25 mm, film 0.25 um; injector: 250 °C; oven: 70 °C (2 min), 70 °C to 250 °C
(20 °C min™), 250 °C (5 min); carrier gas: He (1.6 mL min’*)) equipped with an Agilent 5973
inert mass selective detector operating in El mode and a custom-built Anatune liquid
handling system functioning as autosampler/injector. Electrospray (ES) mass spectra were
obtained on a Micromass LCT Mass Spectrometer. High-resolution mass spectra were
obtained using a Thermo Finnigan LTQFT mass spectrometer or Xevo QToF mass

spectrometer (Waters UK, Ltd) by Durham University Mass Spectrometry service.

IR Spectroscopy
Infrared spectra were measured on a Perkin-Elmer Paragon 1000 FT-IR spectrometer via the
use of a Diamond ATR (attenuated total reflection) accessory (Golden Gate). Assigned peaks

. -1
are reported in wavenumber (cm™).

Melting Point
Melting points were recorded using an Electrothermal 9100 capillary melting point

apparatus.
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6.2 General Procedures

General Procedure A: C-H Borylation of Quinolines (Room Temperature Reaction)

Under N,, a thick walled microwave synthesis vial was charged with the corresponding arene
(1.0 mmol) followed by the addition of 2.5 mL of an MTBE catalyst stock solution containing
[Ir(cod)OMe], (1.5 mol%), dtbpy (3 mol%) and B,pin, (2.0 mmol). The vessel was sealed with
a crimp top septum cap and the reaction mixture was stirred for the time stated at room
temperature on a magnetic stirring block. Upon completion, the volatiles were removed
under reduced pressure to afford the crude product. This was dry-loaded on to silica gel and
purified by silica gel flash column chromatography using the stated conditions for the

purified product.

General Procedure B: C-H Borylation of Quinolines (Microwave Heating Conditions)

Under N,, a thick walled microwave synthesis vial was charged with the corresponding arene
(1.0 mmol) followed by the addition of 2.5 mL of an MTBE catalyst stock solution containing
[Ir(cod)OMe]; (1.5 mol%), dtbpy (3 mol%) and B,pin, (2.0 mmol). The vessel was sealed with
a crimp top septum cap and the reaction mixture was heated at 100 °C for 1.5 hours in a
microwave reactor. Upon completion, the reaction was cooled to room temperature and
volatiles were removed under reduced pressure to afford the crude product. This was dry-
loaded on to silica gel and purified by silica gel flash column chromatography using the

stated conditions for the purified product.
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General Procedure C: C-H Borylation of Monosubstituted and Unsymmetrical 1,2-
Disubstituted Benzenes with 1,1,2,2-Tetrachloroethane as Internal Standard

Under N,, a thick walled microwave synthesis vial was charged with the corresponding arene
(0.4 mmol) followed by the addition of 1.0 mL of an MTBE catalyst stock solution containing
[Ir(cod)OMe], (1.5 mol%), dtbpy (3 mol%) and B,pin;, (0.48 mmol). The vessel was sealed
with a crimp top septum cap and the reaction mixture was stirred at room temperature on a
magnetic stirring block. After the stated time, the mixture was quenched/diluted with DCM
and the volatiles removed under reduced pressure to afford the crude mixture. GC-MS
analysis of a small sample, was carried out to determine the % conversion. '"H NMR
spectroscopy was carried out on the crude sample to determine the product ratios (to some
of these crude were added 1,1,2,2-tetrachloroethane as an internal standard). Structures of
the products were confirmed by HCOSY, NOESY, HSQC and HMBC spectroscopic

experiments.

General Procedure D: C-H Borylation in an NMR Tube Fitted with a Young’s Tap

Under N, an NMR tube containing a coaxial tube filled with acetone-d¢ was charged with
the corresponding arene (0.2 mmol) followed by the addition of 0.5 mL of an MTBE catalyst
stock solution containing [Ir(cod)OMe], (1.5 mol%), dtbpy (3 mol%) and B,pin, (0.24 mmol).
The NMR tube was sealed with a Young’s tap and the homogeneous solution was allowed to
stand at room temperature. After the stated time, *H NMR spectroscopy was carried out on
the sample to determine the isomer ratio. GC-MS analysis of a small sample,

quenched/diluted with DCM, was carried out to determine the % conversion. Structures of
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the products were confirmed by HCOSY, NOESY, HSQC and HMBC spectroscopic

experiments.

General Procedure E: “One-Pot” C-H Borylation/Copper-Assisted Suzuki-Miyaura Cross-
Coupling Sequence

Under N, 5.0 mL of an MTBE catalyst stock solution containing [Ir(cod)OMe], (1.5 mol%),
dtbpy (3 mol%) and B,pin, (2.0 mmol) was transferred to a microwave vial followed by the
addition of arene (2.0 mmol). The reaction mixture was heated in a microwave reactor with
stirring at 80 °C for the time stated and concentrated under reduced pressure. Under N, the
mixture was charged with a mixture of Pd(dppf)Cl, (10 mol%), Cs,CO3 (4.0 mmol), aryl halide
(2.2 mmol) and CuCl (2.0 mmol) in DMF (6.4 mL). The reaction mixture was heated with
stirring at 100 °C for the time stated. The mixture was diluted with water, extracted with
ether, dried over MgSQ,, filtered and concentrated under reduced pressure to give a crude
mixture. Purification by silica gel flash column chromatography was carried out using the

stated conditions for the purified product.

General Procedure F: “One-Pot” C-H Borylation/Suzuki-Miyaura Cross-Coupling Sequence

Under N,, a thick walled microwave synthesis vial was charged with the corresponding arene
(1.0 mmol) followed by the addition of 2.5 mL of an MTBE catalyst stock solution containing
[Ir(cod)OMe];, (1.5 mol%), dtbpy (3 mol%) and B,pin, (1.0 mmol). The vessel was sealed with
a crimp top septum cap and the reaction mixture was heated at 80 °C for time stated in a
microwave reactor. The reaction mixture was cooled to room temperature, concentrated

under reduced pressure and analysed by *H NMR in CDCls. To the crude mixture under N,
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was added a Pd(dppf)Cl, (10 mol%), Cs,COs (0.65 g, 2.0 mmol), Cul (0.19 g, 1.0 mmol) and
aryl halide (1.1 mmol) in DMF (8.0 mL). The reaction mixture was heated with stirring at 100
oC for the time stated, cooled to room temperature, diluted with water and extracted into
ether. The organic phase was dried ovder MgSQy,, filtered and concentrated to give a crude
mixture. Purification by silica gel flash column chromatography was carried out using the

stated conditions for the purified product.

General Procedure G: Preparation of Methyl 2-Substituted Nicotinates and Methyl 2-
Substituted Isonicotinates

To a round-bottom flask containing the 2-substituted nicotinic acid or 2-substituted
isonicotinic acid (5.0 mmol) was added MeOH (50 mL) and conc. H,SO4 (1.0 mL). The mixture
was stirred under reflux for 16 h, allowed to cool to room temperature, concentrated under
reduced pressure, diluted with water and extracted with ether. The organic was washed
with 5% bicarbonate solution until no longer acidic and washed with another portion of
water. The organic was dried over MgSQO,, filtered and concentrated under reduced pressure
to give a crude mixture. This was dry-loaded on to silica gel and purified by silica gel flash

column chromatography using the stated conditions for the purified product.

General Procedure H: “One-Pot” Tandem C-H Borylation/1,4-Conjugate Addition Sequence
Under Non-Reducing/Schlenk Conditions

Under N,, a thick walled microwave synthesis vial was charged with the corresponding arene
(1.0 mmol) followed by the addition of 2.5 mL of an MTBE catalyst stock solution containing

[Ir(cod)OMe]; (1.5 mol%), dtbpy (3 mol%) and B,pin, (1.0 mmol). The vessel was sealed with
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a crimp top septum cap and the reaction mixture was heated at 80 °C for the time stated.
Under N,, the reaction mixture was quenched with ag. KOH (3.8 M, 2.0 mmol, 0.5 ml) and
once the resulting effervescence stopped, a solution of [Rh(cod)Cl], (5 mg, 1 mol%) in MTBE
(2.5 ml) was added followed by the corresponding enone (1.0 mmol). The mixture was
heated in a microwave reactor with stirring at 100 °C for the time stated. The mixture was
diluted with water, extracted with CH,Cl,, dried over MgS0O,, filtered and concentrated
under reduced pressure to give a crude mixture. Purification by silica gel flash column

chromatography was carried out using the stated conditions for the purified product.

General Procedure I: “One-Pot” Tandem C-H Borylation/1,4-Conjugate Addition Sequence
Under Non-Reducing/Array Conditions

In air, a thick walled 3.0 mL microwave vial was charged with the corresponding arene (0.4
mmol) followed by the addition of 2.5 mL of an MTBE catalyst stock solution containing
[Ir(cod)OMe], (1.5 mol%), dtbpy (3 mol%) and B,pin;, (0.4 mmol). The reaction mixture was
heated in a microwave reactor with stirring at 100 °C for the time stated. In air, the mixture
was quenched with ag. KOH (3.8 M, 0.8 mmol, 0.2 ml) and once the resulting effervescence
stopped, a solution of [Rh(cod)Cl]; (2 mg, 1 mol%) in MTBE (1.0 ml) was added followed by
the corresponding enone (0.4 mmol). The mixture was heated in a microwave reactor with
stirring at 100 °C for the time stated. The mixture was diluted with water, extracted with
CH,Cl,, dried over MgSQ,, filtered and concentrated under reduced pressure to give a crude
mixture. Purification by silica gel flash column chromatography was carried out using the

stated conditions for the purified product.
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General Procedure J: “One-Pot” Tandem C-H Borylation/1,4-Conjugate Addition Sequence
Under Reducing/Schlenk Conditions

Under N,, a thick walled microwave synthesis vial was charged with the corresponding arene
(1.0 mmol) followed by the addition of 2.5 mL of an MTBE catalyst stock solution containing
[Ir(cod)OMe];, (1.5 mol%), dtbpy (3 mol%) and B,pin, (1.0 mmol). The vessel was sealed with
a crimp top septum cap and the reaction mixture was heated at 80 °C for the time stated.
Under N,, the reaction mixture was quenched with aq. KOH (3.8 M, 2.0 mmol, 0.5 ml) and
once the resulting effervescence stopped, a solution of [Rh(cod)Cl], (5 mg, 1 mol%) in IPA
(2.5 ml) was added followed by the corresponding enone (1.0 mmol). The mixture was
heated in a microwave reactor with stirring at 100 °C for the time stated. The mixture was
diluted with water, extracted with CH,Cl,, dried over MgSQ,, filtered and concentrated
under reduced pressure to give a crude mixture. Purification by silica gel flash column

chromatography was carried out using the stated conditions for the purified product.

General Procedure K: “One-Pot” Tandem C-H Borylation/1,4-Conjugate Addition Sequence
Under Reducing/Array Conditions

In air, a thick walled 3.0 mL microwave vial was charged with the corresponding arene (0.4
mmol) followed by the addition of 2.5 mL of an MTBE catalyst stock solution containing
[Ir(cod)OMe], (1.5 mol%), dtbpy (3 mol%) and B,pin;, (0.4 mmol). The reaction mixture was
heated in a microwave reactor with stirring at 100 °C for the time stated. In air, the mixture
was quenched with ag. KOH (3.8 M, 0.8 mmol, 0.2 ml) and once the resulting effervescence
stopped, a solution of [Rh(cod)Cl], (2 mg, 1 mol%) in IPA (1.0 ml) was added followed by the

corresponding enone (0.4 mmol). The mixture was heated in a microwave reactor with
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stirring at 100 °C for the time stated. The mixture was diluted with water, extracted with
CH,Cl,, dried over MgSQ,, filtered and concentrated under reduced pressure to give a crude
mixture. Purification by silica gel flash column chromatography was carried out using the

stated conditions for the purified product.

General Procedure L: Copper-Catalysed Borylation of Alkyl Bromides

In air, Cul (19 mg, 0.10 mmol), PPh3 (34 mg, 0.13 mmol), LiOMe (76 mg, 2.0 mmol), and
B,pin, (381 mg, 1.5 mmol) were added to a thick walled microwave vial and sealed with a
crimp top septum cap. The vessel was evacuated and filled with nitrogen (three cycles). To
this was added DMF (2.0 mL) and alkyl bromide (1.0 mmol). The resulting reaction mixture
was stirred vigorously at 25 °C for 18 h. The reaction mixture was then diluted with EtOAc,
filtered through silica gel with copious washings (Et,0 or EtOAc), concentrated, and purified
by silica gel flash column chromatography using the stated conditions for the purified

product.

General Procedure M: Copper-Catalysed Borylation of Alkyl lodides

In air, Cul (19 mg, 0.10 mmol), LiO'Bu (160 mg, 2.0 mmol), and B,pin, (381 mg, 1.5 mmol)
were added to a thick walled microwave vial and sealed with a crimp top septum cap. The
vessel was evacuated and filled with nitrogen (three cycles). To this was added THF (2.0 mL)
and alkyl iodide (1.0 mmol). The resulting reaction mixture was stirred vigorously at 25 °C for
18 h. The reaction mixture was then diluted with EtOAc, filtered through silica gel with
copious washings (Et,0 or EtOAc), concentrated, and purified by silica gel flash column

chromatography using the stated conditions for the purified product.
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General Procedure N: Copper-Catalysed Borylation of Alkyl Chlorides

In air, Cul (19 mg, 0.10 mmol), LiO'Bu (160 mg, 2.0 mmol), NBu,l (368 mg, 1.0 mmol), and
B,pin, (381 mg, 1.5 mmol) were added to a thick walled microwave vial and sealed with a
crimp top septum cap. The vessel was evacuated and filled with nitrogen (three cycles). To
this was added THF (2.0 mL) and alkyl chloride (1.0 mmol). The resulting reaction mixture
was stirred vigorously at 60 °C for 18 h. The reaction mixture was then diluted with EtOAc,
filtered through silica gel with copious washings (Et,0 or EtOAc), concentrated, and purified
by silica gel flash column chromatography using the stated conditions for the purified

product.

General Procedure O: Copper-Catalysed Borylation of Alkyl Tosylates

In air, Cul (19 mg, 0.10 mmol), LiO'Bu (160 mg, 2.0 mmol), NBu,l (368 mg, 1.0 mmol), and
B,pin, (381 mg, 1.5 mmol) were added to a thick walled microwave vial and sealed with a
crimp top septum cap. The vessel was evacuated and filled with nitrogen (three cycles). To
this was added MeCN (2.0 mL) and alkyl tosylate (1.0 mmol). The resulting reaction mixture
was stirred vigorously at 60 °C for 18 h. The reaction mixture was then diluted with EtOAc,
filtered through silica gel with copious washings (Et,O or EtOAc), concentrated, and purified
by silica gel flash column chromatography using the stated conditions for the purified

product.

General Procedure P: Tosylation of Alcohols
In air, pyridine (1.58 g, 20.0 mmol) was added over 4 hours to an ice-cooled solution of the

alcohol (10.0 mmol) and toluenesulfonyl chloride (2.10 g, 11.0 mmol). The reaction mixture
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was acidified with ag. HCI (1.0 M), extracted with ether, dried over MgS0,4 and concentrated
under reduced pressure to give a crude mixture. Purification by silica gel flash column

chromatography was carried out using the stated conditions for the purified product.

General Procedure for the Preparation of a Catalyst Stock Solution for C-H Borylation

Under N,, a catalyst stock solution was prepared by weighing [Ir(cod)OMe], (100 mg, 0.15
mmol), dtbpy (80 mg, 0.30 mmol) and B,pin, (2.54 g, 10.0 mmol) into a volumetric flask
followed by the addition of MTBE to make up 25 ml of solution. The flask was vigorously
shaken and left to sit at room temperature until the solution developed a deep red color and
no more solid was visible (~ 1 h). The solution was transferred to and stored in a crimp-cap,

septum-sealed tube and used within 3 days.

General Procedure for the Preparation of a Catalyst Stock Solution for 1,4-Conjugate
Addition

Under N,, a catalyst stock solution was prepared by weighing [Rh(cod)Cl], (20 mg, 0.04
mmol) into a volumetric flask followed by the addition of stated solvent to make up 10 ml of
solution. The flask was vigorously shaken and briefly heated with a heat gun to ensure that
all solid had dissolved. The solution was transferred to and stored in a crimp-cap, septum-

sealed tube and used within 12 h.
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6.4 Experimental details

Borylation of Quinolines

Borylation of 2-methyquinoline (65a)

Bpin Bpin

[Ir(OMe)cod], (1.5 mol%) inB
m dtbpy (3 mol%) /©\/j p \m
> +
— X Pz ~
N™ "Me Bopin; (2.0 eq.) pinB N~ ~Me N~ “Me
MTBE, r.t.,, 24 h
65a 66a 67a

General procedure A was applied to 2-methylquinoline (65a) on a smaller scale (57 mg, 0.40
mmol). The reaction mixture was stirred for 24 hours giving a conversion of >95% and a
mixture of monoborylated products (minor) and bisborylated products (major) (GC-MS).
Analysis of 'H NMR spectrum showed 66a and 67a in a 68:32 mixture, some unreacted

starting material (65a), and small amounts of an unknown product.

Borylation of 2-(trifluoromethyl)quinoline (65b)

Bpin Bpin Bpin

[Ir(OMe)cod], (1.5 mol%) inB
> + +
i~ . 7 Z —
N™ "CF; Bapin; (2.0 eq.) pinB N~ ~CFj N~ ~CF; pinB N~ ~CF;
MTBE, r.t., 5 h
65b 66b 67b 68b

General procedure A was applied to 2-(trifluoromethyl)quinoline (65b) (79 mg, 0.40 mmol).
The reaction mixture was stirred for 5 hours giving a conversion of 90% (GC-MS) and 66b,

67b and 68b in a 51:42:7 mixture (*H NMR spectrum).
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7-Chloro-2-methyl-4-(4,4,5,5-tetramethyl-[1,3,2]-dioxaborolan-2-yl)quinoline (63f)

7-Chloro-2-methyl-5-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)quinoline (64f)

Y 2'| N"DMe  cr TN Me
63f 64f

General procedure B was applied to 7-chloro-2-methylquinoline (62f) (177 mg, 1.0 mmol).
The reaction afforded a 65:35 mixture of 2 monoborylated products at 92% conversion, as
determined by GC-MS. Purification by silica gel flash-column chromatography (0-12.5%,
MeOH/DCM, 25 column volumes) afforded a mixture of 7-chloro-2-methylquinoline (62f)
and 7-chloro-2-methyl-5-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)quinoline as yellow
oil. Recrystallisation from minimum amount of MeCN afforded 7-chloro-2-methyl-5-(4,4,5,5-
tetramethyl-[1,3,2]dioxaborolan-2-yl)quinoline (64f) as a white crystalline solid (33 mg,
11%); m.p. 149 - 150 °C (from MeCN); vmax (CHCl3) 3020, 1475, 1362, 1226, 1016, 928, 793
cm’™’; *H NMR (700 MHz, CDCl3) 6 8.93 (d, J = 8.6, 1H, 4-CH), 8.09 (d, J = 2.2, 1H, 6-CH), 8.00
(d, J=2.2, 1H, 8-CH), 7.30 (d, J = 8.6, 1H, 3-CH), 2.72 (s, 3H, 2-CH;), 1.41 (s, 12H, pin-CHs); *C
NMR (176 MHz, CDCls) 6 159.9 (C-2), 148.6 (C-2’), 136.9 (C-4), 135.7 (C-8), 134.8 (C-7), 131.1
(C-6), 128.8 (€-3’), 122.6 (C-3), 84.5 (pin-C(CHs),), 25.5 (2-CHs), 25.2 (pin-CH3); B NMR (128
MHz, CDCl3) & 30.64; GC-MS (EI) m/z 305 ([M]*, *’cl), 303 ([M]", **Cl), 290 ([M-CHs]", *"cl),
288 ([M-CHs]", *°Cl), 247 ([M-CO(CHs),]*, *’Cl), 245 (M-CO(CHs),]", 3°Cl), 221 ([M-
C(CHs),C(CH3),]", *’Cl), 219 ([M-C(CH3),C(CHs),]", *°Cl), 205 ([M-CO(CH3),C(CHs),]*, *’Cl), 203
(IM-CO(CHs),C(CHs),]*, 3°Cl); HRMS (ASAP) m/z calculated [M+H]* 304.1276, found [M+H]"

304.1282.
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Further elution afforded 7-chloro-2-methyl-4-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-
yl)quinoline (63f) as white crystalline solid (185 mg, 61%), Vmax (CHCl3) 2981, 1589, 1493,
1371, 1329, 1262, 1183, 1138, 964, 933, 928, 843 cm™; "H NMR (700 MHz, CDCl;) § 8.53 (d, J
= 8.4, 1H, 5-CH), 8.00 (d, J = 2.1, 1H, 8-CH), 7.74 (s, 1H, 3-CH), 7.44 (dd, J = 2.1, 8.4, 1H, 6-CH),
2.73 (s, 3H, 2-CHs), 1.42 (s, 12H, pin-CHs); *C NMR (176 MHz, CDCls) & 159.3 (C-2), 148.3 (C-
2’), 134.9 (€-7), 130.0 (C-3), 129.6 (C-5), 128.1 (C-8), 127.7 (C-3’), 126.9 (C-6), 84.8 (pin-
C(CH3),), 25.3 (2-CH3), 25.1 (pin-CH3); *'B NMR (128 MHz, CDCl3) § 30.90; GC-MS (EI) m/z 305
(IM]*, *’cl), 303 ([M]*, *°Cl), 290 ([M-CH]", *’Cl), 288 ([M-CHs]", *>Cl), 245 ([M-(CH3),CO]",
>Cl), 219 ([M-C(CH3),C(CH3),)", *’Cl), 217 ([M-C(CHs),C(CHs),]", *°Cl), 205 ([M-
CO(CHs),C(CHs),]*, *’cl), 203 ([M-CO(CHs),C(CHs),]", *°Cl); HRMS (ASAP) m/z calculated

[M+H]" 304.1276, found [M+H]" 304.1281.

Application of general procedure A with 7-chloro-2-methylquinoline (62f) (177 mg. 1.00
mmol) for 68 h afforded 73:27 mixture of 63f:64f at 93% conversion, as determined by 'H
NMR spectrum analysis of the crude mixture. Purification of the crude mixture, as above,
afforded 7-chloro-2-methyl-5-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)quinoline (64f)
as a white crystalline solid (30 mg, 10%) and 7-chloro-2-methyl-4-(4,4,5,5-tetramethyl-

[1,3,2]dioxaborolan-2-yl)quinoline (63f) as white crystalline solid (200 mg, 66%).
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Borylation of Unsymmetrical 1,2-Disubstituted Benzenes

Borylation of 1-chloro-2-methoxybenzene (69a)

MeQ  Cl  [Ir(OMe)cod], (1.5 mol%) MeQ ~ CI MeQ  Cli
@ dtbpy (3 mol%)
> +
Bopin, (1.2 eq.)
MTBE, r.t., 16 h pinB Bpin
69a 70a 71a

General procedure C was applied to 1-chloro-2-methoxybenzene (69a) (57 mg, 0.4 mmol).
The reaction mixture was stirred at room temperature for 16 hours giving a conversion of
94% (GC-MS) and 70a and 71a in a 60:40 mixture which also contained unreacted starting

material (69a) ("H NMR spectrum).

Borylation of 1-methoxy-2-methylbenzene (69b)

MeQ Me  [Ir(OMe)cod], (1.5 mol%) MeOQ Me MeQ Me
dtbpy (3 mol%)
.
Bapin, (1.2 eq.)
MTBE, r.t., 16 h pinB Bpin
69b 70b 71b

General procedure C was applied to 1-methoxy-2-methylbenzene (69b) (50 mg, 0.4 mmol).
The reaction mixture was stirred at room temperature for 16 hours giving a conversion of
75% (GC-MS) and 70b and 71b in a 75:25 mixture which also contained unreacted starting

material (69b) (*H NMR spectrum).
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Borylation of methyl 2-methoxybenzoate (69c)

MeQO CO,Me [Ir(OMe)codl, (1.5 mol%) MeO CO,Me MeQ CO,Me
dtbpy (3 mol%)

Bopin, (1.2 eq.)
MTBE, r.t., 16 h pinB Bpin

69c 70c 71c
General procedure C was applied to methyl 2-methoxybenzoate (69¢c) (66 mg, 0.4 mmol).
The reaction mixture was stirred at room temperature for 16 hours giving a conversion of

>99% (GC-MS) and 70c and 71c in a 85:15 mixture (*H NMR spectrum).

Borylation of 1-(2-methoxyphenyl)ethanone (69d)

MeO COMe [Ir(OMe)cod]2 (1 5 mol%) MeO COMe MeO COMe
dtbpy (3 mol%)

+

Bopin, (1.2 eq.)
MTBE, r.t., 16 h pinB Bpin

69d 70d 71d
General procedure C was applied to 1-(2-methoxyphenyl)ethanone (69d) (60 mg, 0.4 mmol).
The reaction mixture was stirred at room temperature for 16 hours giving a conversion of
>99% (GC-MS) and 70d and 71d in a 89:11 mixture (‘"H NMR spectrum) and some unreacted

starting material (69d).

Borylation of 1-chloro-2-methylbenzene (69e)

Me  CI [irOMe)codl, (1.5 mol%) Me  Ci Me  CI
@ dtbpy (3 mol%)
> +
B,pin, (1.2 €q.)
MTBE, r.t., 16 h pinB Bpin
69e 70e 71e

General procedure C was applied to 1-chloro-2-methylbenzene (69e) (51 mg, 0.4 mmol). The
reaction mixture was stirred at room temperature for 16 h giving a conversion of >99% (GC-
MS) and 70e and 71e in a 34:66 mixture (*H NMR spectrum).
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Borylation of 1-(2-methylphenyl)ethanone (69f)

Me COMe  [Ir(OMe)cod], (1.5 mol%) Me COMe  Me COMe
dtbpy (3 mol%)

Bopin, (1.2 eq.)
MTBE, r.t., 16 h pinB Bpin
69f 70f 71f

General procedure C was applied to 1-(2’-methylphenyl)ethanone (69f) (54 mg, 0.4 mmol).
The reaction mixture was was stirred at room temperature for 16 hours giving a conversion
of 87% (GC-MS) and 70f and 71f in a 56:44 mixture which also contained unreacted starting

material (69f) (‘*H NMR spectrum).

Borylation of 2-methylbenzonitrile (69g)

Me  CN  [iOMe)cod], (1.5 mol%) Me =~ CN  Me  CN Me ~ CN
@ dtbpy (3 mol %) .
> + + Bpin
B,pin, (1.2 eq.)
MTBE, r.t., 16 h pinB Bpin pinB
69g 70g 71g 72

General procedure C was applied to 2-methylbenzonitrile (69g) (47mg, 0.4 mmol). The
reaction mixture was stirred at room temperature for 16 hours giving a conversion of >99%

(GC-MS) and 70g, 71g and 72 in a 52:40:8 mixture (*H NMR spectrum).

Borylation of methyl 2-Methylbenzoate (69h)

Me CO,Me [Ir(OMe)cod], (1.5 mol%) Me CO,Me Me CO,Me
dtbpy (3 mol%)

B,pin, (1.2 eq.)
MTBE, r.t., 16 h pinB Bpin
69h 70h 71h

General procedure D was applied to methyl 2-methylbenzoate (69h) (30 mg, 0.2 mmol). The
reaction mixture was allowed to stand for 16 hours giving a conversion of >99% (GC-MS) and

70h and 71h in a 73:27 mixture (*H NMR spectrum).
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Borylation of 3,4-dihydronaphthalen-1(2H)-one (69i)

O [Ir(OMe)codl, (1.5 mol%)
dtbpy (3 mol%)
Bopin, (1.2 eq.)

MTBE, r.t., 16 h plnB Bpln

69i

General procedure D was applied to 3,4-dihydronaphthalen-1(2H)-one (69i) (29 mg, 0.2
mmol). The reaction mixture was allowed to stand for 16 hours giving a conversion of >99%

(GC-MS) and 70i and 71i in a 80:20 mixture (*H NMR spectrum).

Borylation of 1-(2-chlorophenyl)ethanone (69j)

Cl COMe [Ir(OMe)cod], (1.5 mol%) Cl COMe Cl COMe
@ dtbpy (3 mol%)
+
Bopin, (1.2 eq.)
MTBE, r.t.,, 16 h pinB Bpin
69j 70j 71j

General procedure C was applied to 1-(2-chlorophenyl)ethanone (69j) (57 mg, 0.4 mmol).
The reaction mixture was stirred at room temperature for 16 hours giving a conversion of

>99% (GC-MS) and 70j and 71j in a 62:38 mixture (*H NMR spectrum).

Borylation of 2-(2-Chlorophenyl)-4,4,5,5-tetramethyl-[1,3,2]-dioxaborolane (69k)

cl Bpin [Ir(OMe)cod], (1.5 mol%) Bpin Bpin Gl
@ dtbpy (3 mol%) /@\
> +
Bopin, (1.2 eq.) pinB Bpin

MTBE, r.t., 16 h pinB Bpm
69k 70k

General procedure C was applied to 2-(2-chlorophenyl)-4,4,5,5-tetramethyl-[1,3,2]-
dioxaborolane (69k) (96 mg, 0.4 mmol). The reaction mixture was stirred at room

temperature for 16 hours giving a conversion of >99% (GC-MS) and monoborylated products
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(70k+zz arising from trace chlorobenzene impurity in the reaction mixture) and 71k in a

84:16 mixture (*H NMR spectrum).

Borylation of methyl 2-(4,4,5,5-tetramethyl-[1,3,2]-dioxaborolan-2-yl)benzoate (69l)

MeO,C Bpin [Ir(OMe)cod], (1.5 mol%) MeO,C Bpin MeO,C Bpin
dtbpy (3 mol%)

Bopin, (1.2 eq.)
MTBE, r.t., 16 h pinB Bpin

691 701 711
General procedure D was applied to 2-(4,4,5,5-tetramethyl-[1,3,2]-dioxaborolan-2-
yl)benzoate 69l (52 mg, 0.2 mmol). The reaction mixture was allowed to stand for 16 hours
giving a conversion of 35% (GC-MS) and 701 and 71l in a 53:47 mixture (GC-MS). These peaks
were assigned based on the trend of other 1,2-disubstituted benzenes as the structures of

both 701 and 711 could not be determined unambiguously by NMR spectroscopic techniques.
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Borylation of Monosubstituted Benzenes

Borylation of (dimesitylboryl)benzene (73a)

BMeS2  liroMe)codl, (1.5 mol%) Bmes, Bmes, Bmes,
dtbpy (3 mol%) /@ /@\
> + +
Bopiny (1.2 eq.) pinB pinB Bpin
MTBE, r.t., 16 h Bpin
73a 74a 75a 76a

General procedure C was applied to (dimesitylboryl)benzene (73a) (132 mg, 0.40 mmol). The
reaction mixture was stirred at room temperature for 16 hours giving a conversion of 69%
("H NMR spectrum) and 74a, 75a and 76a in a 26:6:68 mixture and some unreacted starting

material (19a) (*H NMR spectrum).

Borylation of 5,5-dimethyl-2-phenyl-[1,3,2]-dioxaborinane (73b)

Bneop
BNeop  11-oMe)codl, (1.5 mol%) Bneop
dtbpy (3 mol%)
> +
Bopin, (1.2 eq.) inB .
MTBE, r.t., 16 h P Bpin
73b 74b 76b

General procedure C was applied to 5,5-dimethyl-2-phenyl-[1,3,2]-dioxaborinane (73b) (76
mg, 0.4 mmol). The reaction mixture was stirred at room temperature for 16 hours giving a
conversion of 45% (*H NMR spectrum) and 74b and 76b in a 33:67 mixture and some

unreacted starting material (19b) (*H NMR spectrum).
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Borylation of 4,4,5,5-tetramethyl-2-phenyl-[1,3,2]-dioxaborolane (73c)

. , , B
BRI 1 (OMe)cod], (1.5 mol%) Bpin Bpin pin
© dtbpy (3 mol%) /@ /@\
_ .\ .
Bypin, (1.2 eq.) oinB pinB Bpin
MTBE, rt. 16 h Bpin
73c 74c 75¢c 76¢c

General procedure C was applied to 4,4,5,5-tetramethyl-2-phenyl-[1,3,2]-dioxaborolane
(73c) (82 mg, 0.4 mmol). The reaction mixture was stirred at room temperature for 16 hours
giving a conversion of 71% (*H NMR spectrum) and 74c, 75c and 76c¢ in a 32:4:64 mixture and

some unreacted starting material (73c) (*H NMR spectrum).

Borylation of methyl benzoate (73d)

M M CO,M
COMe 11 OMe)codl, (1.5 mol%) ¢O-Me COMe 2\ie
© dtbpy (3 mol%) /© /@\
> + +
Bopin, (1.2 eq.) H,B pinB Bpin
MTBE, r.t, 16 h Bpin
73d 74d 75d 76d

General procedure C was applied to methyl benzoate (73f) (54 mg, 0.4 mmol). The reaction
mixture was stirred at room temperature for 16 hours giving a conversion of >99% (GC-MS)

and 74d, 75d and 76d in a 22:22:56 mixture (‘*H NMR spectrum).

Borylation of benzonitrile (73e)

CN CN CN CN
CN [Ir(OMe)cod], (1.5 mol%) Boi N Boi
O O "
> + + + +
Bopin, (1.2 eq.) pinB pinB Bpin pinB
75e XX yy

MTBE, r.t., 16 h
73e 74e

General procedure C was applied to benzonitrile (73e) (41 mg, 0.4 mmol). The reaction

Bpin Bpin
76e

mixture was stirred at room temperature for 16 hours giving a conversion of >99% (GC-MS)
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and 74e, 75e, 76e, xx and yy in a 30:21:34:7:8 mixture and some unreacted starting material

(73e) (*H NMR spectrum).

Borylation of 1,1,1,3,3,3-hexamethyl-2-phenyl-2-(trimethylsilyl)trisilane (73f)

Si(TMS)3 [Ir(OMe)cod], (1.5 mol%) Si(TMS)3 Si(TMS)3 Si(TMS)3
dtbpy (3 mol%)
> + +
Bopin, (1.2 eq.) pinB pinB Bpin
MTBE, r.t,, 16 h Bpin
73f 74f 75f 76f

General procedure C was applied to 1,1,1,3,3,3-hexamethyl-2-phenyl-2-
(trimethylsilyl)trisilane (73f) (130 mg, 0.4 mmol). The reaction mixture was stirred at room
temperature for 16 hours giving a conversion of 72% (GC-MS) and 74f, 75f and 76f in a

48:15:37 mixture and some unreacted starting material (73f) (*H NMR spectrum).

Borylation of chlorobenzene (73g)

Cl Cl Cl Cl
[Ir(OMe)cod], (1.5 mol%)
© dtbpy (3 mol%)
> + +
Bopiny (1.2 eq.) pinB pinB Bpin
MTBE, r.t,, 16 h Bpin
73g 749 75¢g 769

General procedure C was applied to chlorobenzene (73g) (45 mg, 0.4 mmol). The reaction
mixture was allowed to stand for 16 h giving a conversion of 98% (GC-MS) and 74g, 75g and

76g in a 32:33:35 mixture (*H NMR spectrum).
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Borylation of toluene (73h)

Me  liroMe)cod, (1.5 mol%)
dtbpy (3 mol%) /@ /@\
Bopin, (1.2 eq) pinB pinB Bpin
MTBE, rt., 16 h Bpm
73h 74h 75h

General procedure D was applied to toluene (73h) (19 mg, 0.2 mmol). The reaction mixture
was allowed to stand for 16 hours giving a conversion of 30% (GC-MS) and 74h, 75h and 76h

in a 63:6:31 mixture and some unreacted starting material (19h) (*H NMR spectrum).

Borylation of (trifluoromethyl)benzene (73i)

CF3

[Ir(OMe)cod], (1.5 mol%)
© dtbpy (3 mol%) /@ /@\
Bopin, (1.2 eq.) pinB pinB Bpin
MTBE, r.t., 16 h Bpln
73i 74i 75i

General procedure C was applied to (trifluoromethyl)benzene (73i) (58 mg, 0.4 mmol). The
reaction mixture was stirred at room temperature for 16 hours giving a conversion of >99%

(GC-MS) and 74i, 75i and 76i in a 29:40:31 mixture (*H NMR spectrum).

Borylation of trimethyl(phenyl)silane (73j)

™S [i(OMe)cod], (1.5 mol%)
@ S J@ Q
Bp|n
73j 74j 75i

General procedure C was applied to trimethyl(phenyl)silane (73j) (60 mg, 0.4 mmol). The

reaction mixture was stirred at room temperature for 16 hours giving a conversion of 93%
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(GC-MS) and 74j, 75j and 76j in a 56:16:28 mixture and some unreacted starting material

(73j) (*H NMR spectrum).

Borylation of tert-butylbenzene (73k)

Bu
tBU IBU tBU
[Ir(OMe)cod], (1.5 mol%)
© dtbpy (3 mol%) /@ /@
- + +
B,pin, (1.2 eq.) pinB pinB Bpin Bpin
MTBE, r.t., 16 h
73k 74k 75k 76k

General procedure C was applied to tert-butylbenzene (73k) (54 mg, 0.4 mmol). The reaction
mixture was stirred at room temperature for 16 hours giving a conversion of 82% (GC-MS)
and 74k, 75k and 76k in a 68:8:24 mixture and some unreacted starting material (73k) (*H

NMR spectrum).

Borylation of N,N-dimethylaniline (73l)

NMe,
NMe NMe
NMe, [Ir(OMe)cod], (1.5 mol%) ? ?
@ dtbpy (3 mol%)
> + +
B,pin, (1.2 eq.) pinB pinB Bpin Bpin
MTBE, r.t.,, 16 h
731 741 751 76l

General procedure C was applied to N,N-dimethylaniline (73I) (48 mg, 0.4 mmol). The
reaction mixture was stirred at room temperature for 16 hours giving a conversion of 69%
(GC-MS) and 741, 751 and 76l in a 75:4:21 mixture and some unreacted starting material (73l)

(*H NMR spectrum).
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Borylation of anisole (73m)

OMe i (OMe)cod], (1.5 mol%) QMe QMe QMe
© dtbpy 3 mol%) /@ /@\
> + +
Bopin, (1.2 eq.) pinB pinB Bpin
MTBE, r.t., 16 h Bpin
73m 74m 75m 76m

General procedure C was applied to anisole (73m) (43 mg, 0.4 mmol). The reaction mixture
was stirred at room temperature for 16 hours giving a conversion of 93% (GC-MS) and 74m,
75m and 76m in a 68:16:16 mixture and some unreacted starting material (73m) (*H NMR

spectrum).
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Phthalide Experiments

Borylation of phthalide (77)

o) [Ir(cod)OMe], (1.5 mol%) O  BpPin o e o) o
dtbpy (3 mol %) Bpin Bpin
o] . o] o] o] o] o]
Bopin, (1.2 eq.) Bpin
MTBE, r.t., 24h . .
Bpin Bpin
77 78 79 80 81 82

General procedure D was applied to phthalide 77 (27 mg, 0.2 mmol). The reaction mixture
was allowed to stand for 24 hours giving a conversion of >99% (GC-MS) and borylated

products (78, 79, 80, 81 and 82) in a 6:6:28:31:29 mixture (*H NMR spectrum).

Phthalide-d, (86)*

Procedures taken from Bailey? and Vitullo.> A solution of phthalic anhydride (85) (1.78 g,
12.0 mmol) in DMF (16 mL) was added slowly to an ice-cooled suspension of NaBD, (0.42 g,
10.0 mmol) in DMF (4.0 mL). The mixture was allowed to warm to room temperature,
concentrated under reduced pressure, diluted with water, extracted into ether, dried over
MgSO,; and concentrated in vacuo. Purification by flash column chromatography (40g
column, 0-100% ether/hexane, 16 column volumes) afforded phthalide-d, (86) as a white
solid (1.4 g, 86%); m.p. 73 - 74 °C; Vmax (neat) 1742, 1463, 1262, 1120, 1008, 938, 718 cm™; H
NMR (400 MHz, CDCls) & 7.91 (d, J = 7.6, 1H, 2-H), 7.68 (t, J = 7.6, 1H, 4-H), 7.49-7.55 (m, 2H,
3,5-H), *C NMR (101 MHz, CDCl3) 6 171.2 (€=0), 146.5 (C-6), 134.1 (C-4), 129.2 (C-3), 125.9

(€-1,2), 122.3 (€-5), 69.17 (CD,); GC-MS (El) m/z 136 [M]", 106 [M-CD,0]", 78 [M-CO,CD,]"
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Borylation of 2-Substituted Pyridines

Borylation of 2-methoxy pyridine (97a)

[Ir(cod)OMe], (1.5 mol%) Bpin Bpin

A dtbpy (3 mol%) X A X Bpin  pinB X Bpin
» . L L L L

MeO” N Bapin (1.2 eq.) Me0” "N~ MeO” "N~ “BpinMeO” N MeO” N
MTBE, r.t.,, 24 h

97a 98a 99a 100a 101a

General procedure D was applied to 2-methoxypyridine (97a) (22 mg, 0.2 mmol). The
reaction mixture was stirred at room temperature for 24 h giving a conversion of >99% (GC-

MS) and 98a, 99a, 100a and 101a in a 30:9:45:16 mixture ("H NMR spectrum).

Borylation of 2-methoxy pyridine (97b)

[Ir(cod)OMel, (1.5 mol%) Bpin Bpin
| X dtbpy (3 mol%) fj /ﬁj\ /(j/Bpln meIj/Bpln
“ Bopin, (1.2 eq.) = Bpin CI
MTBE, r.t., 24 h
97b 98b 99b 100b 101b

General procedure D was applied to 2-chloropyridine (97b) (23 mg, 0.2 mmol). The reaction
mixture was stirred at room temperature for 24 h giving a conversion of >99% (GC-MS) and

98b, 99b, 100b and 101a in a 30:9:45:16 mixture (*H NMR spectrum).

Borylation of 2-methoxy pyridine (97c¢)

[Ir(cod)OMe], (1.5 mol%) Bpin Bpin

X dtbpy (3 mol%) x N N Bpin pinB XN Bpin
| i~ i | 7 | pZ | pz | —

FsC7 N Bapiny (1.2 eq.) FsC7 "N~ F,C7 N7 “Bpin F5C7 N FsC7 N
MTBE, r.t., 24 h

97¢c 98¢ 99¢c 100c 101c
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General procedure D was applied to 2-methoxypyridine (97c) (30 mg, 0.2 mmol). The
reaction mixture was stirred at room temperature for 24 h giving a conversion of >99% (GC-

MS) and 98¢, 99¢, 100c and 101c in a 30:9:45:16 mixture (*H NMR spectrum).
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Borylation of 2,4-Disubstituted Pyridines

Borylation of methyl 2-chloroisonicotinate (102a)

COMe  (j(cod)OMel, (1.5 mol%) COMe
N dtbpy (3 mol%) N
I ON Bopin, (1.2 eq.) cI” >N > Bpin
MTBE, rt,, 72 h
102a 103a

General procedure D was applied to methyl 2-chloroisonicotinate (102a) (34 mg, 0.2 mmol).
The reaction mixture was stirred at room temperature for 72 h giving a conversion of >73%

to 6-borylated product (103a) (*H NMR spectrum).

Borylation of 2,4-dichloropyridine (102b)
¢l [Ir(cod)OMe], (1.5 mol%) ¢l ¢ Boi
| X dtbpy (3 mol%) fj + rj/ pin
Z Bopin, (1.0 eq.) CI” >N Bpin CIF N
MTBE, rt., 48 h
102b 103b 104b

General procedure D was applied to 2,4-dichloropyridine (102b) (30 mg, 0.2 mmol). The
reaction mixture was stirred at room temperature for 48 h giving a conversion of >73% and

103b and 104b in a 55:45 mixture (*H NMR spectrum).

Borylation of methyl 2-methoxyisonicotinate (102c)

COMe 11 (cod)OMel, (1.5 mol%) CO,Me
| 2 dtbpy (3 mol%) | X
MeO™ N7 Bopin; (1.2 eq.) MeO” “N” “Bpin
MTBE, r.t., 24 h
102c 103c
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General procedure D was applied to methyl 2-methoxyisonicotinate (102c) (33 mg, 0.2
mmol). The reaction mixture was stirred at room temperature for 24 h giving a conversion of

57% to 6-borylated product (103c) (*H NMR spectrum).

Borylation of methyl 2-(trifluoromethyl)isonicotinate (102d)

COMe  ((cod)OMel, (1.5 mol%) CO-Me
| B dtbpy (3 mol%) | A
FoC N7 Bopin, (1.2 eq.) FsC” “N” “Bpin
MTBE, r.t., 1 h
102d 103d

General procedure D was applied to methyl 2-(trifluoromethyl)isonicotinate (102d) (41 mg,
0.2 mmol). The reaction mixture was stirred at room temperature for 1 h giving a conversion

of 93% to 6-borylated product (103d) (*H NMR spectrum).

Borylation of 2-chloro-4-(trifluoromethyl)pyridine (102e)

CFs lIr(cod)OMel, (1.5 mol%) CFs
N dtbpy (3 mol%) ﬁ
I N7 Bapin; (1.2 q.) cI” >N Bpin
MTBE, r.t, 1h
102e 103e

General procedure D was applied to 2-chloro-4-(trifluoromethyl)pyridine (102d) (36 mg, 0.2
mmol). The reaction mixture was stirred at room temperature for 1 h giving a conversion of

61% to 6-borylated product (103e) (*H NMR spectrum).

Borylation of 2-chloroisonicotinonitrile (102f)
GN [Ir(cod)OMe], (1.5 mol%) CN CN Boi
| B dtbpy (3 mol%) fj + rj/ pin
~ Bopin, (1.0 eq.) CI” >N Bpin CIF N
MTBE, r.t., 4 h
102f 103f 104f
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General procedure D was applied to 2-chloroisonicotinonitrile (102f) (28 mg, 0.2 mmol). The
reaction mixture was stirred at room temperature for 4 h giving a conversion of 42% and

103b and 104b in a 57:43 mixture (*H NMR spectrum).
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“One-Pot” C-H Borylation/Suzuki-Miyaura Cross-Coupling Sequence

2,4-Dichloro-6-phenylpyridine (109b)

2,4-Dichloro-5-phenylpyridine (110b)

110b

General procedure E was applied to 2,4-dichloropyridine (102b) (296 mg, 2.0 mmol) with 4-
iodobenzene (449 mg, 2.2 mmol). 'H NMR analysis after C-H borylation showed 95%
conversion with 55:45 mixture 6- and 5-borylated products. Purification by flash column
chromatography (24 g column, 0-10% EtOAc/hexane, 25 column volumes) afforded 2,4-
dichloro-6-phenylpyridine (109b) (179 mg, 40%) and 2,4-dichloro-5-phenylpyridine (110b)
(125 mg, 28%), both as colourless liquid.

109b: v« (neat) 3058, 2928, 1742, 1568, 1542, 1408, 1369, 1157, 1068, 844, 800, 796, cm'l;
'H NMR (700 MHz, CDCl5) & 7.98 (m, 2H, 2’,6’-CH), 7.66 (d, *J = 1.4, 1H, 5-CH), 7.46-7.50 (m,
3H, 3’,4’,5'-CH, 7.30 (d, J = 1.4, 1H, 3-CH); *C NMR (176 MHz, CDCl5) 6 159.1 (C-6), 152.1 (C-
1’), 146.4 (C-4), 136.8 (€-2), 130.4 (C-4’), 129.1 (C-3’,5’), 127.2 (€-2",6’), 122.4 (C-3), 119.4 (C-
5); GC-MS (El) m/z 227 ([M]*, 3’ci¥’c1), 225 ([M]7, 3ci*®cl), 223 (IM]*, *>ci*>cl), 190 ([M-CI]",
37cl1), 188 ([M-CIT*, *°Cl), 153 [M-2CI]"; HRMS (ASAP) calculated [M]* 222.9950, found [M]*
222.9953.

119b: vy, (neat) 3058, 2928, 1742, 1568, 1542, 1408, 1369, 1157, 1068, 844, 800, 796, cm™;

'H NMR (700 MHz, CDCl5) & 8.34 (s, 1H, 6-H), 7.49-7.46 (m, 4H), 7.42 (d, J = 2.0, 2H); *C NMR
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(176 MHz, CDCl3) & 150.8 (€-6), 150.7, 144.3, 135.6, 134.4, 129.6, 128.7, 124.9; GC-MS (El)
m/z 227 (IM]*, *’ci*’cl), 225 (IM]*, *'cicl), 223 (IM]*, **ci**cl), 190 [M-CIT*, *"cl), 188 ([M-

Cl]+, *°Cl), 153 [M-2CI]*; HRMS (ASAP) calculated [M]" 222.9950, found [M]" 222.9955.

Methyl 2-chloro-6-(4-(methoxycarbonyl)phenyl)isonicotinate (106)

General procedure E was applied to methyl 2-chloroisonicotinate (102a) (172 mg, 1.0 mmol)
with methyl 4-iodobenzoate (288 mg, 1.1 mmol). 'H NMR analysis after C-H borylation
showed 78% conversion to the 6-borylated product. Purification by flash column
chromatography (40 g column, 0-40% ether/hexane, 20 column volumes) afforded methyl 2-
chloro-6-(4-(methoxycarbonyl)phenyl)isonicotinate (106) as a white solid (70 mg, 53%); m.p.
167 - 168 °C; Vmax (neat) 1720, 1551, 1402, 1315, 1266, 1108, 968, 763 cm™; *H NMR (700
MHz, CDCl;) 6 8.25 (d, J = 1.4, 1H, 5-CH), 8.15-8.12 (m, 4H, 2’,3’,5',6’-CH), 7.85 (d, J = 1.4, 1H,
3-CH), 4.00 (s, 3H, Py-CO,CHs), 3.95 (s, 3H, Ph-CO,CHs); >*C NMR (176 MHz, CDCl;) & 166.7
(4’-CCO,), 164.5 (4-CCO,), 157.8 (€-6), 152.5 (C-4), 141.2 (C-2), 141.0 (C-1’), 131.6 (C-4'),
130.3 (€-3',5’), 127.2 (€-2',6’), 123.0 (C-3), 118.7 (C-5), 53.3 (4-CCO,CHs), 52.4 (4’-CCO,CH3);
GC-MS (El) m/z 307 (M1, *’Cl), 305 ([M]", **Cl), 276 ([M-OCH5]", *’Cl), 274 ([M-OCHs]", *°Cl),
248 ([M-CO,CHs]*, *'cl), 246 ([M-CO,CHs]*, *°Cl), 189 ([M-(CO,CHs),]", *Cl), 187 ([M-
(CO,CHs),]", *°Cl), 152 [M-(CO,CH3),Cl1"; HRMS (ASAP) calculated [M]* 305.0449, found [M]*

305.0451.

262



Chapter 6 Experimental Details

Preparation of Methyl 2-Substituted Nicotinates and Isonicotinates

Methyl 2-methoxyisonicotinate (102¢)*

CO,Me

3 X 5

—

MeO” "N~ ¢

General procedure G was applied to 2-methoxyisonicotinic acid (0.84 g, 5.0 mmol)
Purification by flash column chromatography (12 g column, 0-50% ether/hexane, 28 column
volumes) afforded methyl 2-methoxyisonicotinate (102c) as colourless liquid (0.51 g, 65%);
Vmax (n€at) 2952, 1732, 1564, 1454, 1386, 1324, 1262, 1219, 1097, 764 cm™; *H NMR (400
MHz, CDCl;) 6 8.27 (d, J = 5.4, 1H, 3-CH), 7.39 (dd, J = 5.4, 1H, 5-CH), 7.30 (m, 1H, 6-CH), 3.96
(s, 3H, OCHs), 3.93 (s, 3H, 0,CHs); *C NMR (151 MHz, CDCl3) & 165.7 (€=0), 150.0 (C-2),
147.8 (C-3), 140.2 (C-4), 115.8 (€-5), 111.4 (C-6), 54.0 (OCH3), 52.8 (O,CH3); GC-MS (El) m/z
167 [M]", 166 [M-H]", 136 [M-OCH3]", 122 [M-0,Me]", 108 [M-CO,Me]", 95 [M-CO,Me-CHs]";

HRMS (ASAP) calculated [M]* 167.1647, found [M]* 167.1651.

Methyl 2-(trifluoromethyl)isonicotinate (102d)’

CO,Me

3 X °

bz

F,¢” N7 8

General procedure G was applied to 2-(trifluoromethyl)isonicotinic acid (1.03 g, 5.0 mmol).
Purification by silica flash column chromatography (12g column, 0-50% ether/hexane, 28
column volumes) afforded methyl 2-methoxyisonicotinate (102d) as colourless liquid (0.30 g,
58%); Vmax (Neat) 2962, 1737, 1333, 1260, 1186, 1143, 765, 698 cm™’; 'H NMR (400 MHz,
CDCl5) 6 8.90 (d, J = 4.8, 1H, 6-CH), 8.23 (m, 1H, 3-CH), 8.06 (d, /= 4.8, 1H, 5-CH), 4.00 (s, 3H,
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CHs); *C NMR (151 MHz, CDCl5) § 164.4 (€-2), 151.1 (€=0), 149.5 (q, *Jcr = 35, CCF3), 139.2
(C-4), 125.9 (€-5), 121.3 (g, YJer = 275, CF3), 120.051 (C-3), 53.292 (CH5); GC-MS (EI) m/z 205
[M]*, 186 [M-F]", 174 [M-OCHs]", 146 [M-CO,CHs]*; HRMS (ASAP) calculated [M]* 205.0345,

found [M]" 205.0351.

Methyl 2-methoxynicotinate (116a)°

4

M802C X5

General procedure G was applied to 2-methoxynicotinic acid (0.84 g, 5.0 mmol) Purification
by flash column chromatography (12 g column, 0-50% ether/hexane, 28 column volumes)
afforded methyl 2-methoxynicotinate (116a) as colourless liquid (0.46 g, 58%); Vmax (neat)
2952, 1734, 1706, 1676, 1466, 1400, 1316, 1236, 1084, 1010, 774 cm™; 'H NMR (400 MHz,
CDCl3) § 8.31 (dd, J = 4.8, %/ = 2.4, 1H, 6-CH), 8.15 (dd, J = 7.8, *J = 1.8, 1H, 4-CH), 6.94 (dd, J =
4.8 and 7.8, 1H, 5-CH), 4.04 (s, 3H, CH5CO,), 3.90 (s, 3H, CH50); *C NMR (151 MHz, CDCl5) &
165.7 (€=0), 162.5 (C-2), 141.3 (C-4), 116.4 (C-5), 114.1 (C-3), 54.2 (CH3CO,), 52.4 (OCHs); GC-
MS (EI) m/z 167 [M]*, 166 [M-H]", 136 [M-OCHs]", 122 [M-0,Me]’, 108 [M-CO,Me]", 95 [M-

CO,Me-CHs]*; HRMS (ASAP) calculated [M]* 167.1647, found [M]" 167.1650.

Methyl 2-(trifluoromethyl)nicotinate (116b)°

M802C X

P

F,C7 N
General procedure G was applied to 2-(trifluoromethyl)nicotinic acid (1.03 g, 5.0 mmol).

Purification by silica flash column chromatography (12g column, 0-50% ether/hexane, 28
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column volumes) afforded methyl 2-methoxynicotinate (116b) as colourless liquid (0.32 g,
61%); Vmax (Neat) 2952, 1734, 1589, 1440, 1306, 1262, 1182, 1138, 1120, 1058, 788, 638 cm™;
'H NMR (400 MHz, CDCl5) 6 8.80 (d, J = 5.7, 1H, 6-CH), 8.11 (d, J = 8.7, 1H, 4-CH), 7.58 (dd, J =
8.7, 5.7, 1H, 5-CH), 3.97 (s, 3H, CHs); **C NMR (151 MHz, CDCls) & 166.0 (€=0), 151.0 (C-6),
145.8 (g, 2JCF = 35, C-2), 138.4 (C-4), 129.9 (€-3), 121.2 (CFs), 53.4 (CH3); GC-MS (EI) m/z 205
[M]*, 186 [M-F]*, 174 [M-OCH;]", 146 [M-CO,CHs]*; HRMS (ASAP) calculated [M]* 205.0345,

found [M]* 205.0349.
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“One-Pot” Tandem C-H Borylation/1,4-Conjugate Addition Sequence Under

Non-Reducing Conditions

4-(3,5-Dimethylphenyl)butan-2-one (163)’

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition yield (%)

H (Schlenk) 60 30 68
| (array) 60 30 45

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; vimax (neat) 3014, 2920, 2360, 1716, 1606, 1450, 1362, 1158, 850, 698, 518 cm’
- 1H NMR (400 MHz, CDCl3) 6 6.85 (s, 1H, 4’-CH), 6.81 (s, 2H, 2’,6’-CH), 2.73-2.85 (m, 4H, 3, 4-
CH,), 2.29 (s, 6H, 3’,5’-CCH3), 2.15 (s, 3H, 1-CH5); *C NMR (101 MHz, CDCl5) & 208.1 (2-C),
140.9 (1’-C), 138.0 (3',5’-C), 127.7 (4'-C), 126.1 (2’,6’-C), 45.3 (3-C), 30.0 (1-C), 30.0 (4-C), 21.2
(3’,5’-CCH3); GC-MS (El) m/z 176 [M]’, 161 [M-CHs]*, 133 [M-CH3CO]*, 105 [(CH3),CeHs]%;

HRMS (ASAP) calculated [M]* 176.1201, found [M]* 176.1191.

3-(3,5-Dimethylphenyl)cyclohexanone (194)®

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition vyield (%)

H (Schlenk) 60 30 65
| (array) 60 30 55

Flash column chromatography: 0-25% MTBE/cyclohexane
Colourless oil; vmax (neat) 2938, 2868, 1708, 1602, 1222, 848, 704 cm™’; *H NMR (400 MHz,

CDCls) & 6.89 (s, 1H, 4'-CH), 6.84 (s, 2H, 2/,6'-CH), 2.90-2.98 (m, 1H, 3-CH), 2.34-2.61 (m, 4H,

266



Chapter 6 Experimental Details

2,6-CH,), 2.32 (s, 6H, 3’,5’-CCHs), 2.04-2.19 (m, 2H, 4-CH,), 1.74-1.90 (m, 2H, 5-CH,); *C NMR
(101 MHz, CDCl3) & 211.2 (1-C), 144.4 (1’-C), 138.2 (3',5-C), 128.3 (4'-C), 124.4 (2’,6'-C), 49.0
(2-C), 44.7 (3-C), 41.2 (6-C), 32.9 (5-C), 25.6 (4-C), 21.3 (CCHs); GC-MS (EI) m/z 202 [M]*, 187
[M-CHs]*, 159 [M-CH,CO]", 145 [M-CH,CH,CO]*, 132 [M-CH,CH,CH,C=0]*; HRMS (ASAP)

calculated [M]" 202.1358, found [M]" 202.1350.

4-(3-Chloro-5-methoxyphenyl)butan-2-one (164)

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition yield (%)

H (Schlenk) 20 30 71
| (array) 60 30 69

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; vmax (neat) 2942, 2838, 1714, 1574, 1460, 1430, 1364, 1316, 1264, 1150, 1056,
840, 688 cm™; "H NMR (400 MHz, CDCl3) § 6.78 (m, 1H, 2’-CH), 6.74 (m, 1H, 4’-CH), 6.63 (m,
1H, 6’-CH), 3.79 (s, 3H, OCHs), 2.73-2.86 (m, 4H, 3,4-CH,), 2.16 (s, 3H, 1-CHs); *C NMR (101
MHz, CDCl3) & 207.3 (2-€), 160.3 (5'-C), 143.9 (1’-C), 134.7 (5’-C), 120.7 (2’-C), 112.9 (4’-C),
111.8 (6'-C), 55.4 (OCHs), 44.6 (3-C), 30.1 (1-C), 29.4 (4-C), 21.2 (3’,5’-CCH3); GC-MS (EI) m/z
214 ([M], *'cl), 212 ([M]*, °Cl), 271 ([M-CHsCOT*, 3/cl), 269 ([M-CH5CO]", **Cl), 157 ([M-
CH3(CO)CH,]", *’Cl), 155 ([M-CH3(CO)CH,]*, **Cl); HRMS (ASAP) calculated [M+H]" 213.0682,

found [M+H]" 213.0669.

267



Chapter 6 Experimental Details

3-(3-Chloro-5-methoxyphenyl)cyclohexanone (195)

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition yield (%)

H (Schlenk) 20 30 68
| (array) 60 30 63

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; vmay (neat) 2942, 2872, 1708, 1574, 1458, 1430, 1316, 1276, 1222, 1150, 1052,
846, 692 cm™; 'H NMR (400 MHz, CDCl5) § 6.82 (m, 1H, 6’-CH), 6.77-6.78 (m, 1H, 4’-CH), 6.65
(m, 1H, 2’-CH), 2.80 (s, 3H, OCHs), 2.91-2.99 (m, 1H, 3-CH), 2.33-2.61 (m, 4H, 2,6-CH>), 2.06-
2.19 (m, 2H, 4-CH,), 1.71-1.88 (m, 2H, 5-CH,); >°C NMR (101 MHz, CDCl;) & 210.3, 160.4 (3'-
C), 147.1 (1’-€), 135.0 (5’-C), 119.1 (6’-C), 112.1 (2’-C), 111.5 (4’-C), 55.5 (OCHs), 48.6 (2-C),
44.5 (3-C), 41.1 (6-C), 32.5 (5-C), 25.4 (4-C); GC-MS (EI) m/z 240 ([M]*, *’Cl), 238 (IM]*, *°Cl),
199 ([M-CHCOJ*, *’cl), 197 (IM-CHCOJ*, *>Cl), 171 ([M-(CH,)sCO]", *’Cl), 169 ([M-(CH,)sCO]",

33Cl); HRMS (ASAP) calculated [M]* 239.0839, found [M]* 239.0847.

4-(3,5-Bis(trifluoromethyl)phenyl)butan-2-one (166)

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition yield (%)

H (Schlenk) 20 30 53
| (array) 60 30 45

Flash column chromatography: 0-25% MTBE/cyclohexane
Colourless oil; vmax (neat) 2974, 2934, 1720, 1380, 1276, 1166, 1124, 892, 842, 706, 682 cm‘l;
'H NMR (400 MHz, CDCl3) 6 7.72 (s, 1H, 4’-CH), 7.66 (s, 2H, 2’,6’-CH), 3.03 (t, 2H, J = 8, 4-CH>),

2.84 (t, 2H, J = 8, 3-CH>), 2.19 (s, 3H, 1-CCHs); *C NMR (101 MHz, CDCl) 6 206.4 (2-C), 143.6
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(1-C), 131.7 (q, Yer = 33, 3,5'-C), 128.7 (m, 2',6'-C), 123.34 (q, Yer = 271, CF3), 120.2 (m, &'~
0), 44.2 (3-C), 30.0 (1-C), 29.1 (4-C); *>F NMR (376 MHz, CDCl3) & 63.32; GC-MS (El) m/z 284
[M]*, 265 [M-F]", 241 [M-COCHs]*, 227 [M-CH,COCHs]*; HRMS (ASAP) calculated [M]*

284.0636, found [M]" 284.0635.

3-(3,5-Bis(trifluoromethyl)phenyl)cyclohexanone (196)

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition vyield (%)

H (Schlenk) 20 30 55
| (array) 60 30 47

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; vmax (neat) 2950, 2884, 1716, 1382, 1358, 1274, 1168, 1124, 934, 902, 842,
706, 682 cm™ ; 'H NMR (400 MHz, CDCl3) & 7.78 (s, 1H, 4’-CH), 7.69 (s, 2H, 2’,6’-CH), 3.12-
3.20 (m, 1H, 3-CH), 2.38-2.67 (m, 4H, 2,6-CH>), 2.13-2.26 (m, 2H, 4-CH,), 1.77-1.97 (m, 2H, 5-
CH,); *C NMR (101 MHz, CDCls) 6 209.1 (1-C), 146.6 (1’-C), 132.0 (q, *Jcr = 33, 3’,5’-C), 123.3
(9, Yer = 273, CF3), 126.9 (m, 2°,6’-C), 120.9 (4’-C), 48.4 (2-C), 44.4 (3-C), 40.9 (6-C), 32.4 (5-
C), 25.3 (4-C); °F NMR (376 MHz, CDCls) & 63.30; GC-MS (El) m/z 310 [M]*, 291 [M-F]*, 267
[M-HCOCH,]*, 254 [M-(CH,),CO]", 240 [M-(CH,);CO]"; HRMS (ASAP) calculated [M+H]"

311.0871, found [M+H]" 311.0865.

4-(3,5-Dimethoxyphenyl)pentan-2-one (197)

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition yield (%)

H (Schlenk) 20 30 47
| (array) 20 40 36
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Flash colum chromatography: 0-25% MTBE/cyclohexane

Colourless oil; vmax (neat) 2960, 2838, 1712, 1592, 1460, 1428, 1356, 1204, 1150, 1054, 1050,
832, 696 cm™; 'H NMR (400 MHz, CDCl5) 6 6.37 (d, 2H, *J = 4 Hz, 2’,6’-CH), 6.31 (t, 1H, */ = 2
Hz, 4’-CH), 3.79 (s, 6H, OCH3), 3.21-3.30 (m, 1H, 4-CH), 2.60-2.78 (m, 2H, 3-CH,), 2.09 (s, 3H,
1-CHs), 1.25 (d, 3H, J = 8, 4-CCHs); >*C NMR (101 MHz, CDCl3) § 207.7 (2-C), 160.9 (3’,5'-C),
148.8 (1’-C), 105.0 (2’,6’-C), 98.0 (4’-C), 55.3 (OCH3), 51.9 (3-C), 35.7 (4-C), 30.6 (1-C), 21.9 (4-
CCH3); GC-MS (EI) m/z 222 [M]", 179 [M-CH;CO]*, 165 [M-CH,COCHs]*; HRMS (ASAP)

calculated [M+H]" 223.1334, found [M+H]" 233.1321.

4-(3,5-Dimethoxyphenyl)-3-methylbutan-2-one (198)

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition yield (%)

H (Schlenk) 20 30 45
| (array) 20 40 30

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; vmax (neat) 2942, 2840, 1710, 1596, 1458, 1428, 1354, 1204, 1158, 1056, 834,
696 cm™; 'H NMR (400 MHz, CDCl;) & 6.32 (2, 3H, 2’,4’,6’-CH), 3.78 (s, 6H, OCHs), 2.81-2.98
(m, 2H, 4-CH,), 2.47-2.53 (m, 1H, 3-CH), 2.12 (s, 3H, 1-CH3), 1.10-1.11 (d, 3H, J = 4, 3-CCHs);
3C NMR (101 MHz, CDCl3) § 212.1 (2-C), 160.8 (3',5-C), 142.1 (1’-C), 107.0 (2’,6’-C), 98.2 (4'-
(), 55.3 (OCH3), 48.6 (3-C), 39.2 (4-C), 28.9 (1-C), 16.3 (3-CCHs); GC-MS (El) m/z 222 [M]*, 179
[M-CH5CO]*, 151 [M-CHsCHCOCHs]"; HRMS (ASAP) calculated [M+H]" 223.1334, found

[M+H]" 223.1312.
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4-(2,6-Dimethylpyridin-4-yl)pentan-2-one (199)°

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition yield (%)

H (Schlenk) 5 30 46
| (array) 20 40 35

Flash column chromatography: 0-25% MeOH/DCM

Colourless o0il; vmax (neat) 3428, 2968, 2924, 1714, 1606, 1566, 1426, 1362, 1162, 868 cm™;
'H NMR (400 MHz, CDCl5) & 6.80 (s, 2H, 3’,5’-CH), 3.18-3.27 (m, 1H, 4-CH), 2.62-2.77 (m, 2H,
3-CH,), 2.50 (s, 6H, 2’,6’-CCHs), 2.10 (s, 3H, 1-CHs), 1.23 (d, 3H, J = 8, 4-CCHs); *C NMR (101
MHz, CDCl5) § 206.8 (2-C), 157.9 (2',6’-C), 155.6 (4’-C), 118.7 (3,5'-C), 50.9 (3-C), 34.5 (4-CH),
30.5 (1-CHs), 24.5 (2/,6'-CCHs), 21.3 (4-CCH3); LC-MS (ES) m/z 192 [M+H]"; HRMS (ES)

calculated [M+H]" 192.1388, found [M+H]" 192.1384.

4-(2,6-Dimethylpyridin-4-yl)-3-methylbutan-2-one (200)

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition vyield (%)

H (Schlenk) 5 30 42
| (array) 20 40 30

Flash column chromatography: 0-25% MeOH/DCM

Colourless oil; vimax (neat) 3400, 2968, 2972, 2932, 1710, 1608, 1566, 1420, 1360, 1164, 854
cm™; 'H NMR (400 MHz, CDCl3) § 6.76 (s, 2H, 3',5'-CH), 2.80-2.96 (m, 2H, 4-CH,), 2.49 (s, 6H,
2,6'-CCHs), 2.43-2.49 (m, 1H, 3-CH), 2.13 (s, 3H, 1-CHs), 1.11 (d, 3H, J = 8, 3-CCH5); *C NMR

(101 MHz, CDCl3) & 211.2 (2-C), 157.7 (2/,6’-C), 149.3 (4’-C), 120.8 (3’,5'-C), 47.8 (3-C), 37.8
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(4-C), 28.7 (1-CH3), 24.4 (2',6'-CCH3), 16.5 (3-CCH3); LC-MS (ES) m/z 192 [M+H]*; HRMS

(ASAP) calculated [M+H]* 192.1388, found [M+H]* 192.1370.

4-(2,5-Dimethylthiophen-3-yl)pentan-2-one (201)

general reaction times (min) isolated
3 a procedure C-H borylation 1,4-conjugate addition vyield (%
e 0 dure C-Hborylation _1,4-con; ddition _yield (%)
< 5° H (Schlenk) 5 30 39
S
| (array) 20 40 30

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; Vmax (neat) 2974, 2924, 2873, 1712, 1455, 1355, 1174, 1144, 828, 499 cm™; 'H
NMR (400 MHz, CDCls) 6 6.49 (s, 1H, 3’-CH), 3.27-3.36 (m, 1H, 4-CH), 2.55-2.68 (m, 2H, 3-
CH,), 2.39 (s, 3H, 2’-CCHs), 2.32 (s, 3H, 5’-CCH3), 2.06 (s, 3H, 1-CHs), 1.17 (d, 3H, J = 8, 4-
CCHs); *C NMR (101 MHz, CDCl3) & 208.0 (2-C), 141.1 (4’-C), 135.7 (2’-C), 129.9 (5'-C), 123.7
(3’-€), 51.4 (3-CH,), 30.5 (4-CH), 28.8 (1-CHs), 21.6 (4-CCHs), 15.2 (2’-CCHs), 12.7 (5’-CCH5);
GC-MS (El) m/z 196 [M], 153 [M-CH3CO]*, 139 [M-CH,COCHs]"; HRMS (ASAP) calculated

[M]* 196.0922, found [M]" 196.0922.

4-(2,5-Dimethylthiophen-3-yl)-3-methylbutan-2-one (202)

general reaction times (min) isolated

i o A (: procedure C-H borylation 1,4-conjugate addition yield (%)
2 L 1 H (Schlenk) 5 30 42
| (array) 20 40 37

Flash column chromatography: 0-25% MTBE/cyclohexane
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Colourless oil; vmax (neat) 2972, 2920, 2872, 1712, 1454, 1356, 1174, 1144, 828, 496 cm™; 'H
NMR (400 MHz, CDCl3) & 6.41 (s, 1H, 3’-CH), 2.72-2.81 (m, 2H, 4-CH,), 2.40-2.47 (m, 1H, 3-
CH), 2.38 (s, 3H, 2’-CCHs), 2.29 (s, 3H, 5’-CCHs), 2.10 (s, 3H, 1-CHs), 1.08-1.09 (d, 3H, J = 4, 4-
CCHs); *C NMR (101 MHz, CDCl3) & 212.4 (2-C), 135.3 (4’-C), 134.7 (2’-C), 131.4 (5’-C), 126.9
(3’-C), 48.0 (3-C), 31.3 (4-CH,), 28.90 (1-CHs3), 16.3 (3-CCH3), 15.1 (2’-CCH3), 12.7 (5’-CCH3);
GC-MS (El) m/z 196 [M]’, 153 [M-CH5CO]*, 125 [M-CH3CHCOCH;]*;HRMS (ES) calculated

[M+H]" 197.1000, found [M+H]* 197.0997.
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“One-Pot” Tandem C-H Borylation/1,4-Conjugate Addition Sequence Under

Reducing Conditions

4-(3,5-Dimethylphenyl)butan-2-ol (186)

general reaction times (min) isolated

procedure C-H borylation 1,4-conjugate addition yield (%)

J (Schlenk) 60 80 61
K (array) 60 80 46

Flash column chromatography: 0-50% MTBE/cyclohexane

Colourless oil; vimax (neat) 3344, 2964, 2922, 2862, 1606, 1456, 1374, 1128, 1070, 962, 934,
840, 702 cm™; 'H NMR (400 MHz, CDCl;) & 6.84 (s, 3H, 2’,4’,6’-CH), 3.81-3.87 (m, 1H, 2-CH),
2.57-2.73 (m, 2H, 4-CH,), 2.30 (s, 6H, 3’,5"-CCHs), 1.73-1.79 (m, 2H, 3-CH,), 1.33-1.34 (d, 1H, J
= 4, OH), 1.23-1.24 (d, 3H, 1-CHs); >*C NMR (101 MHz, CDCls) & 141.9 (1’-C), 137.9 (3’,5’-C),
127.5 (4'-C), 126.2 (2’,6'-C), 67.6 (2-C), 40.9 (4-C), 32.0 (3-C), 23.6 (1-C), 21.3 (3’,5’-CCH3); GC-
MS (El) m/z 178 [M]’, 145 [M-(HO)CHs], 120 [M+H-CH,C(H)(OH)CHs]", 105 [M+H-

(CH,),C(H)(OH)CHs]"; HRMS (ASAP) calculated [M-OH]" 161.1330, found [M-OH]" 161.1332.

syn-3-(3,5-Dimethylphenyl)cyclohexanol (syn-203)

anti-3-(3,5-Dimethylphenyl)cyclohexanol (anti-203)

anti-203
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general reaction times (min) 'H NMR ratio isolated yield (%)
procedure C-H borylation 1,4-conjugate addition syn:anti syn-203 anti-203
J (Schlenk) 60 80 1:1 29 29

K (array) 60 80 1:1 17 16

Flash column chromatography: 0-50% MTBE/cyclohexane

syn-203: Colourless oil; vimax (neat) 3344, 2924, 2860, 1602, 1448, 1118, 974, 842, 702 cm™:
'H NMR (400 MHz, CDCl3) & 6.86 (s, 3H, 2’,4’,6’-CH), 4.23-4.25 (m, 1H, 1-CH), 2.90-2.98 (m,
1H, 3-CH), 2.31 (s, 6H, 3’,5'-CCHs), 1.41-1.97 (m, 9H, 2,4,5,6-CH,+OH); *3C NMR (101 MHz,
CDCl;) & 147.1 (1’-C), 137.8 (3’,5'-C), 127.6 (4’-C), 124.8 (2’,6'-C), 66.9 (1-C), 40.6 (3-C), 37.4
(2-C), 33.8 (6-C), 32.4 (4-C), 21.4 (CCH3), 20.5 (5-C); GC-MS (EI) m/z 204 [M]*, 186, 171, 157,
143, 131, 119; HRMS (ASAP) calculated [M+H]* 205.1592, found [M+H]* 205.1573.

anti-203: Colourless oil; vmax (neat) 3344, 2928, 2854, 1604, 1448, 1364, 1056, 840, 704 cm™;
'H NMR (400 MHz, CDCl3) 6 6.86 (s, 1H, 4’-CH), 6.85 (s, 2H, 2’,6’-CH), 3.69-3.77 (m, 1H, 1-CH),
2.49-2.57 (m, 1H, 3-CH), 2.31 (s, 6H, 3’,5’-CCH3), 1.22-2.17 (m, 9H, 2,4,5,6-CH,+0H); *C NMR
(101 MHz, CDCl3) & 146.20 (1’-C), 137.86 (3’,5'-C), 127.78 (4-C), 124.63 (2’,6’-C), 71.06 (1-C),
43.26 (3-C), 42.66 (2-C), 35.37 (6-C), 33.48 (4-C), 24.51 (CCH3), 21.36 (5-C); GC-MS (El) m/z
204 [M]+, 171, 145, 132, 119; HRMS (ASAP) calculated [M+H]" 205.1592, found [M+H]*

205.1588.

4-(3-Chloro-5-methoxyphenyl)butan-2-ol (185)

OH general reaction times (min) isolated
6 4
CheNg - S ) procedure C-H borylation 1,4-conjugate addition yield (%)
Y7 2 J (Schlenk) 20 80 71
0

~ K (array) 60 80 68
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Flash column chromatography: 0-50% MTBE/cyclohexane

Colourless 0il; Vmax (neat) 3350, 2964, 2924, 2864, 1574, 1458, 1430, 1272, 1150, 1050, 838,
690 cm™; 'H NMR (400 MHz, CDCls) & 6.80 (m, 1H, 2’-CH), 6.74 (m, 1H, 4’-CH), 6.64 (m, 1H,
6’-CH), 3.79 (s, 3H, OCHs), 3.79-3.85 (m, 1H, 2-CH), 2.59-2.76 (m, 2H, 4-CH,), 1.72-1.78 (m,
2H, 3-CH,), 1.23-1.26 (m, 4H, OH+1-CHs); **C NMR (101 MHz, CDCl3) 6 160.3 (5’-C), 145.0 (1’-
), 134.6 (5-C), 121.0 (2’-C), 112.9 (4'-C), 111.5 (6’-C), 67.30 (2-C), 55.4 (OCHs), 40.4 (3-C),
32.0 (1-C), 29.7 (4-C), 23.8 (3’,5’-CCH3); GC-MS (EI) m/z 216 ([M]*, *Cl), 214 ([M]*, *°Cl), 158
(IM-CH,C(H)(OH)CH;]", *’Cl), 156 ([M-CH,C(H)(OH)CH;]", *>Cl), 121 [M-CI-CH,C(H)(OH)CH3]";

HRMS (ASAP) calculated [M-OH]* 197.0733, found [M-OH]* 197.0750.

syn-3-(3-Chloro-5-methoxyphenyl)cyclohexanol (syn-204)

anti-3-(3-Chloro-5-methoxyphenyl)cyclohexanol (anti-204)

syn-204 anti-204

general reaction times (min) 'H NMR ratio isolated yield (%)

procedure C-H borylation 1,4-conjugate addition syn:anti syn-204 anti-204

J (Schlenk) 20 80 1:1.9 34 34
K (array) 60 80 1:2 35 33

Flash column chromatography: 0-50% MTBE/cyclohexane
syn-204: Colourless oil; vmay (neat) 3364, 2930, 2856, 1596, 1574, 1460, 1428, 1276, 1152,
1120, 1054, 976, 844, 688 cm™’; *H NMR (400 MHz, CDCl5) 6 6.82 (m, 1H, 6’-CH), 6.73 (m, 1H,

4'-CH), 6.66 (m, 1H, 2’-CH), 4.23-4.25 (m, 1H, 1-CH), 3.79 (s, 3H, OCH), 2.93-3.01 (m, 1H, 3-
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CH), 1.37-1.96 (m, 9H, 2,4,5,6-CH,+OH); *C NMR (101 MHz, CDCl3) § 160.3 (3’-C), 150.1 (1’-
C), 134.6 (5'-C), 119.5 (4’-C), 111.7 (6’-C), 111.5 (2’-C), 66.6 (1-C), 55.4 (OCHs), 40.2 (3-C),
37.6 (2-C), 33.5 (6-C), 32.4 (4-C), 20.3 (5-C); GC-MS (EI) m/z 242 (IM]*, *’cl), 240 ([M]*, >>Cl),
224 ([M-H,01%, *’cl), 222 ([M-H,0]", *>Cl), 207, 205, 184 [M-CH,C(H)(OH)CH,]*, *’Cl), 182 [M-
CH,C(H)(OH)CH,]+, *Cl), 171 ([M-CHCH,C(H)(OH)CH,]*, *'Cl), 169 ([M-CHCH,C(H)(OH)CH,]",
*3Cl), 158, 156; HRMS (ASAP) calculated [M+H]" 241.0999, found [M+H]" 241.0995.

anti-204: Colourless oil; vmax (neat) 3374, 2926, 2854, 1598, 1574, 1458, 1428, 1276, 1152,
1120, 1056, 974, 844, 688 cm™; "H NMR (400 MHz, CDCl3) 6 6.81 (m, 1H, 6’-CH), 6.74 (m, 1H,
4'-CH), 6.65 (m, 1H, 2’-CH), 3.79 (s, 3H, OCHs), 3.69-3.76 (m, 1H, 1-CH), 2.50-2.58 (m, 1H, 3-
CH), 1.21-2.18 (m, 9H, 2,4,5,6-CH,+OH); >*C NMR (101 MHz, CDCl3) § 160.3 (3’-C), 149.1 (1’-
), 134.7 (5'-C), 119.5 (4’-C), 111.6 (6’-C), 111.5 (2’-C), 70.8 (1-C), 55.4 (OCHs), 42.9 (3-C),
42.7 (2-C), 35.2 (6-C), 33.1 (4-C), 24.3 (5-C); GC-MS (El) m/z 242 ([M]*, *’Cl), 240 ([M]*, *>Cl),
224 ([M-H,0]%, ’cl), 222 ([M-H,0]", *>Cl), 207, 205, 184 [M-CH,C(H)(OH)CH,]*, *’cl), 182 [M-
CH,C(H)(OH)CH,]+, *Cl), 171 ([M-CHCH,C(H)(OH)CH,]*, *'Cl), 169 ([M-CHCH,C(H)(OH)CH,]",

*3Cl), 158, 156; HRMS (ASAP) calculated [M+H]" 241.0995, found [M+H]" 241.0981.

4-(3,5-Bis(trifluoromethyl)phenyl)butan-2-ol (205)

OH general reaction times (min) isolated
Fsc\e3©1/“\3)2\1 procedure C-H borylation 1,4-conjugate addition yield (%)
P2 J (Schlenk) 20 80 53

CF3 K (array) 60 80 47

Flash column chromatography: 0-50% MTBE/cyclohexane
Colourless oil; vmax (neat) 3360, 2974, 292, 1380, 1274, 1168, 1122, 890, 706, 682 cm™: H
NMR (400 MHz, CDCls) & 7.72 (s, 1H, 4’-CH), 7.67 (s, 2H, 2’,6’-CH), 3.82-3.90 (m, 1H, 2-CH),
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2.79-2.98 (m, 2H, 4-CH,), 1.77-1.83 (m, 2H, 3-CH,), 1.35-1.36 (d, 1H, OH), 1.27-1.28 (d, 3H, 1-
CCHs); *C NMR (101 MHz, CDCl3) 6 144.6 (1’-C), 131.6 (q, “Jcr = 33, 3/,5-C), 128.6 (m, 2',6'-
C), 123.4 (q, "Jer = 273, CF3), 119.9 (m, 4’-C), 67.1 (2-C), 40.3 (4-C), 31.8 (3-C), 23.9 (1-C); °F
NMR (376 MHz, CDCl3) & 63.29; GC-MS (EI) m/z 268 [M-H,0]", 253 [M-H,0-CH;]", 227 [M-
CH,C(H)(OH)CHs]*, 199 [M-CFs]"; HRMS (ASAP) calculated [M-H,0]" 268.0687, found [M-

H,0]" 268.0660.

syn-3-(3,5-Bis(trifluoromethyl)phenyl)cyclohexanol (syn-206)

anti-3-(3,5-Bis(trifluoromethyl)phenyl)cyclohexanol (anti-206)

anti-206

general reaction times (min) 'H NMR ratio isolated yield (%)

procedure C-H borylation 1,4-conjugate addition syn:anti syn-206 anti-206

J (Schlenk) 20 80 1:1.7 25 27
K (array) 60 80 1:1.7 23 21

Flash column chromatography: 0-50% MTBE/cyclohexane

syn-206: Colourless oil; vmax (neat) 3346, 2934, 2858, 1382, 1366, 1274, 1168, 1124, 976,
928, 900, 894,706, 682 cm™; *H NMR (400 MHz, CDCl5) § 7.72 (s, 1H, 4-CH), 7.67 (s, 2H, 2’,6'-
CH), 4.29-4.30 (m, 1H, 1-CH), 3.16-3.24 (m, 1H, 3-CH), 1.43-2.03 (m, 8H, 2,4,5,6-CH,), 1.37-
1.38 (d, 1H, OH); *C NMR (101 MHz, CDCl3) § 149.5 (1’-C), 131.5 (g, Ycr = 33, 3’,5-C), 127.2

(2’,6'-C), 123.5 (q, Yer = 274, 3',5’-CCF3), 120.1 (4'-C), 66.3 (1-C), 40.1 (3-C), 37.5 (2-C), 33.4
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(6-C), 32.4 (4-C), 20.1 (5-C); *°F NMR (376 MHz, CDCl3) 6 63.3; GC-MS (El) m/z 294 [M-H,0]",
279, 240 [M-(CH,)3C(H)OH]*; HRMS (ASAP) calculated [M]" 312.0949, found [M]" 312.0952.

anti-206: Colourless oil; vy (neat) 3346, 2932, 2862, 1382, 1360, 1274, 1168, 1124, 1056,
898, 844, 682 cm™’; 'H NMR (400 MHz, CDCl3) & 7.72 (s, 1H, 4’-CH), 7.67 (s, 2H, 2’,6’-CH),
3.74-3.82 (m, 1H, 1-CH), 2.72-2.79 (m, 1H, 3-CH), 1.26-2.23 (m, 9H, 2,4,5,6-CH,+OH); **C
NMR (101 MHz, CDCl3) 6 148.41 (1’-C), 131.65 (q, *Jcr = 33, 3/,5’-C), 127.08 (2’,6'-C), 123.43
(9, Ycr = 274, 3',5'-CCF3), 120.28 (4’-C), 70.52 (1-C), 42.63 (3-C), 42.49 (2-C), 35.11 (6-C),
33.12 (4-C), 24.20 (5-C); *°F NMR (376 MHz, CDCl3) & 63.27; GC-MS (EI) m/z 312 [M]", 294
[M-H,0]*, 279, 269 [M-CHC(H)OH]*, 240 [M-(CH,);C(H)OH]"; HRMS (ASAP) calculated [M]*

312.0949, found [M]* 312.0940.

4-(3,5-Dimethoxyphenyl)pentan-2-ol (207) (1:1.1 mixture of diastereoisomers)

0.8 & general reaction times (min) isolated
7 3 2 procedure C-H borylation 1,4-conjugate addition vyield (%)
y o1 ? J (Schlenk) 20 120 51

h K (array) 20 120 57

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; vimax (neat) 3366, 2958, 2916, 2848, 1594, 1460, 1428, 1204, 1150, 1058, 928,
828, 698 cm™’; 'H NMR (400 MHz, CDCl3) & 6.38-6.39 (m, 2H, 2’,6'-CH), 6.31-6.33 (m, 1H, 4'-
CH), 3.58-3.83 (m, 7H, OCHs, 2-CH), 2.87-2.96 (m, 1H, 4-CH, diastereomer A), 2.77-2.84 (m,
1H, 4-CH, diastereomer B), 1.59-1.85 (m, 2H, 3-CH,), 1.13-1.30 (m, 7H, 3’,5’-OCHs, OH); *C
NMR (101 MHz, CDCl;3) 6 160.9, 160.8, 149.8, 149.5, 105.3, 105.0, 97.8, 97.6, 66.46, 65.9,
55.3, 47.7, 47.4, 37.4, 37.0, 24.2, 23.8, 23.0, 22.2; GC-MS (El) m/z 224 [M]*, 166 [M-H,0-
(CH,)3CH]"; HRMS (ES) calculated [M+H]* 225.1491, found [M+H]* 225.1475.
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4-(3,5-Dimethoxyphenyl)-3-methylbutan-2-ol (208) (1:1 mixture of diastereoisomers)

OH general reaction times (min) isolated

05 X 1'4 &1 procedure C-H borylation 1,4-conjugate addition vyield (%)
:QT J (Schlenk) 20 120 52
30\ K (Array) 20 120 47

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; vmay (neat) 3388, 2962, 2930, 2840, 1594, 1460, 1428, 1204, 1150, 1058, 928,
828, 698 cm™’; 'H NMR (400 MHz, CDCl3) 6 6.38-6.39 (m, 2H, 2’,6’-CH), 6.31-6.33 (m, 1H, 4’-
CH), 3.58-3.83 (m, 7H, 2-CH, OCHs), 2.87-2.96 (m, 2H, 3-CH,, diastereomer A), 2.76-2.85 (m,
2H, 3-CH,, diastereomer B), 1.58-1.85 (m, 2H, 4-CH,), 1.13-1.29 (m,7H, 1-CHs, 3-CCHs, OH);
13C NMR (101 MHz, CDCl3) & 160.9, 160.8, 149.8, 149.4, 105.3, 105.0, 97.8, 97.6, 66.5, 65.9,
55.3, 47.7, 47.4, 37.4, 37.0, 24.2, 23.8, 23.0, 22.2; GC-MS (El) m/z 224 [M]*, 179 [M-H,0-
(CH,),CH]*, 166 [M-H,0-(CH,)sCH]"; HRMS (ES) calculated [M+H]" 225.1491, found [M+H]"

225.1477.

4-(2,6-Dimethylpyridin-4-yl)pentan-2-ol (209) (1:1 mixture of diastereoisomers)

oH general reaction times (min) isolated

z-l 3\4f %1 procedure C-H borylation 1,4-conjugate addition vyield (%)
N _~s J (Schlenk) 5 120 38
i K (array) 20 120 30

Flash column chromatography: 0-100% EtOAc/cyclohexane
Colourless oil; vimax (neat) 3374, 2926, 2854, 1598, 1574, 1458, 1428, 1276, 1152, 1120, 1056,
974, 844, 688 cm’*; 'H NMR (400 MHz, CDCl3) & 6.80 (s, 2H, 3’,5’-CH), 3.74-3.82 (m, 1H, 2-CH,

diastereomer A), 3.49-3.57 (m, 1H, 2-CH, diastereomer B), 2.86-2.95 (m, 1H, 4-CH,
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diastereomer B), 2.76-2.85 (m, 1H, 4-CH, diastereomer A), 2.49 (s, 6H, 2’,6’-CCHs), 1.57-1.82
(m, 2H, 4-CH>), 1.14-1.25 (m, 5H, 1-CHs, 4-CCH3, OH), 1.20-1.23 (m, 4H, 1-CH5+OH), 0.82-0.87
(m, 3H, 3-CCHs); 13C NMR (101 MHz, CDCl3) 6 157.8, 157.7, 156.9, 156.4, 119.2, 118.2, 65.9,
46.9, 46.9, 36.0, 36.0, 24.4, 24.4, 23.9, 22.4, 21.3; LC-MS (ES) m/z 194 [M+H]"; HRMS (ES)

calculated [M+H]" 194,1545, found [M+H]" 194.1541.

4-(2,6-Dimethylpyridin-4-yl)-3-methylbutan-2-ol (210) (1:1.1 mixture of diastereoisomers)

OH general reaction times (min) isolated
2'| 3'\ 4,4 K§\1 procedure C-H borylation 1,4-conjugate addition vyield (%)
NF s s J (Schlenk) 5 120 36

K (array) 20 120 25

Flash column chromatography: 0-25% MeOH/DCM

Colourless oil; vimax (neat) 3322, 2962, 2928, 1608, 1566, 1458, 1428, 1376, 1130, 1038, 1006,
922, 864 cm™; 'H NMR (400 MHz, CDCl5) & 6.79 (s, 2H, 3’,5’-CH), 3.73-3.79 (m, 1H, 2-CH,
diastereomer A), 3.64-3.70 (m, 1H, 2-CH, diastereomer B), 2.73-2.86 (m, 2H, 4-CH,), 2.49 (s,
6H, 2’,6'-CCHs), 2.22-2.33 (m, 1H, 4-CH), 1.76-1.84 (m, 1H, 3-CH), 1.20-1.23 (m, 4H, 1-
CH5+OH), 0.82-0.87 (m, 3H, 3-CCHs); >C NMR (101 MHz, CDCl3) & 157.5, 150.7, 121.2, 41.6,
41.0, 38.5, 38.3, 24.4, 20.5, 20.2, 14.8, 13.6; LC-MS (ES) m/z 194 [M+H]*; HRMS (ES)

calculated [M+H]" 194.1545, found [M+H]" 194.1540.

4-(2,5-Dimethylthiophen-3-yl)pentan-2-ol (211) (1:1 mixture of diastereoisomers)

general reaction times (min) isolated

s, e o procedure C-H borylation 1,4-conjugate addition vyield (%)
\2@ 5 0 J (Schlenk) 20 120 41
° K (array) 20 120 36

281



Chapter 6 Experimental Details

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; vmax (neat) 3358, 2958, 2918, 2870, 1450, 1374, 1220, 1140, 1024, 948, 826,
676, 496 cm™’; 'H NMR (400 MHz, CDCl3) & 6.53 (s, 1H, 3’-CH, enantiomer A), 6.47 (s, 1H, 3'-
CH, diastereomer B), 3.73-3.81 (m, 1H, 2-CH, enantiomer A), 3.53-3.61 (m, 1H, 2-CH,
diastereomer B), 2.98-3.07 (m, 1H, 4-CH, diastereomer B), 2.86-2.95 (m, 1H, 4-CH,
diastereomer A), 2.32-2.39 (m, 6H, 2’,5’-CCHs), 1.59-1.76 (m, 2H, 3-CH,) 1.25-1.35 (m, 1H,
OH), 1.14-1.18 (m, 6H, 4-CCH;, 1-CHs); >*C NMR (101 MHz, CDCl3) & 142.1, 141.8, 135.9,
135.5, 129.9, 129.4, 124.0, 123.8, 67.0, 66.2, 47.4, 47.2, 30.2, 29.4, 26.9, 24.3, 23.7, 22 .4,
21.9, 15.3, 12.7; LC-MS (ES) m/z 199 [M+H]", 181 [M+H-F]*; HRMS (ES) calculated [M+H]"

199.1157, found [M+H]" 199.1144.

4-(2,5-Dimethylthiophen-3-yl)-3-methylbutan-2-ol (212) (1:1 mixture of diastereoisomers)

general reaction times (min) isolated

j o rj{ procedure C-H borylation 1,4-conjugate addition vyield (%)
‘Z-(Sii(ﬂ% 1 J (Schlenk) 20 120 47
K (Array) 20 120 43

Flash column chromatography: 0-25% MTBE/cyclohexane

Colourless oil; FT-IR (neat) 3362, 2968, 2916, 2880, 1450, 1376, 1216, 1140, 1092, 1000, 928,
896, 828, 494 cm™; 'H NMR (400 MHz, CDCls) & 6.45 (s, 1H, 3’-CH), 3.66-3.79 (m, 1H, 2-CH),
2.57-2.66 (m, 1H, 4-CH), 2.39 (s, 3H, 2’-CCHs), 2.30 (m, 3H, 5’-CCHs), 2.23-2.32 (m, 1H, 4-CH),
1.68-1.79 (m, 1H, 3-CH), 1.20 (d, J = 8, 3H, 1-CHs), 0.84-0.89 (m, 3H, 4-CCHs); *C NMR (101
MHz, CDCl5) 6 136.2, 136.1, 134.9, 130.9, 127.4, 119.6, 71.6, 70.4, 41.8, 41.0, 31.6, 31.4,
20.6, 19.9, 15.1, 15.0, 13.6, 13.0; LC-MS (ES) m/z 199 [M+H]’, 181 [M+H-F]*; [M-H,0-
(CH,)3CH]"; HRMS (ES) calculated [M+H]* 199.1157, found [M+H]* 199.1141.
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Copper-Catalysed Borylation of Alkyl Halides: Mass Balance Study

3-Phenylpropyl 4-methylbenzenesulfonate (240)

6' 3 1 O\\S’/o 2"
g 1" "
5 f . O/ 3
4"
& o 6"
3 g

General procedure P was applied to 3-phenylpropan-1-ol (239) (1.36g, 10 mmol). Purification
by flash column chromatography (0-50% EtOAc/hexane) afforded 3-phenylpropyl 4-
methylbenzenesulfonate (240) (2.47 g, 85%); Vmax 2942, 1742, 1502, 1453, 1355, 1173, 1094,
992, 925, 813, 702, 661, 552 cm'l,' 'H NMR (400 MHz, CDCl3) 6 7.82 (d, /= 8.2, 2H, 2”,6"’-CH),
7.37 (d, J=8.2, 2H, 3”,5”-CH), 7.25-7.28 (m, 2H, 3’,5’-H), 7.18-7.22 (m, 1H, 4’-CH), 7.08-7.10
(m, 2H, 2°,6’-CH), 4.06 (t, J = 6.0, 2H, 1-CH>), 2.67 (t, J = 7.6, 2H, 3-CH,), 2.48 (s, 3H, CHs),
1.95-2.02 (m, 2H, 2-CH); *C NMR (101 MHz, CDCl5) & 144.8 (C-1""), 140.5 (C-1’), 133.3 (C-4"),
130.0 (€¢-3”,5”), 128.6 (C-2’,6’), 128.5 (€-5',3’), 128.0 (€-2",3"), 126.3 (C-4’), 69.7 (C-1), 31.6

(C-3), 30.6 (C-2), 21.8 (CH3); ASAP (ES) m/z 290 [M]".
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Mass-Balance Study

|
\E;/ . @/\/\OTS
+ Bopin, +

241 240
0.60 mmol 0.75 mmol 0.40 mmol

Cul(10 mol %)

LiO'Bu (2.0 eq.)

P"Bus (13 mol %)

"hexadecane (internal standard)

DMF, 60 °C
Bpin
+ + +
242 19 243 244
not observed 63% w.r.t 241 85% w.r.t. 240 not observed
(GCMS analysis of reaction mixture)
mixture halved
, flash column )
Bpin . ©M8pin chromatography | i H202/NaOH ©/\/\0H
ii. flash column
chromatography
19 243 245
57% (0.17 mmol) 35% (0.07 mmol) 95% (0.19 mmol)
w.r.t. 1/2 241 w.r.t. 1/2 240 w.r.t. 1/2 240

A solution of 3-phenylpropyl 4-methylbenzenesulfonate (240) (116 mg, 0.40 mmol) in DMF
(0.6 mL) was added to a mixture of Cul (11 mg, 10 mol%), LiO'Bu (160 mg, 1.2 mmol) and
B,pin, (190 mg, 0.75 mmol). m-Xylyliodide (241) (87 pL, 0.60 mmol), and P"Bus (19 pL, 13
mol%) were then added successively by syringe and the resultant mixture was stirred
vigorously on a preheated metal block at 60 °C for 24 h. The reaction mixture was diluted
with H,O (20 ml), extracted with Et,O (3x15 ml) and the combined organics dried over
MgSQ,4. GC-MS analysis of the mixture calibrated against purified samples of m-xylylBpin (19)
and 3-phenylpropyl-1-Bpin (243) with "dodecane as internal standard [Note 1] showed

complete consumption of the starting tosylate (241) [Note 2] and 63% and 85% vyields [Note
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3] of m-xylylBpin (19) and 3-phenylprop-1-yIBpin (243), respectively. Half of the mixture was
concentrated under reduced pressure and purified using silica gel flash chromatography (0-
20% EtOAc in petrol) to give 19 and 243 in 57% and 35% yields, respectively [Note 4]. The
other half of the mixture was concentrated under reduced pressure, diluted with THF (1.0
mL) followed by successive additions of ag. NaOH (2.0 M, 0.6 ml, 1.2 mmol) and aqg. H,0,
(27.5% wt., 0.6 mL). After 2 hours, TLC showed complete consumption of both m-xylylBpin
(19) and 3-phenylpropyl-1-Bpin (243). The mixture was treated with 5.0 mL saturated aq.
Na,S,03 and stirred for another 10 minutes. The mixture was acidified using aq. HCI (1.0 M,
5.0 mL), extracted with EtOAc (3x10 mL), dried over MgSQO,4 and concentrated under reduced
pressure. Purification by silica gel flash column chromatography (0-50% EtOAc in petrol)

afforded 3-phenylpropan-1-ol (245) in 95% yield.

[Note 1] Calibration of GC-MS was carried out using 3:1, 2:1, 1:1, 1:2 and 1:3 mixtures of
purified samples of m-xyly|Bpin (19) or 3-phenylpropyl-1-Bpin (243) and "hexadecane.

[Note 2] No evidence for the formation of 3-phenylpropan-1-ol (245) could be observed at
this stage.

[Note 3] Yield of m-xylylBpin (19) with respect to 0.60 mmol m-xylyliodide (240). Yield of 3-
phenylprop-1-yIBpin (243) with respect to 0.40 mmol 3-phenylprop-1-yltosylate (241).

[Note 4] Yield of m-xylylBpin (19) with respect to 0.30 mmol m-xylyliodide (240). Yield of 3-

phenylprop-1-yIBpin (243) with respect to 0.20 mmol 3-phenylprop-1-yltosylate (241).
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2-(3,5-Dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (19)"*°

9{4
L 2B

5\O

2 4
3

Prepared following experimental procedure described for mass balance study. Colourless
solid; m.p. 97.1-98.0 °C; vmax (neat) 2991 , 2976, 2359, 2338, 1599, 1420, 1356, 1240, 1139,
964, 849, 711 cm™. 'H NMR (CDCls, 400 MHz) 6 7.45 (s, 2H, 4,6-CH), 7.11 (s, 1H, 2-CH), 2.32
(s, 6H, 1,3-CHs), 1.35 (s, 12H, pin-C(CHs),); >C NMR (101 MHz, CDCls) 6 137.3 (€-1,3), 133.2
(C-4,6), 132.5 (C-2), 83.8 (pin-C(CHs)), 25.0 (pin-C(CHs),), 21.3 (1,3-CCH3); B NMR (128
MHz, CDCl3) 6 31.00; GC-MS (El) m/z 232 [M]", 217 [M-CH3]", 190 [M-C(CHs),]", 175, 159, 146

[M-C5(CH3)4]", 133 [M-C(CH3),C(CH;),0]".

4,4,5,5-Tetramethyl-2-(3-phenylpropyl)-1,3,2-dioxaborolane (243)™
: 6' 3 1 o
4 2 o\é

5
Prepared following experimental procedure described for mass balance study. Purification
by flash column chromatography (24 g column, 0-100% DCM/hexane, 26 column volumes)
afforded 4,4,5,5-tetramethyl-2-(3-phenylpropyl)-1,3,2-dioxaborolane (243) as colourless
solid; m.p. 32.2-33.4 °C; Vmax 2980, 1376, 1322, 1145, 966, 700 cm™; 'H NMR (400 MHz,
CDCl3) 6 7.24-7.28 (m, 2H, 3’,5'-H), 7.14-7.18 (m, 3H, 2’,4’,6’-H), 2.61 (t, J = 7.6, 2H, 3-CH,),
1.69-1.77 (m, 2H, 2-CH>), 1.24 (s, 12H, pin-CCHs), 0.83 (t, J = 7.8, 2H, 1-CH,); *C NMR (101

MHz, CDCl3) & 142.9 (C-1'), 128.7 (C-3',5'), 128.3 (C-2',6’), 125.7 (C-4’), 83.1 (pin-CCH;), 38.8

(C-3), 26.2 (pin-CCH3), 25.0 (€-2); B NMR (128 MHz, CDCls) & 33.98; GC-MS (El) m/z 246
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[M], 118 [M-Bpin]*, 91 [M-(CH,),Bpin]*; HRMS (ASAP) m/z calculated [M]* 246.1786, found

[M]* 246.1789.
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Copper-Catalysed Borylation of Alkyl Halides and Pseudo-Halides

2-Hexyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (238)*
5 3 1
o)

General Procedure L was applied to 1-bromohexane (236) (165 mg, 1.0 mmol). Purification
by flash column chromatography (24 g column, 0-100% DCM/hexane, 26 column volumes)
afforded 2-hexyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (239) as colourless liquid (151 mg,
71%); vmax 2982, 2923, 2857, 1372, 1320, 1146, 974, 847, 543; 'H NMR (400 MHz, CDCl5) &
1.34-1.40 (m, 2H, 5-CH>), 1.24-1.30 (m, 6H, 2,3,4-CH,), 1.24 (s, 12H, pin-CCHs), 0.87 (t, J =
7.2, 3H, 6-CHs), 0.77 (t, J = 7.6, 2H, 1-CH5); **C NMR (101 MHz, CDCl5) 6 83.0 (pin-CCHs), 32.2
(C-4), 31.8 (€-3), 25.0 (pin-CCH3), 24.1 (C-2), 22.7 (C-5), 14.3 (C-6); *'B NMR (128 MHz, CDCls)
8 34.1; GC-MS (El) m/z 212 [M]+, 197 [M-CH3]", 129 [M-HC(CH3),C(CHs),]"; HRMS (ASAP) m/z

calculated [M]" 212.1948, found [M]" 212.1949.

2-Benzyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (260)**

2 1 o
3@1/\8\/

3
General Procedure L was applied to (bromomethyl)benzene (171 mg, 1.0 mmol). Purification
by flash column chromatography (24 g column, 0-100% DCM/hexane, 26 column volumes)
afforded 2-benzyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (260) as colourless liquid (155

mg, 71%). Vmax 2977, 2920, 1327, 1140, 966, 845, 696, 536 cm™; *H NMR (400 MHz, CDCl5) &

7.10-7.19 (m, 5H, 2,3,4,5,6-CH), 2.29 (s, 2H, 1’-CH,), 1.29 (s, 12H, pin-CCH;); *C NMR (101
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MHz, CDCl;) & 138.8 (€-1), 129.1, 128.4, 125.0, 83.6 (pin-CCHs), 24.89 (pin-CCHs); *'B NMR
(128 MHz, CDCl3,) § 33.20; GC-MS (El) m/z 218 [M]", 203 [M-CHs]*, 203 [M-(CHs),]*, 132, 118

[M-(CCH3),0]"; HRMS (ASAP) m/z calculated [M]* 218.1478, found [M]" 218.1475.

6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-1-ol (265)
o

General Procedure L was applied to 6-bromohexan-1-ol (181 mg, 1.0 mmol). Purification by
flash column chromatography (24 g column, 0-30% ether/hexane, 26 column volumes)
afforded 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-1-ol (265) as colourless liquid
(110 mg, 48%). Vmax 3392 (br), 2980, 2927, 2862, 1371, 1318, 1143, 1054, 964, 846 cm'l,' 'H
NMR (400 MHz, CDCl3) & 3.60 (t, J = 6.4, 2H, 1-CH,), 1.52-1.55 (m, 3H, OH+2-CH,), 1.29-1.41
(m, 6H, 3,4,5-CH,), 1.22 (s, 12H, pin-CCHs), 0.75 (t, J = 7.6, 2H, 6-CH,); *C NMR (101 MHz,
CDCls) & 83.0 (pin-CCH3), 63.1 (C-1), 32.8 (C-2), 32.1 (C-4), 25.6 (C-3), 24.9 (pin-CCH5), 24.0 (C-
5; 1B NMR (128 MHz, CDCls) & 34.0; ASAP (ES) m/z 228 [M]"; HRMS (ASAP) m/z calculated

[M]* 228.1897, found [M]" 228.1895.

2-Cyclohexyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (270)™*

General Procedure L was applied to bromocyclohexane (163 mg, 1.0 mmol) at elevated
temperature (37 °C) and extended reaction time (24 h). Purification by flash column

chromatography (24 g column, 0-100% DCM/hexane, 26 column volumes) afforded 2-
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cyclohexyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (270) as colourless liquid (137 mg, 79%).
Identical yield was obtained from the borylation of iodocyclohexane (210 mg, 1.0 mmol)
under general procedure B; v 2986, 2924, 2844, 1380, 1312, 1150, 1005, 967, 848 cmt H
NMR (400 MHz, CDCl;) & 1.58-1.68 (m, 6H), 1.28-1.38 (m, 4H), 1.23 (s, 12H, pin-CCHs), 0.97-
1.00 (m, 1H, 1-CH); *C NMR (101 MHz, CDCl5) & 82.9 (pin-CCHs), 28.1, 27.3, 26.9, 24.9 (pin-
CCHs); B NMR (128 MHz, CDCl3) 6 34.1; GC-MS (EI) m/z 210 [M]*, 195 [M-CHs]*, 124; HRMS

(ASAP) calculated [M]* 210.1791, found [M]* 210.1796.
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Hexenyl-Halide and Pseudo-Halide Experiments

2-(Cyclopentylmethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280)*°
o

General Procedure L was applied to 6-bromohex-1-ene (278) (163 mg, 1.0 mmol).
Purification by flash column chromatography (24 g column, 0-100% DCM/hexane, 26 column
volumes) afforded 2-(cyclopentylmethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280) as
colourless liquid (120 mg, 57%); vmax 2982, 2946, 2870, 1389, 1312, 1143, 964, 848, 733; 'H
NMR (CDCls, 400 MHz) & 1.89-1.99 (m, 1H, 1-CH), 1.74-1.82 (m, 2H), 1.58-1.64 (m, 2H), 1.48-
1.53 (m, 2H), 1.24 (s, 12H, pin-CCHs), 1.01-1.10 (m, 2H) 0.84 (d, J = 7.6, 2H, 1’-CH,); *C NMR
(101 MHz, CDCl3) & 83.0 (pin-CCHs), 36.3 (C-2,5), 35.2 (C-3,4), 25.3 (€-1), 25.0 (pin-CCH3); ''B

NMR (128 MHz, CDCls) § 33.8; GC-MS (El) m/z 210 [M], 195 [M-CHs]", 129; HRMS (ASAP)

m/z calculated [M]* 210.1791, found [M]* 210.1795.

Hex-5-en-1-yl 4&-methylbenzenesulfonate (282)°

General procedure P was applied to hex-5-en-1-ol (281) (1.00g, 10.0 mmol). Purification by
flash column chromatography (0-50% EtOAc/hexane) afforded hex-5-en-1-yl 4-
methylbenzenesulfonate (282) as colourless liquid (1.81 g, 71%); Vmax 2938, 2854, 1597,
1360, 1173, 1097, 938, 808, 728, 666, 553 cm™; *H NMR (400 MHz, CDCl5) § 7.79 (d, 2H, J =

8.4,2',6'-CH), 7.34 (d, J = 8.0, 2H, 3’,5’-CH), 5.67-5.77 (m, 1H, 5-CH), 4.92-4.99 (m, 2H, CH.),
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4.03 (t, J = 6.4, 2H, 1-CH>), 2.45 (s, 3H, CHs), 1.98-2.03 (m, 2H, 4-CH,), 1.62-1.67 (m, 2H, 2-
CH,), 1.37-1.45 (m, 2H, 3-CH); *C NMR (101 MHz, CDCl3) § 144.8 (C-1’), 138.0 (C-4’), 133.5
(C-5), 129.9 (€-3’,5’), 128.0 (C-2’,6"), 115.2 (C-6), 70.55 (C-1), 33.1 (C-4), 28.4 (C-2), 24.7 (C-3),

21.8 (CHs); ASAP (ES) m/z 254 [M]".

1-lodohexane (283)16

In air, I, (5.08 g, 20.0 mmol) was added portion-wise to an ice-cooled mixture of
triphenylphosphine (5.24 g, 20.0 mmol), hex-5-en-1-ol (281) (1.00 g, 10.0 mmol) and
imidazole (1.36 g, 20.0 mmol) in ether/acetonitrile (4:1, 250 mL). The reaction mixture was
stirred for 4 hours, concentrated under reduced pressure and triturated with hexane. The
resultant liguor was washed with saturated aq. Na,S,03, dried over MgSQO,4 and concentrated
under reduced pressure to give a crude mixture. Purification by flash column
chromatography (24 g column, 0-100% DCM/hexane, 24 column volumes) afforded 1-
iodohexane (283) as colourless liquid (2.06 g, 98%); 'H NMR (400 MHz, CDCl3) § 5.74-5.84
(m, 1H, 2-CH), 4.95-5.05 (m, 2H, 1-CH,), 3.19 (t, / = 6.8, 2H, 6-CH>), 2.05-2.11 (m, 2H, 3-CH,),
1.81-1.88 (m, 2H, 5-CH,), 1.47-1.54 (m, 2H, 4-CH,); *C NMR (101 MHz, CDCl;) & 138.2 (C-2),
115.1 (€-1), 33.1 (€-3), 32.8 (C-4), 92.9 (C-5), 6.85 (C-6); GC-MS (EI) m/z 210 [M]*, 155 [M-

CH,CHCH,CH,]", 127,[1]", 83 [M-I]".

4,4,5,5-Tetramethyl-2-(6-((2-nitrophenyl)selanyl)hexyl)-1,3,2-dioxaborolane (284)
3

NO.
O 0k
1 6 4 2 B/
5 [ o]
5 3 1

6
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Under N,, a P"Bus (1.96 g, 9.7 mmol) was added dropwise to a solution of 6-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-1-ol (265) (1.84 g, 8.1 mmol) and o-
nitrophenylselenocyanate (2.2 g, 9.7 mmol) in THF (31 mL). The reaction mixture was stirred
at room temperature for 18 h and concenrated under reduced pressure to give a crude
mixture. Purification by flash column chromatography (40 g column, 0-20% EtOAc/hexane,
20 column volumes) afforded 4,4,5,5-tetramethyl-2-(6-((2-nitrophenyl)selanyl)hexyl)-1,3,2-
dioxaborolane (284) as yellow oil (80%); vmax 2982, 2928, 2858, 1596, 1564, 1520, 1374,
1328, 1302, 1142, 1094, 844, 728 cm'l; '"H NMR (CDCl5, 400 MHz) 6 8.28 (d, 1H, J =9.2, 3-
CH), 7.50-7.51 (m, 2H, 4,5-CH), 7.27-7.31 (m, 1H, 4-CH), 2.90 (t, 2H, J = 7.6, 6-CH,), 1.73-1.80
(m, 2H, 5-CH,), 1.32-1.51 (m, 6H, 2,3,4-CH,), 1.24 (s, 12H, pin-CCHs), 0.77 (t, 2H, J = 7.6, 1-
CH,); *C NMR (101 MHz, CDCl5) & 147.1 (C-1), 134.1 (C-4’), 133.6 (C-2’), 129.2 (€-3’), 126.6
(C-5’), 125.3 (C-6'), 83.05 (pin-CCH3), 31.9 (C-4), 30.0 (C-6), 28.3 (€-3), 26.4 (C-5), 25.0 (pin-
CCHs), 23.92 (C-2); *'B NMR (128 MHz, CDCls) 6 34.0; GC-MS (EI) m/z 415 ([M]*, ®%Se), 413
(IM]", %°Se), 411 ([M]", "®Se), 410 (IM]*, 7"Se), 409 (IM1", "°Se), 407 ([M]", "*Se); HRMS (ASAP)

m/z calculated [M]* 413.1271, found [M]* 413.1275.

2-(Hex-5-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (279)

/5\/3\/1\B/O
6 4 2 \
In air, mCPBA (<71% wt., 0.30 g, 1.7 mmol)was added to a solution of 4,4,5,5-tetramethyl-2-
(6-((2-nitrophenyl)selanyl)hexyl)-1,3,2-dioxaborolane (281) (0.70 g, 1.7 mmol) in ether (3.0

mL) at 0 °C. The reaction mixture was stirred for 30 min, allowed to warm to room

temperature, quenched with saturated Na,S,0s3, extracted into ether, dried over MgSO,4 and
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concentrated under reduced pressure to give a crude mixture. Purification by flash column
chromatography (40 g column, 0-30% EtOAc/petrol, 20 column volumes) afforded 2-(hex-5-
en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (279) as colourless oil (171 mg, 48%); Vmax
2977, 2924, 2858, 1371, 1316, 1148, 964, 907, 846 cm™; 'H NMR (CDCl3, 400 MHz) & 5.76-
5.86 (m, 1H, 5-CH), 4.89-5.01 (m, 2H, 6-CH,), 2.01-2.07 (m, 2H, 4-CH,), 1.37-1.44 (m, 4H, 2,3-
CH,), 1.24 (s, 12H, pin-CCHs), 0.78 (t, 2H, J = 7.6, 1-CH,); 3C NMR (101 MHz, CDCl5) & 139.3
(C-5), 114.2 (C-6), 83.0 (pin-CCH3), 33.7 (C-4), 31.8 (C€-3), 25.0 (pin-CCH3), 23.7 (C-2); *'B NMR
(128 MHz, CDCl3) & 34.1; GC-MS (El) m/z 210 [M]*}, 195 [M-CHs]*, 167, 153, 101; HRMS

(ASAP) m/z calculated [M]* 210.1756, found [M]* 210.1755.
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(1-Bromoethyl)benzene Experiments

(1-Bromoethyl)benzene (292)"

To a solution of rac-1-phenyl-1-ethanol (rac-291) (0.61g, 5.0 mmol) in hexane (25 mL) was
added DMAP (1.25g, 10.0 mmol) and the reaction mixture was ice-cooled. To this was added
a dropwise a solution of POBr3; (0.94 g, 3.4 mmol) in hexane (6.0 mL) and the reaction
mixture was stirred at room temperature for another 2 hours. The reaction mixture was
filtered, washed with water, washed with saturated aq. Na,COs, dried over MgSO, and
concentrated under reduced pressure to give a crude mixture. Purification by flash column
chromatography afforded rac-(1-bromoethyl)benzene (rac-292) (564 mg, 61%) as colourless
oil; vmax 3029, 2971, 2924, 1746, 1493, 1453, 1382, 1208, 1186, 1043, 1022, 968, 920, 761,
698, 592, 561 cm™; *H NMR (CDCls, 400 MHz) & 7.44-7.46 (m, 2H, 2’,6’-CH), 7.33-7.37 (m, 2H,
3’,5’-CH), 7.27-7.31 (m, 1H, 4'-CH), 5.23 (q, J = 6.8, 1H, 1-CH), 2.06 (d, J = 7.2, 2-CHs); *3C
NMR (101 MHz, CDCl3) & 143.4 (C-1’), 128.1 (C-2’,6’) 148.5 (C-4’), 126.9 (€-3",5’), 49.7 (C-1),
27.0 (C-2); ASAP (ES) m/z 186 ([M]*, ®'Br), 184 ([M]", "°Br); HRMS (ASAP) m/z calculated [M]"
183.9882, found [M]" 183.9884.

(S)-292 was obtained in 61% vyield from (R)-1-phenyl-1-ethanol [(R)-291)] under identical
conditions; [a]p®3 = -80+7 (c = 1, CHCl3).

(R)-292 was obtained in 61% yield from (S)-1-phenyl-1-ethanol [(S)-291)] under identical

conditions; [a]p*® = +8515 (c = 1, CHCl3).
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1-Phenyl-1-ethanol (291)

General procedure L was applied to rac-(1-bromoethyl)benzene (292) (185 mg, 1.0 mmol).
The crude mixture was treated with a solution of oxone® in acetone/water (1:1) at room
temperature for 30 minutes, quenched with saturated ag. Na,S,0;, extracted with EtOAc,
dried over MgS0O,4 and concentrated to give another crude mixture. Purification by flash
column chromatography (12 g column, 0-30% EtOAc/hexane, 24 column volumes) afforded
rac-1-phenyl-1-ethanol (rac-291) as colourless oil (73 mg, 60%); [a]p = ca. 0; Vimax 3346, 2968,
1492, 1454, 1367, 1299, 1200, 1075, 1009, 897, 760, 694, 605, 542 cm™; *H NMR (CDCl3, 400
MHz) & 7.33-7.39 (m, 4H, 2’,3’,5',6’-CH), 7.26-7.28 (m, 1H, 4'-CH), 4.86-4.92 (m, 1H, 1-CH),
1.50 (d, J = 6.8, 2-CH5); >*C NMR (101 MHz, CDCl5) 6 146.0 (C-1’), 128.6 (€-2’,6’) 127.6 (C-4),
125.5 (C-3’,5’), 70.5 (C-1), 25.3 (C-2); LC-MS (ES) m/z 122 [M]*; HRMS (ASAP) m/z calculated
[M+H]* 123.0804, found [M]* 123.0810.

rac-1-phenyl-1-ethanol (291) was obtained in 60% vyield from (S)-(1-bromoethyl)benzene
[(S)-291] under identical conditions.

rac-1-phenyl-1-ethanol (291) was obtained in 56% yield from (R)-(1-bromoethyl)benzene

[(R)-289] under identical conditions.
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Threonine Experiments

N-Boc-L-threonine benzyl ester (303)*8
3
N e D)
07N ©
H O

In air, Na,CO3 (3.18 g, 30.0 mmol) was added to a solution of N-Boc-L-threonine (302) (2.19
g, 10.0 mmol) in DMF (40 mL). The mixture was ice-cooled, benzyl bromide (3.42 g, 20.0
mmol) added dropwise and the mixture was allowed to warm to room temperature and
stirred overnight. The mixture was filtered through celite, diluted with water, extract with
ether, washed with water then brine, dried over MgSO,4 and concentrated under reduced
pressure to give a crude mixture. Purification by flash column chromatography (40g column,
0-50% EtOAc/petrol, 12 column volumes) afforded N-boc-L-threonine benzyl ester (303) as
colourless liquid (2.69 g, 87%); [alp®® = -18 + 0.5 (c = 0.5, MeOH); Vmax 3426, 2975, 1720,
1689, 1499, 1368, 1157, 1070, 992, 738, 694 cm™; "H NMR (CDCls, 400 MHz) § 7.31-7.38 (m,
5H, Ar-CH), 5.34 (d, J = 7.6, 1H, NH), 5.16-5.24 (m, 2H, CH,), 4.27-4.35 (m, 2H, 1,2-CH), 2.06-
2.10 (d, J = 4.4, 1H, OH), 1.44 (s, 9H, Boc-C(CHs)s), 1.23 (d, J = 6.4, 3H, 3-CHs); *C NMR (101
MHz, CDCl;) 6 171.4 (1-CHC=0), 156.2 (NHC=0), 135.5 (C-1’), 128.8 (C-Ar), 128.6 (C-Ar), 128.3
(C-Ar), 68.3 (Boc-C(CHs)s), 67.4 (CH,), 59.0 (C-2), 53.5 (C-1), 28.4 (Boc-C(CHs)s), 20.1 (C-3);

GC-MS (El) m/z 209 [M-Boc]*, 91 [C¢H,CH,]".

(2R,3S)-Benzyl 3-bromo-2-((tert-butoxycarbonyl)amino)butanoate (304)
3
S VSe
07N ©
H O
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In air, CBrs (1.82 g, 5.5 mmol) was added to ice-cooled solution of PPhs (1.44 g, 5.5 mmol)
and N-Boc-L-threonine benzyl ester (303) (1.55 g, 5.0 mmol) in DCM (100 mL). The reaction
mixture was allowed to warm to room temperature and stirred for another 2 hours. The
mixture was filtered through celite, concentrated under reduced pressure, triturated with
hexane, diluted with ether, washed with water then brine, dried over MgSO,; and
concentrated under reduced pressure to give a crude mixture. Purification by flash column
chromatography afforded (2R,3S)-benzyl 3-bromo-2-((tert-butoxycarbonyl)amino)butanoate
(304) as colourless oil (1.34 g, 72%); [OL]D23 = +28 +1 (c = 1.0, CHCl3); vimax 3364, 2978, 2933,
1712, 1498, 1374, 1150, 1080, 956, 912, 854, 750, 697 cm'l; 'H NMR (CDCl3, 400 MHz) &
7.34-7.39 (m, 5H, Ar-CH), 5.10 (d, J = 8.4, 1H, NH), 5.18-5.30 (m, 2H, CH,), 4.56-4.59 (m, 1H,
1-CH), 4.32-4.35 (m, 1H, 2-H), 1.75 (d, J = 7.2, 3H, 3-CHs), 1.45 (s, 9H, Boc-C(CHs)3); *C NMR
(101 MHz, CDCl3) & 168.8 (1-CHC=0), 154.9 (NHC=0), 134.9 (C-1’), 128.6 (C-Ar), 128.6 (C-Ar),
128.5 (C-Ar), 67.7 (Boc-C(CHs)3), 59.4 (C-1), 49.7 (CH,), 28.3 (€-2), 28.3 (Boc-C(CHs)3), 22.8 (C-

3); GC-MS (EI) m/z 373 ([M]*, Br), 371 ([M]*, °Br), 149.

(2S,3R)-Benzyl 2-((tert-butoxycarbonyl)amino)-3-(tosyloxy)butanoate (308)*°

30

o 4
),

[ 5
3 Oi? 6 3
] 2 4
j\ L2 \/@
1 1
AL O 5
I 6'
H (0]

General procedure P was applied to N-Boc-L-threonine benzyl ester (303) (1.55g, 5.0 mmol).
Purification by flash column chromatography (0-50% ether/hexane) afforded (2S,3R)-benzyl
2-((tert-butoxycarbonyl)amino)-3-(tosyloxy)butanoate (308) as colourless oil (1.51 g, 65%);
[a]p = +38%4 (c=1.7, CHCl3); vimax 1752, 1719, 1510, 1364, 1316, 1214, 1164, 1084, 960, 906,
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750, 665, 560 cm™; *H NMR (400 MHz, CDCl5) & 7.76 (d, J = 8.4, 2H, 2”,6”"-CH), 7.30-7.41 (m,
7H, 2',3',4',5',6",3”,5"-CH), 5.18-5.25 (m, 2H, NH+2-CH), 4.42-4.90 (m, 2H, 1-CH,), 2.43 (s,
3H, 4’-CCH5), 1.43 (s, 9H, boc-C(CHs)s), 1.33 (d, J = 6.4, 3H, 3-CH5); >*C NMR (101 MHz, CDCl3)
§ 169.2 (1-CHC=0), 145.1 (NHC=0), 135.0 (C-1"), 133.9 (C-4”), 133.8 (C-1’), 130.0 (C-Ar),
128.8 (C-Ar), 128.7 (C-Ar), 128.6 (C-Ar), 128.1 (C-Ar), 80.6 (Boc-C(CHs)s), 78.8 (C-2), 68.0

(CH2), 57.9 (€-1), 28.4 (Boc-C(CHs)3), 21.8 (4”-CCH3), 18.3 (C-3); ASAP (ES) m/z 464 [M]".

N-Boc-L-allothreonine benzyl ester (307)
3
A A e
07N ©
H O

In air, Na,CO3 (159 mg, 1.5 mmol) was added to a solution of N-Boc-L-allothreonine (306)
(110 mg, 0.5 mmol) in DMF (2.0 mL). The mixture was ice-cooled, benzyl bromide (171 mg,
1.0 mmol) added dropwise and the mixture was allowed to warm to room temperature and
stirred overnight. The mixture was filtered through celite, diluted with water, extract with
ether, washed with water then brine, dried over MgSO,4 and concentrated under reduced
pressure to give a crude mixture. Purification by flash column chromatography (12g column,
0-50% EtOAc/petrol, 28 CV) afforded N-Boc-L-threonine benzyl ester (307) as colourless
liquid (111 mg, 72%); [alo>® = +20 + 1 (c = 0.5, MeOH); Vmax 3368, 2974, 2368, 2328, 1740,
1694, 1510, 1338, 1244, 1163, 1128, 992, 880, 742, 702, 608 cm™; "H NMR (CDCls, 400 MHz)
& 7.30-7.40 (m, 5H, Ar-CH), 5.50 (d, J = 6.0, 1H, NH), 5.16-5.23 (m, 2H, CH>), 4.39-4.41 (m, 1H,
1-CH), 4.14-4.16 (m, 1H, 2-CH), 3.12-3.14 (m, 1H, OH), 1.43 (s, 9H, Boc-C(CHs);), 1.14 (d, J =

6.4, 3H, 3-CHs); >*C NMR (101 MHz, CDCl5) § 170.4 (1-CHC=0), 156.2 (NHC=0), 135.1 (C-1’),
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128.6 (C-Ar), 128.5 (C-Ar), 128.3 (C-Ar), 80.5 (Boc-C(CHs)3), 69.0 (C-2), 67.3 (C-H,), 59.2 (C-1),

28.3 (Boc-C(CHs)3), 18.7 (C-3); GC-MS (EI) m/z 209 [M-Boc]", 91 [C¢H,CH,]".
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Cyclopropyl Experiments

(E)-4-Phenylbut-3-en-1-ol (310)20

The following procedure was taken from a patent.’® A 1 L three-necked round bottom flask
equipped with a dropping funnel was flame dried, cooled under nitrogen and charged with
LiAIH4 (1.4 g, 37.0 mmol). To this was added THF (125 mL), and the resultant suspension was
cooled using an ice bath. A solution of (E)-4-phenylbut-3-enoic acid (309) (5.0 g, 30.8 mmol)
in THF (374 mL) was added dropwise through the pressure-equalising dropping funnel and
the reaction mixture was allowed to warm to room temperature and stirred for another 1.5
h. The reaction mixture was slowly quenched with ag. NaOH (1.0 M, 1.8 L), diluted with
water (150 mL), extracted into ethyl acetate, dried over MgSO4 and concentrated under
reduced pressure to give a crude mixture. Purification by flash column chromatography (80 g
column, 0-50% EtOAc/hexane, 9 column volumes) afforded (E)-4-phenylbut-3-en-1-ol (310)
as colourless liquid (3.83 g, 84%); Vmax 3270, 2934, 2848, 1956, 1498, 1447, 1332, 1175,
1037, 960, 738, 690 cm™; *H NMR (CDCls, 400 MHz) § 7.37 (d, 2H, J = 7.6, 2’,6’-CH), 7.31 (t, J
=7.6, 2H, 3’,5’-CH), 7.18-7.24 (m, 1H, 4’-CH), 6.50 (d, J = 15.6, 1H, 4-CH), 6.18-6.25 (m, 1H, 3-
CH), 3.76 (t, J = 6.4, 2H, 1-CH,), 4.92 (g, J = 6, 2H, 2-CH,), 1.73 (sbr, 1H, OH); **C NMR (101
MHz, CDCl3) 6 137.4 (C-1’), 132.9 (C-4), 128.7 (C-3',5’), 127.4 (C-4’), 126.5 (C-2',6"), 126.2 (C-
3), 62.1 (€-1), 36.5 (C-2); GC-MS (El) m/z 148 [M]", 117 [M-CH,0H]", 91 [M-(CH,)30H]"; HRMS

(ASAP) m/z calculated [M+H]" 149.0961, found [M]" 149.0962.
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(E)-(4-Bromobut-1-en-1-yl)benzene (311)**

Under N,, a solution of PBr; (1.6 g, 6.0 mmol) in benzene (12 mL) was added dropwise to ice-
cooled solution of (E)-4-phenylbut-3-en-1-ol (310) (1.8 g, 12.0 mmol) in benzene (12 mL).
The reaction mixture was refluxed for 3 h, cooled to 0 °C and quenched with ice. The mixture
was extracted into benzene, dried over MgSO4 and concentrated under reduced pressure to
give a crude mixture. Purification by flash column chromatography (80 g column, 0-10%
DCM/hexane, 9 column volumes) afforded (E)-(4-bromobut-1-en-1-yl)benzene (311) as
colourless liquid (55%); vmax 3026, 2938, 1498, 1454, 1254, 1207, 960, 742, 688, 645, 561 cm’
- 'H NMR (CDCls, 400 MHz) & 7.30 (d, 2H, J = 7.2, 2,6’-CH), 7.23-7.26 (m, 2H, 3’,5’-CH), 7.15-
7.18 (m, 1H, 4’-CH), 6.420 (d, J = 16.0, 1H, 4-CH), 6.12 (td, 1H, J = 16.0 and 6.8, 3-CH), 3.41 (t,
J = 6.8, 2H, 1-CH,), 4.92 (dq, J = 6.8, *J = 1.2, 2H, 2-CH>), 1.73 (sbr, 1H, OH); *C NMR (101
MHz, CDCl3) 6 137.2 (C-1’), 132.8 (C-4), 128.7 (€-3',5’), 127.6 (C-4’), 126.8 (C-2',6’), 126.3 (C-
3), 36.4 (C-2), 32.3 (C-1); GC-MS (EI) m/z 212 (IM]*, ®Br), 210 ([M]", "°Br), 131 [M-Br]*, 117
[M-CH,Br]*, 91 [M-(CH,)3Br]"; HRMS (ASAP) m/z calculated [M]" 210.0039, found [M]"

210.0041.

2-(But-3-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (314)

3 1
4/\2/\I%/O
S

General Procedure L was applied to (bromomethyl)cyclopropane (313) (135 mg, 1.0 mmol)

with PPh; replaced with polymer-supported PPh; (13 mol%). Purification by flash column
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chromatography (24 g column, 0-100% DCM/hexane, 26 column volumes) afforded 2-(but-3-
en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (314) as colourless liquid (149 mg, 82%).
Similar yield (155 mg, 85%) was obtained from the borylation of 4-bromo-but-1-ene (317)
(135 mg, 1.0 mmol) under identical conditions; vimax 2977, 2928, 1742, 1369, 1324, 1245,
1214, 1146, 967, 845, 676 cm™; *H NMR (CDCls, 400 MHz) & 5.83-5.93 (m, 1H, 3-CH), 4.87-
5.02 (M, 2H, 4-CH,), 2.14-2.19 (m, 2H, 2-CH,), 1.24 (s, 12H, pin-CCHs), 0.88 (t, J = 7.6, 2H, 1-
CH.); *C NMR (101 MHz, CDCl3) & 140.8 (C-3), 113.3 (C-4), 83.1 (pin-CCHs), 28.1 (C-2), 25.0
(pin-CCH3); B NMR (128 MHz, CDCl3) 6 34.0; GC-MS (El) m/z 182 [M]*, 167 [M-CHs]*, 153
[M-CH,CHs]*, 125 [M-CH,CHCH,CH,]*, 96, 83, 55; HRMS (ASAP) m/z calculated [M]*

182.1426, found [M]* 182.1429.

Ethyl 2-(bromomethyl)-3-phenylcyclopropanecarboxylate (318)

Under N,, ethyl diazoacetate (0.34 g, 3.0 mmol) in cyclohexane (5.0 mL) was added over 24 h
to a stirred mixture of Rh,(OAc)s (13 mg, 1 mol%) and (E)-(4-bromobut-1-en-1-yl)benzene
(305) (1.90 g, 9.0 mmol) at room temperature. The reaction mixture was diluted with ether,
washed with ag. HCI (10% wt.), dried over MgSQ,4 and concentrated under reduced pressure
to give a crude mixture. Purification by flash column chromatography (40 g column, 0-10%
EtOAc/hexane, 24 column volumes) afforded ethyl 2-(bromomethyl)-3-
phenylcyclopropanecarboxylate (318) as colourless liquid (68 mg, 8%); Vmax 2978, 1719,

1378, 1222, 1196, 1156, 1030, 750, 694 cm™; *H NMR (CDCls, 400 MHz) & 7.28-7.32 (m, 2H,
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3',5’-CH), 7.21-7.25 (m, 1H, 4’-CH), 7.12 (d, J = 7.2, 2H, 2’,6’-CH), 4.18-4.27 (m, 2H, OCH,CH3),
3.73-3.93 (m, 2H, CH,Br), 2.67-2.72 (m, 1H, 2-CH), 2.26-2.30 (m, 1H, 3-CH), 2.13-2.21 (m, 1H,
1-CH), 1.32 (t, J = 7.2, 3H, OCH,CHs); 3C NMR (101 MHz, CDCls) & 170.8 (€=0), 138.6 (C-1),
128.8 (€-3',5"), 127.1 (C-4’), 126.5 (C-2",6’), 61.2 (OCH,CH3), 34.2 (C-2), 32.6 (CH,Br), 30.9 (C-
3), 30.3 (C-1), 14.4 (OCH,CHs); GC-MS (El) m/z 284 ([M]*, ®Br), 282 ([M]", "°Br), 239 ([M-
OCH,CHs]", 8'Br), 237 ([M-OCH,CHs]", "°Br), 203 [M-Br]*; HRMS (ASAP) m/z calculated [M]"*

282.0250, found [M]* 282.0255.

Ethyl 2-(chloromethyl)-3-phenylcyclopropanecarboxylate (319)

Under N,, ethyl diazoacetate (0.34 g, 3.0 mmol) in cyclohexane (5.0 mL) was added over 24 h
to a stirred mixture of Rh,(OAc)s (13 mg, 1 mol%) and (E)-(4-chlorobut-1-en-1-yl)benzene
(1.50 g, 9.0 mmol) at room temperature. The reaction mixture was diluted with ether,
washed with ag. HCI (10% wt.), dried over MgSO,4 and concentrated under reduced pressure
to give a crude mixture. Purification by flash column chromatography (40 g column, 0-20 %
EtOAc/hexane, 24 column volumes) afforded ethyl 2-(chloromethyl)-3-
phenylcyclopropanecarboxylate (319) as colourless liquid (0.23 g, 32%); Vmax 2978, 1716,
1432, 1378, 1199, 1160, 1023, 853, 746, 698 cm™; "H NMR (CDCl3, 400 MHz) 6 7.28-7.32 (m,
2H, 3',5'-CH), 7.21-7.24 (m, 1H, 4-CH), 7.11 (d, J = 8.4, 2H, 2’,6'-CH), 4.17-4.26 (m, 2H,
OCH,CH;), 3.85-4.06 (m, 2H, CH,Cl), 2.67-2.70 (m, 1H, 2-CH), 2.21-2.25 (m, 1H, 3-CH), 2.07-

2.15 (m, 1H, 1-CH), 1.31 (t, J = 6.8, 3H, OCH,CH5); 3C NMR (101 MHz, CDCl3) & 171.0 (€C=0),
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138.7 (C-1), 128.8 (C-3',5'), 127.1 (C-&4), 126.5 (C-2',6'), 61.2 (OCH,CHs), 42.6 (C-2), 32.6
(CH,Cl), 32.2 (€-3), 29.0 (C-1), 14.4 (OCH,CHs); GC-MS (EI) m/z 240 ([M]", ¥’cl), 238 (IM]*,

3Cl), 191 [M-CH,CI]*; HRMS (ASAP) m/z calculated [M]* 238.0755, found [M]* 238.0760.
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'H NMR (400 MHz, CDCl5) - Borylation of 2-methylquinoline (65a)
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'H NMR (700 MHz, CDCls) — 64f
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'H NMR (400 MHz, CDCls) - Borylation of 1-chloro-2-methoxybenzene (69a)

NN =N Y4 Y%
MeO Cl MeO Cl residual
2 1 2 1 B,pin,
3 6 3 6
4 5
pinB 5 4 Bpin
70a 71a
3,5,6-H
70a
6-H 3-H
71a  4-H 71a
71a —/M
78 77 76 75 74 73 72 71 70 69 68
f1 (ppm) |
|
|
1 it | I -
T T ki Y &5
gg = 3 82 S
T == T ¥ T = T T T T T FM T T T T T i T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.
f1 (ppm)
1 .
H NMR (400 MHz, CDCl3) - Borylation of 1-methoxy-2-methylbenzene (69b)
RRE SSIRERR RR a9 3595
NP NS N S N -
MeO Me MeO Me MeO Me
1 2 1 2 1 2
6 3 6 3 6 3
5 4
5 4 pinB = * 5 " Bpin
69b 70b 71 res|dual
B-pin»
3-H, 70b
3,5-H, 69b
%Hb 4,6-H, 69b
3-H, 71b
7‘.6 7‘A5 7‘.4 7‘.3 7‘2 7‘.1 ‘ 6.9 6.8 6.7
f1 (ppm)
‘ tetrachloroethane J
I i ‘ \“ il . l M’J L
e e e A S 7
gz ggf ¥ 37 5 5
75 70 65 60 55 50 ‘ ‘ 35 30 25 20 15 10

4.5 4.0
f1 (ppm)

312



Appendix NMR Spectra
'H NMR (400 MHz, CDCls) - Borylation of methyl 2-methoxybenzoate (69c)
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'H NMR (400 MHz, CDCls) — Borylation of 1-chloro-2-methylbenzene (69e)
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'H NMR (400 MHz, CDCl;) — Borylation of 2-methylbenzonitrile (69g)
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'H NMR (400 MHz, acetone-dg) - Borylation of 3,4-dihydronaphthalen-1(2H)-one (69i)
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'H NMR (600 MHz, acetone-dg) - Borylation of 2-(Bpin)chlorobenzene (69k)
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'H NMR (400 MHz, CDCls) - Borylation of phenylBmes, (73a)
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1 . .
H NMR (400 MHz, CDCl3) - Borylation of phenylBpin (73c)
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1 . -
H NMR (500 MHz, CDCls) - Borylation of benzonitrile (73e)
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H NMR (400 MHz, CDCl3) - Borylation of chlorobenzene (73g)
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'H NMR (500 MHz, CDCls) - Borylation of (trifluoromethyl)benzene (73i)
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1 .
H NMR (400 MHz, CDCl3) - Borylation of tert-butylbenzene (73k)
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'H NMR (700 MHz, CDCl5) - Borylation of anisole (73m)

R88 RENT3358838%58 RERR N8
NN NINNMNOOWOWYWOWYWOYO OO MmmMmenm o
NN Nm————— e ~—
OMe OMe OMe OMe
1 1 1 1
6 2 2 6 6 2 6 2 residual
3 B,pin;
5 3 : 3 5 : 5 . 5 3
: pinB . pinB " Bpin 4
Bpin
73m 74m 75m 76m
3,5-H, 73m
4,5-H, 74m

2,6-H, 75m

2,4,6-H, 73m
2-H, 74m

6-H 2,6-H, 76m

) 3,5-H
4-H 74i

T T T T T T T T T
7.85 7.80 7.75 7.70 7.65 7.60 7.55 7.50 7.45 7.40 7.35f17.(30 7).25 7.20 7.15 7.10 7.05 7.00 6.95 6.90 6.85 6.80 6.75 6.70
ppm

AJ tetrachloroethane

2494] =—m=————-
L
—

| Wl Wyl

G %

oo o n o ©

S Ng @ ~

— O ~ < N 0
T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 3.5 3.0 2.5 2.0 1.5 1.0 0

4.5 4.0
1 (ppm)

'H NMR (400 MHz, CDCls) - Borylation of phthalide (77)

QTN ONVONILTANORNDMAN O N M- O W wn < NN
$IM8S5Ra0R0R K8 NNNMATY LTn@N R
CWWWWOVONNNNNNNNNNNNNN nwmwnwn o
NP N ~

o Bpin o 0 o) o)
Bpin Bpin
o o} o} o o
Bpin
Bpin Bpin
78 79 80 81 82
[;4 2H 2,3,5-H, 80
82 3-H, 78
4-H 3-H
2-H
79

T T T T T T T T T T T T T
8.55 8.50 8.45 840 835 830 825 820 815 810 8.05 8%00( 7.‘:))5 790 7.8 7.80 7.75 7.70 7.65 7.60 7.55 7.50 7.45 7.40
1 (ppm

19 [ S ) k UL J LJL_

8.5 8.0 7.5 7.0 6.5 6.0 55

5.0 4.5
f1 (ppm)

324



Appendix NMR Spectra

'H NMR (400 MHz, CDCl;) — 86
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Appendix NMR Spectra

'H NMR (600 MHz, CDCl5) - Borylation of 2-methoxy pyridine (97a)
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'H NMR (600 MHz, CDCls) - Borylation of 2-(trifluoromethyl) pyridine (87c)
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Appendix NMR Spectra

'H NMR (400 MHz, CDCl5) - Borylation of 2,4-dichloropyridine (102b)
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'H NMR (400 MHz, CDCl5) - Borylation of methyl 2-(trifluoromethyl)isonicotinate (102d)
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'H NMR (400 MHz, CDCls) - Borylation of 2-chloro-4-(trifluoromethyl)pyridine (102e)
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'H NMR (400 MHz, CDCls) - Borylation of 2-chloroisonicotinonitrile (102f)
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'H NMR (700 MHz, CDCl5) — 106
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'H NMR (700 MHz, CDCl5) — 109b
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'H NMR (700 MHz, CDCl5) — 110b
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1
H NMR (600 MHz, CDCl3) — 102c
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'H NMR (600 MHz, CDCl5) — 102d
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1
H NMR (600 MHz, CDCls) — 116a
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'H NMR (400 MHz, CDCls) - Borylation of methyl 2-chloronicotinate (116a)
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'H NMR (400 MHz, CDCl5) - Borylation of methyl 2-(trifluoromethyl)nicotinate (116c)
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'H NMR (400 MHz, CDCl5) - 163
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'H NMR (400 MHz, CDCl3) - 194
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'H NMR (400 MHz, CDCl;) - 164
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'H NMR (400 MHz, CDCl5) - 195
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'H NMR (400 MHz, CDCl5) - 166
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'H NMR (400 MHz, CDCl5) - 196
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'H NMR (400 MHz, CDCl5) - 197
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'H NMR (400 MHz, CDCls) - 198
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'H NMR (400 MHz, CDCl5) - 199
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'H NMR (400 MHz, CDCls5) - 200
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'H NMR (400 MHz, CDCl5) - 201
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'H NMR (400 MHz, CDCl5) - 202
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'H NMR (400 MHz, CDCl5) - 186
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'H NMR (400 MHz, CDCl;) — syn-203

OH

H;C

CH,

| | P T S

Wmmmmmmmﬂmmmﬂmm
8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 10 05 0
Chemical Shift (ppm)

3¢ NMR (101 MHz, CDCl5) — syn-203

5 8 3R “ NOOLAN N~
SO N 38R § gerRY B
< 32} N N ~N~O© © o~ MA — O
- - - N~~~ © SMOHOoMMm NN
| | S ~— | NN
|
| ! Lo
I
| 'll I
I
N ‘ L |
mmmmmmmmmm
220 200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

353



Appendix NMR Spectra

'H NMR (400 MHz, CDCl5) — anti-203
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'H NMR (400 MHz, CDCl5) - 185
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'H NMR (400 MHz, CDCl;) — syn-204
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Appendix NMR Spectra

'H NMR (400 MHz, CDCl3) — anti-204
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Appendix NMR Spectra
'H NMR (400 MHz, CDCls) - 205
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Appendix NMR Spectra

'H NMR (400 MHz, CDCl5) — syn-206
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NMR Spectra

'H NMR (400 MHz, CDCl5) - anti-206
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Appendix NMR Spectra

'H NMR (400 MHz, CDCl5) - 207
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Appendix NMR Spectra

'H NMR (400 MHz, CDCls5) - 208

CH, OH

CH,

i S

WWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWW
8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 10 05 0
Chemical Shift (ppm)

13C NMR (101 MHz, CDCl;) - 208

105.32
105.03
97.78
97.63

T
T
L
Loy

-1
X

160.89
160.83
149.83
149.44
77.34
77.02
76.70
66.46
65.92
—55.26

”

Ll

220 200 180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

362



Appendix NMR Spectra

'H NMR (400 MHz, CDCl5) - 209
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NMR Spectra

'H NMR (400 MHz, CDCl3) - 210
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'H NMR (400 MHz, CDCl5) - 211
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Appendix NMR Spectra

'H NMR (400 MHz, CDCl5) - 212
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'H NMR (400 MHz, CDCl3) - 240
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Appendix NMR Spectra

'H NMR (400 MHz, CDCl5) - 19
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'H NMR (400 MHz, CDCl3) - 243
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'H NMR (400 MHz, CDCls) - 238
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Appendix NMR Spectra
'H NMR (400 MHz, CDCls) - 260
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Appendix NMR Spectra

'H NMR (400 MHz, CDCl5) - 265
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'H NMR (400 MHz, CDCl3) - 270
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Appendix NMR Spectra

'H NMR (400 MHz, CDCls5) - 280
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'H NMR (400 MHz, CDCl5) - 282
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'H NMR (400 MHz, CDCl5) - 283
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'H NMR (400 MHz, CDCl;) - 284
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'H NMR (400 MHz, CDCl3) - 279
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Appendix NMR Spectra

'H NMR (400 MHz, CDCl5) - 292
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'H NMR (400 MHz, CDCl5) - 291
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'H NMR (400 MHz, CDCl;) — 303
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'H NMR (400 MHz, CDCl5) — 304
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'H NMR (400 MHz, CDCl5) — 308
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'H NMR (400 MHz, CDCls) — 307
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'H NMR (400 MHz, CDCl5) - 310
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'H NMR (400 MHz, CDCl5) - 311
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'H NMR (400 MHz, CDCl,) - 314
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'H NMR (400 MHz, CDCl5) - 318
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'H NMR (400 MHz, CDCl5) - 319

s8¢
88'¢
88'€
06°€

0%
mo..\/
PO'v &

S0y
[TV F
0Ty
T8
wy
€Ty
9T

[ 4
Nﬁ.m/
L /

€L
YL =

8L
0€’L
€L

Cl

Too't
460

8T

f1 (ppm)

13C NMR (101 MHz, CDCl3) — 319

PPT—

067~
TTE~
9ze -~

9ty —

19—

S'9ZT~_
e —
8871 /"

L'8ET —

0'TLT —

I —

160 150 140 130 120 110 100 90
f1 (ppm)

170

389



