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Abstract

Over the past decade, there has been a significant increase in the overall degree of saturation
in candidate molecules. Increased sharacterhas been linked to a variety of improved
physicochemical properties, including greater solubility and an improved likelihood of clinical
success. Based on this, a range of methods have been developed to synthesise compounds with
high saturation, particully with respect to spsp’ crosscoupling reactions. Many of these
approaches suffer from severe drawbacks, such as a lack of generality and the requirement for

bespoke, complex catalyst systems.

After initial investigation into é&uzukiMiyauraapproachowards the molecules of interest,
the development of a oot SuzukiMiyaura-hydrogenation was explored. This method was

found to be highly general atolerantof a wide range of functionalities.

Pd(dppf)Cl,.DCM (1 mol%)
Pd/C (6 mol%)
K>CO3 (3 equiv),
Dioxane:H,0 (20:1)

,A\(Br /YBP"' 80 °C, 4 h /\rAr

R then MeOH, H,

rt, 16 h
one pot >30 examples
in situ hydrogenation 52-99%

Scheme 1DevelopedSuzuki-Miyaura -hydrogenation methodology

Subsequently, the methodology was extended to allow for a transfer hydrogenation protocol.
This process was broadly applicable to a range of synthetic methods, including an array format

and the synthesis of multiplgologically active compounds.

PdXPhosG2 (1 mol%)
Pd/C (12 mol%)
K3POy4 (3 equiv),

Dioxane:H,0 (4:1)

'/ﬁ/Br l/ﬁ/BPin 80°C. 4 h l/\rAr

then MeOH, NH4HCO,
rt, 16 h

>35 examples
51-99%

Scheme 2DevelopedSuzuki-Miyaura -transfer-hydrogenation methodology
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1. Introduction

1.1 Saturation in Drug Compounds

Since the publication df i p i rseminalboRu | e o f 'Rhie phardacéufic@dudtry

has becomeéncreasinglymore concerned with theghysicochemical properties ofug and

candidate molecule$ multitude of metrics have since been introduced in order to estamate
compoundd6s | i k edhenical sudcesayfd these dra reutinelyncglculated and
considered throughout each stage of the drug discovery process. In addition to this, the last
decade has seen an increased consideration of the complexity pbwue synthesised
within a pharmaceuti cal s et Escapeay from Elatland:r i ng 6 s
Increasing Saturation as an Apprdato Improving Clinical Successiggests that a key
descriptor for a compouA@Esps numoengs speybridizey i s t
carbons/total carbon coyrt This analysis indicates thategter saturation bestows three
dimensionality which allows compounds to accesbraaderdegree of chemical space, as

well as improving physicochemical prafies such as solubility and melting point. Most
importantly, a higher FSfhas been linked to an increased chance of clinical sugsssgure

1 indicates the average F$jncreases steadilwhenprogressinghrough the stages of drug

development

05 45 47
045 1 43
04 1 36 38
0.35
0.3 1
Fsp?
P 0.25
0.2 1 =
0151 E © = o 2
. P~ (5)} oQ =
0.1 4 o o™ 0 = =
1} 1l 1l ] ]
0.05 1
5 2z = =z = Z
Discovery Phase 1 Phase 2 Phase 3 Drugs

Stage of Development
Figure 1. Average Fsp® of compoundsmoving through the stages of drug developme#t
Increased complexity has been linked improved target selectivity and, morecently,

Lovering demonstratedhatimproved selectivity does indeed correlate witbréased Fsp

illustrated in the graph in Figu&?®
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Figure 2: Average promiscuity compared with Fsg for compounds?

Furthermore, the publication also demonstrates that increasé&isis in a reduction dlfie
inhibition of Cyp450, an enzyme heavily involved in the metabolimdrug molecules
(Figure3). Avoiding inhibition of this and other antargets is an important consideration in
modern drug design.
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Figure 3: Average Cyp450 inhibition compared with Fsp for compounds’



1.2 Hydroboration

The first hydroboration of a double bond wakiaeed fortuitously in the 1950s by Brown and
Subba Rao during an investigation into the use of boron hydrides as reducind &geifes.
performing the reduction of the ester moiety in ethyl olektgure4) with NaBH; and AICE,

it was observed that 2.4 mole equivalents of boron hydride were consumed in the reaction, as
opposed to the expected 2 mole equivalents. Examination of the reamsteaied that the
boronhydrogen bond was adding across the alkene, in a reaction which would eventually

become one of the most versatile and widely used in organic chemistry.

\/\/\/\/R/\/\/\)J\O/\

Figure 4: Structure of ethyl oleate

The hydroboration reactiois the synaddition of a borofnydrogen bond across a carbon
carbondouble or triplebond to generate the corresporgdiorganoboran&ia a concerted
asynchronous mechanism. Borane reagents have an electrophilic nature, therefore the
regioselectivity of the addition providgsedominantlyant-Markovnikov products, i.e. the
hydrogen adds to the most substituted carbohesfibubleb ond. The rz@awt i bn
hydroborate more than one equivalent of olefin, generatimiglylborane as the product;

such compounds are particularly unstable to air and moisture so are often subjected to an

oxidative workup to afford thecorresponding alcohol.

H
|
BH
- H-----B—H 2
H,C=CH ] T !
§ 2 R : H3C—CH,
H2C_CH2

Figure 5: Mechanism of hydroboration reaction

Borane (BH) is a gas, and exists in a fast equilibrium widHB(most reactions occur with

BHs5), as illustratedn Figure®6:

Figure 6: Equilibrium between B2Hes and BH3

BHs can benandledas a liquidat low temperaturefiowever, complexing it with ether ¢gx),

tetrahydrofuran (THF) or dimethyl sulfide (DM®)rnishes aform that is primarily used



within hydroboratiorchemistry. The vacant orbital in Bldan accept a lone pair of electrons

from a Lewis base to give a neutral species.

0 ©

H, .

yeBH §/Me—> H‘HB‘S/gIe
0 Me Me

Figure 7: Formation of stable borane species through complexation with DMS

The regioselectivityof the hydroboration reactiofecomes ratheunpredictable when the
substitution pattern of the alkene is not maubstitutedand the antMarkovnikov isomer is

not always formed. For diubstituted internal alkenes, there is little discrimination in reactions
wi t h30 ®hB Hse of sterically encumberbdranes can circumvent this problem through
steric effectsandsome commonly used partially alkylated, bulky boranes are disyamylborane,
thexylborane and -Borabicyclo[3,3,1Jnonane {BBN). These are formed dm the
hydroboration of Znethyl2-butene, 2,a&limethyl2-butene and 1;6yclooctadiene

respectively, as shown Bchemes.

M M
Me Me BH, ° Ei ©
= Me Me
Me Me Me

Scheme3: Synthesis of disyamylboane, thexylborane and-BBN

Bulky alkyl boranes also have incesal sensitivity to the structure of alkene: terminal alkenes
react at a faster rate than internal alkenes, Aatkenes more rapidly thaB-alkenes.
Exploitation of this knowledge allows for selective hydrobarabioone doublebond in diene

or triene-containing molecules
1.21 MetalCatalysed Hydroboration Reactions
Over the past 3 decades, the field of metdhlysed hydroboration has expanded dramatically.

As well as increasing the rate of reaction, the addition of metal catalysts has thegaleénta

being able to alter chemoselectivity and regioselectivity for multifunctional substrates,



compared with that observed for the analogous-catalysed process. For example,
catecholborane adds preferentiallyatoarbonyl group in the absence of aatgdt, however
when a substoichiometricamount of Wilkinsod satalyst (Rh(PPsCl) is added, the
hydroboration exclusively occurs amalkene®

o) -0
HB' no catalyst W B
\ - Me O

O

+
S —— O

Me
NN Rh(PPha),Cl 5 Me
o) (0.5 mol%) 9)

o

Schemed: Hyroboration r egioselectivity observed in the presen@nd absenco f Wi | ki nsonds

catalyst

The ability of latetransition metals to catalyse the hydroboration of cadarbon multiple
bonds was first exploited by Wilczynski and Sneddon in the early 1980s, in a paper which
reportsthe cobalcatalysed reaction of dimethylacetylene with pentabof&wdiowing this,
Mannig and Noth produced their seminal publication on the useatcholborane in
hydroboration reactions, in which they rifiiity recognise and highlighthe vast synthetic

utility of the transformatior?

Since thenhundredsof novel catalyst systems have been developed, using a variety of
different metals, including Z&° La,** Sm*2 Ru,*® Pd!* Ni and Ir!>1¢ Rhodium is by far the
most commonly employed metal, with iridiubeing the next most frequently empéaly
Iridium owes its success to its complkentary regioselectivity to rhodium in the hydroboration

of vinyl arenes, where iridium gives complete selectivity for the linear isomer.

1.22 RhodiumCatalysed Hydroboration Reactions

Examples of rhodiurtcatalysed hydroborations prior to the ml®@80s werescarce, but not

entirely absentindeedjn 1975Kono and |1t o observed the oxi da
catalyst, when treated with catecholbordh#&yestcottet al subsequently isolated and
characterised the tisopropyl phosphine equivalent by-dy crystallography® However, it

was Manni glandmadpapepin 1885 which saw rhodivcatalysed hydroborations

t o come to fruition, t hr o udgThe reahtien between o f W
catecholborane and alkenes had been historically very slow, and decgeneated
temperatures, sdhis publication presented a real opportunity for tgplication of

hydroborationwith catecholborane.



1.2.3 Mechanstic Considerations of Rhodiw@atalysed Hydroboration
Reactions

It has been well established that the meddra of rhodiurcatalysed hydroboration differs
significantly from the uncatalysed process. The mechanistic pathway is also thought to depend
on the nature of the substrate, the catalyst, the ligand used and the reaction conditions
employed-92°

In the case of Wi lkinsonds cat al ylBgure9:t he me
dissociation of a triphenylphosphine ligand begins the cycle, to afford the active catalyst
speciedl, to which the BH bond of the borane rgant oxidatively adds. Westceit al have

isolated and structurally characterised an analogous complex (\W#isPrather than PR

providing evidence for the formation of this specfadext,complex2 is formed through the
coordination of the alkeneansto the chlorinei( the reactive form of this compound, the

hydride and the boryl liganehust betransto each othr?! Migratory insertion of the alkene

into the rhodiurshydride bond produces two regioisomeric alkyl boronate esters, which will

give theanti-Markovnikov and Markovnikov product, following reductive elimination.

This step haseen confirmed by Roper and Wright through studies with osmium boryl
complexes? It is widely believed that this is the rate determining step, as suggested by Mannig
and Noth and subsequently confirmed by Evans anéf Faere has been much debate,
however, into whether the reaction occurs through an associative mecharastigsmciative
mechanism (homologous to the hydrogenation mechanism). Buegabdelieved that the
mechanism is associative, and involves acsiardinate rhodium speciéslthough Dorigo

and Schleyecontest this proposahrough the use @b initio studies?*



L;RhCI

Phlg2 “

R,B-H
L,RhCI
1
Ph
H
R,B-Rh" R,B-Rh'
2 \ VL 2 \ vL
cl cl
4 2

Figure 9: Simplified rhodium-catalysedhydroboration mechanism

1.2.4 Scope of RhodiurCatalysed Kdroboration Reactions

The substratescope of rhodiurtatalysed hydroboration is relatively large, but the rate of
reaction depends heavily on the alkene. Generally, the greater the degree of substitution, the
lower the rate of reaction: mosswibstitutiors> 1,1-disubstituted > 1 2lisubstituted >> triand
tetrasubstituted alkene$.The rate decreases to the point wheredrid tetrasubstituted
alkenes are essentially unreactive under standard catalysed hydroboration reaction

conditions?®

The reaction has been successfully utilised in a multitude of total syntheses, typically to furnish

an alcoholSchemeb). For example,n 1996,Cossyused a rhodiurcatalysed hydroboration

in the synthesis of+)-ptilocaulin?’ Boger also showed the application of the reaction to
functionalise a cyclic substrate to affordlagulose derivative in efforts towards the synthesis

of bleomycin AT he reacti onds e xisitustiatedrin Evasdbyatmesiss e | e c t

of calyculin A, in which the monsubstituted diene is hydroborated exclusivély.
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o]
0._.OBn O._..OBn
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Schemeb: Examples of rhodium catalysed hydroborationreactionsin total syntheses

1.2.5 Regioselectivity in RhodiunrCatalysed Hydroboration Reactions

As discussed aboyéhe uncatalysed hydroboration of an alkiEnv@urstheanti-Markovnikov
product, whilst the catalysed version can be modified to produce eitmkowiékov oranti-
Markovnikov product. It has been shown that mebaaring ligands greatly affect the
regioselectivity of the catalysed reaction, as well as steric and electronic effects.

This is not the case for monosubgied alkenes. &jardless of # absence or presence of
catalyst, theanti-Markovnikov product is solely obtaine@xcept for vinyl arenes)The
catalysed version of this reaction still holds the benefit of being complete often within minutes

at room temperaturén comparisoro the ~90xC required for the wratalysed reaction.

O\
BH
¢

1. Rh(PPhs)5Cl

RA\ R/\/OH

2. NaOH, H202
R = Ar

Scheme 6 Metal-catalysed hydroboration of monosubstituted alkeneand subsequent oxidation

Functional groups with directing abilities have been shown to dahaegioseleivity of
metatcatalysed hydroboration reactions. High levels of regioselectivity are observed for the

hydroboratioroxidation of O-pr ot ect ed cyclohexanol s. I n

t



catalyst, theanti-1,3-diol is the major product formed, whilst the absence of catalyst, the
anti-1,2-diol is preferentially formed. It is believed that the selectivity is caused by steric
effects, as théert-butyldimethylsilyl (TBDMS) group occupies a pseuelguatorial position

with respect to the cyclohexyl ring. Bgntrastin the case of the phosphotusaring alkenes

in Scheme?, synselectivity is observed. It is presumed that the cause of selectivity is
coordination of rhodium (which is required in stoichiometric amounts) to the phosphorus site,

in a directinggroup like fashiori®

OTBDMS | OPPh;, OPPh,

uncatalysed WOH . catalysed OH
‘ R,BH R,BH
OTBDMS
OTBDMS OPPh, OPPh,
‘ catalysed catalysed
R,BH ““OH RoBH OH

Scheme 7 Directing group selectivity in hydroboration reactions

1.3 Enantioselective Hydroboration Reactions

1.31 MetalFree Enantioselective Hydrobarat Reactions

Brownos remar kabl e publicati on in 1961, sho
simple alkenes with -J-diisopinocampheylborane [(Ip8H], presaged a new age of
asymmetric synthesi®3? At this time, asymmetric chemistry was a domain governed by
enzymes and large molecules, however, Brelggantlyexhibited that low molecular weight

compounds were capable of aahiigy excellent levels of enantioselectivity.

99% ee

Scheme 8 Asymmetric hydroboration with (Ipc) .BH

A range of chiral hydroborating agents have subsequently been developed, but due to the ease

of synthesis and wide applicabjjt(IpcyBH remains broadly used. This reagent has been



applied to the successful synthesis of natural products on numerous occasions, including

loganin prostaglandin derivativésand zeaxanthi(Figure 10)*

Zeaxanthin

Loganin Prostagandin E1

Figure 10: Examples of natural products, whose synthesis has involved the use of (4B

One compelling advantage of (IpBH over other hydroborating agents is its simple and
economical synthesis. Both enantiomers can be preparedttfimoommercially available
terpen e ;pinede: the most abundant monoterpene in the Wddo mme r -pinead is U
available in various degrees of optical purity, however it is possible to produgs Hpof

hi gher enant i omeindnefrom which it was derivédhis tpHemomenion

is accredited to the preferential amalgamation of the major pinene enantiomer into the

crystalline complex, whilst the minor enantionaecrues in solution.

The first substrate on which (IpBH was used wasis-2-butene and the resulting product (2
butanol) was achieved with an ee of 8%%n subsequent publications, Brown was able to
increasehis ee to 99% through an improved method of synthesis obBH¢)which works
exceptionally well for the hydroboration of mono substitutiséhlkenes. Extraordinary regio

and enantieselectivity isalsoobservd for heterocyclic alkengScheme 9).

10



@ (-)-IpczBH Q

X =0, >99% ee
X =NBn, >99% ee
X = Cbz, 89% ee

OH
(-)-lpcBH

Oy o [

X =0, >99% ee
X =S, >99% ee

Scheme 9Hydroboration of heterocyclic alkenes using-§-Ipc2BH

The optical purity achieved decreases notably with increasing steric requirements of the

alkene, which presents severe limitations on the scope of thecuhed amenable to

asymmetric hydroboration.

AN

Figure 11: Limitations of hydroborations using (-)-Ipcz2BH

™Y

R =iPr, 32% ee

0,
14% ee R=Ph -

15% ee

A series of monoalkylboranes have been derived to circumvent the problems associated with

(Ipc)BH and the hydroboration t¢findered alkenes. Monoisopinocampheylborane (IpgBH

is more capable at hydroborating hindered alkenes, includiagtistituted alkenes due to the

decreased steric requiremefits.

The synthesis of IpcBHis not quite as straightforward as its dialkylborane counterpart

(Scheme 10)

Stoi

chiometric cont roo)l

p(rio.deu.c exsn ea eng w

monc and dalkylborane. Instead, (IpfBH is treated with tetramethylethylenediamine

(TMEDA) to generata dimeras a crystalline solid with 100% ee. The subsequent addition of

BF;:.EtO affords two equivalents of IpcBH
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NMe,.H,B
NBH N> NMe2 BHzMeN™ T2 2/@

| BF4 Et,0

WBH;
+ TMEDA.2BF3

Scheme 10Synthesisof IpcBH2

IpcBH; has been successfully employectiaroborate a multitude of sterically encumbered
and trisubstituted alkenes, alleviating the limitations of (1B¢). From the results shown in
Schemell, it appears that increasing the stetitktof alkene improves the optical induction
achieved in hydroborations with IpcBHI'his complementary reactivity means that together,

(Ipc)BH and IpcBH, can accommodatiree out of the four major alkene subgroups.

Me  HO, Me tBu  HO. -tBu Me Me
e I  Fo B
Me Me t-Bu t-Bu

73% ee 92% ee 72% ee

Scheme 11 Enantioselective hydroboationsof substituted alkenes

Derivatives of IpcBH - mono(ethylapoisopinocampheyl)borane (EapBH and
mono(phenylapoisopinocampheyl)borane (Pap®H have since been developed. Their

syntheses do not begin with commercially available alkenes and as such, their synthetic utility

Et Ph
i wBH, i wBH,

EapBH, PapBH,

is severely reduced.

Figure 12 Structures of EapBH2 and PapBH:

The chiral hydroborating agents discussediyr@o means an exhaustive list. One notable
addi ti on i €-sywhastrichoarane @8imethyl borolane (DMB}! For many
substrates, DMB e x chewevkr the cBmbersemedsestap syatlgesisn t s

reduces its practicality argeneral use.
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1.32 MetalCatalysed Enantioselective Hydroboration Reactions

A noteworthy milestne in the advancement of metalttalysed hydroboration is the
development of an asymmetric variant of the reaction. The application of this reaction expands
through a broad range of chemistry, with the most common utilisation being in the formation
of enantiomerically enriched alcohols through oxidation of the alkylborane interm&diate.
There lave been two main apprdzes to gaining enantioselectiviilpg metatcatalysed
hydroborations, the first of which involves the use of a chiral hydroborating agent and an
achiral catalyst, pioneered by J. M. Brown in 1890his method achieved encouraging levels

of enantiomeric excess but poor regiochemical control severely restricted the reaction. Also,
the addition of chiral ligands had little effect the enantiomeric excess gained.

/
N

): BH
o

Ph
Figure 13: Chiral oxazaborolidine borane used by Brownet al.

The more common approach is the reverse of this: a chiral catalyst system and an achiral
borane source. This technique was leithed by Burges¥, Suzuki® and Hayasht® and

makes use of chiral diphosphine ligands which have pusly been used in other asymmetric
processes. It was the work of Hayashi which truly proved that high levels of entioselectivity
were accessible, however. Hiidiesused BINAP as the chiral ligand (to this day, BINAP
remains one of the most successigahds for asymmetric metahtalysed hydroborations)

and a selection of styrenes wesamined Electronrich gyrenes with little steric hindnce
achieved the highest enanttok e c t i v i t i-neethybtyrenk tdehvativeg heacted with

poor enantioselectivities, due to their reduced reactivity and thus higher reaction temperatures
necessar§’

Et

O IO -
PPh, X ©N
e
X= CI, Me, OMe R= CH31 Ph 46% ee

88-96% ee 16-52% ee 25 °C
BINAP -78 °C 25 °C

increasing substitution
increasing temperature
decreasing enantioselectivity
[ >

Figure 14: Enantioselective hydroboratiors with [Rh(COD)BFz] and BINAP with general trend

shown
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A palette of other diphosphine ligands have been shown to be successful at inducing
asymmetry in metatatalysed hydroborations as displayed Figure 15. It is perhaps
surprising that, despite its Wwgrecedented success and continuing achievements, there have
been so few BINAP analogues reported within this reaction manifold.

Me Ph

©Co’ “PPh, Me,,,H/\rMe
o PPh
~— 7 PPh, PPh,

Me

OPCYZ (>ﬁ

N
’ | _PhN—
'PCyz Poy, Y2

Figure 15 Examples of diphosphine ligands which have been used in enantioselective

hydroborations

The other ligandype used in asymmetric hydroborations is phosphinamine ligands. J. M.
Brown founded this application with the use of QUINZRJnlike BINAP, QUINAP is
capable of generating asymmetry at ambient temperatures, allowing sterically hindered or
unreadive substrates to be hydroborated enantioselectitdyife 16). Aslisted previously
electronrich substrates were hydroborated with higher levels of enantioselectivity. This is a
trend which has been explored considerably and several theories hapedpesed. Chaat

al. (who observed the santeend with their use of PyPho¥)suggested that electraith

olefins bind more tightly to cationic rhodium and thus the substrate is more strongly affected

by its chiral environment.

3
LN

X
CO) 0

91% ee 96% ee 90% ee

QUINAP

Figure 16: Structure of QUINAP and seleced examples

So far, the biggest caveat with enantioselective rustialysed hydroboration is the substrate
scope.The majority are only effeiste on vinyl aene substrates;land which can achieve

high levels of asymmetry and regioselectivity on a wide range of substrates remains elusive
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1.4 SuzukiMiyaura CrossCoupling Reaction

1.4.1 Introduction to the Suzukliyaura Reaction

Since its discovery it979%° the SuzukiMiyaura (SM)crosscouplinghas become one of the
most widely used retions in the chemicdahdustry, forming carbogarbon bondwvia the
palladium catalysed cros®upling of an organoborane species with an organohalide or

pseudohalide

R B

|

- B. X u
X - Pd . NP
[E ’\J/ R ‘ '\I/ g} p \/\,
NPt [

~ ~~-~ N
~ ~

Scheme 12Generalisation of the SM reaction

In 2010,Akira Suzuki was awaled the Nobel Prize in Chemistry for his contributions to the
field of crosscoupling; an honour he shared with Richard Heck aAgdttiNegeshi. The SM
reaction is used extensively in a breadth of chemistry disciplines, including polymer
chemistry5! process chemistif,natural product synthe$fand medicinal chemistry. Indeed,

a comprehensive survey of the pharmaceutical industry found that the SM reaction was

responsike for more than 40% of all carbaarbon bond forming reactiofs.

The popularity of the SM reaction is certainly not incidental, and the preference refabiion

over other transition metal (TM)atalysed crossouplings can be attributed to several factors.
Key advantages include relatively mild reaction conditions, a broad choice of commercially
available starting materials and the toleraoiche reationto an extensive range of functional
groups. The organoborane groups employed aretmaon and environmentally safe,
especially when comped with those used in other Fhhtalysed crossoupling reactions

(e.g. Kumada, Stille, Negishietc.) Additimally, these factors make the task of segle
relatively facile.

Over the paghreedecades, the SM reaction has received continual attentionsagpuifecant
number of publications have added to ardamded thevergrowing scopef the reaction

One aspect of thgprocesswhich has been investigated scrupulously is the mechanism. A
generalised catalyticycle is shown below in Figurg?. This is universally believed to be the
mechanistic pathway of the reaction, though differences within each step Hemn

extensivelydebatedparticularly in recent years.
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R-R' R-X
LnPd

Reductive elimination Oxidative addition

Transmetallation

Figure 17 Generalisation of the SM reactioncatalytic cycle

1.4.2 Mechanistic Conslerations with the Suzulliyaura Reaction

Mechanistically, tk reaction begins with oxidativaddition, which gives rise to an
organopalladium (PY complex(5) by the addition of Pd into the carbbalogen bond. The
intermediate formed is initiallgis but rapid isomerisation gives thansisomer®® Often, this

step is the ratdetermining step and the rate is directly correlated to the type of
halogen/psuedohalogen in a general reactivity pattern of | > OTf > Br >> CIl. Bromides,
however, are the most commonly employed halogen due to their comnaamilability.
Other aspects of the reactions can be altered to influence the rate of this step, for example, an
electrondeficient organohalide will increase the rate, as will the uae efectrorrich ligand.

It has been showthat oxidative additioccurs with retention of stereochemistry for vinyl
halides, but with inversion of stereochemistrydtkyl halides or benzyl halidéthis has been
debated recently, though)

The second step in the catalytic cycle is transmetallation, and it is the stage which has been
subject to mostliscussionn recent years. In order for efficient transfer of the organic moiety

from an organoboron specieghe Pd centre, the thredordinate boron species must become
afourcoordi nate fiated complex, by association

ligand that has been under scrutiny.

The twoproposalsan be divided into two mechanistic s$ffications: the boronate pathway
and the oxepalladium pathway. The former pathway dictates that the boronate species is
formed befoe associating with the intermediatarough the reaction withydroxide anion

(7). The latter pathway involves the fortiman of an oxopalladiumintermediatg(8), so the
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necessary foucoordinate species is only formed caqsent of coordinating with Pd.dsh

pathways are depicted in Figut8.

LnPd

LnPd
Oxidative addt'ory \(;eductlve e|m|natl;\y \(OXIdatlve addition

_R Boronate Pathway

5 bn Pd % d, 6 L, Pd Oxopalladlum Pathway L, Pd
R'
B(OH);
Transmetallation o Transmetallation
© OH S
B(OH)3X B OH
R'—B: 1o ———— R—B .
\OH OH Oxopalladium
Boronate 7 8

Figure 18 Boronate pathway vs oxepalladium pathway in the SM reaction

It was concluded that the initial failure in attempts to camgple organoboron reagents with
organo halides, prior to Suzukidéds pivot al p L
of the organoboron reagenitsThis was a reasonablediiction as the addition of NaOEt and

NaOH (which was thought to convert the organoborane reagent to-aforr di nat e 06 a
complex) resulted in a successful crossipling reactiorf? However, several years later, a

study on alkenyhlkenyl cros-coupling displayed evidence of the epalladium pathway,

and thus caused opinion to vacillate.

Since then, research into the elucidation of the dominant pathway has flourished. A series of
computation&P and kinetic studie®,along with the preformation and reaction of the proposed
boronate$? have shown considerable evidentéavour of the or-palladium catalytic transit.
Indeed, the work of Hartwidf® Lloyd-Jones, Amatore and Jut&fhdhas provided almost
conclusive proof to confirm this. This certainty is only true for specific boronic species and
simple aryl halides, however, and ambiguities still exist, for example, in the possibtliky
pathways to evolve from B to A, @ice versaOn the contrary, there is a scarce amount of

substantial evidence to suggest that path A is the prevailing reawiuifold

The final stage of the pathway is reductive elimination: this involvesethase of the desired
product as well as the regeneration df. Eccluding a few exceptions, the ligands mustise

to each other to reductively eliminateafis complexes have been observed to isomerise to
cis). An augmented rate is observed wittharacter: sp > €p> sp® Since reductive elimination

can be described as the microscopic reverse of oxidative additivamy of the reactivity
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trends for oxidative additiorra the opposite of those for reductive elimination. For example,
electron deficient ligands increase the rate of this step, as this provides a more electron poor
metal centre which is more disposed to accepting electrons (a requirement of this step).
Stercally hindered ligands are also favourable for reductive elimination: the energetic driving
force is the relief of strain within the metal complex. A bulky ligand will increase the extent

of strain associated with the initial complex, making the energy @coompanying this step

greater®

1.4.3 Boron Species Used in the Suzbkiyaura Reaction

Neutral boron has three outgnell bonding electrons 28p"), which can paitipate in three

sp? bonds conferringa trigonal planar geometry. Orthogonal to the plane lies éboading
p-orbital, making boron compounds liable to electron donation. As discussed before (with
regards to the oxpalladium pathway of transmetallatiompordination to boron compounds
can create tetrahedral O6boronatesd which pos
counterparts. The boron reagents employed in the early stages of the SM reaictakenyl

boranes and catechol boronic estevhich were relatively quickly replaced by boronic acids.
Over the past few years, the development of novel boron reagents has thrived and a multitude
are currently available with differing stabilities and reactivities which have extended the scope
of the reaction. In 2010, Mayr developed a scale to determine the relative nucleophilicity or
electrophilicity of a vast range of compourifland this was éended in 2012 to compare the

reactivities of the most commonly used boron spét{Egure19).

Me\N/\
Me\N/\;o
¥ \O/ o B \O
~ %% S [ M85
0 BLi
\ e} Me o} .
mé  1.84 Me  6.38 9.09

2.90 7.66 O o) }Me

12.55

Figure19 Mayr 6s nucl eophil i ci tedborercreagents’ f or c¢c ommon
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1.4.3.10rganoboranes

One of the first boron species to be used was organoboranes, due to their ease of.synthesis
The choice of alkyl ligand on theorane is key: ¢heust be adequate differentiation between
the ORO groups in trialkyl bor an%SBBNhas t hat
been shown to have the greatest degree of teafgccompared to other trialkylboranes.
Organoboranes have a tendency towards aerobic oxidation, which heavily limits their utility,
as well as lowering reaction yields if conditions are not completely anaerobic.
Protodeboronation has also been exhibitedccur in alcoholic solvents, withEBBN having

the highest raté,

Despte their propensity to a variety of unfavourable gigactions, organoboranes have
frequently been employed in SM reactions. An example of aptwdchydroboratiorSM
reaction is shown below in the synthesis of dihydroxyserrulatic acid, in which aralkiéyy/|

crosscoupling takes plac@.

i) 9-BBN

s Me H
H ii) PdCl,(dppf),

S KoCO3

Br_~ CO,Me
OR Me OR Me

dihydroxyserrulatic acid, 77%
Schemel3: Syntheisis of dihydoxyserrulatic acid using an organoborane

1.4.3.2Boronic Esters

Boronic esters have played an important role in the history of boron cheimietrgt metal
catalysed hydroborations are performed using catecholborane, the products of which have
been sucassfully used in SM reactions. Cateclronic esters have been shown to have
relatively | ow st abi | dddnating ability ofwxyden to wbrore(this o  a
is attributed to competing conjugation with the phenyl ridgionsequently, pinacelor
neopentyboronic esters are the more frequently used boronic esters, owed to their ease of
synthesis and increased stability. The active transmetalating species during SM reactions
remains unclear when boronic esters are usedgVewTwo possibilities exist: a) the boronic

ester reacts with an ojmlladium intermediate or b) hydrolysis of the boronic ester occurs to

form the corresponding boronic acid which goes on to react through either of the two
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transmetallation pathwayreviously discussed. Watdree SM coupling boronic esters have

been published though the chance afdventitiousvater being present is certainly possible.

Typical syntheses of boronic esters include bidration of alkenes or alkynes, Miyaura
borylation. Miyaura developed thealfadium catalysed reaction of an &yt or alkenyl
halidg® to a boronic ester in the 1990spresenting a mildoute into thee useful
intermediates. The reaction follg a similar mechanistic manifold to the SM reaction, through
a Pd(0)/Pd(ll) pathwayChoice of base is very importahttypically, a weak base (such as
KOAC) is used to avoid the coupling of starting aryl halide and the resultant boronic ester.

o
Pd(dppf)Cl, DCM 'J§<
I N Br O\ (pp) 2 I AN B\O

R B R
Pz o —

DMSO, 80 °C

Schemel4: General reaction conditions for Miyaura borylation

Other, less common methods of boronic ester synthesis include a Sandmeyer reaction based
protocol!® electrophilic arene borylatiéhand the use of Grignards or organolithium reagents.

An example of boronic esters being used mdinthesis of graphislactone G is shown below.

Me Me
OH o O Pd(OAc) OH O

2
Br SPhos
S Cs,CO;4 ‘ 0
—_—
Me OMe MeO g-O_Me MeO
ci (')72<'V'e
Me Me OMe

Me cl

graphislactone G
72%

Schemel5: Synthesis of graphislactone G using a boronic estér

1.4.3.3Boronic Acids

Boronic acids were first employed as coupling partners very early in the SM reaction timeline.
Their first reported use was just two years afterfits¢ report from Suzukiin 19817° and

they remain a widely used boron species due to the large commercial availability and high
atom economy. In solution, equilibrium exists between the boronic aciti@cdrresponding
boroxine (formed from the loss of three water molecules). To account for this dehydration, an
excess of boronic acid is often added.
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Figure 20: Equilibrium between boronic acid and boroxine

One of the dremost disadvantages is the tendency of certain boronic acids to protodeboronate.
This is of particularly concern when kept out of solution, as recent studies havecsrtaim
boronic acids are less prone to protodeboronation in softither problems associated with

their use include oxidatioand palladiuncatalysed homaoupling®!

Many of the methods of synthesis are similar to that of boronic esters, for example, the reaction
of Grignard or organolithium reagents with a boric e¥®ra Miyaura borylation (with
tetrahydroxydiboron instead of,jin,),2* or indeed the hydrolysis of boronic est&Jhe
scheme below shes an application of boronic acids in a SM reaction, for the commercial

synthesis of hypertension drug, Losartan.
cl

Cl
N Ph Ph
N)\/\/ %P'FZFN)\/\/

Ph N—=N
1 \ HO
N _LPh Pd(OAC),/PPh, NN
N N™pp
Br =N K,CO;
H,O/THF/DEM
B(OH),

Schemel6: Synthesis of Losartan usinga boronic acid in SM coupling®®

Losartan

1.4.3.4Potassium Organotriflouroborate Salts R}

In 1960, Chamberstal. first reported the formation of potassium organotrifluoroborate salts
(R-BF:K) through a displacement reaction of #iut publications regarding their use were
scarce in the subsequent thirty years. It was not until the 1990s thatntbeitance and
function was deservedly acknowledged and, since then, they have become an increasingly
common and widely used functionality. All the aforementioned species of boron compounds
possess an emptp-orbital on boron, rendering them vulnerable twidants, bases,
nucleophiles, etcThe organotrifluoroborate specjéwowever, are foucoordinaten nature

making them a superior alternative in terms of stability, and as a functional handle that can be

carried through a variety of synthetic steps.

It was not until 1995 that a safe, robust method of synthesis was developed, and this was

achieved by Vedejs through the use of potassium bifluoride f§K3¥Boronic acids were
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treated with a saturated aqueous KEidlution and the corresponding BFsalts wee attained

in good yields. Thavailability of boronic acids makes the scope of this reaction very broad.

As stated above,htoughout the last decade particularly, sBFsalts have been used
extensively. Their increased sh#fé, lower susceptibility to protodeboronation and, in some
cases, increase@activity make them a strong choice of boron speciessfd reactions.
Schemel? illustrates the employment of an aryl 8Fsalt in the synthesis towards a
NMDA/NR2B antagonist®

BF3K

H
N

BnO\n/ O BnO\n/ F
., Pd(dppf)Cl, DCM O
(@] ,O/\[Br 2 (@) o |
EtsN F

61%
Schemel7: Example of BF3K used in the synthesis of NMDA/NR2B antagonist

1.4.3.5 Other Boron Species

There exists a large range ajrbn species capable of acting as a coupling partner for SM
reactions, many of which are in their infancy. A subset which fall into such a clakk are
coordinated boronates, which are categorised by a cyclic boronic ester backbone
encompassing a nitrogentoan. The most prevalent ligands within this group are
diethanolamine, = N-methyldiethanolamine, N-phenyldiethanolamine and N-
methyliminodiacetic acid (MIDA). They are bench statileasily synthesisédand recently

have found particular importance in iterative SM cross coupling.

Me

! o)
B(OH), HO OH  DMF,80°C BO =g
o)
R@/ \n/\'}l/\n/ R_©/

O Me O

Schemel8: Synthesis of MIDA boronate from boronic acid

1.5 sp-sp’ SuzukiMiyaura Coupling Reactions
In comparison to the standarcsp? SM reaction, the Sgsp? equivalent is in its early stages
of development. The cross coupling of an alkyl borane and an aryl or vinyl halidedor

versg fills a growing niche in the chemical industry, allowing direct access to a plethora of
useful nolecules.
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1.51 Coupling of Primary Alkyl Boron Species

Initial work by Suzuki and Miyaufawas performed using alkylboranes, substrates which are
afflicted by a host of drawbacks: they are air and moisture sensitive; generally, they must be
synthesisedh situ, andas such, there are very few commercially available.
alkyl—BR;
O oo
PdCl,(dppf)

R
R e, NaOH or NaOMe A alyl

Schemel9: Initial coupling of alkylboranes with aryl halides

In 1989, Suzuki and Miyaura ggented an extension of this work, displaying the coupling of
alkylboronic esters with aryl bromides and aryl ioditfeélthough this work had the
advantage of the use of more stable boronic estef3O7ivas used as the base. The toxicity
associated with this made the reaction unable tagmtied to an industrial setting. These
preliminary results were followed by promising improvements, including the replacement of
T1,COs with CsF by Wrightet al.? albeit with slightly decreasedslils.

Since its first exemplificatiorthe sp-sp® couding process has undergone some substantial
developmentA relatively wide range of catalysts and manioi- and tetradentate ligands

have been successfully employed (as low as 0.01 mol%), withrargides and iodides being

the most common coupling partner. Elevated temperatures are normally required, often as high
as 130xC.

1.5.2 Coupling of Secondary Alkyl Boron Species

While SM crosscoupling reactions with primary alkyl boronic acid derivatives have been
exploredfor the past two decades, examples of the use of secondary alkyl boron species have
remained elusive uihtrecent years. This is probably due to the even slower rates of
transmetallation with palladium associated with these congested substrates. The majority of
early examples of such reactions, however, were performed with cyclopropylboronic acid
derivatives due totheir uniguehybridisationwhich gives partial aromatic character thé8C
bond?®* The coupling of secondary alkyl boron species is of particular interéis¢ tourrent

study {ide infra).

The first example of this aetion was performed by Marsden and Hilderbrand in 1996, where

they showed the coupling of cyclopropyl boronates with a series of aryl brothidssr that
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year, Deng and Wang presented a similar protocol but with cyclopropyl boronic acids,

showing a wider range of substrates and higher ytélds.

Bul>—BOH:  pa(PPhy),
K3PO4 Hzo \D—@
Br e, 100 °C
R
R Yield
2-MeO 89%
4-MeO 83%
4-CHO 96%
4-CO,Me  93%
4-NO, 85%

Scheme20: Substrate scope o bntheerosgcouplingdofcyilmpropyd s wor k
boronic acids

Subsequent yearswgaa variety of coupling reactions which employed cyclopropy! derived
boron specie¥;°8°° but other secondary boronic acid derivatives remained scarce. One of the
first cases involved the coupling of cyclopentylboronic acid withkro-toluere by Fuet al
(Scheme 21)

O—B(OH ), Pdy(dba)s
P(tBU)3

Me —————> Me
/©/ THF, KF
100 °C
cl 75%

Scheme21: SM coupling of cyclopentylboronic acid and 4chloro-toluene

In 2008, Mobnderetalr eported a study which aimed to
challenge of cross oupl i ng s econda¥ Fheyoempglayedopwtassiarl | i ¢ s &
trifluoroborate salts, in order to circumvent the problems associated withueetedate of
transnetallation potassium trifluoroborate salts have been shown to undergo transmetallation

with a significantly lower degree of protodeborona}ii Parallel microscale
experimentation was performed with two different electrophilic models (2 chloroanisole and
3-chloropyridire) in an attempt to achieve conditions suitable for a wide range of coupling
partners. The optimum reaction conditions proved successful for cyclohexyl trifluoroborate

and a wide variety of aryl chlorides. Thigas the second example of the coupling of a

cyclohexyl group using boron reagefts.

Later in the same year, Molandsral. presented the coupling of cyclopropyl and cyclobutyl
trifluoroborates. Despite the abundance of cyclopropyl coupling, this was the first example of
a cyclopropyl trifluoroborate coupling, as Wak the novel employment of aryl chlorides in

this reaction.
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1.5.3 Experimental Considerations for’sgp® SuzukiMiyaura
Reactions

Initial studies showed that Pd(dppf@nd Pd(PP. were the most suitable cataly$bs B-

alkyl SM reactiod**2 and much of the work performed involved complexes with an electron

rich Pd centre. One of the biggest mechanistic problems associated the couiiadkgf
compounds is the tendency of the alggllad i um ¢ o mp | e xydtide eliminatiom,r go b

rather than reductively eliminate.

Figure 21: Mechanism ofb-hydride elimination

Pd(dppf)Ct has been shown to favour reductive elimination by forcinig geometry on the

Pd' complex between the vinyl and alkyl groups. If the reductive eliminatignisténe rate
determining stepthis catalysthereforewould prove most effective. Moloy and-@arkers

have shown that the bite angle of bidentate ligataisp significantrole in catalyst effect?

In general, the larger the bite angle, the higher the rate of reductive elimination, due to the two
alkyl groups on the Pctentre being forced closer to each other. Reductive elimination is not
the only step affected by cataly®uchwaldet al.have shown the increase in rate of oxidative

addition through ligand contré?>106

Base and solvent play an imperative part in the suafeBsalkyl SM reactions andiave a
complex underlying relationship that is particularly relevant in the context of transmetallation.
It has been found that weaker basesO®: and KsPQy) work well with solvents like DMF,

whereas stronger bases (NaOH an@®Ma) perform superiorly in THF and.8.

1.54 Stereoselective Suzukiiyaura Reaction

It is often very difficult to accuratelgredictthe effect that small steric or electronic alterations

can have on the level of asymmetry achieved when employing datalysts. Small
modifications to substrates can have large detrimental effects on enantioselectivity, and as
such, a lack of generality is commonly seen within this field of chemistry. To bypass this
problem, with regards to metehtalysed crossoupling reactions, many research groups have
developed methods to react optically active alkylboron reagents. The reaction conditions
established aim to preserve the stereochemical integrity of the starting material, facilitating a

universal reaction which is tanomous of the perturbations discussed above.
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This method of achieving a stereogenic centre is still mbtadgghtforward propositiarVith
all crosscoupling reactions with alkyl organometallic nucleophiles, there is susceptibility for
b-hydride elimingion to give an olefin product following reductive elimination. Palladium

hydride can reinsert into the coordinated alkene, which can induce racemisation.

A further level of complexity is added the reaction because of the inverse relationship
betweentie nucleophilicity of organometallic nucleophiles and their configurational stability.
Covalent character generally coincides with configurational stability, but its relationship with

nucleophilicity isantithetica] meaning a balance must be established.

Despite extensive examples showing that SM ecossu p| i ng r echicatalkgns wi t
boron compounds occur with retention of stereochemi$#§/% recent publications have

shown certain substrates éahibit inversion of stereochemistt?1° A common feature in

the invertive examples is the presence of amide or ester functional groups, which are thought

to play an important role in the transmetallation step through coordination.

1.55 Mechanistic Considations for Stereoselectiv&guzukiMiyaura
Reactions

Each step of the SM reaction has been studied comprehensively, particularly from the
perspective of stereoselectiveé-sp’ coupling and the stereochemistry of each step has been
considered to fully unetstand the mechanisbasis of the proces®xidative addition of alkyl

and alkenyl halides occurs with retention of configuration, whilst oxidative addition of benzyl
and allylic halides occurs with inversion. The stereochemical outcome of transnuetadat
however,rather more nebulous. It has been suggested that the stereospecificity is eminently
dependent on numerous factors of individual SM reactions. Solvent, ligand, temperature,
existence of coordinating groups, steric effects of nucleophil@sewveral other aspects are
thought to affect the outcome of the reactitniThere existtwo possble mechanisms for
transmetallation: & (open or closed) will result in stereoretentiog2 $iwolving the minor
bonding lobe of €B, however, will afford product with inverted stereochemisth single

electron transfer (SET) pathway will result in racemisation and a loss of stereochemistry.
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Figure 22: Different proposedtransmetalation mechanisms

Soderquist and eworkers claimed that the fowentered hydroxbridged transition state
model is involved in a stereoretentive transmetalation %tdje formation of thisis
dependent on the Leasvacidity of the organoborane and tbea had been hitherto presented

by Suzuki and Miyaur&'?
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Figure23: Soder qui -bridged trahsiich statexnwodel

An accurate understanding of the mechanistic pathway is vital to the successosfedeetive
SM reactionsFurther investigation and apgiation of the mechanism will bringdditiona

more applicable, exemplificatiasf the reaction manifold.

1.5.6 Examples of Stereoselective SuzbiyauraReactions

Crudden presented the first exale of stereospecific Pchtalysed SM reactions using
benzylic organoboronic esters in 2009 Ag(l) was added in stoichiometric leve(to
encourage the formation of cationic Pd(ll) intermediates) and retention of absolute
stereochemistry was shown. The scope, which is limited to eled#fizient and electron

netural iodides, ishown in Schem22. High silver and phosphine loadings ddt from the

allure of this methodology, however. The substrate scope has since been expanded to include
dibenzylic nucleophiles, which proceed with greater levels of enantiospediésitghan the

original scope.
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Pd,(dba); (8mol%)
PPh; (64-96 mol%)

BPin, H Ag,0 (1.5 eq.) Arl H
1 N N
Ar=l AR Me THE, 70 °C A" Me
83-90% ee 16-24 h
Ac Me

‘T

) A
78
‘T

63% vyield 62% vyield 60% vyield
83% es 79% es 81% es
Me
e W, W
\H \H ~\H
o e O
Cl
64% yield 38% yield 64% yield
83% es 89% es 65% es

Schame 22: Substrate scope of the first reported stereospéic SM

A year later, Molander described a highly stereospecific SM reaction with inversion of
stereochemistr}?® The work employed XPhos as a bulky ligand and worked well with
electronneutral and electred e f i ci ent ar vyl halides (akin to

exampl es, t he st er e ocaodkeinwas ncluwdadsthatbcaataiion g n a mi d
palladiumto the amide was responsible for the inversion
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Pd(OAc), (10 mol%)
XPhos (20 mol%)

Me O Cs,CO5 (3 eq.) Me O
1- - .R
Ar-Cl kr B K/U\N CPME/H,0 Ar)\/lLN’R
H 95°C H
86-88% ee
H Me Q H Me O
; e ~
H H
&
91% vyield 87% vyield
95% es 98% es
OMe
g 1
N
H
82% yield
>99% es

Scheme23: Selected substrates f Mol ander 6s stereoinvertive

Suginomeand Ohmura were the first to publish examples of stereospecific SM reactions which
toleratedthe used electron rich aryl halides, again with XPhos being employed as the
phosphine ligand*3 Similarly to Molander, inversion of stereochemystras observed: again,

this was most likely due to coordination of palladium to the amide group present in all starting
materials.Interestingly, the addition phenol increased the levels of enantiospecificity, and

addingZr(OiPrk-iPrOH in the reaction, cged stereoretention.

Another stereoinvertive example was presented in #dteh usingliboronyl carboxyesters

as reportedy Hall et al'** The diboronyl species consisted of a reacting trifluoroborate and
a spectatig 1,8diaminonapthalenyl (dan) unit. XPhos is, again, used to elegantly show
selective crossoupling with the BEK group, leaving the B(dan) available for further
functionalisation. The application of this functional handle is demonstrated with two
exampes: firstly, with boron speciation to the B followed by a SM reaction; secondly,
with boron speciation to the BPin, then carbonyl allylboration reaction to afford the

homoallylic alcohol.
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Pd(OAc), (10 mol%)
XPhos (20 mol%)
B(dan) KoCO3 (3 eq.) B(dan)

- . COMe ———————* CO,Me
Ar=Br (p B N2 PhMe/H,0 Ar
95 °C
99% ee 13 examples
yield: 33-97%
ee: 88-99%
Scheme 2: Hal | 6 sibowoytckossaauplird)

The only example of a stereoinvertive SM in the absence of a coordinating group was
published by Biscoet al, last yeat!! To theoveralldetrimentof the processa costly third
generation Buchwald preatalyst is used, in contrast to the relatively inexpensive phosphine
ligands others have employed. The substrate scopenprdseas relatively varied, and the
levels ofenantiospecificity €9 were generally high.

1.6 HydrogenatiorReactions

1.61 Hydrogenation Reactions with Hydrogen Gas

A hydrogenation reaction involves the treatment of a compound or element with molecula
hydrogen (H), normally in the presence of a transitimetal catalyst.

H>T<H H>|\<H ﬁ

catalyst surface

Figure 24: Simplified mechanism of catalytic hydrogenation of alkenes

The first reported heterogenous catalytic hydrogenation was nearly 200agearsvhen
platinum was used to catalyse the addmtion o
1912, Sabatier won the Nobel Prize in Chemistry for the development of the Sabatier process;

wor k which was i nspi rienanufagturidgascaemoddi.y ceds ef f

In the past century, heterogeneous catalytic hydrogenation reactions have been vastly
developed and are used widely in a range of industries. Within the food industry, the largest
applicationof hydrogenation is in the production of vegetable oils. Polyunsaturated fatty acids
are partially reduced and the products are used in foodstuff, e.g. margarine. In the petroleum
industry, hydrogenation is employed to reduce alkenes and aromatics to adkahes

cycloalkanes (paraffin and naphthene, respectively).
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Catalytic hydrogenation is utilised extensively within the pharmaceltidaktry. It is the

most common technique for the reduction of dodddads ands also employed for a host of
other reductie reactions, including Cbz and benzyl cleavage and nitro/nitrile reductions. From
a practical perspective, the procedure is straightforward, and purification is usually facile.
Many pharmaceutical companies have abandoned the use of balloons of hy@®sgandg

adopted other techniques for hydrogenations, such as @bk, or hydrogen bombs.

A host of metals can catalyse hydrogenation reactions, ingutbot not limited to)
rhodium’ ruthenium®®® iridium,**°® nickel?® and iron'?* For standard alkene reductions
however, the most commonly employed catalyst is palladium on carbon (Pd/C). A carbon
support is used to increadeetsurface area of the catalyst and thereby increase its activity.
From Figure24, it is apparent that the reaction is dependent on the area of surface available
for hydrogen and substrate to adsorb, so efforts are made to maximise this. Often, the reactio

is performed in specialised glassware which aids to increase surface area.

Hydrogenation reactions with Pd/C are usdaquitousy in a drug discovery setting.
Moreover, these reactions are favoured on a process scale because of their simple setup and
purification. Hetriptan a triptan used to treat migraines, and one of the bestselling 5
membered heterocycle containing drugs, employs a Pd/C catalysed hydrogenation in the final
step of its synthesi$?

B
m
N

H
N H,, Pd/C N
PhO,S = N Me 2_» PhO,S N Me
N EtOH, DMF N
H rt H
36% over 3 steps Eletriptan, 54%

Scheme25: Synthesis of Eletriptan, highlighting the hydrogenation step

In 2015, Rolapitant hydrochlorideytirate (Varubi)was FDA approved for the treatment of
chemotherapy induced nausea and vomiting. Again, tla $tep of this process is a Pd/C
catalysed hydrogenaii of a cyclic alkene. In Tes&ics sy nt hesi s, additi one

is used (presumably to further increase surface area) to furnish the drug in excelleftdyields.
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FaC CF, FaC CF;

1. Hp, Pd/C

_ >
0" Me 2. EtOH, HCI, H,0 Q" Me

S m' “H,0
Me N Me  -Hcl

0" H
75% over 3 steps Rolapitant Hydrochloride Hydrate, 54%
Scheme26: Synthesis ofRolapitant hydrochloride hydrate, highlighting the hydrogenation step

1.6.2 TransferHydrogenation

Transfer hydrogenation refers to a reaction ificlithe hydrogen added to a molecule comes
from a nonH- source. It is often a preferred alternative to reactions using hydrogen gas as it
does not involve potentially hazardous flammable gaamed the hydrogen donors are
generally readily avadlble and nexpensive. Knoevenagfrst demonstrated the concept in
the early 1900s when he showed that palladium black goatdotethe disproportionation of
dimethyl 1,4dihydroterephthalate to dimethyl terephthalateand  cis-
hexahydroterephthalaté Hydrogen transfer reactions were subsequently categorised by
Braude and Linsteaab follonvs:1?° 1) hydrogenation disproportionation, where transfer occurs
between identical donor and acceptor yrd)shydrogen migration, whittakes place within

one moleculpand 3) transfer hydrogenation dehydrogenation, occurring between different
donor and acceptor molecules. THeckass, which is now commonly referred to as transfer

hydrogenationis the most widely explored.

The ability of a molecule to serve as a hydrogen donor lies in its oxidation potentizd

myriad of compounds with low oxidation potentials are suitable. Alcohols, hydrazines, cyclic
olefins and hydroaromatics have operated as donors in transfer hydrogenatiimmseaut

formic acid and its salts are the most prevalent choice. Its preponderance is due to the fact that
a stable molecule of GQs released, making the hydrogen donation irreversible. Similarly,

there are aaft of homo and heterogeneous metaalysts which can facilitate transfer
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hydrogen reactions. For formic acid, heterogeneous catalysts are usually employed and, as

discussed above, Pd/C is the most prevalent.

Mechanistically, palladiurcatalysed alkenetransfer hydrogenationbegins with the
chemisorption of formate salts with the metal surf&eceedinglecomposition yields CO

and H ions, which are adsorbed to the palladameh subsequently transferred to the substrate.

Like its hydrogen gas counterpart, transfer hydrogenation reactitmammonium formate

are capable of far more than just alkene redustiBome of the possible transformations are
hydrazones and azines to hydrazines; azides and nitros to amines; nitriles to amines or methyl
groups and dehalogenation of aryl halides. iAdidally, an assortment of functional groups

can be cleaved, including Cbz and ber#l.

1.6.3 AsymmetricHydrogenatiorwith Hydrogen Gas

The first breakthrough with asymmetric hydrogenation came in the late 1960s when William
Knowles (2001 Nobel Prize in Chéstry winner for his vark on asymmetric hydrogenatipon

used a rhodium catalyst bearing a chiral phosphine to achieve optically active compounds from
prochiral alkene&?’ The levels of stereoselectivity were modest, but within the next decade,
vast improvements were made. In fact, by the 1983, Knéwiesgk had its first industrial
applicationinthesynths i s of Par-BPORAS0onds drug, L

MeOD/\(COZH [Rh((R,R)-DIPAMP)COD]'BF ;- Meoj@/\(COZH
NHAc
NHAc MeO
MeO OMe
100% yield
P/ \P 95% ee
O wolD) I

(R,R)-DIPAMP

L-DOPA

Scheme28 Knowl eds syDOPMesi s of L

The next significant series of discoveries within the field came from the laboratory of Noyori
(the other recipient of the 2001 Nolgilize in Chemistry), in the late 1986813! Chiral
complexes based on Ru¢(BINAP complexes were utilised in the asymmetric hydrogenation

of olefins and ketones with exceptional levels of enael&nsivity. This unsurprisingly had a

33



substantial impact on the chemical industry, and initiated a widescale investigation into

furthering the asymmetric hydrogenation reaction.

Asymmetric hydrogenation reactions are not limited to rhodium and ruthesnem) the last
decade iridium has been utilised extensively. Palladf@nitaniunmt®3 and platinun®* have

also been shown to be capable catalysts for the reaction.

A commontrendwith asymmetric hydrogenations is the reguient of a proximal functional

group which can direct the reaction. Often, ligands and catalysts are designed with a
neighbouring group in mind and, because of this, catalyst systems are generally specific for a
concise substrate set. As exemplified wttle synthesis of IDOPA, dehydroamino acids

make excellensubstrate$or asymmetric hydrogenation reactions. A range of rmand di
phosphorus chiral ligands with extreme structural diversity have been developed for this class
of substrates. Similarly, )amides, unsaturated carboxylic acids/esters and alkenes with
pendant alcohols or amines have all been reduced asymmetrically using a range of metals and
ligands. Nortraditional directing groups have also been utilised within this reaction manifold,

particularly within iridium catalysis, including fluorine and silicon containing compodi#tds.
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CO,H CO,H
2 60 bar H, /©/\ 2 (3)
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92% ee
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Me™ N"oH Me™ OH 4
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geraniol
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100% yield, 99% ee

¢ re
MeO PPh, S

Me
MeO PPh, Me
® 8
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(R)-MeO-BIPHEP (S,S)-Me-DuPhos

Scheme29Exampl es of directed asymmetric hydrogenat.
r e d u-substifuted enamidest®2) Noyor i 6s synt hesi s-BINAP;®RBapr oxen 1
Hydrogenation step in Roch&&®s) sNyonytohre sdiss sted veacrtd sv

alcohol hydrogenation to afford R)-citronellol*3°

Despite the excellent progress made in the field of asymmetric hydrogenation, the scope of
unact i vat ssdevhatlimited Whilst high $¢evels of enantioselectivity have been
reported for titanium and zirconium metallocene catalysts, their difficult syntheses and

troublesome handling detracts from their achieveméhts.

Iridium based catalysts have had most success with unactivated alkenestRilattiowed

that a [FPHOX catalyst (Schem80) was effective for a series of unfunctionalized tri
substituted alkené$! The counterion was found to be key in this reaction: BArF complexed
well with iridium and inhibited the deactiviation of catalyst, which was observed when PF

was used.

35



O Ir-PHOX O
= >
Me O 10 bar H, Me O

DCM, rt

X X =PFg, 1 mol%, 50% conv, 97% ee

o X =BArg", 0.02 mol%, 100% conv, 98% ee

(tBu)oP /\N\? Ve

-
(cod) @

Ir-PHOX

Scheme30: Pfaltz 6 s asymmetri c hydr og e n-aubstitoted alkehesunf unct i

Several years later, the same group reported a catalyst system capable of reducing disubstituted
terminal alkenes asymmetrical§Z. Despite the high reactivity of these alkenes, achieving
reasonable levels of enantisctivity has proven extremely difficult. More recently, a
combined combinatorial investigation by Dieguez, Andersson and Borner discovered catalyst
systems10 and 1123 10 was found to perform remarkably for alkgtyl terminal alkenes,
wherel1 could successfully distinguish between two different aryl grolipghis date, no
examples of terminal alkenashich donat containaryl groupshave been reported.

J\ 1 mol% cat. /'\'/'\e

Ar R Ar R

Me
Et ©)Lt8u
MeO
cat. 9 cat. 10 cat. 11
1 bar Hy, 94% ee 1 bar Hy, 99% ee 50 bar Hy, 99% ee
Ph Ph
Bn Bn ], l/\
(o) .
P, | | Dok
| l/\o /PH /N§<
©nR N o
IIr Ph (cod) Ph
N aY
9
10

Scheme31: Examples of asymmetric hydrogenation of disubstituted terminal alkenes

Mechanistically, opinion is divided between two different theoai®go how homogeneous

catalyss operate the unsaturated mechanism and the dihydride mechanism. The former
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involves the formation of catalystibstrate complexX.@) before the hydrogen activation step
(Figure 25) Since the firsisolationof a catalyssubstrate complex by Brown a@Gthalonert*
numerous others have been reported, and it is the stability of these which has led to the
unsaturated mechanism becoming moigely accepted*>!4¢ The latter mechanism regards

the transient formation of a dihydride rhodium compl&®) (which are often solvated.
Compared to catalystubstrate complexesietection ofsolvate dihydules has remained

elusive#’

The difficulties in dtinguishing between the two mechanssis trivialised by the fact that

both pathways converge at a common intermediatebefore anystereeselectionoccurs.

[Rh']
Dihydride Unsaturated
mechanism mechanism

13 [Rh“'] H K/k __ 12

T

H Ha
|
X—[Rh"—H

NX

14

Figure 25. Both proposed mechanistic pathways of rhodiurcatalysed asymmetric

hydrogenation

1.6.4 Asymmetric Transfer Hydrogenation

Over the past 2 decades, asymmetric transfer hydrogenation (ATH) reactions have also made
significant progress. A palette of transition metalstieen exemplified as suitable catily

in combination with nitrogen, oxygen, phosphorus, carbon and <dfed ligands (e.g. as
metalN-heterocyclic carbenes (NHC), multidentate metal complexes etc.). The requirements
for ATH reactions areelatedto the hydrogen gas variant in that aghéouring directing

group is often required. Iridium, ruthenium and rhodium are the most commonly employed
metalst*®however, recent research has seen other metals perform efficiently (&YNGE°

Pd®Y), as well as phosphoric acid cataly$tsThe hydrogen source can vary, but formic acid
salts, #anes or isopropanol are the prevailing reagefitsexample of the use of Hantzsch

ester in a ATH is shown below in Scheng2.
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Scheme32: Selected examples of ATH using a phosphoric acid catalyst as Hantzsch ester as

hydrogen source

1.7 OnePot Syntheses

At almost every stage of chemistry in all industries, efficiency and sustainability are central

issues whichone must consider An approach which can improve the effectiveness of a
chemical route is to combine two orome reactions in a single vessel; a method which is
commonly | pbeéelbl edNodbomel y a ruppracedurésfminioniged,i on a
but chemical waste is abated, time is saved, and the cleaning process is simplified.

The onepot techniqueiscaati nl'y not new: indeed, Robinsonodo

was published a century a§s.

fe) _ _
HJ\/\WH NH,M N HCI v
o 2Vie COzH
H50, rt heat
< O 0o o >C'°‘2+ HO,C
XK 0 0
o o - - tropinone

Scheme33; Ro b i n spotsydthesioofteopinone

Over the past 100 years there have been countless examplespuit ayatheses, but since
the turn of the century éfield has seen a surge of interest as the chemical industry has felt an
i ncreased pressure to perform rea'®Adelmates wi t h

which has arisen is one regarding terminology. In a recent review e#kzhde Reactions
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in Total Synthesjs Ni col aou s ugges-poedd tbéhcatsCubieiatnedr ms
6t anrdeeant t i ons d a rEOthershawe propbsaedititateach ters has a different
definition and the classification of reaction should change depending on whether reagents have

to be added sequentially and if the second reaction occurs as a result of tFfefirst.

Regardless of definition, ormmot processes gerally increase the overall efficiency of a
reaction. There are four main metrics associated with #hdgn economy, proposed by
Trost}°® step economy, proposed by Wen#éredox economy, proposed by Bar&hand

pot economy. Ongot procedures have the potential to maximise all of these metrics, but will

always improve the overall peconomy.

Recent publications have provided impressive examples of extremelgc@abmical
syntheses. In 2011,a&ashi and ceovorkers demonstrated a opet, ninestep synthesis of
ABT-341, a DPP4 (dipeptidyl peptidase 1V) inhibitor drug candiéfdtdhe sequence
involved an enantioselective Michael &ttth as a key step, but the route required several
solvent changes. This detracts from the efficiency of the process, and many would therefore

not consider this route truly ofp®t.

nine steps v

Fj@(\/'\‘% one pot +/
F F four evaporations 3

ABT-341

Scheme34: One-pot synthesis of ABTF341 by Hayashiet al

Two years later, however, the same group published anothgotng@nestep synthesis, this
time of ()-oseltamivir, an antiviral medication used to treat influenza A aHd Bhis route
also included an enantioselective Michael addition but did not require any solvent changes or

evaporations, allowing to be truly classed as opet.

Et Et
nine steps v Y o

(0]
one pot o,
Et O\)J\H . ACHNTY pot : OFt
Y NO; po evaporations v/

Et AcHN

NH,
(-)-Oseltamivir

Scheme35: One-pot synthesis of {)-oseltamivir by Hayashiet al
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1.7.1 OnePot Syntheses Incorporating a Hydrogenation Reaction

The singlepot transformations with most relevancetltis thesisare reactions involving a
hydrogenation. One reaction which has been utilised in severapatigdrogenation
protocols is ring closing metathesis (RCM), due to capability of Grubbs catalysts to facilitate
hydrogenation reactions. The firstexnp|l e of thi s was perfor med
2011(Scheme 36)% however the methodology was impractical on many levels. A glovebox
was required for the reaction setup, highgenatures were used in the hydrogenation step and

a pressurised hydrogen atmosphere was required for trisubstituted alkenes (up to 1000 psi).

Additionally, the scope wasimited in terms of functionality, indicating little reaction

0 Grubbs G1
ﬂ/ 40°C,1h
—_—
A Z then Hy (100 psi)

70°C,24h

tolerance.

80%

Scheme36: Exampl e o fpot BEM-hydragénatiom e

In 2014, Peeseet al published what they described as a tandem RCM/transfer
hydrogenatiort® This studyused sodium borohydride (NaB}-as the hydrogen donor, and a
Hoveyda/Grubbs catalyst. The reaction used very mild conditions with short reaction times,
however, the substrate scope again \wasr, and the reaction completely failed with
trisubstituted alkengScheme 37)

BnO,C COBN 1, eyda-Grubbs G2 BnO,GC CO,Bn

DCM, rt, 30 min

Z then MeOH

NaBH,, rt, 3 h
84%

BnOC COzBn Hoveyda-Grubbs G2 ~ BnO,C CO,Bn

DCM, rt, 30 min

@ then MeOH
| NaBH,, rt, 3 h Me

0%
methyl substituent
stops reaction entirely

Scheme3d37. Exampl es @dt REVetarssterdypdrogenadon

A few months later, this work was further developgdGr e | a 0 $° They poesepted a
similar method which utilised formic acid and sodium formate as hydrogen donors. Higher
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temperatires were necessary for each step«l@nd 8«C), and only 4 examples were given

for the onepot procedure. The transfer hydrogenation step was performed on a range of
isolated disubstituted olefins and, when the reaction time was increased to 2 weeks, a single
example of reduction of a suibstituted olefin was achieved. Angeklong reaction is not a

practical approach, amdpresentsio real advantage over current hydrogenation techniques.

EtO,C CO,Et Grubbs G2 EtO,C CO,Et
THF, 40 °C, 30 mins
= A then HCOONa, HCOOH
THF, 80°C, 7 h

99%

EtO,C CO,Et Hoveyda-Grubbs G2 EtO,C CO,Et
HCOONa, HCOOH

THF, 80 °C, 336 h
Me Me

43%
Scheme38& Exampl es ebt RGU-teahsterdhgdrogenation

More closely related tthe currentstudy s t he wor k of Evansé-group
pot Heckhydrogenation protocdf® A palladium catalyst was uitled to enable the coupling

of an aryl bromide and monosubstituted alkenes with a subsequent hydrogenation. Large
catalyst and ligand loadings were required (10 and 20 mol% respectively), along with high
temperatures and relatively long reaction times. e Tanctional group tolerance was
acceptable, with amines, estessifonesand ethers present in successful substrates. The
applicability of the reactiorwould be greatly increased with the application of acyclodi

trisubstituted alkenes, however, i@gelectivity issues may arise.

Pd(OAc), (10 mol%)
PPh3 (20 mol%), K2003

Br DMF, 110 °C, 15 h R
/\R ©/\/
then Hy, rt, 12 h

51% 43% 55%

Scheme39: Selected examples of Eval@®ne-pot Heck-hydrogenation

The most recent example of a gp& multtst ep hydr ogenati on react

publication reporting a Michael additrasymmetric transfer hydrogenati®h.Using a
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bespoke chi r al ruthenium catalyst, t haeipo el e g al

alcohols, in excellent yields with almastmpletestereoselectivity.

40°C,2h
OH OH oH
- . _Et 2 _Me
Ph/\/\N,Ph P "N S N
\ | H
95% yield 81% yield 92% vyield
95% ee 97% ee 99% ee

Scheme40: Sel ect ed e x a-popNichael additionlasymndesic transfer

hydrogenation
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2. Project Aims

As previously discussedhe level of saturation in candidate molecules is an important
consideration in drug discovery. In light dihdings regarding thepositive effects of
compounds with a highdg?, there has been a considerable volume of research into methods
to synthesise highly saturated chemical structwt@sh are increasingly prevalent in modern
medicinal chemistryThe motif on which this thesis is focussed is representdd fyigure

26) and, n recent years, work emerging from medicinal chemistry laboratories has furnished
a plethora omiologically active compounds which embothis generalstructure Specific
examples of compounds, which span a range of therapy areas, include aeenagpnists
(16),18 BACE (Betasecretasginhibitors (18),%° and dopaminergic antagonisisr).t"®

HN
N O\\S, Me
Me™ > \\O

Figure 26: Examples of Garyl linked saturated heterocyclic systems of biological relevance.

The key disconnectiomf interest to the research described herein 3sgpcarboncarbon
bond indicated orl5. Retrosynthetic analysis of this motif resulted in proposal of several
different routes. The first approach involves tleelopment of anodularsynthesigowards

an enantioenriched boron speciéz0), on which spsp® coupling methodology could be
performed.

1. Chiral ArX
hydroboratlon X [Pd], L, base X
D I T R
2. Boron R,B Ar
speciation
19 20 15

Schemedl: Proposed overview offirst synthetic approach

Using this approach, chiralitgould be induced inthe hydroboration step, followed by a
stereoretentive or stereoinvertive>sp® crosscoupling reaction, building on existing
precedent for such transformatiots enable synthesis &b.
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The second approachdasp’-sp? SM crosscoupling, followed bya reduction of the resulting
styrenyl bondin a onepot fashion This method would take advantage of the large range of
commercially available vinyl boron species, as well asrstfunctional group tolerance of

the SM reactionUsing this method, hower, inducing asymmetry is less clear, and could
potentially be possible through an asymmetric hydrogenation. Having said that, examples of
enantioselective hydrogenation reactions of unfunctionalised alkenes without the presence of

a directing group arecarce, and often require highly pressurised systems.

ArX

X SM cross-coupling X Hy, Pd cat. X
= —
BR, Ar Ar
21 22 23

Scheme42: Proposed overview ofsecondsynthetic approach

With a drug discovery applicatiomhich isat the forefront omotivation behind this research,

it is vital thatthe developed methodology: 1) has a high functional group tolerance, 2) is
operationally simple, and 3) is ameanable to array chemistry, enabling rapid analogue
synthesisThese considerations were used to influence the synthetic design at the heart of th
current study.
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3. Results and Discussion

3.1 RacemicHydroboration of Heterocycle Alkenes

The first task in the project was to develop an achiral route towardeshrediboron species,
which bega with the hydroboration & saturated heterocycblefin shown belowGiven the

lack of generally applicable $gp’ coupling protocols, it was envisaged that access in the first
instance to racemic material would be valuable in optimising the -coogding before
consideration of the stereochemicapeacts of the proces€atecholborane was initially
employed as the boron species, due to its wide application within hydroboration processes.
The reaction was attempted under a variety of conditions, both catalysed acatalgsed,
however, limited levis of success were observed? 8pronic esters are inherently unstable,

and catechol boronic esténsparticularsuffer from a fundamental instability, so it is probable

that any product was degraded upon being applied to acidic silica chromatographgeTdi
alumina column chromatography and reverse phase chromatography did not alter the outcome,

0]
/
e
— o} o
|\/> _— > \B/O

(0] Rh(PPh3)3ClI
or Rh(COD),BF,4
THF, time, temp g

however.

24, no product observed
under a variety of conditions

Scheme43: Attempted hydroboration using catecholborane(full range of conditions in

Experimental section

The hydroborating agent was changedpinacolborane (due to its increased stabifitgnd
applied to a similar range of conditions as
most competent additive, and increasing the temperatuimerdid not have a significant

effect on the outcome of the reacti®easingly, the desired compound was isolated in 55%

yield. This process was effectivg toa 10 mmol scalealthoughat which point the yield
decreasetb lower than 40%
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Table 1: Optimisation of achiral hydroboration with pinacolborane

HBPin BPin
= catalyst
time, temp 95
Entry Catalyst Temperature Time Yield (%)
1 - 25 16 0
2 - 40 16 0
3 - 60 16 0
4 Rh(PPh)sCl 25 16 55
5 Rh(PPh)sCl 40 16 56
6 Rh(PPh)sCl 60 16 50
7 Rh(PPh)sCl 25 48 50
8 Rh(COD)BF, 25 16 0
9 Rh(COD)BF, 40 16 0
10 Rh(COD}BF4 60 16 0
11 Rh(COD)Cl, 25 16 0
12 Rh(COD)Cl, 40 16 0
13 Rh(COD)Cl, 60 16 0

With the desired boronic ester successfully synthesised, efforts were focussed on the
transformaitn to the analogous trifluoroboratetsals discussed aboythe synthesis @FsK
saltsfrom other boron species has been extensively documented and the most regularly used
method involves the treatment with an aqueous Kddfution. Initially, THF was sed as the

solvent, however, due to tHienited solubility of water and THF, a significant bilayer was
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forming which appeared to inhibit the reaction. To rectify this, the solvent was changed to
MeOH. This change was beneficial and the desiredkBkas isdated in a 70% yield. The
results of this reaction were not consistent, though, and the yield varied from 20% to 70%. The
isolation procedure was found to be key in achieving a good yield and was investigated in
detail. The optimised worlp protocolincluded the following steps:

1. Concentration of the reaction mixturevacuo
Extraction of the resultant white solid with 4:1 acetone:MeOH three times
Concentration of the extracted solutiarvacuoto the point at which a precipitate
appears in the flask

4. Addition of EO and filtration of the white solid salt

BPin BF,K
KHF, (aq., 4.5 M)

o MeOH, rt, 4 h o

25 26, 69%

Schemed4: Transformation of tetrahydrofuran BPin to corresponding BFsK

Additionally, the optimised process could be applied successfully to other saturated

heterocycliclefins, including the Chaprotected pywlidine shown below

Rh(PPhg)sCl BPin BF3K
= HBPin KHF;
_— —_—
N THF, RT, 16 h N H,0/MeOH N
Cbz Cbz RT,4h Cbz
27 28, 41% (over 2 steps)

Schemed5: Application of hydroboration and subsequent boron speciation to pyrrolidine

scaffold

3.2 Enantioselective Hydroboration of Heterocycle Alkenes

In paralel to the development afacemicBF:K substratesapproaches to chiral alogues
were also investigatedrhich weremoredifficult to achievethan had been initially expected.
The first two steps in the route outlined below were published by Brown 198ts, although

reports of the work suffer from various discrepanaieterms of experimental procedures
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B(Ipc), B(OH), BF3K

> popBH_ fg OH,OHO fg [
N

Cbz N N

29 30 31

! H,0,
. NaOH
¥

OH

0

Cbz
32

Scheme46: Proposed route towards enantioenriched B§K

Nevertheless, thimitial step in the process was to penfioan enantiosettive hydroboration
Due to thermal and aerobic instability, (Igg8H must be generated situ. Organoboran@9,
like its boron precursor, is thermally and aerobicaligtable. As a result of thig9 cannot be
isolated, and the levels ahantiopurity cannot be determined directly. Inste2@ was
subjected to an oxidative wotkp with O, and NaOH, yielding th82. The mechanism of
this reaction isknownto occur with full retention of stereochemisttigereforethe ee of the
resultant alcohol could be used to confidently determine the ebtained from the
hydroboration step. In general, the oxidation step occurs in quantitative wilsilallowing

the yield of the hydroboration to be accurately estimated

Table2 shows the levels ofecobtained whilst using (IpH, although a lack of consistency
is apparent throughout. In geneabe would expect thdegree of enantioselectivity achieved
to increase with decreasing temperatimet, this trendwasnot observed within this dataset.

Note that in the investigation in Talifeyields were not recorded.
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Table 2: Hydroboration using (Ipc):BH at varying temperatures

B(Ipc), OH
@ (Ipc),BH Eg H,0,, NaOH Eg
N _— _—
Cbz  THF, temp, 16 h gbz gbz
29 32
Entry Temperature (iC) ee (%p
1 25 50, 52, 65, 50
2 0 62, 62, 66, 58
3 -25 50, 60,-20, 20

a) determined by chiral HPLC

Amongst the inconsistenciegntry 3.3 strangely shows the formation of the opposite
enantiomer (ee =20%). A thorough search of the literature fotimak IpcBH can hydroborate

to form one enantiomer, whilst (Ip8H will form the othert’* Research by Bmen also
showed that during the formation of either hydroborating agent, the two are in equilibrium
with each other, as illustrated below:

Me Me
BH;SMe, + 2 —> IpcBH, + ——= |Ipc,BH
Me Me
Me Me

Figure 27: Equilibrium between (Ipc)2BH and IpcBH:

It wasreasonethat during theynthesis of (IpgBH, IpcBH: was also being formed in varying
amounts, and it was the ratio betweentthe alkyl boranesvhich determined the levels of
ee.To addresghis, the selective synthesis of (IgB8H was essential, and thus new reaction
conditiors wereexamined The aim was tehift the equilibrium towards IpBH, and this was
achieved by usi n-ginen2 and @liowing ahe eeadtic miatiire age
undisturbed at OxC for 3 days.Pleasingly the levels of enantioinduction increased

significantly, and remained reasonably constant (within 4%).
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B(lpc), OH

@ (|PC)2BH Eg _Ha0p, NaOH
N

Cbz THF THF, rt, 2 h N
25°C,8h Cbz Cbz
29 32,93% ee

(average of 3 reactions)

Schemed7: Increased consistency with hydroboration/oxidation

Subsequently, thigansformation of organobora® to boronic acid/este30 was explored.
Treatmenibf 29 with various aldehydes has been shown to afford the corresponding boronic
estert’”? When this was attempted with acetaldehyde, no reaction was observed. The reaction
was repeated but carried directly through to thekBsalt - this yielded a disappaiimg 7%

over two steps, prompting an investigation into the choice of aldehyde. Benzaldehyde,
pentafluorobenzaldehyde and chloral hydrate were all used in the reaction. Chloral hydrate
appeared to be most effective by TLC aBINMR but when carried thrgih to the next step,

no product could be isolated. When benzaldehyde and pentafluorobenzaldehyde were used,

the yield of BEK increasedbutthis was particularly variable.

Table 3: Investigation into the effect of aldehyde towards the formation of BEK salt 31

@ | poyBH Eg(p 2 4 aldehyde ot
’c\l:bz "25°C, THF Cbz “ E?g/zMeOH Cbz
29 31
Entry Aldehyde Yield of 31 (%)
1 Acetaldehyde 7
2 Chloral hydrate 0
3 Benzaldehyde 207 3P
4 Pentafluorobenzaldehyde 217 34

a) yield over >3 attempts, b) single result &4 was achieved
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3.3 Synthesis bChiral Saturated Heterocyclic Bk Salts with
Ring-Substitution

Despite varying yields at this step, a relatively reliable method had been established to
synthesise the desired chiral 8Fsalt, so efforts were turned towards the synthesis of more
functionalised alkyl boron species. Indeed, a diastereoselective hydroboration approach was
explored next. By synthesising a range of saturated heterocyclic olefins with chiral
substituents, it was assumed that the facial selectivity of the hydroboratidonmeztld be
influenced through substrate control. Additionally, the elaborated structures fit well with the

pr oj e c torisgnthdsisimgunslecules of biological relevance.
BFK
Lo =L
Scheme48: Example of the proposed diastereadective hydroboration

The two main classes of heterocycles investigated were oxygen containing (tetrahydrofuran
and tetrahydropyran) and nitrogen containing @yaline and piperidine).

3.3.1 Oxygen Containing Heterocycles

Theinitial proposalwas to legin the synthesis with molecules which had existing chirality, to
avoid having to introduce a stereocentre in a potentially challenging step. Mandelic acid was
identified as the starting material, as it was available as a single enantiomer at low @¢ost, an
other derivatives are commercially accessible, making this an attractive route. The following
retrosynthetic analysis waevised

BFsK

_— O/\/
@@ — o = W
OH OH
O =
——

Scheme49: Proposed retrosynthetic pathway toenantioenrichedBFsK salt from mandelic add

The first step of the synthesis was reduction of the acid group to the corresponding aldehyde.
The acid was completely reduced to @8] with the intention to rexidise it to aldehyd&4.

LiAIH 4 was unsuccessful for the initial reductitmoweverboraneTHF produced the alcohol
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in a good yieldWith the diol in hand, a controlled oxidation was attemp@ddation with
PCCallowed aldehyd84to be observed by NMRpwever, upon a workip (which involved
filtration through silica the aldehyde appeateto degradeAs an alternative approach,
mandelic acid was esterifieda the corresponding acid chloride and a reduction using
DIBAL -H was attempted, although owesduction to the alcohol was the major prddefchis
reaction. Similarly, he Weinreb amde of mandelic acid was synthesised and subsequently
treated with LiAlH, however, noconsumptionof starting material was detected so his

approach was abandoned.

OH OH
OMe DIBAL-H 0
_—
o THF, 8 h

0°C or-78 °C
35, 96% 34, 0%
SOCl,
MeOH, A, 2 h
OH a) LIAIH,
oy THF.it, 16 h OH
B ————
o)
b) BH3 THF
THF, 1t, 16 h
a) no reactlon
b) 80%
MeO\N,Me PCC
H HCI DCM
HATU, DIPEA ,16h
DCM, rt, 20 h
OH _ OH
Me LiAIH, o
o 0°C,6h
36, 77% 34, 0%

Schemeb0: Various attempts at the synthesis of aldehyd&4 from mandelic acid

Based on the abovefforts movedowardsa different starting materiabutlined in Scheme
51. Himination and reduction of -8hloropropiophenoneesultedin the desired39. This
alcoholwas desired as a single enantiomer, thoughars@nantioselective reduction was
required. The CoreBakshiShibata(CBS) reaction is an enantioselective reduction using
borane and a chiral oxazaborolidine as a catdfyst (such reagents were developed in the

laboratory of Itsuno, so the reaction is often referred to as the -@eveyp reduction}’>CBS

52



reductionconditions proved unsuccessfolr the substrate in question, however, despite a

range of conditions being tried.

o) o] BH3; THF OH
EtsN CBS
ol . s 2 =
CHCl3 THF,5h
-78 °C-0°C
37, 99% 38
no stereoinduction
observed
NaBH,4
CeCI3
THF
OH
©)\/
39, 49%

Schemeb1: Synthesis ofracemic alcohol 39 and attempted synthesis of chiral alcohoB8

It was the wo ank cewdrkerwhictoinspired thea directiontowards the
synthesis of the target compouriésin 2008, the chiral resdlion of benzylic alcohols was
demonstratedwith exceptional levels of ee and high yields. Novozyme 435, a lipase
recombinant fromAspergillus oryzaeyasemployed to achieve the esterification of a single
enantiomer using isopropenyl acetaiRemoval of he acetate group allows for both

enantiomers of the alcohol to be readily synthesised.

OH Novozyme OH
435
N N
>99% ee
Schemeb2 Chi r al resolution of tabnzylic alcoho

Initially, the route to the target dihydrofurans was enabled using a racemic sylstfate

the chiral resolution stage was investigatédgnard addition to benzaldehyde witmyl
magnesium fmmide worked excellently on a mulgram scale. Alkylation of the resulting
alcohol worked under a variety of conditions in yields up to 69%, which was followed by an

extremely efficient RCM reaction using Grubbs G2 catalyst.
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o) OH NF
ZMgBr A~Br o
H Z =
©)‘\ THF, 4h, rt ©)\/ KO'Bu, Et,O ©)\/
16 h, rt
39, 96% 40, 69%

Grubbs G2
DCM, rt, 30 mins

O
Y

41, quant.
Schemeb3: Racemic synthesis of substituted dihydrofurartl

Once the synthesis of cyclic olefihl had been completed, the chiral resolution was
subsequently explored. The use afMdzyme provedsuccessful, affording alcoh@B8 and
acetated2 in yields of 39% and 41% respectively. Pleasin@§was found to have an ee of
96%. The concentration of potassium hydroxide (KOH) viasd to becritical for acetate
cleavagd when a 20 M aqueous solution of KOH was used, the yield was 99% and the ee of

theresulting alcohol was also 99%.

OH Novozyme OH OAc
_ isopropenyl acetate = N
+
PhMe, 16 h, 40 °C ©/\/
38 42

39% vyield 41% yield
96% ee

20 M KOH (aq.)
3h,60°C

OH
©/\/
43

99% vyield
99% ee

Schemeb4: Chiral resolution of benzylic alcohol

Alkylation of chiral alcohol 38 provided the etheiin slightly lower yields than the
corresponding racematégain, the metathesis stgproceded wellwith only slightly

diminished yieldcompared to the racemic substrate
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P /\/Br _ Grubbs G2 Y/
—_—
KOBu DCM, rt,
0.5h

Et,0
16 h, rt 44 45
60% yield 94% vyield
95% ee 92% ee

Schemeb5: Synthesis of chiral substituted dihydrofuran45

Theracemicsynthesis of pyran equwalent followed a similar route #il, outined below:

Pz
o) OH o
\/\MgBr /\/Br
H X X
THF, 4h, rt KOBu
Et,O
46, 93% 16 h, 47, 48%
0°Cthenrt
Grubbs G2
DCM, rt, 30 mins
o
48, 95%

Schemeb6: Synthetic route to substituted dihydropyran derivative 48

Again, following the synthesis of the racemate, resolution of alcdbolvas attempted.

Dissapointingly, the isolated alcohol had an eenbf 20%.

OH Novozyme OH OAc
i | tat ~
. [sopropenyl acetate N N
PhMe, 16 h, 40 °C *
49, 20% ee 50

Scheme57: Unsuccessful biral resolution of benzylic alcohol

It is likely thatNovozymeis only compatible with the vinylic futionality in moleculesdue
to the specificity of the enzyme. To overcome this pohlthe addition of a longer chain to
the alcohol was attempted, to ultimatelynthesise the regioisomBe. Unfortunately, he

alkylation was unsuccess under a range of conditions, sfforts werehaltedat this point.

55



OH o o
Z A" Z e - N>
wmoT ae

Base

Solvent 51 52
Schemeb8: Investigation into the alkylation of 38 to ultimately synthesise dihydropyran core

3.3.2 Nitrogen Containing Heterocycles

In addition to oxygeftontaining heterocycles, pple and piperidine cores were also
explored. For these examplesiral auxiiaries were used as the method of chiral induction,

an example of second generation asymmetric
auxiliary, a sulfinamide, which has been utilised to prepare chiral amines with very high levels

of diasteeoselectivity since iténitial disclosurein 1997177 Typically, the sulfinamide is

reacted with an aldehyde to afford ttmrrepsondindN-sulfinyl imine, which is then treated

with a nucleophile. The diastereoselectivity is rationalised through a highly rigehtbered

transition state in which the metal of the nucleophile is chetatggenof the sulfinimine.

| H

Figure 28 6-membered transition state for addition to Ellman imine

The first step of the route wahe formation oN-sulfinyl imine 53, through the reaction with
benzaldehyde anert-butyl sulfinamide. There are a range of additives used for the additio

of Ellman auxiliaries, though CuS@ one of the most commadrf. However, when CuSO

was addd to the reactiorb3 was achieved ionly 16% yield. Following this, an alternative
method of synthesis was undertaken, this time employing pyrroldireecatalystith a 10

mol% loadiry, as described recently by Gid all’® The reaction was performed in a sealed
vessel at 40C. The first reaction afforded the desired product with a yield of, 9@#ever,

when the scale was increased, the yield decreased significantly to the point where the reaction
was unfeasibleEventually,caesium carbonate was successfully employed,diimg 53 in

excellent yields which remained consistent with increasing scale.
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Table 4: Formation of sulfinimine 53 under a range of conditions

0 ?
3 S.
O NS sy " tBu
H —— H
additive
DCM
temp, 16 h 53
Entry Additive Temperature  Scale (mmol) Yield (%)
1 CusQ 40xC 1 0
2 Pyrrolidine 40xC 1 93
3 Pyrrolidine 40xC 2 56
4 Pymolidine 40xC 4 10
5 CsCGs 40xC 1 93
6 CsCGOs 40xC 4 91
7 CsCGs rt 1 nr

For the synthesis of the pgline core, vinyl magnesium bromide was employed as the
nucleophile for the subsequent reanti The reaction was originally attempted ak®
furnishing54 in an excellent yieldDisappointingly, however, the diastereomeric ratio (dr)
was poor. The reaction temperature was lowered@aC and-78 xC, thoughno increase in
the dr was observedther vinyl nucleophiles were briefly investigated but the reaction

outcome was not improved.

O (0]
s s
N""“tBu HN"™"tBu
X MgBr H
| X W
0, -40, or-78 °C
53 54, up to 99% yield
up to 1.5:1 dr

Schemeb9: Addition of vinyl Grignard to sulfinimide 53 at varying temperatures
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In an attempto accesshe piperidine core,llgl magnesium bromide wasmployed with
which greater success was achieved.781f C, the product was stimesised with a 99% yield
and >25:1dr.

? ?

N/S’ ‘tBu HN/S"’tBu
| /\/MgBr =
H I X
THF
78 °C,5h
53 55, 99% vyield
>25:1 dr

Scheme60: Successful addition of allyl Grignard to sulfinimide53

A vyield no higher than 62% could be achievadthe deprotection 055, despite varying
temperature, concentration, and timeeWrtheless, the resulting amine had an ee8%.9
Alkylation of 56 was achieved wit NaH and allyl bromide in DMF iacceptablegields. The
metathesis of secondary amiéwas fruitless, however. This result was upsising as the
presence of basic amines has been showdinbinish the catalytic activity of ¥ and 2
generation Grubbs catalyst. Indeedrecent publication exhibited that basic amioan
displace the ligands, minimising the activity for RC}.

(0]
II
©/\/\ MeOH ©/\/\ DMF, 48 h
rt, 16 h rt, 40 °C
55 56 57, 55%
62% vyield
98% ee Grubbs G2
rt or 40 °C
16 h

58, no reaction
Scheme61: Deprotection of sulfinamide followed by alkylation and unsuccessflRCM

With this insight, the order of steps was alterethtsk the basic centre during the metathesis
step Alkylation was peormed diectly on sulfinamide, followed by RCMo provide the
ring-closed producin a moderate yield No catalyst poisoning was observed due to the

absence of basic nitrogen atoimghe molecule
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HN’S"'tBu _~_Br \/\N/s “tBu
©/\/\ @/\/\
NaH
DMF
48h

rt, 40 °C 59

(6]
g
Bu' N
Grubbs G2 @
— . \\"
DCM, 40 °C
16 h
60
HCI/MeOH
rt, 1h

@TU

58, (13% over three steps)

Scheme62: Alkylation of sulfinamide 55 followed by RCM and subsequent deprotection with

HCI

3.3.3 Investigation into Hydroboration of Substituted Olefins

As stated previouslyhe ultimate objective was to perform a diastereoselective hydroboration

on the heterocyclic olefins, follawd by a boron speciation to afford the corresponding alkyl

BF:K. Attempts were initially performed on the furan racenddieand a selection of catalysts

and conditions were applied to the reaction, as shown below.

Table 5: Investigation into the hydroboration of 41

o HBPin o]
©/Q Catalyst BPin
Solvent
Temp, Time
61
Entry Catalyst Solvent Temp Loading Time Yield (%)
1 Rh(PPR)CI THF rt 8 0
2 Rh(PPR)CI THF rt 16 0
3 Rh(PPR)CI THF rt 48 0
4 Rh(PPR)CI THF 40 16 0
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5 Rh(PPR)CI THF 40 1 48 0

6 Rh(PPR)CI THF 60 1 16 0
7 Rh(PPR)CI THF 60 1 48 0
8 Rh(PPR)CI THF rt 5 16 0
9 Rh(PPR)CI THF It 10 16 0
10 Rh(PPR)CI THF 40 5 16 0
11 Rh(PPR)CI THF 40 10 16 0
12 [Rh(COD)Cl} THF rt 1 16 0
13 [Rh(COD)CIL THF It 1 48 0
14 [Rh(COD)Cl} THF 40 5 16 0
15 Ccucl MeOH/THF It 10 16 0
16 Cucl MeOH/THF 40 10 16 0

Each reaction was monitored by TLC, and in the casesrfumptiorof starting material, a

H NMR was performed to determine the extent of hydroboration. In some cases (namely
through t he uctalyst) blefiWrdtoksi appsaved t dave reduced, however,
nodesiredoroduct was isolated, despite attemptim aituoxidation and BEK formation.The

hydroboration reaction was also attemptedl8rbut this reaction was unsuccessful.

Accordingly, it was concluded that investigations into the hydroboration of the synthesised
substituted heterocyclic olefins should be ceasethis point.Despite this, the saturated
heterocyclic olefingepresent a useful class of molecules which may find applicatiother

areas of chemistry.

60



3.4 SuzukiMiyaura Investigation Using Alkyl BJK Salts

In order to begin screening of the proposed SM reaatitially using a racemic substraten
HPLC assay was required in order to accurately determine the Iévebnwersion.
Accordingly, access to compouliid was required. The synthesis of the target compound
began witha Browntype hydroboratioroxidation reaction in an acceptable 65% yielhe
oxidation of 62 was challenging: ypical Swern conditionsand theuse of DessMartin
periodinane (DMP)provided no product. The ketone wasentually synthesisedusing
pyridinium chlorochromate (PCC) im moderate yield Treatment of ketoneé3 with
phenylmagnesium bromide provided tertiary alcddbln anexcellent yiedl, followed bya

hydrogenation to afford the targaindarccompound.

BH3 THF (@) HO
_— THF Ifg PhMgBr
—_—
0 H202 NaOH DCM rt, 16 h o THF,0°C, 16 h o

62, 65% 63, 55% 64, 92%
H,, Pd/C
EtOH, rt

of
65, 91%

Scheme63: Successful gnthetic route towards 65

To begin the SM investigation, a range of catalyst/ligand combinations were investigated

mol% ard 10 mol% respectively.
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Table 6: Initial SM investigation into the effect ofcatalyst and ligand choice

bromobenzene

Pd cat. (56 mol%)

BF 3K Ligand (10 mol%)
K3PO4 (3 eq)

THF/H,O (10/1)
© 90 °c2:, 16 h ©
65
Catalyst\'f Conv. with Conv. with Conv. with  Conv. with Conv. with Conv. with
Ligand Z | Pd(OAc). PdCl>(%)? Pdx(dba); Pd(dba). Pd(dppf)Cl. Pd(PPhs)4
(%)° (%)* (%)? (%)? (%)*
No ligand 0 2 0 36 119 od
DavePhos 8 0 0 0 - -
XantPhos 5 14° 11¢ 11¢ - i
SPhos 5 8° 0 0 - -
XPhos 2 4 3 3 - -
RuPhos 0 6 4 4 - R
PPhs 1 3 1 0 - -

a) Determined by HPLC using caffeine mternal standard) further examination revealed result to be false
positive c) additional reaction with 10 m#d catalyst and 20 mol% ligand) ddditional reaction with 10 mol%

catalyst

Following the initial screen, experiments with highest convessiveraepeated with a view
to obtaining isolated yieldshowever, furthemnalysis showed no product formati¢see
results with superscrif). Interpretation of this screemas relatively ineffective, with no real
pattern or obviously favourable catsi or ligandevident Several entries were performed
using 10 mol% catalyst and 20 mol% ligahdt this did not increase tlenversion past

experimental error.

A small screen of bases was undertal@mploying a handful of common inorganic bases.
There was found to be very little difference betweaeh entryn this instance. Triethylamine

was also utilised, but this provided no product.
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Table 7: SM investigation into the effect of base using Pd(PRJa or Pd(dppf)Cl..DCM

bromobenzene
BF ;K Pd cat.
Base (3 eq.)
o THF/H,O (10/1) o
90 °C, 16 h
65
Entry Catalyst Base Conversion (%)?
1 Pd(PPb). NaHCQ, 10
2 Pd(PPB)4 KsPOy 8
3 Pd(PPb)s K2COs 9
4 Pd(PPb), KOtBu 2
5 Pd(PPb)s Et:N 0
6 Pd(dppf)Ch.DCM NaHCQ; 6
7 Pd(dppf)Ct.DCM KsPQu 4
8 Pd(dppf)Ch.DCM K2COs 6
9 Pd(dppf)Ct.DCM KOtBu 1
10 Pd(dppf)Ct.DCM Et:N 0

a) Determined by HPLC using caffeine as internal standard

Next, theeffectof solvent was investigated, in parallel with a water equivalents study. THF
and dioxane were the only solvents which permitted any meaningfulrsmma& and, at this

stage, the equivalency of water did not have a pronounced effect.
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Table 8: Investigation into the effect of water stoichiometry and solvent choice

bromobenzene
BF;K  Pd(dppf)Cl, DCM
K3PO,
Solvent/Water
o 90 °C, 16 h o
65
SolventY Conv. in Conv. in Conv. in Conv.in Conv.in Conv. in
Water (eq.)| THF (%)® Dioxane  Toluene DMF (%)* Ethanol Ethyl
Z (%) 2 (%)? (%)  Acetate(%)?
1 0 0 - - - -
2 2 2 - - - -
6 6 5 1 0 0 0
10 8 5 2 0 0 0
50 6 2 0 0 0 0
100 2 0 - - - -

a) Determinedy HPLC using caffeine as internal standard

The overarching observation with each reaction observed so far was the complex reaction
profile. Despite there being only 2 or 3 kAétive components to the reaction, there were often

in excess of 20 componentbserved by HPLC. This made accurate determination of the
product peak and associated area difficult, and indicated that significamea@dimns were
occurring. Milder reaction conditions were examined in an attempt to improve the overall
reaction profié, through reducing temperature and time. However, this resulted in lower
conversions, with no improvement to the reaction profile obsetwell cases, the levels of

conversion increased with increasing time, ruling out the possibility that produdieivas

transiently formed, and subsequently degraded.
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Table 9: Investigation into the effect of time and temperature

bromobenzene
BF;K  Pd(dppf)Cl, DCM
KsPO,
g THF/H,0 g
temp, time
65
Temperature Y Conversion at Conversion at Conversion at
Water (eq.)Z 90 xC (%)? 50xC (%) rt (%)?
1 0 0 0
2 6 0 0
4 6 0 0
8 9 6 0
16 5 5 0

a) Determined by HPLC using caffeine as internal standard

Bromobenzene was replaced by a range of aryl bromidasatiempt to increase the rate of
reductive elimination by making the ring more electron deficient. HPLC conversions were
unable to be determined (due to thek of requisite standard compound in each case),

thereforeTLC and*H NMR were usedbut no prodat was observed for any aryl halide.

Table 10: Investigation into the effect of changing aryl halide and boron species

Pd(dppf)Cl, DCM

R BR,
"
Br

o THF/H,0 o
90 °C, 16 h
65
Entry Boron Species R Conversion (%)?
1 BFsK NO; 0
2 BF:K COMe 0
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3 BF:K Ck 0

4 BPin NO2 0
5 BPin COMe 0
6 BPin Ck 0

a) Determined by HPLC using caffeine as internal standard

With no significant improvement being observed at this pointagdicationof precatalysts
was investigated. Precatalysts have been shown to be particularly effectiraufdesome
SM reactions by increasing reaction ratés.In these systems, the ligand is bound to the

palladium before reductive elimation provides the active catalyst.

The idea of precatalysts was first reported in 1995 byrktemn and Beller to overcome some
of the issues associated with generating active catalys&ctiprimpeding additives,
difficulties in reducing Pd(I)¥2 They synthesised palladacy@éfrom the cyclometallation

of P(otol); with Pd(OAc). Unprecedented catalytic activity was obserinedhe Heck
coupling outlined belowsignificantly more effective than the standard combination of P(o
tol)s with Pd(OAC).

0.0005 % X O

Br e} NaOAc
\)J\ - . X OnBu
X OnB DMA, 135 °C
OHC neu ) OHC

12h

(o-tol),

o-tol)
F)\
©i/Pd-OAc
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Scheme64: The first use of a palladium precatalyst in acrosscoupling by Herrmann and Beller

In the ensuing yearspnsiderable interest in palladacycles for catalysis led to the discovery of
arangeof highly efficient precatalystsn 2007, Buchwald and eworkers isolated a stable,
primary aminebound oxidative addition complé® This finding inspired the development of

the first 6éBuchwald precatalystd whicdh had
Treatment othis with base began the generation of LPd(@) deprotonation and reductive
elimination. These catalysts were found to be extremely effective in a variety atoupdisig
reactions, allowing transformations which were previousigbleto be achievedsing typical

catalyst/ligand combinations.
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Scheme65: Generation of the first Buchwald precatalyst

Despite excellent improvementsgte precatalysts suffered from several probjerasely,

their inability to be deprotonated by weak bases at room temperature. By using 2
aminobiphenyl as the backbone, the amine was rendered more acidic, allowing deprotonation
at room temperature by phdse or carbonate basé&This new series of catalyst was
labelled 2" generation.In 2013, the Buchwald group introduceff and 4" generation
precatalysts. The former were designed to be more stable in solution and to accommodate a
greater range of ligands compared to previous generdtitiis was achieved bghanging

the counterion to a mesylate ion, rather than a chlorid&3&1i The 4™ generatiorseries also
circumvented théormationof carbazole (which has beshown to inhibit crossoupling, by
methylating the amino group ofélbiphenyl backbon®’

aniline = OMs = NMe =

more acidic

greater stability

no carbazole

l @
Pd

L @

2nd generation

3rd generation

0
(L o

L oms

4th generation

Figure 29:

B u ¢ h wa3® dnd 4" geheration grecatalysts

Table 11: Initial investigations into the use of precatalyst in SMsp?-sp® coupling

bromobenzene
BF3K Pd precat.
K3POy
g THF/H,0 o
temp, 16 h
65
Entry Precatalyst Temperature Conversion (%)?
(10 mol%)
1 DavePhos G2 90 10
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2 RuPhos G2 90 20, 21

3 SPhos G2 90 5
4 XPhos G2 90 6
5 DavePhos G2 50 6
6 RuPhos G2 50 15
7 SPhos G2 50 0
8 XPhos G2 50 0

a) Determined by HPLC using caffeine as internal stand&2D mol% catalyst used

As anticipated the use bprecatalyst systemisnproved the reactive outcome. RuPl&2
provided the highest level of conversion to date, even at lower temperatures. The overall
reaction profile (observed by HPLC) walsoimprovedslightly. Based on thisRuPhos G2

was taken forward and subjected to a varietfugher screening of reactiaonditions.

Table 12 Investigation into variation of solvent, base and water stoichiometry whilst using

RuPhosG2
bromobenzene
BF3;K RuPhosG2
base
o solvent/H,0 o
90 °C, 16 h
65
Entry Solvent Water (eq.) Base Conversion
(%)*
1 THF 6 KsPQy 0
2 THF 10 KsPOy 2
3 THF 20 KsPQy 13
4 Dioxane 6 KsPOQu 0
5 Dioxane 10 KsPQy 2
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6 Dioxane 20 KsPOy 3

7 THF 6 K2CO;s 0

8 THF 6 NaHCGQ 0

a) Determined by HPLC using caffeine as internal standard

The results in Table 12 show no increase in conversion through alteration of water equivalents.
No praduct was observed when the base was changeg0:6r NaHCQ.

3.4.1 Conclusions and Outlook

At this point, work was halted on this section of researdonjunction with the beginning of
investigation into a SMhydrogenation protocof successful andcalable synthesis of a small

range of racemic alkyl BK salts has been develop&d a rhodiumcatalysed hydroboration.

An enantioselective variant was also developed, in moderate yields, but with excellent levels

of enantioselectivity. Additionally, seral useful chiral cyclic alkenes were synthesised with

a view tobeinghydroboratd. This reaction was unsuccessful, however, the enantioenriched
systems could perhaps find use in other areas of chemistry in the TthersignificantSM

reaction investjation described above allowed conversion to reach greater than 2a#sbut

result was not bettered, and thereasof or t hi s h a shydrideralaninatiends uncl e
a likely sider eact i on, especially dtwrogers orR6hThe par t i c
product of this reaction was never observed directly though, perhaps due to its volatility.
Replacement ot h ehydfbgen atoms with deuterium atorfend methyl groupswas

attempted but a troublesome synthesis ceased these @#efi8, below) Additionally, other

BF:K salts were used, but this did not have any beneficial effect on the oufseed® and

70). Future exploration of this reaction manifold may yield more successful results, however,

at this time, efforts were focussed on a new approach to synthesise the chemical motifs of
interest {nfra vide).

BF;K
BF;K BF3K
D 3 3
D o D 0]
D
68 69 70

Scheme 66Attempted deuterated BRK 68, and other attempted BEK starting materials 69
and 70
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3.5 SuzukiMiyauraHydrogenatiorJsing Hydrogen Gas

In consideration of the difficulties encounteiadhe previous section of warkn alternative
crosscoupling approachvas pursued. In this case, a segbt SM-hydrogenation reaction
was investigated. As illustrated 8cheme67, it was envisaged that the coupling of a vinyl
boron species with an aryl halide would provide intermediat& reatment of thisransient
styrenyl species with a hydrogen source could ultimately aff@&th an efficientonepot
fashion.

. Pd cat.
©/Br /ﬁ/BP'” Pd cat. H, source
v —_— \ —_—

71, not isolated 72
one-pot synthesis
in situ hydrogenation

Scheme67: Generalised scheme of proposed Sitlydrogenation

This method represesw formal sp-sp’ crosscoupling reactionrad has the potential to avoid
many of the familiar problems associated with the analogouspsBM reaction (the actual
coupling event in this process is between twbhsfbridised centres¥irstly, the approach
does not require the use of alkylbororaies, whose instability balready been discussed.
Alkenyl boronic acids and esters aedso commercially available unlike their alkyl
counterparts. Secondly, g SM crosscouplings have an exceptional functional group
tolerance. It is the lack okgeralityassociated witB-sp’ crosscouplings which makes them
unfeasible, particularly within a medicinal chemistry setting. Finally, the reaction manifold
outlined above could potentially be performed using common laboratory catalysts, allowing

the wse of complex anthorebespoke precatalysts to be avoided.

Although each single step in the Schefiieas known independently, the combination of two
reactions into one single reaction vessel hagmaberof benefits. Chemical waste and overall
time is deceased, whilst a workip and purification step &voided Theadvantagesf single

pot synthesebave been discussed previously.
3.5.1 Initial Optimisation
Preliminary studies began by investigating each efeftie overall processdependently

Readion conditions for the crossoupling of similar substrates were found and optimisation

was performed from this starting point. Several common palladium catalysts were screened
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initially, including the most common hydrogenation catalyst, Pd/C. A 91% csionewas
achieved with 10 mol% Pd(dppf)IDCM, and pleasingly, the loading could be lowered to 5
mol% with no detrimental effect. Pd/C performleds effectively evenat a higher catalyst
loading. With such excellent conversion with Pd(dppf)®CM, no further catalysts were

investigated at this time.

Table 13: Investigation into the effect of atalyst for SM reaction

bromobenzene
Pd cat. (10 mol%)

(j/BPin K,COj3 (3 eq.) (j/Ph
o Dioxane/H,0 (4/1)  ©

80°C, 16 h 22
Entry Catalyst Conversion (%)?
1 Pd(dba) 6
2 Pd(PPh)4 52
3 PdCb 15
4 Pd(dppf)Ct.DCM 91, 92
5 Pd/C 36, 39
6 Pa(dba) 70

a) Determined by HPLC using caffeine as internal standasdrn)l% catalyst used) 20 mol% catalyst used

Next, effect of solventon the efficiency of the reactiomas explored. THF, dioxane and
toluene were chosen due teithfrequent usén SM reactions, and EtOH and EtOAc due to
their prevalence in hydrogenation reactions. Dioxane provided the highest conversion, with
THF closely behind.
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Table 14: Investigation into the effect of solvenfor SM reaction

bromobenzene
Pd(dppf)Cl, DCM
(10 mol%)
(j/BPin K,CO3 (3 eq.) (j/Ph
o SolventiH,0 (4/11)  ©
80 °C, 16 h 73
Entry Solvent Conversion (%)?
1 THF 80
2 Dioxane 89
3 Toluene 39
4 EtOH 57
5 EtOAcC 50

a) Determined by HPLC using caffeine as internal standard

The effect of changing the base was found to be negligible, as shown il5abien drying

K2COs; was also found to have difference on conversion. In light of this;®0O; was taken

forward as the base of choié&enultimately, the stoichiometry of water was investigaded
a 20/1 ratio wagdentified asoptimal (Tablel6).

Table 15: Investigation into the effect of basdor SM reaction

bromobenzene
Pd(dppf)Cl, DCM
(10 mol%)

@Bpln Base (3 eq) G/Ph
o dioxane/H,0 (4/11)  ©

80 °C, 16 h ’s

Entry Base Conversion (%)?
1 K2COs 90
2 K3sPOy 86
3 CsCOs 88
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4 K,COs(dry) 88

a) Determined by HPLC using caffeine as internal standard

Table 16: Investigation into the effect of water stoichiometryfor SM reaction

bromobenzene
Pd(dppf)Cl, DCM
(10 mol%)
(j/BPin K,CO4 (j/Ph
o Dioxane/H,0 (X/X) ~ ©
80°C, 16 h
73
Entry Water Conversion (%)?
1 1 eq. (250/1) 51
2 5 eq. (50/1) 22
3 12.5eq. (D/1) 92
4 50 eq. (4/1) 86
5 100 eq. (3/2) 90

a) Determined by HPLC using caffeineiaternal standard

A brief time-study identified that the reaction was essentially complete after 2 (iable
17). However, when this was later applied to further substrates, 4 hours was required on some
occasions. In an effort to make the reaction ¢k as general as possiblé hours was

thereforeselected as the reaction time.

Table 17: Time study for SM reaction optimisation

bromobenzene
Pd(dppf)Cl, DCM
) (10 mol%)
(j/BPln K,CO3 (3 eq.) (j/Ph
o dioxane/H,0 (20/1) ©

80 °C, ti
ime 73

Entry Time Conversion (%)?

1 1h 77
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3 4h 93
4 8h 92
5 16 h 91

a) Detemined by HPLC using caffeine as internal standard

An alternative boron species was utilise®theme8, however, this had no beneficeffect
on the reaction outcomé. doesillustratethe toleranceof the reactiorto a range of boren
based starting ntarials though.

Bromobenzene
Pd(dppf)Cl, DCM (5 mol%)

BF4K K,COs (3 eq.) Ph
O()/ Dioxane/H,0 (20/1) Q/

80°C,4h

73, 86% conversion

Scheme68: SM reaction with BFsK salt as starting material

With optimum SM conditions in hand, the hydrogenation reactionattasnpted Standard
hydrogenation conditions using Pd/C in EtOH proved suitabtkthe desired product was

attained in a quantitative yield.

Pd/C (10% wiw)

Ph Hap Ph
| e
Q/ EtOH O

rt, 16 h
74, quant.

Scheme69: Hydrogenation of SM reaction product 73 using Pd/C and R

The next stage of study was to establish a protocol which would allow for both reaztiens t
performed in on@ot The SM reaction conditions were applied as above and after 16 hours, a

balloon of hydrogen gas was added.
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Bromobenzene
Pd(dppf)Cl, DCM (5 mol%)
KoCO3 (3 eq.)
Dioxane/H,0O (20/1)

BPi
| " 80°C, 4 h Fh | Fh
o 0 o

then H,
rt, 8hor16 h 74, 0% 73, 88%
74, 60% 73,30%
Bromobenzene

Pd(dppf)Cl, DCM (10 mol%)
K2C03 (3 eq)
Dioxane/H,0O (20/1)

O/Bpin 80 °C. 4 h O/Ph O/Ph
© then H, o ©

rt, 16 h

74, 89% 73, 0%
Scheme70: Single-pot SM-hydrogenation with Pd(dppf)Cl..DCM as the sole palladium source

Initially, no reduction of olefin was observed, howewdren theduration of hydrogenation
was increased, 60% of the isolated material was reduced. When the catalyst loading was

increased to 10 mol%, ifthydrogenation waachieved
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3.5.2 Exploration of Substrate Scofsing Optimised Conditions

ArX
Pd(dppf)Cl, DCM (10 mol%)
K,CO3
Dioxane/H,O (20/1)
80°C,4h Ar

BPin
@/ then H, o) ;
rt, 16 h

fuII hydrogenatlon

P g

74, 95% 75, 88% 76, 85% 77, 70%

|ncomplete hydrogenatlon

a7 g

81

e C./‘CFS 9

82 85

O

Scheme71: Initial substrate scope for SMhydrogenation reaction with fully and partially
hydrogenated substrates seperated

Following the brief optimisationampagn described abovexploration of thesubstrate scope
was performed, which began in a promising manié+77 were all isolated in good to
excellent yields, with full hydrogenation in all casétowever, sibsequentaryl halides
examinedvere all unsucasful in terms of hydrogenatiobo conclusions regarding steric or
electronic effects could be drawn from the emerging data, so the hydrogenation aspect of the
emergingonepot procedure was examined in more detiaiis important to note the SM

element 6each reaction occurred efficiently in each case.
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3.5.3 Further Optimisation on Unsuccessful Substrates

Firstly, the influence of time and temperature wasxamined Three aryl halides which
exhibitedno hydrogenation were selected forglvestigatio, howevemoimprovemenivas

found in increasing temperatutame or catalyst loading

Table 18: Investigation into the dfect of time, temperature and catalyst loadingon
hydrogenation reaction

ArX
Pd(dppf)Cl, DCM (10 mol%)
K,COj3 (3 eq.)
Dioxane/H,0 (20/1)
BPin 80°C,4h Ar Ar
Q/ then H, (Qr Cr
time, temp
o o
= Br
Br N F Br
86 87 88
Entry Aryl Halide Temperature Time (h) Hydrogenation
(%)*
1 86 rt 40 0,0
2 86 40 C 16 0
3 86 60 C 16 0
4 86 80 C 16 0
5 87 rt 40 QP
6 87 40 C 16 0
7 87 60 C 16 0
8 87 80 C 16 0
9 88 rt 40 0
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10 88 40 C 16 0

11 88 60 C 16 0

12 88 80 C 16 0

a) Determined byH NMR; b) Reaction performed using 20 mol% Pd(dppf)BCM

Increased wface area is wellocumentedo positivelyinfluence heterogeneously catalysed
hydrogenation reactiort& With this in mind, attention turned tdhe use bnew reaction
vessels. All previous reactions within this project had been conducted i@ éhb microwave
vials, which have a relatively low surface area. Largerowavevials (27 5 mL) and round
bottom flaskdRBF) (5 mL, 10 mL and 25 mL) wengtilised

Table 19: Investigation into the effect of vessel size on the Sklydrogenation reaction

Pd(dppf)Cl, DCM
(10 mol%)
K,CO3 (3 eq.) CFs CF,
Dioxane/H,0O (10/1)

BPin CF

(j/ /©/ s 80 °C. 4 h

0o X
Br

then H, (0] O
temp, 16 h
89 83
Entry Reaction Vessel Temperature Hydrogenation
(%)*

1 0.57 2mL rt 0

microwave vial
2 21 5mL rt 0

microwave vial
3 5 mL RBF rt 0
4 10 mL RBF rt 5
5 25 mL RBF rt 10
6 25 mL RBF 40iC 10
7 25 mL RBF 601C 10

As anticipated, larger reaction vessels (and therefore larger surface area) achieved a greater

degree of hydrogenation. Despite these promising results, hqw#wverextent of
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hydrogenation noted in Tabi® could not be increased by increasing the temperature. Due to

physical constraints, the vessel stpelld not be further increased.

The reaction vessel watianged once more sonovel,dualchambeed glass ystem known

as COwarewhich has been used faeactions which typically use carbon monoxide or
hydrogen gasThe major advantage of COware (in relation to hydrogenation reactions) is that
it avoidsthedirectuse of hydrogen gas. In one chamber, the madiset up as usual (in this
case, the SM reaction), whilst zinc filings are placed in the other chamber. At the desired time,
a known volume of HCl is added, to generate a known amouny iof $itu. The system can

also be sealed, allowirigr pressuréo be generatedlhe COware apparatus wiagplemented

for the reaction shown in Schem2 howevemo hydrogenation was observed.

Pd(dppf)Cl, DCM
(10 mol%)
K2CO3 (3 eq.)
Zinc CF,
Dioxane/H,0 (20/1)

) CF °
XX BPin /@/ 3 80°C,4h XX
o Br then HCI (e}

rt, 16 h
89, only product
observed by NMR
HCI added via /_\
syringe at
. . ] [
required time H, generated in
. situ free to move
'\ into reaction vessel
H,
A SM reaction
Zn present 1 L— 1
§ performed in
from reaction —t 7, /) one side

outset

Scheme72: Top, SM reaction performed using COware appaatus; bottom, explanation of
COware

Although the choice of aryl halide had been varied, so fahdhenate pinacol estesed had
remained constanfwo alternativeboronate esteraere applied to the reaction conditions

shown in Schem@&3, however, nageduction of olefin was achieved in either case.
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Pd(dppf)Cl, DCM
(10 mol%)
K2CO3 (3 eq.)
Dioxane/H,0 (20/1)
80°C,4h

/©/Bpin /©/CF3
BocHN Br

then H,
rt, 16 h

Pd(dppf)Cl, DCM
(10 mol%)
K2CO;5 (3 eq.)
Dioxane/H,0 (20/1)
80°C,4h

©/BPin /©/CF3
Br

then H,
rt, 16 h

O CF3
BocHN I

90, observed by "H NMR

O CF3

91, observed by '"H NMR

Scheme73: Attempts at SM-hydrogenation using alternative alkenyl BPins

Solvent effect in hydrogenation reactions can be drastic, and this is due to the varying

solubility of H, in differentreaction mediaClassically, alcohols (namely MeOH and EtOH)

are used for Pd catalysed hydrogenation reactions due to the high solubilit{#dfnHight

of this, Princiml Component Analysis (PCAY was used to identify a reaction solvent with

similar propertieso dioxane, but with an increased solubility of Fihe solvents which suited

this classiication were n-butanol, 3methyt2-pentanone andethyl acetate however

hydrogenation was not achieved in any case.

Table 20: Investigation into the effect of slvent on hydrogenation

Pd(dppf)Cl, DCM
(10 mol%)
K,CO3 (3 eq.)
Solvent/H,0 (20/1)

(j/BPin /@/CF3 80°C,4h
X
o Br then H,

CF3 CF;

rt, 16 h ° °
83
Entry Solvent Hydrogenation (%)?
1 n-butanol 0
2 3-methyl2-pentanone 0
3 Ethyl acetate 0

80

a) Determined byH NMR



In a similar vein, the addition of MeOBls a cesolvent was explore@Table 21). Various
guantities of MeOH atlifferent reaction pointa/ere added, with and without the insion of

Pd/Cas a cecatalyst though no variatiormprovedthe reaction.

Table 21: Investigation into the effect of the addition of methanol at various timepoints, along
with the addition of Pd/C as a cecatalyst

Pd(dppf)Cl, DCM (10 mol%)
Pd/C
K>CO;3 (3 eq.)
Dioxane/H,0 (4/1)

CF, CF,
8P 80 °C, 4 h
(j/ n /©/CF3 MeOH
X
© Br then Hy O O
89 83

rt, 16 h

Entry MeOH (mL) MeOH Pd/C Hydrogenation (%)?
addition time (mol%)
(h)
1 0.2 0 - 0
2 1 0 - 0
3 0.2 4 - 0
4 1 4 - 0
5 2 4 = 0
6 0.2 0 10 0
7 1 0 10 0
8 0.2 4 10 0
9 1 4 10 0
10 2 4 10 0

a) Determined byH NMR

Despite the lack of success in TaBle efforts were focusseah investigating the addition of
Pd/C as a ceatalyst. Variable amounts of Pd/C were included in the reaction, as well as
increasing the Pd(dppf)&£DCM loading.
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Table 22: Investigation into the effect of catalyst loading and Pd/Gs a cecatalyst

Pd(dppf)Cl, DCM
Pa/C
K,CO3 (3 eq.) CF, CF,4
BPi Dioxane/H,0 (20/1)
(j/ in /©/CF3 80°C, 4 h N
© Br then Hy 0] @)
rt, 16 h
89 83
Entry Pd(dppf)Cl..DCM Pd/C (mol%) Hydrogenation
(mol%) (%)*
1 15 0 0
2 20 0 0
3 0 20 100
4 0 10 100
5 5 5 0
6 10 10 0
7 20 20 0
8 2 18 90
9 5 15 90
10 1 9 90
11 2 8 0
12 3 7 0
13 4 6 0
14 5 15 0
15 2 10 10
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16 2 12 25

17 2 14 33
18 2 16 80
19 2 20 100

a) Determined byH NMR; b) NMR showed <30% SM conversion

Unsurprisingly, when Pd/C was the only catalyst present, full hydrogenation occurred, but
with low SM conversion. When the Pgfaf)Cl..DCM and Pd/C were used concurrently, some
success was observédhe ratioof the 2 catalystappeared to havesaibstantiainfluence on

the level of redation: moving from 9:1 to 8:ZEntry 10 vs Entry 11, Table 22¢sulted in
completeloss of hylrogenation. Pleasingly, at a ratio of 10:1 (Pd/C:Pd(dppDCIM),
complete hydrogenation was achievetlis important to note that even with these low catalyst
loadings, the SM aspect of the reaction also occurred almost quantitatively. Despitengbservi
excellent conversion and full hydrogenation, a metal loading of 22 mol% was considered
above an acceptable limandthe use of methanol as a-solvent was probed once again.
When methanol was added at the point of hydrogen addition, this ratibbeolowered from
10:1to 6:1(Table 23, Entry 3)

It is theorised that the reason for the notable effect of ligand loading is due to the phosphine
ligand blocking the catalytic Pd/C site. When the ligand content is too high, the palladium
surface is obstried, which inhibits the adsorption of hydrogen to the catalyst manner

of catalyst poisoning has bepreviouslyobservedvith phosphoru$* and sulfurt®?
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Table 23: Investigation into the dfect of catalyst ratio on hydrogenation with MeOH addition

Pd(dppf)Cl, DCM
Pd/C
KQCO3 (3 eq) CF3 CF3
Dioxane/H,0 (20/1)

BPin CF °
(j/ /©/ 3 80°C,4h N
© Br then Hy, MeOH 0 o

r, 16 h
89 83
Entry Pd(dppf)Cl..DCM Pd/C (mol%) Hydrogenation
(mol%) (%)?
1 2 8 90
2 2 10 90
3 2 12 100, 29
4 2 14 100
5 2 16 100
6 2 18 100
7 2 20 100
8 1 6 100

a) Determined byH NMR; b) MeOH was replaced with additional dioaxane.

Entry 3wasperformedwith the addition of 1 mL of dioxane, rather than Me@tHeduced
level of hydrogenation was observed, indicating that the effas{at least partiallydue to
an increased solubility of hydrogeandnot solely concentration driveio reduce the osrall
catalyst loadindurther, the reaction was performed using 1 mol% Pd(dppfP@M and 6
mol% Pd/C. Gratifyingly, full hydrogenation was observed with no significant drop in SM

conversion.
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3.5.4 Exploration of Substrate Scope Using Optimised Caorbt

With optimised conditions in hand, the scopec¢
with respect t oaptylhreanayrly Is yhsatleind ea,s ushiengoor on ¢
Pd(dppf)Cl,.CH,Cl, (1 mol %)
Pd/C (6 mol %)
K,CO3 (3 equiv)
; dioxane:H,O (20:1)
BPin 2
| 80°C,4h @
Br (0] O
then MeOH, H,
rt, 16 h
CF; F
o)
o) O (@) Me o) F
83, 95%; 92%°2 74, 94% 76, 94% 79, 62%
Me o OMe CO,Me
Y/
e} o O O
92, 56% 93, 52% 77,70% 94, 59%
OH
OH N
’
)
NH, N
(e} o) (e} (@)
ortho, 95, 68%" 96. 71% 97, 76%1 98, 96%
para, 75, 87%,° 54%°
a) from corresponding BFK; b) from corresponding nitro; c) from Chz protected aniline; ) from benzyl protected phenol
Scheme74: Successful substrate scope wittespect to aryl halides
I n general, t he nas daenpplpircoacbel deu rteo wea swifdoeu nrda
with good to excellent yielddi ¢d&c @d/mimrsdt al |

bromobenzotrifluoride, cosphgdbionhidéaei \Befd th

boron .spelcaaectstormal-ri eheangpomtreatriydn hal i des w

toleratedmhoiwa pladsabsti tuti on patterns examini

was al so comp atcilblce swibiskhradteessr dc ghl y attract

a medicinal chemi stry-l ppespacttievensasnft hdyei a

propét3ties
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Under the standard reaction conditv7vom®, comp
I ncreasing the temperature or weivneer ,o0 fd otuhbe irnec

vol ume of MeOH | ead to complete olefin reduc

I n anot her aspect ioff andansi npeadr twhoeft htelhre r ®tdwdy
otecting groups |l abile to hydrogenolysi s
wlew ed oped BEpnrtoTizeedsd Bseh.ow t hat nitrobenzene ¢

5 T
—

-

e
educed to the cor,whspcendiBrzeg pa mitleicrt e ds yasrni enra
coul d be removed under t he reactban@y7 condit
e
o

r e stpievce | y . These transformations are particu
couple free anilines or phenol s, both of wh
addi tion detamidme mtteelr acti ons wi t h t he p a
Havi nghsdema ed the broad utility of the react

the scope of the vinyl boA ornaaftte acfo ubpahtdhn gocypoallr
al kenyl Dboronat e weesrtee rcso napnedt ebriote ognue ke tlaricabtiless pfr a
the products in generally d¢Sacddk nmeoB/agbx cetl dteadt
ami nteDs6 and tert®Ampy ovymidned® (e amenabl e subst
systaemms alfthdrsa dieneewa$ tushedcaspbing partne
ol efins was OBBlrayedexammlfdoral so serve to il
systems can beodmwmlrenda| i 0w dioaudsts faitd elnidtaynt wii ts

i someriiosn .
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Pd(dppf)Cl,.CH,Cl, (1 mol %)
Pd/C (6 mol %)
Ko,COj3 (3 equiv)

N BPin dioxane:H,0 (20:1) @
/Y 80°C, 4 h ;
Br N N

then MeOH, H,

rt, 16 h
X NH2 = | NH2
_N N
MeN
99, 79% 100, 99%2 101, 54%32 102, 68%
COzMe & ! CF3 COZMe
Mer\C(Q/ BocN O BocN
103, 99% 104, 64% 105, 93% 106, 71%
O Me = | NH2
® e
MeN
107, 87%; 90%?P 108, 65%"; 86% 109, 66% 110, 82%°

a) from corresponding nitro; b) from corresponding B(OH),

Scheme75: Successful substrate scope with respect tékanyl boronate

Satisfyingly, alkenyl bromides worked well as coupling partners with aryl boronic acids. A
small set of compounds were synthesised, exhibiting good tolerance ailgjasters, ethers
and heterocycle€Schemer6).
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Pd(dppf)Cl,.CH,Cl, (1 mol %)
Pd/C (6 mol %)
K>COj3 (3 equiv)

N Br dioxane:H,0 (20:1) @
‘/Y R,B 80°C,4h :

then MeOH, H,
rt, 16 h

108, 74% 111, 73% 112, 71%

Me Me
OEt
DA® O 5
CO,Me

113, 82% 114, 53%

Scheme76: Successful substrate scope with respect ttkanyl bromide

3.5.6 Attempts at Olefin Selective Hydrogenation

Despite the advantageous manner of the dual reduetactions, attempts were made to create
an olefinselective hydrogenatiorin recent publicationS aj i k i Geport ghe ase pf
diphenyl sulfide to partially poison the catalyst, in order to inhibit certain hydrogenation

reactions (Schemg?).1%2 This approach wasxaminedn the newly developed procedure.

Ph,S (1 mol%)
10% Pd/C
Substrate  — > Product

MeOH, rt
H, (1 atm)

reducible irreducible
olefin Ar-Cl  CO,Bn
acetylene ArCOR N-Cbz

Scheme77: Selective hydrayenation by Sajiki et al, using catalytic PbS as a controlled catalyst

poison

When this system was applied to the -po¢ protocol, a selective hydrogenation was not
achieved. In every case in Tald4 either olefin hydrogenation was inhibited, or thacten
profile exhibited an undeterminable mixture offimyducts. It is likely that sulfur is inhibiting
the function of Pd/C in a similar manner to the phosphine ligand. From optimisatadh,

catalyst ratigs atthe cusp of catalygtoisoningandncr e asi ng t he [ oading
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leads to incomplete olefin reduction. Accordingly, the loading of Pd/C was dohbledyer

this did notimprovethe reaction outcomd.he concept of a selective hydrogenation was not

investigated again until latér the project.

Table 24: | mpl ementation of

conditions
Pd(dppf)Cl, (1 mol%)

Pd/C (6 mol%)
KoCO3 (3 equiv),

S apptiprkdedure unden &rangesof r y o n

Dioxane:H,0 (20:1) R
/©/R - BPin 80°C, 4 h
Br O()/ then MeOH, H,
Ph,S
r, 16 h
Entry Ph2S (mol%) Time of PhS R Yield
addition (h)
1 10 4 NHCbz -
2 1 4 NHCbz - -2
3 10 0 NHCbz -
4 1 0 NHCbz -
5 10 4 OBn -
6 1 4 OBn -, -2
7 10 0 OBn -
8 1 0 OBn -

a) 12 mol% Pd/C used

3.5.7 Investigation into Increasing Hydrogen Pressure to Redrihe

Substituted Aryl Halides

From the selection of substratesSchemér5, it is apparent thairtho substituents on the aryl

halide were not widely tolerated. Fluorine atoms and nitro groups (or perhaps aniline at the

point of olefin hydrogenation) were the ontytho functionalities successful under the

standard reaction conditions. 2 unsuccdssfyl halides (Zoromotoluenell5 and 2,6

dimethylbromobenzen&16) were utilised in pressurised hydrogenation reactions, using a

89

t



hydrogen bomb. Unfortunately, even at the h
reduction wasncomplete. Interesting, the dimethylated aryl bromide experienced a greater

level of olefin hydrogenation at every pressure.

Table 25: Investigation into increasing hydrogen pressuren sterically hindered substrates

ArBr
Pd(dppf)Cl,.DCM (1 mol%)
Pd/C (X mol%)
KoCO3 (3 equiv),
Dioxane:H,0O (20:1)

(j/BPin 80°C,4h (j/Ar O/Ar
o then MeOH, H, o O

rt, 16 h
Me
Br/© Br]@
Me Me
115 116
Entry Aryl Halide Pd/C Hydrogen % Hydrogenation?P
(mol%) Pressure (bar)
1 115 6 Balloon, 1 0
2 116 6 Balloon, 1 0
3 115 10 Balloon, 1 0
4 116 10 Balloon, 1 0
5 115 6 2 0
6 116 6 2 0
7 115 10 2 15
8 116 10 2 23
9 115 10 3 34
10 116 10 3 39
11 115 10 4 42
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12 116 10 4 50

a) Determined byH NMR; b) SM conversions were not recorded in this study

3.5.8 Investigation into the Replacement of Methanol with Ethanol

Due to the flammable nature of methanol, ethanol is regularly chosen as a solvent for
hydrogenation reactionés such, ethanol was used as a&otvent in Tabl@6. This alteration

was successful for bromobenzene, however, when the aromatic ring was functionalized,
hydrogenation was suppressed. Increasing the Pd/C, ethanol and time proved successful for 4
bromobeunotrifluoride, although only 80% hydrogenation could be attained for 4

bromonitrobenzene.
Table 26: Examination of ethanol as a cesolvent

Pd(dppf)Cl,.CH,Cl, (1 mol %)

Pd/C
K,COj3 (3 equiv)
dioxane:H,0O (20:1) R
/©/R (j/BPin 80°C,4h
Br 0 then EtOH, H, .\
rt, time
Entry R Pd/C EtOH Time (h) Hydrogenation Yield
(mol%) (mL) (%)*
1 H 6 1 16 100 91%
2 CRK 6 1 16 20 -
3 NO: 6 1 16 50 -
4 CRs 10 1 16 25 -
5 NO: 10 1 16 55 -
6 CRK 10 2 48 100 90%
7 NO: 10 2 48 80 -

a) Determined byH NMR
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3.5.9 Application bwards the Synthesis of Pridopidine

To il luselavanddedowi tthhen metdhai nal chemi stry
bi ol bgi aalt i vewaco mepxopulnodr e d . For Phi somisgpier ¢,
dopaminergic antagoni st currently wunder goi ng
Hunti ngdo,nowaskiene asse t hel’fthAegeynohethcenept 0a
the applineeawliyond eovfel oped met hod i-depbet®inr st
and subsequent ehlyldyr lo&gtceimon .pr odbededM cl eanl y
Applicatthmmergfi ng approach reduces the over
Pridopidine by 4 estperpesvi oamp ayr adligshcldi dyghétd ng o |

effectiveness of the current stlddy in the co
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1) published synthesis of Pridopidine

1. n-BuLi
© SMe SO,Me
SMe 1. EtsN 2
BocN methylchloroformate
2.TFA, A = 2. m-CPBA
Br NH 3. Pd/C, H, N
CO,Me
1. HCI, A
2. K,CO3, A
I/\/Me
SOzMe
N
\/\Me
117, Prodopidine

2) synthesis of Pridopidine using developed methodology

Pd(dppf)Cl,.CH,Cl, (1 mol %)
Pd/C (6 mol %)
K,CO3 (3 equiv)

dioxane:H,0 (20:1)

X BPin 80°C, 4 h SO,Me
BocN BocN

then MeOH, H,
t, 16 h 118, 86%

TFA:CH,Cl, (1:1)
r,4h

K5,CO3, iodopropane
SO,Me S SO,Me

Me/\/N MeCN, 70 °C, 16 h  HN

0,
117, Pridopidine, 69% 119,91%

Scheme78: 1) Published synthesis of Pridopidine 2Application of developed methodology in
the synthesis of Pridopidine

3.6 SuzukiMiyauraTransferHydrogenation(SM-TH)
With an dficient protocol utilising gaseous hydrogen in haadequivalent approach which
bypassed the use of hydrogen gas subsequentlynvestigated There are inherent dangers

asso@ted withthe use ohydrogen gas andsawith any flammableagent difficulties can

arise when scale is increased, particularly at a process level
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3.6.1 Initial Optimisationof a SMTH Protocol

To ciraumvent these issues, a trandfgdrogenationprotocol was explored (Table 27).
Pleasingly, iethylsilanewas found to be effient at reducin@3in a range of solvents, with
extremely short reaction times. As observed with the previous methodology,
Pd(dppf)Ct.DCM wasunable to effectively act as a hydrogenation catdbystries 3 & 4)

so Pd/C wasgainemployedas a cecatalyst

Table 27: Initial investigation into TH reaction using triethylsilane

Catalyst
Solvent
Ph _ Time Ph
O/ Et3S|H (3eq) ©
74
Entry Catalyst Loading Solvent Time Hydrogenation
(mol%) (%)?
1 Pd/C 10 MeOH 16 h 100
2 Pd/C 5 MeOH 16 h 100
3 Pd(dppf)C.DCM 1 MeOH 16 h 0
4 Pd(dppf)Ct.DCM 5 MeOH 16 h 16
5 Pd/C 6 Dioxane 16 h 100
6 Pd/C 6 Dioxane 30 min 100
7 Pd/C 6 Dioxane 5 min 100
8 Pd/C 6 Dioxane 3 min 100
9 Pd/C 6 Dioxane 1 min 87

a) Determined byH NMR

The results28@hdwnoitncdalelane atpe | diepdett tof ry ohaed dounre
however. The rate of reaction was sagveeirnel y

necessary.
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Table 28: Application of transfer hydrogenation to one-pot procedure

Bromobenzene
Pd(dppf)Cl,.CH,Cl, (1 mol %)
Pd/C (6 mol %)
K>COg3 (3 equiv)
dioxane:H,0 (20:1)
80°C,4h

BPin
(Q/ then Et;SiH (3 eq.) 0 0

additive, rt, time

74 73
Entry Additive Time Hydrogenation
(%0)°
1 MeOH 16 h 100
2 - 16 h 0
3 MeOH 1h 0
4 EtOH 16 h 0

a) Determined byH NMR

Unfortunately, the reaction conditions wesebsequently not found to be genesdth the
small substrate set outlinedSthemer9. Although the yelds were generally good, the extent

of hydrogenation varied dramatically in each case.
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Pd(dppf)Cl,.DCM (1 mol%)
Pd/C (6 mol%)
K>CO3 (3 equiv),
Dioxane:H,0 (20:1)
80°C,4h

(j/BPin
Br © then MeOH,

EtSisH (3 eq.)
rt, 16 h

74, 90% yield 77, 60% yield 76, 71% yield
100% hydrogenation 72% hydrogenation 85% hydrogenation

CF3

75, 66% yield 83, 88% yield
0% hydrogenation 25% hydrogenation

Scheme79: Application of one-pot SM-TH reaction with various aryl halides

In consideration of these mixed results, an unsuccessfatraté{83) was used for further
optimisaton of hydrogenation conditionBvestigation into the reaction temperature, catalyst
loading and volume of methanol yielded no improvement to the rate of hydrogenation
therefore Concurrently,an exploration intothe effect of base and water was performed to

delineate the inflance of each reaction component (T&t8e

Table 29: Investigation into the effect of base and water on the TH aspect of the reaction

CF3 CF3 CF3
Pd/C (6 mol%)
Et;SiH (3 eq.)
| ” * |
Base (3 eq.) (@) (@)

o
or_ water
Dioxane 83 89
Entry BaséH-0 Hydrogenation (%)
1 K2COs 24
2 K2COs 22
3 KaPOy 25
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4 NaCOs 55

5 CaCQ 100
6 CsCOs 0
7 NaOH 28
8 EtN 12
9 Water(no base) 100

a) Determined byH NMR

Generally, the effect of base did not alter significantly within the sck#&h.the exception
of CaCQ, every base had a significant detrimental effect on the hydrogenation reéation

Entry 9 shows, water had no effect on the reaction.

PPh,  PPh, £Bu O
O |
o O o
MegN O

Me Me
dppp XantPhos APhos SPhos
L0 e ~ O
R P—tBu P\ ipr PhP
OO
=~
NM92
i-Pr MeO
DavePhos JohnPhos BrettPhos BINAP
e Q0 P
i-Pr0 R prR e QMe
qLP Me
0 Ok Q
or @& o
RuPhos XPhos JosiPhos

Figure 30: Ligands employed in transfer hydrogenation ligand screen
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Table 30: Investigation into the effect of added ligand to the transfer hydrogenation

CFj Pd/C (6 mol%) CF, CF,
Et;SiH (3 eq.)
| Ligand + |
@) Dioxane, rt, 30 min O O
83 89
Entry Ligand Loading (mol%)  Hydrogenation

(%)*®
1 Pd(dppf)CJ.DCM 1 83
2 Pd(dppf)CL.DCM 12 44
3 dppf 1 93
4 dppf 12 8
5 dppf 3 30
6 Davefhos 3 100
7 JohnPhos 3 100
8 BrettPhos 3 100
9 RuPhos 3 100
10 XPhos 3 100
11 BINAP 3 85
12 JosiPhos 3 78
13 XantPhos 3 63
14 dppp 3 0
15 APhos 3 66
16 SPhos 3 66

a) Determined byH NMR
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A series of common commercial phosphine ligandstestedn the reaction, shown in Figure

30 and Table30. Nearly all of these inhibited the hydrogenation reaction, most likely by
coordinating to the palladium surface and reducing the surface area available for hydrogen
adsorption as desched before.From thescreening experiment, there were@mpatible

ligands: DavePhos, JohnPhos, BrettPhos, RuPhos and XPhos. Notably, monodentate ligands
performedbettercompared with bidentate ligands. BINAP was the only exceptidhi$o
however, due to the steric bulkreaunding the two phosphine atoms, they are possibly less

able to detrimentally interact with the palladium catalyst.

Three of the successful ligands were applied to thepoherocess and the results ahewn
in Table 31. Despite the negative influenad the ligand being more pronounced in this

procedure, full hydrogenation was achieved when 10 mol% Pd/C was used (Entries 6 and 7).

Table 31: Application of successfuligandsto the one-pot, two-step process

4-benzotrifluoride

Pd/C (X mol%)
Pd(OAc), (1 mol%)
Ligand (X mol%)
KoCOg CF3 CF;
Dioxane:water (20:1)
BPin 4 h,80°C
o(j/ then MeOH O (0}
Et,SiH (3 eq.)
. 16h 83 89
Entry Ligand Ligand Pd/C Loading Hydrogenation

Loading (mol%) (%)?

(mol%)
1 BrettPhos 2 6 22
2 XPhos 2 6 62
3 RuPhos 2 6 28
4 XPhos 2 6 b
5 RuPhos 2 6 59
6 XPhos 2 10 100
7 RuPhos 2 10 100
8 XPhos 1 6 79
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9 RuPhos

6 56

a) Determined byH NMR; b) Unableto determine extent of hydrogenationNMR

The number of reactants present in the conditions in Tablas consideredexcessive,

thereforeprecatalysts weralsoconsidered to reduce the overall reactant loading.

Table 32: Application of precatalysts to theone-pot, two-step process

4-benzotrifluoride

Pad/C
Precatalyst
K2COs CF; CF;
Dioxane:water (20:1)
BPin 4h,80°C
(@/ then MeOH (1 mL) o o |
Et;SiH (3 eq.)
n,16h 83 89
Entry Precatalyst Pd/C Loading Hydrogenation
(mol%) (%)?
1 Xphos G2 6 41
2 RuPhos G2 6 26
3 BrettPhos G3 6 36
4 Xphos G2 10 61
5 RuPhos G2 10 30
6 BrettPhos G3 10 62

a) Determinedy *H NMR

Surprisingly, the precatalysts impeded the transfer hydrogenation more than their unbound

ligand counterparts. It was hypothesised that the inhibition was due to the byproduct formed

in the activation of the precatalyst. As shown below, depatiom followed by reduction

elimination forms the active Pd(0) catalyst, with the emission of carbagbieh has been

previously reported thinderpalladiumcatalysed reaction§® Having stated this,dalition of

an equivalent of carbazole to the hydrogenation reaction was fouagid¢ahb inimical effect

(SchemeB0).
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g ) a0
—_—
O NH; O Pd/NH ; Active Catalyst

Pd

/N

L ci L Tt O
P N’
H

carbazole

Pd/C (6 mol%)
CF CF
3 Et,SiH (3 eq.) 3 CF3
Carbazole (1 eq.)
+
| Dioxane, rt, 16 h o) |

83, 100% 89, not observed
observed
by NMR

o)
o)

Scheme80: 1) Mechanism d activation of precatalysts; 2)the addition of carbazole to transfer
hydrogenation

A cursory exploration of thgenerality ofreaction conditions chosen from TaBlefound the
conversion to product to iboptimal To this point, the only aspect consideratiorwas
thedegree of hydrogenation B4 NMR, and not the yield of the SM reaction.

4-benzotrifluoride
Pd/C (10 mol%,)
Pd(OAc), (1 mol%)
RuPhos (2 mol%)
K,CO3
Dioxane:water (20:1)
4h,80°C

then MeOH
Et3SiH (3 eq.)

74, 58% yield 83, 71% yield 75, 41% yield
100% hydrogenation 100% hydrogenation 100% hydrogenation

SchemeB1: Cursory scope explorationusing optimised reaction conditions from Table31

The difficulty in this situation was that to increase thevewsionthe quantities of botlgand
and catalyst needed to be increased, which would resurhibition of hydrogenation. As
such, the hydrogen source was briefly reviewed and ammonium formate was found to

ameliorate the previous choice under thgiodal SM conditions.
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Table 33: Catalyst loading and hydrogen source investigation

4-benzotrifluoride
Pd/C
Pd(dppf)Cl, DCM(1 mol%)
KzCO3 (3 eq.) CF; CF;
Dioxane:water (20:1)
4h,80°C

- BPin N
O then MeOH (0] (e}

Hydrogen Source

", 16 h 83 89
Entry Hydrogen Pd/C Loading MeOH (mL)  Hydrogenation
Source (mol%) (%)?
1 Et,SiH 15 1 72
2 Et,SiH 20 1 76
3 EtSiH 20 2 100
4 HCO,NH, 10 1 57
5 HCO,NH, 10 2 100

a) Determined byH NMR

Similarly to before, these conditions were not general. For unsuccessful substrates, increasing
the amount of Pd/C and ammonium formate improved the degree of hydrogenation in some
cases, but this no Iger represented a general method towards the compounds of interest.
Based on the ligand scre@rable3l), the catalyst systemhich provided the cleanest reaction

profile was selecte@XPhos)for further screening.
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Pd/C (10 mol%)
Pd(dppf)Cl, DCM(1 mol%)
K2CO3 (3 eq.)
Dioxane:water (20:1)

PN BPin 4h,80°C @
O T

then MeOH O
HCO,NH, (10 eq.)
rt, 16 h
CFs oH
(0]
(@) o) (@) Me O
74, 90% yield 83, 9% vyield 76, 76% yield 120¢

100% hydrogenation 100% hydrogenation  100% hydrogenation  ~50%, hydrogenation

F OMe Me
o o) BocN

121°¢ 122¢ 77, 59% yield®P 123, 48% yield
incomplete hydrogenation 41% hydrogenation  82% hydrogenation 100% hydrogenation

0 O BocN

93, 55% vyield 94, 69% vyield 124, 47% yield®P
61% hydrogenation 100% hydrogenation 92% hydrogenation

a) 20 mol% Pd/C used; b) 20 eq. of NH4HCO,; c) yield not recorded

Schene 82: Application of developed SMTH conditions to a range of aryl bromides and alkenyl
BPins

A brief optimisation of previous conditions found that to achieve a reasonable SM conversion,
an XPhos loading of 4 mol% was requir@hble 34). Pleasinglyhoweer, a higher yield

could be attained using the equivalent XPhos precatalyst. Using these conditions, full
hydrogenation could also be accomplished with 12 mol% Pd/C. Due to problems with
chemical supply, the optimisation was performed on a different dliB#in, howeverthese
results were later confirmed to be reproducible on pyran derived Bpither optimisation
(Entries9-10) found that basehoiceand watecontenthad to beoptimisedto achieve optimal
reaction conditions.
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Table 34: Significant examples of @irther optimisation of SM-TH conditions

4-bromomethylbenzoate
Pd/C (X mol%)
Catalyst/Ligand
or Precatalyst
Base (3 eq.) CO,Me CO,Me
Dioxane:water (X:X)
4h,80°C

x BPin
BocN then MeOH BocN BocN

rt, 16 h 125 126

Entry  Catalyst/Precatalyst Pd/C Base Dioxane:H.O 125:126  Yield

(mol%) Loading (%)
(mol%)
1 Pd(OAc)/XPhos (1, 10 K2COs 20:1 18:72 38
2)
2 Pd(OAc)/XPhos (2, 20 K2COs 20:1 24:76 51
4)
3 Pd(OAc)/XPhos (2, 20 K2CGs 20:1 € 50
4)
4 Pd(OAc)/XPhos (3, 20 K2COs 20:1 43:57 83
3)
5 Pd(OAc)/XPhos (4, 20 K2CGs 20:1 43:57 89
4)
6 XPhos G2 (1) 8 K2COs 20:1 53:47 b
7 XPhos G2 (1) 10 K2CGs 20:1 80:20 b
8 XPhos G2 (1) 12 K2COs 20:1 100:0 81
9 XPhos G2 (1) 12 K3sPQ 20:1 100:0 90
10 XPhos G2 (1) 12 KsPQy 4:1 100:0 >99%

a) Determined byH NMR; b) not isolateglc) unable to determine ratio

3.6.2 Exploration of Substrate Scope

With optimal conditions in handTable 34, Enty 10); the generalityof the reactiorwas
investigated, firstly with respect to the aryl halide. Using the dihydropyridine BPin, a plethora
of aryl bromides were found to Ivelerableto the reaction conditions. As can matedfrom
SchemeB3, electronwithdrawing and electredonating groups worked well, as did several

hetereocycles. Benzyl bromide reacted in moderate yields, providing an example of a formal
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sp-sp® coupling. Asobservedwith the gaseous adaption of this reaction, hydrogen labile
groups vere reduced these included nitro groups, Cbz protected anilines and benzyl
protected phenoleowever the nitrile group in exampl&42 remained intactin contrast to
using hydrogen gaseveralortho substituted aryl bromides were successfully coupladl a
reduced 130 133and142).
PdXPhosG2 (1 mol%)
Pd/C (12 mol%)

K3POy4 (3 equiv),
Dioxane:H,0 (4:1) @

BPin /. 80°C, 4 h
(j/ Br @

BocN then MeOH, NH,4HCO, BocN
rt, 16 h
CF
CO,Me NH, s =
= X
« IN N~ "Me
BocN BocN BocN
BocN
125, 99% 127, 98%,2 77%P 128, 74% 129, 59%
= | NHBoc OH
x~_N
BocN NH, BocN BocN BocN OMe
130, 96%°2 131, 75% 132, 77%° 133, 98%
OMe 'l\\l/le
Y/
BocN NH,
BocN BocN BocN
134, 71% 135, 58% 136, 48% 137, 50%
¢ F
BocN BocN O BOCI\C(EIE: BOC"O/Q
138, 85% 139, 59% 140, 79% 104, 94%
OH Me
BocN BocN CN BocN
141, 69% 142, 76% 123, 99%

a) from corresponding nitro; b) from benzyl protected phenol; c) from Cbz protected aniline

Schem&ug88essful substrate scope with respe
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The scope of reactiomawnét wkkengéeédbromidesbu
esters. Thi s stuhreregx depnoinsrtalatfdncti onal gr
devel oped reaction, all owwnd¢ h a g-faenadt dl eelaedp pr o
proper Yielsds ranged from good tot aartel mieqht,
expect ¢wltet @dimdhke using current synthetic
PdXPhosG2 (1 mol%)
Pd/C (12 mol%)

K3POy4 (3 equiv),
Dioxane:H50 (4:1)

'/ﬁ/Br '/ﬁ/BRZ 80°C,4h ’/\rAr
then MeOH, NH4HCO,

rt, 16 h
(0]
= | NH2 Me
NH
(@) 2 . _N
o CO,Me
143, 55%32 93, 80% 144, 90%? 113, 82%
OH fo)
SiMe; CO,Me
145, 65% 146, 60% 147, 59% 148, 81%
/N | OMe N oo CO,Me
- e /\/[ \> /\/\©\
Me;Si Me coMe [
EtO OEt

149, 54% 150, 71% 151, 59% 152, 86%

Ve M oM

e e
OH N CF,
| SN
N/ | =
C .
153, 73% 154, 52% 155, 60%

a) from corresponding nitro
SchemeB4: Substrate scope of SMI'H reaction with respect to halide and boron component
Additional diversity could be achied when using more functionadid aryl bromide
precursors. For examplahen ethyl 3(5-bromo2-nitrophenyl)acrylatg156) was used, an
efficientin situ lactamisation took place, withrée reductions and two boffiarming steps
occurring in one pot, yielding57and158in excellent overall yieldT hestartingaryl bromide
156 was synthesised straightforwardha a Wittig reaction using a stabilised phosphorus

ylide.
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(0]
Br Z

O
Ph3P\)J\OEt « 3 reductions
* C-C bond formation
DCM, rt, 16 h « C-N bond formation
PdXPhosG2 (1 mol%)
Pd/C (12 mol%) b5

K3POy, (3 equiv),

~.BPin NO, Dioxane:H,0 (4:1)
O/ P 80°C, 4 h
X Br CO,Et X

then MeOH, NH,HCO,

156, 99% 16 h X =NBoc, 157, 80%
X =CH,, 158, 71%

Scheme85: SM-TH reaction with in situ lactamisation to afford substituted
dihydroquinolin ones

Similally, this reaction protocol was attempted with ethy8-(5-bromo2-
hydroxyphenyl)acrylaté159) in aneffort to synthesis a lactone. Good SM conversion and
full hydrogenation was observed, however, no esterification occurred, even when the

temperaturef hydrogenatiorwas increased.
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/©/\/
O
Br Z

o
Ph3P\)J\OEt

DEM. 1,161 bixPhosG2 (1 mol%)

Pd/C (12 mol%)
KzPOy4 (3 equiv), 0.0

- BPin OH Dioxane:H,0 (4:1)
M 80°C,4h
Br = COzEt X

then MeOH, NH4HCO,
rtor 50 °C, 16 h

159, 99% X = NBoc, 160, no product observed

X = CHy, 161, no product observed
OH

CO,Et

x

X = NBoc, 162, observed by NMR
X = CH,, 163, observed by NMR

Scheme86: Attempts at SM-TH reaction with in situ lactonisation to afford substituted
chromanones

3.6.3 Investigation into Olefin Reduction Using Diimides

Following on from examination of @&tnative hydrogen sourcgea diimide reduction was
attemptedto achieve a selective olefirduction Diimides are transient species which can be
utilised in the addition of hydrogen across alkynes, allenes and alkenes. Mechanistically, the
reaction involes thesyn addition of dihydrogen across the carlartbon multiple bond,
explained in Schem87. The diimide is usually synthesizéd situ from the oxidation of
hydrazine, or through decarboxylationpgtassium azodicarboxylaf@64). For this section

of the study, potassium azodicarboxylate was chosen as the diimide source, and this was

synthesised in excellent yields from the commercially availatiidiaarboxamide
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TERE:

W H__H _H-__JWH
N :[ . .E. ( — = N, + HyC-CHs
N. “H\'H
H” OH N
0 O
HaN—4 KOH (40%, aq.) K® 0
N=N N=N o
)-NHZ rt,2h }-O K®
o) (e}

164, 98%

Scheme87: Top, mechanism of reduction by diimide; bottom, synthesis gfotassium

azodicarboxylate

The SM reaction was performed as usual (in the absence of Pd/C), and a variety of conditions
were examinedusing potassium azodicarboxylate in TakB® Temperature, timeand
azodicarboxylate stoichiometry did not have an effect on the olefin reduction, but this may

have been due to the inherent reactivity of the alkene in question.

Table 35: Investigation into olefin reduction of trisubstituted alkene using potassium
azodcarboxylate
PdXPhosG2 (1 mol%)

K3POy4 (3 equiv),
Dioxane:H,0 (4:1) NO,

O/BP‘“ NO, 80 °C, 4 h
BocN /©/
Br then MeOH,

(KO,CN),, ACOH BocN
temp, time 165
Entry Time (h) Temp Eq. of Hydrogenation (%) 2
(KO 2CN)2
1 4 rt 20 0
2 16 rt 20 0
3 16 50 C 20 0
4 16 rt 30 0

a) Determined byH NMR

Generally, diimide reductions are most effective in terminal orbdisuted alkenes, and
examples of trisubstituted alkene reductions are scarce. In light of this, the same reaction was

tried using a disubstituted alkenyl BPin (TaB&. In this case, partial reduction was observed

109



however, counteintuitively, increasang temperaturandazodicarboxylatestoichiometryhad
a detrimental influence on olefin reduction. Increasing the time from 16 h to 40 h produced a
marginal increase in the level of reduction but, based on these results, the investigation of this

system wa halted

Table 36: Investigation into olefin reduction of disubstituted alkene using potassium

azodicarboxylate

PdXPhosG2 (1 mol%)
K3POy4 (3 equiv),

Dioxane:H,O (4:1) NO,
NO, 80°C, 4 h \/\/©/
MeO. X BPin /©/ MeO
Br

then MeOH,
(KO2CN),, AcOH
time, temp 166
Entry Time (h) Temp Eq. of Hydrogenation (%) ?
(KO2CN)
1 16 rt 20 62
2 16 50 C 20 44
3 16 rt 30 59
4 40 rt 20 65

a) Determined byH NMR

3.6.4 Application of Methodologydwards theéSynthesis of Biologically
Active Targets

To conclude this section of the dty this modifiedorocedure was applied to the syntheses of
several biologically active compound 2Amino-3-(5-methyt3-hydroxyisoxazo#-yl)-

propanoic acid (AMPA) receptor potentiathf7, was firstly investigated.
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connected using
developed
methodology

sulfonamidation
and alkylation

commercially
available

167

Figure 31 Target AMPA receptor potentiator with planned key disconnections highlighted

The righthand fragment was formeda a sulfonamidation followed by an & with 2,3
dibromopropene to givdimethoxybenzyl®MB) protected vinyl bromide fragmed69.

JJ\/Br
Me Br

SOLIPICI 0
EtsN ,\\S)\Me Cs,CO; o Br
DMBNH, DMBHN Sy, ' ————— X _NDMB
DCM MeCN MeYS\\
i 2h 80°C, 4 h e O
168, 81% 169, 77%

Scheme88: Synthesis 0ofDMB protected vinyl bromide fragment

169 was used in the reaction with biphenyl boronic acid, and a yield of 71% was achieved.
Pleasingly, subsequent deprotection using TFA afforded the target AMPA modinatora
96% yield.
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PdXPhosG2 (1 mol%)

O B(OH), Pd/C (12 mol%)
K3POy4 (3 equiv), Me
O Dioxane:H,0 (4:1) BMBq,
80°C,4h °S__Me
/
HLBr O o Y
% {ioms then MeOH, NH,HCO, O Me
\
Me. 5 i, 16 h
T
Me 170, 71%
TFA (20 equiv.)
DCM, rt, 1 h
Me H
N\S,,O M
e
7y
C .
171, 96%

Scheme89: Successful synthesief AMPA modulator using developed methodology

Finally, the synthesis of pridopidine wasexamined using the modified conditiorighe
developed procedure was efficaciously applied to the first step in an exgalenof 89%.
Ensuing Boc deprotecticamd alkylation provided the target molecule successfully.
Pd(dppf)Cl, (1 mol%)
Pd/C (6 mol%)

K2COj3 (3 equiv),
Dioxane:H,0 (20:1)

@BP”’] 80 oc:7 4h SOZMe
BocN then MeOH, H, ~ BOcN

rt, 16 h

118, 89%

TFA:DCM (1:1)

rt, 4 h
Ko,CO3
SO,Me iodopropane SO,Me
M ~_N MeCN, 70°C,16h  HN
e
119

117, 63% over two steps

Schemed0: Successful synthesis of pridopidinesing developed methodology
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3.6.5 Application of Methodology in an Array Synthesis Format

Toillustrate the practc al i t y

of

t he

process,

t he

reacti

format was investigated. Array chemistry is used frequently within medicinal chemistry to

make multiple analogues in parallel and can be a highly efficient method of compound

synhesist®’

For this operation, the reactions were performed concurrently on a 0.125 mm¢Esbtaiee

91). 'H NMR was used to determine camgion using 14linitrobenzene as an internal

standard. A selection of aryl bromides and vinyl BPins were chosen to provide molecules with

a range of steric and electronic influences. This approach proved to be extremely sticcessful

23 of the 24 attemptemolecules were synthesised, 22 of which occurrealgreater than

50% yield.

4%

BPin

PdXPhosG2 (1 mol%)

Pd/C (12 mol%)
K3POy4 (3 equiv),

Dioxane:H,0 (4:1)

80°C,4h

then MeOH, NH4HCO,

rt, 16 h

>

NH,

5
-
o

BPin

BPin

98%

100%

94%

99%

80%

64%

86%

66%

69%

O\/\/ BPin
38%
70-100%
50-69%
35-49%
0-34%

Schemedl: Application of methodology to array synthesis format
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As can benotedin the diagram above, a @@ of fragment and ledike molecules have been
synthesised in parallel from commercially available monomers. Due to the capricious nature
of many other spsp’® crosscoupling reactions, array applicatiomy not be possibleising
currently available metids which emphasises the benefitthis developed process.

3.6.5 Development o Wax Capsulépproach

A potential caveat with the methodology is the requirement to add the hydrogen source after
a set period of time. Ideally, all reagents would be dddéhe reaction vessel at the beginning.
Despite extensive experimentatiorwhen a hydrogen source is present from the reaction
outset, two main side reactions occur due to the hydrogenatiaropgteting the SM. The

first is protodehalogenation of theyhhalide, and the second is reduction of the vinyl BPin to

the corresponding alkyl BPin which, in most cases, undergoes subsequent protodeboronation.
Each of these reactions renders the startiagerials entirely unreactive.

PdXPhosG2 (1 mol%)
Pd/C (12 mol%)
K3POy4 (3 equiv.)

X BPin R
BocN R
oc Br MeOH:Dioxane:H,0 (10:4:1)

BocN
65°C, 16 h
everything present from
the reaction oustet
PdXPhosG2 (1 mol%)
hydrogen source | Pd/C (12 mol%)
present from K3POy4 (3 equiv),
beginning Dioxane:H,0 (4:1)
Hydrogen Source Y
80°C, 16 h - — .NH4H002:.
..__;. .

BPin o
capsule r_emalns mtac_t in time, the wax capsule
BocN R for duration of Suzuki melts and reducing

agent is released

reduction of olefin: protodehalogenation:
unreactive BPin unreaction aryl

Scheme92: lllustration of the wax capsule approach

To circumvent these problems, a degradable wax capsule was developed which allows for a
controlled release of ammonium formagesimilar approach has been utilised by Buchwald

and others, namelytfacilitate easier handling of particularly -s&nsitive compounds?

Firstly, the wax vessel had to peeparedrom readily available material®araffin wax with

a reported melting point of >6% was chosen and melted with gentle heating in a conical
flask. The mtien wax was then added to artupmed Suba Seal using a glass pipettelthen

an NMR tube was placed in the middle to create a hatlewire. After being held in place for
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~1 minute, the NMR tube was removed from the solidified wax. The capsulecigased
from its mould, ammonium format was added, and then molten wax was dripped over the top

to seal the vessel, which was then dippedholten wax several times to ensure a full seal.

Investigation into the use of the capsule found that the choice of temperature was imperative.
At 60 C, the capsule did not melt, and no hydrogenation was obsdtfoeaver, at 70C,

the capsule melted almost immediately. When the reaction was perfat®&dC, excellent
coupling and full hydrogenation was observed. The established conditions were applied to a
small range of substrates and all were found to be within ~10% of the previously obtained
values Esterl25is an exception as partial hydrolysisthe corresponding acid was observed.

Each entry was completed in duplicate with different capsules to ensure reproducibility.

PdXPhosG2 (1 mol%)
Pd/C (12 mol%)
K3POy4 (3 equiv.)

BPin Ar
O/ ArBr (j
BocN MeOH:Dioxane:H,0 (10:4:1) ~ BocN

65°C,16 h
everything present from
the reaction oustet

Me
CO,Me
SO,Me
BocN BocN
BocN
125, 46% (99%) 123, 99% (99%) 118, 89% (89%)
CF3 NH,
BocN BocN
138, 70% (85%) 127, 69% (85%)

previously reported yields (Scheme 83) in parenthesis

Schemed3: Application of encapsulated ammonium formate
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3.6.6 SuzukiMiyauraHydrogen&aon Using COware

In the interest of practicality, the use of COwatidé supra Schemer2) to generate hydrogen
wasre-examined Pleasingly, this method was found to be successful with either set of SM
conditions and entirely avoids the handling of log#m gas.

PdXPhosG2 (1 mol%)
Pd/C (12 mol%)
KsPO, (3 equiv.),
Dioxane:H,0 (4:1) CO;Me
Zn

O/BPin COzMe 80°C,4h
|
BocN Br then HCI, rt, 16 h BocN

Pd(dppf)Cl,.DCM (1 mol%)
Pd/C (6 mol%)
K>COj3 (3 equiv.),
Dioxane:H,0 (20:1) CO,Me
Zn

O/BPin CO,Me 80°C,4h
e
BocN Br BocN

then HCI, rt, 16 h

125, 95%

125, 82%

Schemed4: Successful implementation of COwre apparatus using developed reaction

conditions

3.7 Synthesis of 8Membered Heterocyclic Vinyl Bmides

At this stage5-membered saturated heterocyclic systemsnmadbeen evaluate@ue to the
lack of commercially available-Biembered heterocyclic vinyl halides or boron spetiese
required bespoke synthedisitially, the synthesis o¥inyl triflates172and173was attempted
from the corresponding ketonbkowever, this was unsuccessful, as wasliaromonation

elimination ofa selection of saturated heterocyclic allsfe givel74and175).

O oTf 1. Brp, DCM Br
ﬁg Et;N, Tf,0 Eg 0°C, 15 min Eg
el g
X 0°CtoRT X x_ 2. n-BulLi, DCM X
DCM, 16 h 0°C,4h
X=0,172 X=0, 174
X =NBn, 173 X =NBn, 175
 unclean * no product
reaction profile observed

« difficult to isolate

Schemeds: Initial attempts at synthesis of vinyl triflates and bromides
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3.7.1 Initial Attempts at RCM towardS-Membered Heterocyclic Vinyl
Bromides

In light of these failed reactions, an RGigproactwas examined. The intermediate bremo

dienes were synthesised in reasonable y\allthe routeshown below:

Br
Br

EtsN, BnBr Et;N Br
~NH, — = _NHBn ————= _~_NBn
ft, 16 h MeCN

176, 94% 16 h 177, 68%

Br

/I\/Br

Et3N, Cbz-Osu NaH Br
A~ NH2 _~NHCbz _~_NCbz
i, 16 h THF/DMF
178, 91% t,4h 179, 66%

Schemed6: Synthesis of bromediene starting materials for RCM investigation

With the dienes successfulreparedthe RCM step was explored, firstly witlY7. Using
Grubbs G2 catalyst in 10 mol%, no reaction was observed. Basic amines are welltknow
inhibit RCM reactions by coordinating to the catalyst, which would explain the reaction
outcome. Tanhibit this interaction, various acids were added to protonate the dmineyer

this was not successful.

Br
Br Grubbs G2 (10 mol%)  _—
NBn
Y DCM, RT or A E
40or16h n
180, no reaction
Grubbs G2 (10 mol%) Br
Br TFAor (+)-CSA (1.1eq.)
A~ NBn DCM, RT or A N
16 h Bn

180, no reaction

Grubbs G2 (10 mol%) Br
Br TFA (1.1 eq.) _
A~ NBn PhMe, A, 16 h N
n

180, no reaction

Schemed7: RCM attempts with 177, with and without the addition of acid
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Diene179wasnextapplied to the reactignn the hopehat the absence of a basic nitrogen
may aid the metathesis. At room temperature, gaomversionwas observed, and when the

reaction waseated, several byproducts were formed, with no pratiktected

Br

Br Grubbs G2 (10 mol%) =
NCbz
PN DCM, RT or A N
4or16h z
181, no product
observed
Br
Br Grubbs G2 (10 mol%) fg
NCbz
A PhMe, A, 16 h N
Cbz
181, no product
observed

Schemed8: UnsuccessfuRCM attempts with 179

3.7.2 Second Approach of RCM towar8dviembered Heterocyclic
Vinyl Bromides

Examination of the relevant litature revealed that RCkéactionswith vinyl halidesfall into

a rather unexplored area of chemistry. The small amount of work that hagdsesmedon

the subject has shovaomeRCM reactims with chlorides and fluorides, howewary few
examples of wmyl bromides have been reportethis has been attributed to a detrimental
interaction between the bromine atom and the ruthenium catalysicent publication by
Dortaet al, however, suggests that the bromide moiety is not inherently detrirreemdainly

is problematic when it is forced into close proximity with the Ru céfitreheir hypothesis

was that if the vinyl bromide could be shielded from the catalyst, degradation may not occur.
This was achieved by introducing a sterically significant group on the terminabpasithe

olefin, in aZ geometry (when the alkene wasno reaction was observed).
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R Br R Br R Br
R R | R |
W E/\[Ph | Ph
® \" %

R R

Q

Br

Scheme99: Work of Dorta et al on RCM of vinyl bromidesand t he i mportance of (¢

the catalyst

only less hindered
olefin undergoes initial CM

!

|
NO. _

| Cl
Ru=y Ph (Z) Br
Cl Ph
Ph

Ph Br CI‘R/S
\/ Ph (z_) Br
t

'protected’ Z-olefin approaches
catalyst without decomposing it

Figure 32 Proposed mechanism for RCM &folefni nyl brom

Based on this work, phenyl substituted vinyl bromides were synthesised to improve the RCM
step. Synthesis of these compounds began with bromonatiomafmaldehydeith bromine,

then treatment with triethylamine to afford vinyl bromitig2 in almost quantitative yields

over the two stepsSchemel00). The desire@ isomer was the minor isomer formed, however
after being left for 3 days at room temperature, full isomeéoisdo theZ isomer occurred.
Following this, the aldehyde was selectively reduced to the corresponding dl&8hugling

NaBH, in water and THF, which was subsequently converted to the primary bromide through
an Appel reactiorT osylation of allyl amingrovided185, which was alkylated using bromide
184to afford the dienavhich was subjected to RCM.
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Br

B
N \O ry \O EtsN N §O
DCM, 0°C Br DCM, 0°C Br

15 mins 15 mins
182, quant.
NaBH,4
THF/H,O
0°C,1h
PPh3, Br2
A Brf e N OH
Br DCM, rt, 16 h Br
184, 96% 183, 99%
TsCl
Et;N
/\/NHZ . /\/NHTS NaH
DCM DMF, rt,1h

rt, 16 h 185, 99%

| ORENd
Ts
Br

186, 87%

SchemelO0 Synthetic route towards bromo-diene from cinnamaldehyde

Using the conditions outlined by Dorea al, the RCMof dienel86was attempted, however,

no ringclosed product was observed. The major component of the reaction was unreacted
diene, with a small amount of cresgetathesised bgroduct isolated. Increasing the catalyst
loading and halving the concentratialbowed pyroline productl88to be isolated in a 76%

yield. Crossmetathesised bgroductl87, starting diene andej-stilbene were also isolated or
observed. £)-stilbene was formed as a result of cross metathesis with two molecules of

styrene, which igenerated when RCM occurs.

Grubbs G2 T Br
AN (1 mol%) S
B

Ts
r benzene Br Ts
60°C,15h
187
Grubbs G2 Br
SN N/\/ (10 mol%) _
Ts
Br benzene N
60 °C, 16 h Ts

188, 76%

SchemelOl RCM of o6éprotected6 vinyl br modifiele usi ng p
conditions
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Pleasingly when188was used in the developed S manifold, the reactiorproceededn
excellen yields to affordl89 (Schemel02).

PdXPhosG2 (1 mol%) OMe

Pd/C (12 mol%)

K3POy4 (3 equiv),

Br Dioxane:H,0 (4:1)
-
(Ho)zB N then MeOH, NH4HCOQ N
Ts rt, 16 h Ts

189, 79%

Schemel02 Successful application 0fil88to the SM-TH conditions

Following on from this functionalised bromgyrrolines were synthesised to investigate the
diasteroselectivity achiedein the SMhydrogenation stefSchemel03). Intermediatel82

was treated with phenyl magnesium bromide to afford secondary alt®Bobn which a
Mitsunobu reaction was performed. The resulting diene was subjected to the RCM conditions
to provide the desed phenyl substituted vinyl bromid@pplication of this substrate to the
SM-TH reaction provided92in excellent yield and a reasonable 7:1 dr.

OH NHT TN
PhMgBr NN

X Yo N N
Br THF Br PPhs, DIAD Br
rt, 1h

THF, RT,5h
190, quant. 191, 37%

Grubbs G2
(10 mol%)
benzene
60 °C, 16 h

PdXPhosG2 (1 mol%)
Pd/C (12 mol%)
K3POy4 (3 equiv),

Br Dioxane:H,0 (4:1)
/@ é— 80°C,4h
e -0
(HO),B N then MeOH, NH4HCO,
Ts rt, 16 h

193, 76% vyield
7:1dr

Schemel03 Route towards 2substituted bromo-pyrroline scaffold and subseuent coupling

using SM-TH conditions
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3.7.3 Synthesis of Enantioenriched Brospgrroline

Having demonstrated the utility of substrates such92{Schemel03), a chiral variant was
preparedising an Ellman auxiliargSchemel04). A condensation reactiomith aldehydel 82

and R)-Ellman sulfinamide, followed by a diastereoselective Grignard addition delivered
chiral sulfinamidel95 Interestingly, when THF was used as solvent, a dr of 2.3:1 was
observed, however when THF was replaced by toluene, therdased to >25;knd asingle
diastereomer could be isolateih normal phase column chromatography. Alkylatiori®5

was more troublesome: when NaH was used, elimination of HBr occurred to afford the
corresponding alkyne. Weaker bases and other someneexamined however, no product
was detected in any case. Accordingly, the Ellman auxiliary was cleaved with acid, and the
primary amine was alkylated and tosylated to provide the desired chiral2di@éas a single
enantiomerRCM of 200was succesaf, affording substituted broryrroline 201in good

yields.
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t
H2N\§,Bu 0

wn=

NI’ “tBu
AN AN C52003
PN S0 P X" H
Br DCM Br
40°C,16h 194, 83%
PhMgBr (1.5 eq.)
solvent, -40 °C, 5 h
9 Q
1}
.S X .S
\/\N/S‘tBU allyl bromide HN™ ™ ~Bu allyl bromide \/\N ~iBu
- —_—
" "Ph NaH, DMF  Ph™ " "Ph base Ph™ " “Ph
Ph RT, 16 h Br solvent Br
195 197, no product observed

196, major product

observed by TH NMR THF, 2.3:1 dr, 33% yielq
PhMe, >25:1 dr, 55% yield

HCl in MeOH
RT,1h

allyl bromide \/\NH

NH; K,CO3 /\/‘\
X — > Ph X Ph
Ph Ph MecN, 60 °C N
Br 16 h
198 199
TsCl, EtsN
DCM, RT, 24 h
Br Grubbs G2 \/\NTS
—
Eg‘Ph benzene Ph/\/kph
N 60 °C, 16 h i
Ts r
200, 33% yield
201, 71% (over three steps)
99% ee

Schemel04 Asymmetric synthesis of 3substituted bromo-pyrroline scaffold

With chiral alkenyl bromide in hand, the key coupling step was attempted. Satigfiang|
improved level of diastereoselectivity was achieved with an ee greater than 97%.
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PhB(OH),
PdXPhosG2 (1 mol%)
Pd/C (12 mol%)
Br K3POy4 (3 equiv), Ph

Dioxane:H,0 (4:1)
= 80°C,4h
~11Ph “1Ph

N then MeOH, NH4HCO, N

Ts i, 16 h Ts
75% 202, 70% vyield
>97% ee
12:1dr

Schemel05 Successful application oR01to the SM-TH conditions

3.8 RhodiumCatalysed Boronic Acid Conjugate Addition To
Cyclobutar[1.1.0]bicycles

In keeping with the overarching aim of this research, a rhodataysed conjugataddition

to cyclobutane[l.1.0]bicyi@d systemswas investigated.In recent years, interest in
cyclobutane[1.1.0]bicyic and cyclopentangl.1.0]bicydic systems has burgeoned. Firstly,
research has shown them to be potentialidmsteres for phenyl rings. Indeed, a direct
substitution of a phenyl ring foridyclo[1.1.1]pentanevas found to positively impact the
physicochemical properties of #poproteinassociated phospholipase A2 (LpPLA2)
inhibitor.2°° Secondly,cyclobutane[1.1.0]bicylic structures are susceptible towards attack
from nucleophiles, to form substituted cyclobutanes. This was exemplified recently by Baran

and coworkers, employing amines and thiols as nucleofitdeme 106%°*

SchemelO6 Ex ampl e of Baranés recent strain relea

The proposed transformation, which is illustchile Schene 107, has the potential to form

highly substituted cyclobutene fragments, molecules which are frequently found within
biologically active compounds, as well as a range of natural products. Research surrounding
these fragments has uncovered that the betgden C1 and C3 hasunique hybridisation

and has been dod erfii bmatkdiarsg Otplsee udyussaterated a k i n
ester??2203\ith this in mind, it was conjectured that an arylboronic acid/ester could perform
conjugate addi-oli @hi n d@divimbalalysedoprisli@onsd o
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