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Abstract

Asymmetric rhodiunrcatalysed conjugate arylation is an important carbarbon bond
forming reaction of increasing industrial relevant@é&e ®ntrol of enantioselectivity has
been explored extensively the pilished literaturehowever the competing deboronation
reaction has received littletantion. This uncontrolled sieeaction often necessitates the
use of p to 10 equivalents of the abgron reagent, rendering the methodology unattractive

for large schke industrial purposes.

In this thesis, a pharmaceuticatiglevant rhodiurcatalysed conjugateaddition of an
arylboronic acid pinacol ester to an unsaturated ester with heteroaryl functionality has been
investigated with significant improvements to thenantioselectivity, chemoselectivity and
green metrics made compared with a previous process used on kilogram lsealégifal
process delivered poor enantioselectivity, required uneconomical rhodium loasidgs

large excess of the abdron reagent.

A cheaper and highly selective catalyst systwas identified following extensiveand
informed investigations into the behaviour of different ligand and rhodium salt
combinations. The optimised process utiliasagnexpensive chiral ligand fromligand class
previously overlooked by industryThe new system delivers up to 978é with virtually
complete selectivity for the desiredonjugate arylationreaction over the competing
protodeboronation reactiorurthermore, factors that are important for thecesgs and
selectivity of the desired reaction have been efficiently identified using a statistical Design of
Experiment approach. This has enabled the loading of the precious metal catalyst to be
lowered by >85% whilst maintaining 97% selectivity for the4daddition reaction over
protodeboronation

An empirical investigation of the structural motifs of the substrates and the ligand that were
important in enabling a high selectivity for conjugate arylation over protodeboronation to be
achieved is also prestd The heteroaryl functionality of the enoate was found to contribute
to the selectivity, but could prevent consumption of the arylboron reagent altogether if a
suitable stericallyshielding group was not present. Tdteuctural motifsof the ligandhada
significant impact on the chemoselectivity of the reaction, with electronic factors, steric
factors and functionality affecting the relative amounts of conjugate arylation product and

protodeboronation product.
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Computationachemistryandananalysis ofoublished crystallographic dagmabledhe high
selectivity for conjugate arylation over protodeboronation that the optimised reaction process
affordsto be rationalised_igands expected to facilitate the exchange of a solvent molecule
bound to the metacentrefor the enoate electrophilgelivered the highest selectivities for
conjugate arylation. Conversely, ligands and arylboron reagents expected to impede the
exchange of a bound solvent molecule for the enoate electrophile gave elevated levels of the

protodeboronation product.
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Abbreviations

Indicates chirality at the specified positionwaithin the specified componen
unless used in relation to a molecular orbital in which case it is us
identify an antibonding orbital

Unspecifiedcomplex of boron or metal M, such as Ar[B] to denote ArBy
ArB(OH),, etc.

Degrees Celsius

Indicates that proton decoupling has been performed (NMR)

Angstrém (18°m)

Frequency (IR)

Acetyl

Acetylacetonate anion

Analysis d Variance

Active Pharmaceutical Ingredient

Apparent, such as app. d to denote a feature that resembles a gt
Aqueous

Aryl

Indicates a percentage measured by area (HPLC)

Absorbance uni(HPLC)

Bar (absolute pssure)

2,2-Bis(diphenylphosphine},1-binaphthyl

Benzyl

tert-Butyloxycarbonyl

Bicyclo[2.2.2]octa2,5-diene

Pinacol borane fragment, such that HBpin is pinacol borane apid,Bs
bis(pinacolatodiboron)

2 , -Bigyridine

Catalyst or atalytic (amount)

Cyclooctadiene

Cyclooctene

Corrected, such as relating to a yield corrected for residual solvent or wa
Cyclopentyl methyl ether

Cyclohexyl

Diastereomeric excess

1,4-Diazabicyclop.2.2]octane

1,5Diazabicyclo[4.3.0]notb-ene

Dichloromethane

Di-iso-propyl azodicarboxylate

Di-iso-butylaluminium hydride

1,4-Dioxane

Di-iso-propylamine

Di-iso-propylethylamine

Dimethylamino pyridine
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DME Dimethoxyethane

DMF N,N-Dimethylformamide

DMSO Dimethyl sufoxide

DoE Statistical Design of Experiment

dppb 1,4-Bis(diphenylphosphino)butane

dppf 1 , -Bidjiphenylphosphino)ferrocene

-0y Deuterated, such as THig to denote fullydeuterated THF

E Denotes the stereochemistry of a substituted alkene for which the h
priority groups on each carbon dransto each other

e.r. Enantiomeric ratio

EDC N-(3-dimethylaminopropyNNgthyt carbodiimide hydrochloride

ee Enantiomeric excess

eq Molar equivalents (also Eq.)

Et Ethyl

eV Electron volt

FT Fourier tansform

GC Gas Chromatography

GCMS Gas ChromatograpliyMass Spectrometry

h Hour(s)

HMBC Heteronuclear Multiple Bond Correlation (NMR)

HOMO Highest Occupied Molecular Orbital

HPLC High Performance Liquid Chromatography

HRMS High Resolution Mass Spectrometry

HSQC Heteronuclear Bgle Quantum ©rrelation(NMR)

IMS Industrial Methylated Spirits

IPA iso-Propyl alcohol

'Pr iso-Propyl

IR Infrared(spectroscopy)

J Magnitude of the NMR aapling constant

K Equilibrium constant

k Relative response factor

KHMDS Potassium bis(trimethylsilyl)amide

L Ligand

LCMS Liquid Chromatography Mass Spectrometry

LDA Lithium di-iso-propylamide

lit. Literature data

LUMO Lowest Unoccupied Molecul@rbital

m meta

M Molecule, such as [M]denoting the molecular ion (Mass Spectrometry)

M. pt. Melting point

M/C Specified metal on carbon, such as Pd/C denoting a palladium on ¢
heterogeneous catalyst

m/z Mass/charge ratiimass spectrometry)

MD AP MassDirected Autopurification
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min
mol%
MS
Ms
N/A
NBD
NBS
"Bu
n.d.
NMM
NMP
NMR
Np

0

p

Ph
pKa

pKan
PLP
p-value
Py

R

r.t.
rac/(S)/(R)-
ROESY
rpm

rpt

SFC
Sol

t

T
TBME
‘Bu
TDA-1
TEA
Temp
Tf

Methyl

2-Methyltetrahydrofuran

Methyl iso-butyl ketone

N-methyliminodiacetic acid fragmensuch as thadf N-methyliminodiacetic
acid boronates

Minute(s)

Indicates a percentage measurgarolar amount

Molecular sieves

Mesyl

Not applicable

Norbornadiene

N-Bromosuccinimide

Normal butyl

Not determined

N-methylmorpholine

N-Methyl-2-pyrrolidone

Nuclear Magnetic Resonance

2-Naphthyl

ortho

para

Phenyl

T logioKa whereKa is the acid dissociate constant of the specifieshBied acid
in aqueous conditions at 25 °C and with an ionic strength approaching 0
available

Denotes the I8, of the conjugate acid of the specifiedzBsted base
Pyridoxal phosphatéco-enzyme)

Significance level in Design of Experiment

Pyridine

Generic substituent (may be specified)

Room temperature

Racemic/§-enantiomerR)-enantiomer of a specified compound
Rotating Frame Nuclear Overhauser Effect Spectroscopy (NMR)
Revolutions per minute

Repeat

Supercritical Fluid Chromatography

Solvent molecule (unspecified)

Time

Temperature

tert-Butyl methyl ether

tert-Butyl

Tris[2-(2-methoxyethoxy)ethyllamine

Triethylamine

Temperature

Triflyl
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TFA
THF
TMEDA
Tol

tr

UPLC
vol

viv
wt%

Trifluoroacetic acid

Tetrahydrofuran

1,2-Bis(dimethylamino)ethane

p-Tolyl, unless otherwise specified

Retention time

Ultra Performance iquid Chromatography

Process Volume, where vbl describes a reaction mixture for which t
limiting substrate has an initial concentration a@f dL'!

Indicates a ratio or percentage measured by volume

Indicates a percentage measured by weight

Heteroatom

Denotes the stereochemistry of a substituted alkene for which the h
priority groups on each carbon aisto each other
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1 Introduction
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1.1 Process Chemistry

Process chemistry is a discipline within industrial chemical research, with the aim of
developing and optimising synthetic sequences for userga &tales. The scales involved

in academiand medicinatesearctchemistry often allow for syntheses tlae not readily
translated to industrial scales, where such priorities as low costs, low environmental impact,
high purity and high levels of safety becomeiméreasedmportance due to thscale of
operation: Recevebping academic methodologies to be suitablarfdustrial use therefore
requires significant understding of the chemical processes and innovative approaches to
solving the problems encountered with their development. A useful summary of
considerations to guide the process development of a synthetic route mmvwsegsActive
Pharmaceutical Ingredie(P1) manufacturds the SELECT criterigan acronym for Safety,

Environmental, LegaE.conomig Control and Throughput criterte

Safetyconsiderations particularly include theopess safety of aynthetic stepconsidering
aspects such as potential exotherms or pressureupslthe use of explosive gases or high
energy functional groupand the potential exposure @beratorsandthe publicto hazardous

substancedor instanceto volatile carcinogenic compounds.

Environmentafactors to consider include both the supply of reagents and catalysts, and the
disposal of hazardous waste materials. The choice of solvent will often be a dominant
component of the environmental impatiut sustainable and responsible use of natural
resources also involves reconsidering the use ofabomdanmaterials.

Many legal considerations are necessamgvering all aspects of the procgssth in terms of
intellectual property rights otompounls or procedurgsand in terms of regulations
controlling the usage afertain reagest There must béegal freedom to operate the entire

process.

A consideration important to many of the SELECT criteria but perhaps more notably to the
economicfeasibility of the synthesiss the length of the synthetic rout&lthough clinical

trials are frequently the most expensive part of the drug development ptdbessnly
increases the need to lower costs elsewh&ngensive reagents and expensive or
economically inefficient processes need to be avoided or minimised during process

developmentor long-term manufacture

The control requirements of a process particularlyolve the reproducibility of the desired

outcome and the quality of the outcome (for example yield, selectivity and purity). Many

2

Confidentiali Do Not Copy



metalsthat are frequently employed as catalysts well as solventsre requed to be
controlled to strict trace levels ihe API productby internationalguidelines*® which are

observed by theelevantUS and EU regulatory bodiés.

The throughputcriterion regards the ability to produce sufficient API within the available
time. Long synthetic schemes, reaction times and processing steps are themaésisable
by this criterion.The wse of horabundanor unusual reagentsr the longterm supply of

API should also be considered against this criterion.

In reality, these criteriamay sometimes work against each othl@onsidering a catalytic
process as amexample, a higher catalyst loading may offer d#roreaction timesand
thereforebe advantageous in terms of the throughput criterion, but this may also raise
concerns from environmental, economic and control perspecvetiust undestanding of

a chemical procesmnables suitallbalancedonditionsfor a synthetic step to be developed

according to the specific requirements and priorities of thiegtro

Chemical catalysiss oftenan attractivestrategy for delivering a manufacturing route that
satisfies many ofhe SELECT criterieffectively® For example, atalysis might enable a
shorter route to the ARdy making possible different disconnectionsight decrease the
quantity of a reagent required to perform a transformatiomight decrease the time and
energy required for a particular stéfyecious metal catalysis has become ubiquitous in drug
syntheseshowever the metals usede not only expensive boften carry risks associated
with their supply’ Table1l summarises suppiselated data for the baseetal ironalong with

the precious metals palladium, platinum and rhodium, all of whickrapoyedin chemical

catalysis>!® Rhodium is among the least easbundant of all precious nads used in

catalysis
Metal Crustal Abundance / Annual Worldwide Production / Supply Risk
ppm tonnes
Iron 41x 10° 3.3x 10 5.2
Palladium 6x104 208 7.6
Platinum 1x103 178 7.6
Rhodium 2x104 <30 n.d.

Table 1. Supply data for selected metals used in chemical catalysis. Crustal abundance and production
data (2015)stated as compiled by Egorova et & Supply risk is an index prepared by the British
Geological Survey, combining multiple risk factors’? The index ranges from 1 (extremely low risk) to 10
(very high risk).

Industrial sustainability priorities drive research in twomplementarydirections to
minimise the use afonabundant resourcé$®® Thereplacement of precious metal catalysts

with base metal catalysts particularly desirablebut is generally met with significant

3
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challenges to overcomgypically as a result oContrasting redox processdbe availability

of the catalyst precursors, a generally lower functional group tolerance and a higher
sensitivity to adventitious moisture or oxygén® Where base metal alternatives are not
readily developable, the next modésirablegoal is toidentify means of utilisingnhorn
abundant metalwith high efficiencyso ago limit the impact of their usand the risk$o the
longterm supply of the metalExamples include researdh lower the catalyst loading
without impactingthe outcome of the reaction, and research to prdbes®action wasti

such a way as tecycle the metdbr reuse

The development of thenanufacturingroute for sitagliptin, the active ingredient in the

Merck drug product, Januvjas a particularly wetknown example of proceskevelopment

on account of the numerous awards received by the researchers involved. Three generations
of the roue weredevelopedcontaining nable examples of industrial asymmetric catalysis

and with significant improvements made in relation to green chemistry and process

intensification!® 18

N
NH; O

N
g N/\r N
F HPO, K/N{

CF3
sitagliptin phosphate

The first generation routess summarised irschemel, providing the sitagliptin phosphate

salt on multikilogram scale in 52% overall yield and excellent chemical and enantiopurity
after crystallisation$® As a means to deliver early batches ld API, the synthetic route

was adequate. However, as a means for-teng manufacture, the route was unfeasibly
inefficient. The most problematic aspects of the synthesis were the uses of EDC couplings
and the DIAD/triphenylphosphine Mitsonobu proceduveth of which generatklarge

amounts of waste.
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F o o (i) RuCl5[(S)-BINAP] (cat.) (i) BNONHyHCI
HBr, Ho EDC; LiOH
W —_—
OMe (i) NaOH OH (ii) DIAD, PPhg
F
(i) LIOH/H,0
N
0 BnO HLN//\N F |
i +
F “\N o (if) \< EDC, NMM NH, O
CF,
N
(i) Hp, Pd/C £ - '\(/\Nr /\N
F 819 (iv) HsPO, HoPO, ~

N CF;
sitagliptin phosphate

78% (52% overall yield)
>99% ee

> 99.5% purity
Schemel. The first generation route tositagliptin.
After completely redesigning the synthetic routdng rhodiumcatalysisto give sitagliptin
phosphate in 65% overall yield with decreasef 80% in the total mass of wastand the
elimination of the agueous waste stredm, final phase of development gave the third
generation process shownSecheme2.2! Not only could the third generation synthesis afford
the API salt in 73% overall yield, but ditional improvements in throughput, mass of waste
and cost were also achieved. This final generation synthesis required no heavy metals and no
specialised manufacturing equipnhesuch as high pressure vessels, as a result of the
enzymatic biocatalytic pcess employed. The transaminase enzyme was evolved to contain
27 mutations across its structure, in order to achieve the high yielding (92%) and highly
enantioselective (89.95%e¢ transformation for the APl synthesis. The process has been

employed on itot plantscale.

F Meldrum's acid
F ‘BuCOCI, DIPEA F
DMAP (cat.) TFA (cat.)
COzH +
i AT
F
, 070 cr k/N\/<
[HDIPEA] oF
3
F F
F o o (i) PrNH, F NHs O

N transaminase/PLP N

N — N — N

TN o, TN

\< F H,PO, N\/<

CF3 . o CF3
sitagliptin phosphate
73% overall yield
>99.95% ee

Scheme2. The third generation route to sitagliptin.
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1.2 Chirality in Active Pharmaceutical Ingredients

Chiral drug molecules inherently present challenges from the perspective SELEECT
criteria, with high enantiopurity being an important regulatory requirement and the
asymmetricchemistry required often proving either poorly economical or uddeeloped.

In 1993 a study of marketed drugs highlighted a significant differendeeirenantiomeric
form that synthetic drugs wersold in compared with those sourced naturally or
semisynthetically Figure 1).22 Natural and semisynthetic drugs (accounting for less than a
third of the total numbeof marketed drugswere found to exhibit chirality in 99% of cases

of which 98% were marketechantiomerically pureOf the drugs produced synthetically
only 5% were marketed asingle enantiomeay with the majority possessing no chirality

(60%) and the balance being soldrasemats.

Worldwide .
Market Source Chirality Marketed Form
Single
L= Enantiomer: 509
. -
— - Chiral: 517 <“'~\
atural an .
/ Semisynthetic: 523 <"-.\ Racemate: 8
/ Achiral: 6
Drugs: 1850 < —
L= Enantiomer: 61
N " -
\ L Chiral: 528 <\
Synthetic: 1327 < ™~ Racemate: 467
M
T~ Achiral: 799

Figure 1. Summary of a 1993 study ofthe marketed form of drugs, adapted fromScrip. Mag, 1993,Feb,
161 18.

Whilst these data are now over two decades old, more recent concern has beerdexpress
that a continued lack ithe synthes of enantiomerically pure drug products may be
hindering dinical succes$® Biological systems are inherently chiral, with all but the
simplest of the amino &tbuilding blocks exhibiting a stereocentemd consequently there

is ageneralbiological preference for synthetic molecules to display chirality if they are to
induce a selective and potent resporigee proportion of naturallgerived APIs appears

only to have decreased; a survey of drug candidate molecules in 2006 olessvbcr5%

to have been derived from natural proditts.

6
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The historic neglect ofchirality in synthetic drug compounds can be attributed to
insufficiently developed and mecedented synthetic methodologider asymmetric
transformationsthat can reliably meethe high demands of thanecessarilystringent
regulaory requirementgor drug products containing chiral centr8ggnificant development

of sp-sp? andrelated couplingeactions, which enable rapid achiral diversification along a
particular vector, has no doubt served to@arnpete the use of asymmetric transformations
in medicinal chemistry A 2016 publication measured the frequency of reaction types
occurring at least once in a rematative sample of publications from thmurnal of
Medicinal Chemistryn 20142° The threemostprevalentreactionsor building up molecules
(omitting functional grouptransformations such adeprotections and ester hydrolysis
reactions) wereamide formationsnucleophilic aromatic substitutions ar@uzukiMiyaura
couplings which were also the top three final step reactions. The use of asymmetric
reactions was not investigated specifically by the authors (indicative of the synthetic
preference whin medicinal chemistry), although they estimated ttialty 10% of the
manuscripts they examingdlating to drug candidatesay have employed an asymmetric
transformation in contrast with 90% of the natural product total syntheses #isy
reviewed forthe publication.

Methods for installing chirality can be categorised ifite broad categoriewith different
advantages and disadvantagesnf a process chemistry perspectighiral resolution, fine
chemical and chiral pool starting materials, chiral »aliaries, enzymatic catalysisand
chemical catalysi&

Chiral resolution of one enantiomer from another in a racemate is in most cases and by most
measures the least elegant and most inefficient method for the isolation of enantiopure
compounds!-28 Particularly inefficientout common and often necesséoyms of resolution

are by preparative chiral HPLC or SFC, or by salt formation with a cbaahterior?®
Enzymatic kinetic resolution is another example, whereby an enzyme reacts much more
readily with one enantiomer than another, allowing the product of the resolution reaction to
be isolated with high enantiopurityDue to the high substrate selectivity ahd sensitivity

to reaction conditionsften observed with enzymes, enzymatic methods are generally more

chemicaly limited forms of resolution.

A highly attractive form of chiral resolution is dynamic kinetic resolution, in whfoh
example two enzymes might be used: one to epimerise ormiee a chiral centre
( Ady n aand tbetodher to selectively react with only one of the sterecisqm@érk i net i c

r es ol ua form rs@njething inert to the epimerisatieonditions (Figure 2). Both

7
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enzymatic and chemical examplbave been demonstrated as well as combinations of the
two 23 The primary benefit of the techniquethsat product of high enantiopurity cée
obtained from a racematewithout sacrificing half of the materialas the undesired
enantiomer Relatedapproaches based on similar principles have also been developed to

transform racemates into stereomerically pure prodficts

O enantioselective 0
Rz\gk OFt ester hydrolase RZ%OH
RiH RiH
desired product
epimerisation
(0] enantioselective
R ester hydrolase
zégkOEt —_—
HR,

Figure 2. A general example of dynamic kinetic resolution.

Use of chiral starting materglideally from the chiral pool or the fine chemicals industry if

not, is another common techniqt¥é®i Pur chasi ng i no tnoesingpleer eoc h
molecule avoids the need fiastall it in a more complex mitcture and also enables
stereochemistry to be induced elsewhere in the moléadaghout the subsequent synthetic
sequencé’ Rather than siply passing the responsibility for inefficient chiral resolutions to

a supplier, in most cases thlian bea very efficient method since either both enantiomers

will be sold by the supplier such that there isaverallloss in efficiency by using a chiral

resolution, or there may be a wplecedented asymmetric synthesis of the material, which

would be much more difficult to install on a more complex substrate. Nevertheless, diversity

is limited by the supply from other industries.

Introducing chirality ging diral auxiliariesis effectively a subset of using chiral pool or

fine chemicals industry materials, whereby a chiral group is temporarily installed on an
intermediate (generating, for example, a chiral ester) as a means to induce stereoselectivity
elsewhere, before cleaving themporarily installed auxiliars£¢3°In general tfs involves

two additional steps in a synthesis, and unless the auxiliary can be readily recycled it is a
poorly atom economical technique. It algenerallyrequiresthe labile functionalityto be

close to the desired stereocentre for effective stereachkimduction.

Catalysis is an attractive meanspofviding chirality in APl synthes® especially when the
analogous racemic transformation would already require catabysiymatic catalysis has
had an important role in ARproduction for many decademnd hasbecome an area of

increased utility in recent years, with high throughput platforms for enzyme evolution and

8
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testing significantlydecreasinghe limitations of the high substrate specificity that enzymatic
reactions often deman(Bcheme2, pageb5).*®4® Chemical catalysis (organocatalysis or
precious m&l catalysisin particular) carries many of the advantages of using chiral
auxiliaries and chiral starting materials without the need to employ purchased chirality in
stoichiometric quantitie&*® It also provides scope fahe developmenbf asymmetric
variants of already precedented catalytic racemic reagtisimply by replacing achiral

ligands withchiral analogueésee, for example, Sectidn3.1).

A 2006 analysi®f drug candidate moleculegsaching procgs developmentithin GSK,
AstraZeneca and Pfizéound 54% tocontain at least one stereocentre, with 97% of these
molecules being developed as single stereoisotfidiisis renewed development of chiral
APIs is refected in the struares ofrecentPhase 1l GSK drug candidates, with more than
three quarters of the small molecules exhibiting stereocefitidsverthelesshese GSK
structurestypically lend themselves well to the use of chiral building blocks, indicating a

limited scope for diversification.

The 2006 survey identified the source of the 135 chiral centres in the studied sample of
molecules undeprocess developemt, with more than half purchased as starting materials
and more than one quarter resolved from a racemate or diastereomeric (fixgure3).2*

Of those resolvedonly around 10% employed a dynamic kigetinethod, the rest
presumablyinvolving the discarding of theundesired stereoisomemlhe e of such
inefficient resolution methods, which often occur towards the end of a synthesis, highlights
the lack of asymmetric synthetic transformations that arficeurftly robust, elegant and

efficient for practical and economical utility on large scales.

= Purchased = Resolution Asymmetric Transformation = Relative Induction

Figure 3. The source of chirality for 135 chiral centresn a 2006 study ofdrug candidate molecules,
adapted from Org. Biomol. Chem,.2006,5, 2337.
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Evidenty there remains a significant nedd grow a toolbox of rdust asymmetric
transformations suitable for large scale APl manufacture. Generating new methodologies
suitable for academic and medicinal chemistry laboratories paves thefowvathe
development of new synthetic techniques that open up the chemical space to new structural
motifs in biologically active compounds, but in many cases such methodologies do not
translate readily to a process chemistry stal@ne example is asymmetric conjugate
arylation reactions (Sectio). To avoid this bottleneck in bringing enanti@nd
diastereopure drug compounds to market, researchmtteresuch transformatioratractive

on manufacturing scalésvital.

10
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1.3 Rhodium-CatalysedAsymmetric Conjugate Arylation

Nucleophilic conjugateaddition or 1,4-addition reactions have a long history in synthetic

organic chemistrypeginningwith Arthur Mic hael 6 s semi nal di" scover
century?” Most commorny involving the addition of a nucleophile to dtb-unsaturated

carbonyl compound, the transformation often generates at least one stereocentre and requires
attack at the softer electrophilic centre (fhposition) in preference to the harder centre at

the carbonyl $chemes).

Nuc ;
o TNuc 1,4-addition; Nuc O
T ‘J// rotonation
BV P
R1/}3)2k Q R1MQ

Q =R, H, OR, halogen, etc.

Scheme3. Generalscheme for theconjugate addition reaction of a soft nucleophile to at),b-unsaturated
carbonyl compound.

Carbori carbonbondforming reactions using carbon nucleophiles are extremely valtable
building up molecular structurebut significant stabilisation of the carbanion is required to
enable the soft 1;dttack for conjugate additiorAn enolate is the prime example of a
suitally soft carbon nucleophile, whildhe addition ofcopper salt¢o Grignard reagents to
form organocuprates has | ong been known to e
carbon nucleophile¥.An example of aatalyticasymmetriccarbori carbonbondforming
conjugate additiors given inSchemed, which determined the absolute stereochemistry
the synthesis ofin Abbott AP previouslysynthesised racemicalfy

OMe OMe
O
{ j@\/\ (4.4 mol%) O
O Z>No, * < .
2 Mg(OTf), (4 mol%) (0] NO,
NMM (5.5 mol%) OEt
chloroform, MS
O O

82%
88% stereomeric excess

Schemed4. An asymmetric conjugate addition employed by Abbott for the synthesis of an API.

Carbori carbonbondforming reactios to installaryl groups are of particular interest in the
pharmaceutical and related industriExamplesexist in the academic literaturesing, for
instance, copper catalysis tonodulate the reactivity of anyletal reagents (such as aryl

Grignardand zincreagents) and favour %,dver 1,2addition to enones with ligardirected
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chiral controP® However aryl Grignard reagentsre challenging substrates fohdse
procedures!®?andthe advantages afsingstable aryl nucleophiles increawith scale The
use of aryboron reagents has dmmeof particular interest in the pharmaceutigadustry,

not least due to the familiarity of their handling and synthesiaccount othe ubiquity of
SuzukiMiyaura couplings (Sectiod.2). The availability, stability andunctional group
tolerance of arylboron reagents are significant advantages in industrial coanektodium

catalysis has enabled thase as nucleophiles in conjugate addition reactions.

1.3.1 Seminal Reports of Rlodium-Catalysed Conjugate Addition
of Aryl boronic Acids to Enones

The seminal report of afybronic acids attackinglb-unsaturated carbonyl systems in a
conjugate fashion was published by Miyaura anewodkers in 1997, who employed
rhodium catalysis to couple the abgdron reagent to the elecpiile (Scheme5).>® The
reaction proceeded under mild, neutral, aquecosditions avoiding highly reactive or
unstable organometalliceagents These conditions wergerceived to have been a
contributing factor to no competing 1a2ldition or uncatlysed reaction being observed.

o

Rh(acac)(CO),/dppb (3 mol%) Ar O
A — -
R/\)LRZ + Ar—B(OH), R1)\)LR

organic solvent/water (6:1)
linear or cyclic 2eq 50°C, 16 h up to 99%
o,B-unsaturated ketone

2

Ph,P
2N pph,
dppb

Schemeb. The discovery of rhodiumcatalysed 1,4addition to enonesemploying arylboronic acid
nucleophiles.The arganic solventsusedwere DMF, toluene, cyclohexane and methanol.

This report was closely followed by an asymmetric variant by Hayashi amebréers
(Scheme®6),** such thatthe rhodiumcatalysed conjugate arylation réan using boron
nucleophileshasbecome known as the Hayadhiyaura reactionHayashi and cevorkers
found that a different rhodiursalt and harsher conditiotisan those published by Miyaura
were required when usin@)(BINAP and other bidentate chiral phosphine ligamdsIR
studies revealed the ethyleneligated catalyst precursor to react immediately and
guantitatively with the chiral ligand to form Rh(aca&f{BINAP], which demonstrated
virtually identical activity and stereoselectivitwhen chargedas the preformed chiral
complex Unusually although the yield fell rapidly witldecreasingemperature (8% at

60 °C and below), the enantioselectivity waportedlyunaffected over a temperature range
of 40to 120 °C.
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o Rh(acac)(CyHy), (3 mol%)

(S)-BINAP (3 mol%) Ar O
A J—
R1/\)J\R2 + Ar—B(OH), R1)\)LR

dioxane/water (10:1) 2

linear or cyclic up to 10 eq 100 °C,5h up to > 99% yield,
o,B-unsaturated ketone 97% ee

L,
Ty

(S)-BINAP

Scheme6. The asymmetric variant of Miyaura's 1,4addition, with minor modifications to the conditions.

Both Miyaura and Hayashi found protodeboronation of the aryl spexiesa significant
competing sideeaction requiing a largeexcess of the argbronic acid for the desired
reaction to reliably achieve good yield$e mechanism of the deboronation is not known to
have been studied specifically for rhodiaatalysed conjugate addition reactioryet
remains an important problerparticularly from a proceschemistry perspectivand is
discussed in more detail in Sectibi3.5

Since the initial reports of the transformation by Miyaura and Hayashi, there has been
significant interest within the academic and industrial chemcsingmunties to demonstrate

the scope of the transformation a diverse range of substrates and using a diverse range of
ligands, rhodium salts and conditiofSections1.3.3to 1.3.7.59%! The diverse range of
substrates permissible in the methodology is one of its main advantages over other
asymmetric conjugate addition reactions, for which treeeotherwiselimited examples
involving the introduction of aryl groug$>2%257 Whilst the methodology has been applied

to organosilicon and various organometallic reagents, thentayes of organoboron
reagents discggd in the introduction to Secti@rhave resulted in these receivitige most

attention.

1.3.2 General Mechanismof Rhodium-Catalysed Conjugate
Arylation

Hayashi and cavorkers undertook studighat providedevidence for thgpropsedcatalytic
cycle shown in Scheme 7, using 2cyclohexenone, pherybronic acid and
Rh(acac)[§-BINAP] in dioxane/water (10:1) at O0C as one of thenodel systerm in the

investigatiorf®
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e} (0]
Rh(acac)(CoHy), (3 mol%)
(S)-BINAP (3 mol%)
+ Ph—B(OH), >
dioxane/water (10:1) Ph

2.5¢eq o
100°C,5h 93% yield
97% ee
[Rh]* [Rh]*
O
H
P
" PhB(OH
hydrolysis [Rh] —OH (OH),
transmetallation (rate-determining)
[Rh]\‘ B(OH);
. [Rh]*—Ph
Ph" 3

4
\.%
insertion

Scheme?. The proposed catalytic cyclefor the model system shownbased on mechanistic studies.
(*) denotes chirality.

NMR studies of stoichiometriceactions beginning with the phenylrhodium species
(stabilised with triphenylphosphineyere performed, whicldemonstrated the proposed
reaction steps anenabledobservation of the thregeroposedntermediates: phenylrhodium
species3, oxa -allylrhodium species4 and the dimeric hydroxorhodium species. The
equilibrium between the catalytically inactive dimeric hydroxorhodium complard the
active monomeric specigwas found to lie strongly towards the dint®rkinetic analysis
of a 1,4-addition eactionemploying [Rh(OH)(BINAP)} 2 as the rhodium salidentifying
this dimer as acatalystresting stat&€® The sare kinetic report identifiedransmetalation as

theratedetermining stepf the catalyticcycle

Each of thehree reactiosteps, beginning from RhPh(BINAP)PF) was found to proceed

at room temperature, unlike the catalytic reactionSoheme6. The origin of this
discrepancy was found to be thawvheres mpid transmetalatiorwas observedwith
[Rh(OH)BINAP)]2> (complex 1, in equilibrium with complex2), transmetalatiorusing
Rh(acac)BINAP) (formed following ligand exchange iBichemeS) was extremey slow at
ambienttemperature. The acatigated rhodiumspecies could béormed rapidly from the
hydroxo analogue upon additioof 1 equivalent of acetylacetone indicating that
Rh(acac)(BINAP) was a resting state in the catalytic cycle, formed by the interception of
[Rh(OH)(BINAP)]> with acetylacetoneinder the reaction conditionkligher temperatures

arethereforetypically required for transmetalation when an aligated catalyst precursor is
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employed Using [Rh(OH)BINAP)]. or potassium hydroxide witfRhCI(BINAP)]. instead
of Rhacac]BINAP) as the rhodium salthe catalytic 1,4ddition reaction proceeded well
at I °C. In these cases, thewer temperature also enabladigherenantiomeric exceds
be achieved andnabledhe excess of pherybronic acid to be decreased td gquivalents
due toa greater retardation of the undesired deboronatiaationthan of the desired 14

additionreaction

1.3.2.1 Stereocontrolin Asymmetric Rhodium-Catalysed Conjugate
Arylation

A simple steric model allows the stereoselectivifythe tranformationto be predictecP*
Considering(S-BINAP as anexample(Figure 4), two reactive binding orientations of the
enone can be envisagédgure4a shows the favoured orientation of the enone, with the bulk
of the enone directed away from the bulk of the phenylfriom (S)-BINAP, which projecs
above it. Insertion into the rhoditi@mryl bond in this case would give the favoured
(9-enantiomer. If the enone is bound to the rhodaemtrewith its bulk directed above the
plane of the complexHgure 4b), a degabilising steric interactionwould be envisaged
between it and the phenyl ring, causing tRednantiomer to be davoured.

I .

(a) “Rh b
Ar/ \Oy() E—
< S A

favoured (S)

(b) / “Rh(
" ~ Al N
(R)

disfavoured

Figure 4. A simple steric modelprovides a predictive tool to determire the major enantiomer of the
product. (a) The orientation of the enone leading to the lower energy transition state. (b) The orientation of
the enone leading to the higher energy transition statdhe binaphthalene backbone is represented by the
curved Pi P bond.

By analogy, §-BINAP would direct preferential attack tthe si face forlinear cis-alkenes
and to theae face forlineartrans-alkenes, such that thmilk of the substrate is directed away

from thetop right quadrant aherhodium complexFigure5).
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Rtrans

Ar——/—=

Rcis o

Figure 5. A schematicto show the preferred binding orientation of linearU,b-unsaturated carbonyls to
[Rh((S)-BINAP)(Ar)]. Darker shading represents areas of greatesteric bulk on the complex.

The same model can be used to predict the stereochemical outcome using different ligand
classes such as chiral dienegSection 1.3.4.7"1 However computational studies,
particularly involving chiral diene ligands, have indicated that steffierentiation alone is
insufficient to account for thenantigelectivities observed and instead a more complicated
description involving a stereoelectronically distorted carborhodation transition state must be

invoked!? 74
1.3.2.2 The Role of Basdn Rhodium-Catalysed Conjugate Arylation

The role of base has been investigated by Miyaura awdbdeers, revealing that its role

not solelyin the generation of Aydroxahodiumspecies from the catalyst precursor (Section
1.3.2.7 This primary role of the base was demonstrated by comparing the reactivity of
[Rh(OH)(COD)} and [RhCI(COD)j} with and withoutpotassium hydroxidéSchemes).

(6]
[RhX(COD)], (3 mol% Rh)
ﬁj ) \©\ base (0 or 1 eq)
B(OH),

5 °C, DME/H,0 (6:1)

o

1.5eq

Scheme8. Investigation of the effect of base. X = chloroor hydroxo-ligand.

In the absence of base, [RhCI(COD)hve m greater than trace conversion to the product,
whereas use of [Rh(OH)(CODR}fforded the product, albeit slowm{20% conversion within
3hours). When the reaction was performed using [RhCI(COD)]the presence of
potassium hydroxide, conversion was mgaantitative within Ihour. This provided support

for the necessity of a hydroxorhodium or related species for facilitating transmetalation, and
was consistent with observations made that [Rh(OH)(CODjhnd possibly
[Rh(OMe)(COD)})">"® provided the conjugate arylation product at room terapre
without additional base, whilst [Rh(CI)(COR)and Rh(acac)(COD) were unsuccessful in

catalysing the reaction under these conditions. Furthermore, performing the reaction in
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Scheme8 at 0°C using [RhCI(CODY in the presece of different inorganic bases
(1 equivalent) showed conversion oven & be dependent on the strength of the base: KOH
(83% conversion) > PO (49%) > KCOs; (34%) > no base (trace).

An additional role of base was indicated by the increased conversiog [RhCI(COD)}
with potassium hydroxide(quantitative within Inour) relative to that achieved by
[Rh(OH)(COD)} without base(20% within 3hours) It was also found that adding
potassium hydroxidé the reaction using [Rh(OH)(CODR)inder the condibns inScheme

8 gave reactivity comparable to that seen with [RhCI(C@Djiderthe basic conditions.
This effect halved wherinstead triethylamine was used with [Rh(OH)(COBR)[50%
conversion inlhour). Conclusive evidence taentify this second role of base is not
believed to have been found, however at the time the authors sudipestass may either
be due toan accelerated hydrolysis pathway of the rhodamulate that results from
insertion of the alkenéto the rhodimi aryl bond or maybe due tothe generation of a
quaternary arylboronat&¢hemedb) as has been described for a transmetalation mechanism

in palladiumcatalysed reactions.’®

The first of thesas initially compelling although it has not been supported further in the
literature. The implication is that upon formation of a rhodiemolate, the presence of bas
accelerates its hydrolysis, presumably via an associative mechanism. However, the fact that
the ratedetermining step of the cycle was found, in the absence of base, to be
transmetalation indicates that this cannot be the cause of the significant aeleyadion
(Section1.3.2.%%7®

The second suggted reasoappears to be the most widely accepted, and the implication is
therefore that two transmetalation mechanisms can openathanisms (a) and (b), shown

in Schemed.®° That mechanism (a) operates is evidenced bwdhigity of [Rh(OH(COD)}]

in the absence of base. However, acceleration in the presence of aqueous base even when
using [Rh(OH)(COD)] suggests that mechanism (b) can also occur, and fasiar th
mechanism (a) when sufficient base is present for quaternisation of the organoboron species.
A number of model systems have also been used to study possible transmetalation pathways

both practically and computationaf¥??
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RO
(@) [Rh]—OH + ArB(OH), —— | <7 \_ — [Rh]—Ar + B(OH);
Ar—B-OH
OH
_ [Rh]—cé’H
(b) [Rh]—OH + ArB(OH); —= | =" \_ — > [Rh]—Ar + B(OH);
_OH Ar—B—-0OH

i
OH

Scheme9. Proposed mechanisms of transmetalatioto [Rh]7 OH and related speciega) from arylboronic
acids (b) from quaternary arylboronates.

Miyaura and ceworkers also found the base to have an impact on stereosel€e€tivity.
Addition of potassium hydroxideéo [RhCI((R)-BINAP)]. under the conditions shown in
SchemelQa affordedracemic product. The cationic rhodium complex use8dhemelCb
showed moderately good stereoselectivity vpititassium hydroxidebut this was improved
significantly using weaker bases. The origf this difference has not been establishad

similar observations are not known to have been reported elsewhere

o 0
[RhCI((R)-BINAP)],
@ . ©\ KOH
B(OH), 25 °C, dioxane/H,0 @
racemate

[Rh((R)-BINAP)(NBD)]BF, 0
(3 mol%)

o («
(b) b + ©\ base (1 eq)
B(OH), 25 °C, dioxane/H,0O

6 h

1.5eq

78% ee (KOH)
> 98% ee (K3PO4, KoCO3, KHCO3,
NEt;, DIPEA, DIPA, TMEDA)

SchemelO. Reportedeffects of base on the stereoselectivity of talditions. (a) Formation of the racemic
addition product despite the use of enantiopure ligand. (b) Poor enantioselectivity only when using KOH.

1.3.3 Rhodium Saltsused asCatalyst Precursorsin Conjugate
Arylation

The thodium saltscommonly available as catalyst precors for use in 1/ddition
chemistry can be broadly grouped into thredasses:monomeric rhodium complexes,
dimeric rhodium complexes and cationic rhodium compleXx2fen these are achiral
complexes, from which the chiral complexasmbe preformed ordrmed in situ. Monomeric
rhodium complexes employ a bidentate anionic ligand to stabilise the rh@jiaentre,
such as in the case of Rh(acacgbmplexeqe.g. Rh(acac)(CQ). The dimeric complexes

consist of two rhodiun(l) centres, often with coordated alkene ¢jands, and two bridging
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counteions such as chloroor hydroxeligands A common example is [RhCI(COB)
however the cyclooctadiene ligands are themselves excellent ligands for theditidn
reaction and exchange slowly with BINAP.%8 Compared to [Rh(OH)BINAP)]z,
[Rh(OH)(COD)} was found to undergo ¢hratedetermining transmetalation step of the
catalytic cycle with a larger rate constaand the equilibriunbetweenthe inactive dimer
and active monomer was found to lie further towards the monn@@D-ligated rhodium
complexes are therefore an unusual chaif catalyst precursor when asymmetric product is
required, sincehe activity of anyresidual COBligated rhodium can significantly limit the
overall enantiopurityTo avoid this problem, uccessfulasymmetricexamplesemploying
COD-ligated catalyst prursorstend to involve pmmixing the rhodiumcomplex with a
chiral phosphine ligan® A popular analogue of the COD compleRhCI(C:Ha)]2, as its
dominane in a recent revievhighlights®’ since the ethylene ligands are rapidly and
irreversibly exchanged in the reaction mixture (see Sedti®r).>*

Cationic rhodium complexes contain a Faoordinating counterion in place of thalentate
anionic ligands used inother monomeric complexes. Common examples iradu
Rh(NBD).BF; and Rh(COD}BF4. A key attraction of thenorbornadiene compleis that it

has been found taindergogoodligand exchange witBINAP whilst being poorly activén

the arylation reactionn its own unlike cyclooctadientigated complexesAdditionally, the
1,4-addition has been found teroceed well using triethylamine tesad of potassium
hydroxide(cf. Section1.3.2.848% Use of a weaker base broadens the substrate scope of the

reaction to include compoundath more baseensitive functionality.

A number of reportsoupling aryboron reagents to unsaturated electropliitage now been
published using alternative metal catalysts, such as palldditimythenium? coppef* and
nickd,? and using organocatalyst$® howevernoneis yet at a state to corape with the
rhodiumcatalysed processome demonstrating only a limitedbstrate scoper not having

been successfully demonstrated for aswtric synthesis

1.3.4 Ligand ClassesDemonstrated in Rhodium-Catalysed
Conjugate Arylation

Many different ligands have beeleveloped and/or demonstratied the hodiumcatalysed
conjugate arylation reactiorwhich tend to fall within the classes shown Higure 6:

phosphorus ligands, bissokide ligands and diene ligan®®’° Electronic and steric
modifications to the active catalyst via the ligand eadbietuning of the reactivity and

selectivity of the reaction according to the requirements ofagh@ication whether the
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priority is for aqueous solubilit$#°” enantioselectivity, catalyst turnover, or for particular
efficiency with a specific substrate or substrate cla¥sybrid ligands,for example those
combining olefin motifs with sulfoxide motifs, ha further expanded th opportunity for
fine-tuning and ligand diversificatiot*"**Many of the more exotic ligands are not readily
prepared or commercially availabdend so are not discussed inaiein this thesis, which

focusses on industrialgpplicable systems

Figure 6. The main ligand classes that haveden demonstrated in rhodum-catalysed 1,4addition
reactions.

Chiral bisphosphine ligarsd especially axially chal biaryl ligands, are the mostell-
known The catalytic activity and turnover numbachieved when usin@INAP-derived
ligandshas been shown to correspondhe " -accepting ability of the ligandis measured
via the carbonyl stretching frequency of the corresponding RhCI(CO)(bisphosphine)
complexes® Ligands with a greatér-accepting charactgrovideimproved stabilisation of
the transition state and mhact of theratedeterminingtransmetalation steg\ particularly
excellent example ihe strongly -accepting ligand Me@1-BIPHEP (Schemel1).1%° The
use of this liganénabled aatalyst turnover frequency 6#,0® h'! and turnover number of
320,000 A rhodium loading of just 0.00B2mol% therefore gave good activity for
asymmetric conjugate arylatioBlectronpoor phosphinesuch as Medr-BIPHEP, have
also been employed to enabt®njugate arylations tgoroceed efficiently at room

temperaturé?®:102
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o) [RhCI(C,Hy),]o/MeO-F 4,-BIPHEP o

(0.00025 mol% Rh)
. ©\ (1:1 Rh/MeO-F,-BIPHEP)
B(OH)Z N8H003 (04 eq) "///Ph

toluene/water (3:2) . .
100 °C, 24 h 80%, 98% ee

1.5€eq

MeO-F,-BIPHEP

Schemell MeO-F12-BIPHEP wasdemonstrated to enable a catalyst turnover number of 320,000 in the
system shown.

Chiral monophosphine ligandsave also been employed in rhodineatalysed conjugate
arylations with a 1:2 rhodiuniigand stoichiometry generally requireBhosphoramidites
with axial chirality in a biaryl backbone are an exampléhebe(Schemel 2),°® and adirect
comparisorof the phosphoramidite iBchemel2 with BINAP showed the phosphoramidite
to give a gjnificantly more activecatalyst system Using the phosphoramidite ligand
(2 mol% rhodium 1:2.5 rhodiunligand) in agueous dioxane at 10D achieed almost full
conversion of cyclohexenonewithin 5minutes, compared with approximately 10%
conversion using BINAPTheir simple suctures combined with an increasédaccepting
character relative to the classic BINAIRrived ligandson account of the lower energy
phosphoruinitrogen and phosphoriusxygen 0* orbitals, render phosphoramidites and

related monophosphinas attractive subset of ligands.

o
Rh(acac)(C,H,)s (3 mol%)
©\ ligand (7.5 mol%)
B(OH), dioxane/water (10:1) Ph

100 °C,5h

3eq )
> 99% conversion

>98% ee
(1,

ligand

Schemel2. Phosphoramidite ligandshave been shown to perform with high activity and enantioselectivity
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Chiral sulfoxides have only recently emerged as a ligand class that can be applied to an
increasingly wide rage of transformations employing transition metal catafféis.
Bissulfoxide ligands haveow been extensively deonstrated fowuse in rhodiurrcatalysed
conjugate arylationand can typically be prepared in reasonably short syntH&Jase first
examplecatalysed the addition of phenylboronic acid to cyclohexenone with remarkable
selectivity and efficiengyenablingthe use of just 1.equivalents of the arylboron reagent
(Schemel 3).%°

o o}
[RhCI((M,S, S)-Tol-BINASO)],
. ©\ (1.5mol% Rh) ij
B(OH), KOH (0.5 eq) ““"on

toluene/water (10:1)
40°C,1h 99%
Me 98% ee

1.1eq

(M,S,S)-Tol-BINASO

Schemel3. The first example of a bissulbxide employed for rhodiumcatalysed 1,4addition.

Dienes have an inherently strohgaccepting character, and thexcellent performance in
rhodiumcatalysed 1addition chemistry and other areas has led to extensive work in the
diversification of this ligand clag8."%1%11° Unfortunately, relatively few are commercially
availableand no examples of their use existlie process chemistry literatumn rhodium
catalysed conjugate addition (Sectibi3.7). Two commercially available examples atiee
naphthyl ester dienkgand (Schemel4a) and §9- or (RR)-Ph-BOD (Schemel4b). The
naphthyl ester diene ligarisl readily prepared from the [4+2] cycloaddition aére R)-U-
phellandrene to dienophile-riaghthyl propiolate, givingthe ligandin high chemical and
enantiomeric purity after recrystallisation of the crude reaction mixiBehemel4a).!?
However, he synthesis ofR,R)-PhBOD is more challenging particularly since it doesot
employ achiral pool starting materialSchemel4b);1°’ fractional recrystallisation of ¢h
diastereomeric dihydrazone is verylow vyielding!*®* An alternative synthesis of
(RR)-Ph-BOD has also been reported fromcygclohexenone and phenylacetaldehyde,
involving an asymmetric organocatalytic Michadiol reactiont?® This preparation remains
low vyielding (11% overall) and requires a similar numioérsynthetic steps, with the

Michaelaldol reaction requiring up to 4 days.
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/
@ O\f/ Me,AICI (1 eq) o O
R ——
DCM, -78 °C to r.t.
Naphthyl Ester Diene

recrystallisation, 67%
(0]

(R)-a-phellandrene

H
N Ph
o (i) R*NHNH, /N\NH T
(b) (ii) recrystallisation /L O H H (o)
N- V7 e
o 12% Ph NJ\W N R*
H
(racemic) o

(ii) recrystallisation

(i) LDA; PyNTf,
Ph _ -78°Ctort. 9
\ (i) PhMgBr
Ph PACly(dppf) (1 mol%) 4

(R,R)-Ph-BOD diethyl ether, reflux (RR)
78%

(i) H2SO4 (aq) \

4.5% yield from racemate

Schemel4. Reported syntheses of chiral diene ligands (&aphthyl Ester Dieneand (b) (R,R)-Ph-BOD.

An example of the wsof C,-symmetric PFBOD for conjugate arylatioiis given inScheme
15a.t As noted in Section.3.2.2 the high activityof [RhOH(COD)} can be detrimetal to
the overall enantioselectivity of a process when the d@i@dded rhodium salt is used in
conjunctionwith a chiral ligand. However, when the diene ligand itself is chilha,high
activity achieved withdiene ligandenableshighly efficient processet® be developedwith
low catalyst loadings affoidg products in high yield and enantiopuritgaghemel5b and
Schemelsc) 11t
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o) o)
(R,R)-Ph-BOD (3.3 mol%)
@) * KOH (0.5 eq)
B(OH), y “Ph

dioxane/water (10:1)
2eq 30°C, 1h 97%

96% ee

(0] O
[RhCI((S,S)-Bn-BOD)],»
(0.1 mol% Rh) _
(®) * KOH (0.5 eq)
B(OH)2  gioxane/water (9:1) Ph

2eq 30°C,1h 100%
96% ee

o

o)
[RhCI(S,S)-Bn-BOD],
(0.01 mol% Rh)
(©) + (PhBO), O (05
2eqB (05 eq) Ph

dioxane/water (10:1)

30°C,1h 100%
96% ee
Ph
7
Ph
(S,S)-Bn-BOD

Schemel5. Use of(a) Ph-BOD and (b, ¢) Bn-BOD for the conjugate arylation of phenylboronic acid to
cyclohexenoneln Schemes (b) and (c) in particularthe high activity of the active catalystis demonstrated

1.3.5 Organoboron Nucleoplhiles Employed in Rhodium-
Catalysed Conjugate Arylation

Arylboronic acids remain the most commonly reported organoboron nucleophiles for
rhodiumcatalysed asymmetric conjugate arylationswevervarious analogue@-igure 7)

have #o0 been successfully utilisedinder motives includingtheir relative ease of
purification or the stability of the alternativearylboron reagent either in storage or under the

reaction condition8 6!

,‘T\r
- 3H,0 _B.
(@ 3 Ar—B(OH), Q9
3H,0 _B_ __B.
Ar O Ar
+
o e
(b) Ar—B (c) Ar—_B\&O (d) Li[ArB(OMe)s] (e) Ar—BF3;K  (f) AryBNa
o] 0 0]
Ar—Bpin Ar—BMIDA

Figure 7. (a)i (f) Sevenarylboron reagents utilised in rhodium-catalysed 1,4addition reactions.

Arylboronic acids generally demonstrate good thernmdygen and aqueous stability,
although dehydration of the asidenerates the correspondibgroxines (ArBO)s, Figure

7a), which can be difficult to prevent in storatjeTherefore, sources of boronic acid often

24

Confidentiali Do Not Copy



contain varying levels of the corresponding boroxine, whereas sources of boroxine can be
more easily prevented from containing the boronic &¢ids such, use of boroxindsas
become an attractive alternative to the use of arylboronic acids, since theinalses

greater certainty in the species and stoichiometry being charged to a reaction.

Arylboronic acid pinacol esters ([Bpin, Figure 7b) are common products of palladium
catalysed Miyaura borylatidff and iridiumcatalysed CH borylation!?®* Generally more
easily prepared, pified and handled than the corresponding boronic acids, these are an
attractive although much less extensively demonstragdigérnative to the boronic acids in
1,4-addition reaction$?* It has been assumed that the arylboronic esters hydrolyse under the
reaction conditions to give the corresponding arylboronic acids, which sigdrgéggundergo

transmetalation to rhodium (Sectidr8.2.9.%°

Arylboronic acids can show instability with respect to protodeboronation at high
temperatures and under basic conditigBshemel16). As a result of the ubiquity of

arylboronic acids in numerous cressupling reactions such as the SuzMkyaura

coupling, many of which require high temperatures and basic conditions, signifiterest

has been directed towardsderstanding this competitive deboronation patht#3#° One

of the most successful means of s@sgingthe sidereactionhas beenthesvnal | ed fAsl| ow
rel easeo st rantakeggtive aiyllmoronwrbagenthis charged to rieection
mixture*9131 Under the reaction conditions, thalternative arylboron reagent then
hydrolyses slowly to the parent arylboronic acid, thereby ensuringotilgta minimal

amount of the lesdablearylboronic a&id is present at any one time.

Ar—Bpin

H,O/base H,O/base - H,O/base
or Taow - ATBOH), = —— Ar=B(OH); — _——= Ar—H
Ar—BMIDA  Slow ast
such as via: H
H--0
/7 AN
OH g¥ H

HO-B: HO  Ho-B/ - H
H = H —
© \© © \© — B(OH)4/ OH
Schemel6. Basemediated protodeboronation of arylboronic acidsand related arylboron reagents

With typical conditions employing temperaturesl@d °C and aqueous base, this can be an
important consideration for rhodiunatalysed 1dditions. Alternative arylboron reagent
havetherefore been employed with the slosleasestrategy in mind, leading to reports of
the use oboroxines Figure 7a)?! N-methyliminodiacetic acid (MIDA) boronate&igure
7c),*?2 trimethoxyborates (Figure 7d)**'3 trifluoroborates [Figure 7e)%1%¢ and

tetraarylborates(Figure 7f) in rhodiumcatalysed conjugate addition reactidtls Some
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arylboron reagents are believed to transmetalate via an alternative mechanism aftbgether.
One of the firstexample of the successful implementation thie slow-releaseapproach is

given inSchemel?, which enabled isolation of the conjugate arylation product in good yield
(Schemel7a) whilst use of the parent arylboronic acid had afforded only anistleout

formation of the conjugate arylation product in detectable yBdthemel 7o) 133

o
MeO

(i) "BuLi (1 eq)

0°C (i) B(OMe)3 (1 eq)
diethyl ether -78°Ctor.t.
Q o)
B(OMe);|  Rh(acac)(C,H,), (3 mol%)
+ L /©/ (S)-BINAP (3.5 mol%)
? MeO dioxane

water (1:1 water/Ar[B])

2.5¢€q 100 °C. 5 h e

80%, 98% ee

O
Rh(acac)(C,H4)- (3 mol%)

O
o) ij /@/B(OH)Z (S)-BINAP (3 mol%)
+
MeO dioxane/water (10:1)
5eq

100°C,5h
OMe

Schemel?. One of the first demonstrations of the use of alternative arylboron reagents in conjugate
arylation. (a) Successfutonjugate arylation employing a trimethoxy arylborate generated in situ.
(b) Unsuccessful conjugate arylation employing the parent boronic acid, which afforded only anisole.

In cases where particularly unstable arylboronic acids would be required, such as
hetegoarylboronic acids, the use of more stable alternative reagentdngpartantstrategy

for decreasing the extent of protodeboronat®rHowever, hodiumcatalysed conjugate
arylations can be performed undeuch milder conditions than those originally repoyted
andyet in these cases protodeboronation oftemaras a significant sideeaction In contrast

to palladium chemistry, in whichompetitivemetatmediated consumption of the arylboron
reagent is generally not a necessary consideratfothe arylrhodium intermediates

typically moresusceptiblgo protonolysis than the parent arylboron readent.

Two different mechanismdor the competing protodeboronatiomust therefore be
consideredin the case of rhodiurbatalysed 1.addition rections a basemediated
pathway, and a metahediated pathwaywVhilst the direct basemediated protodeboronation
pathway has been extensively studied, there have been no significant research efforts made
in the context of rhodiursatalysed conjugate aryien to understand the rhodiumediated
pathway, involving interception of tharylrhodium intermediate in the catalytic cycle by a

protic sgeciesbefore insertion of the alkene electrophile can oc8ahémel8).
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[Rh]-OH H,O
Ar—B(OH), [Rh]—Ar —>> Ar—H + [Rh]-OH

— B(OH);

Schemel8. Rhodium-mediated protodeboronation of an arylboronic acid

1.3.6 Linear Enoates as Electrophilesn Rhodium-Catalysed
Conjugate Arylation

Since the initial reports, rhodiugatalysed asymmetric conjugate latipns have been
demonstrated on a large range of unsaturated electrophiles with multiple minor variations to
the reactionconditions, examples of which can be found in review artfél€sAlthough

esters have a weaker electwithdrawing effect thartheir correspondindgetones, bth
Hayasht** and Miyaurd?* successfullydemonstrated the reactivity of linear enodteshe
reaction with arylboronic acids (8 equivalents) and with lithium arylborates
(LIArB(OMe)s, 25 equivalentsgenerated in sijy Miyaura finding BINAP to be the best
performing ligandout of a small set of chiral phosphine liganklisyaura also provided one
example of the conjugate arylation using phenylboronic acid pinacol ester as the arylboron
reagent, with only a slight decrease in yield and ifferénce in enantioselectivity observed

compared with the parent boronic acid.

The seric bulk of the ester moietyad a significanimpact both on the rate andeld of the
reaction, and the enantioselectivity of the proddabie 2).1** The greater the bulk of the

ester, the slower the reaction and the greater the extent of competing deboronation. However,
an increase in steric bulk also ledao increase in the enantiomeric excess achieved (cf.
Section1.3.2.).

o Rh(acac)(CoHy),o/(S)-BINAP Ph O
/\/\)J\ + PhB(OH), (8 mol%) > /\/k/u\
R 5eq dioxane/water (10:1) OR
100 °C, 3 h
R Yield / % ee/ %
Me 94 86
Et >99 90
'Pr 42 94
‘Bu 21 95

Table 2. The effect of ester bulk on the outcome of the reaction.

Rhodiumcatalysed conjugate arylations ltnear Ub-unsaturated estefsve subsequently

been demonstrated usirg wide variety of differentconditions®°¢:5%60 For example,
Miyaura later contributed to research towards the synthesis of a class of biologically active
compoundswhich involvedexploring a variety of conjugate arylation reactions including
the one shown iBschemel9.1* In this case, the bisaryl product was afforded in high yield

with high enantioselectivity.
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OMe

OMe
o (S,S)-chiraphos (3.3 mol%)
L . Rh(NBD),BF, (3 mol%) o)
Ph OBU " 1o)8 KOH (1 eq) Ph o'B
2 dioxane/water (6:1) u
1.5eq 50 °C, 6 h 95% yield
90% ee

PPh,
Ph,P

(S,S)-chiraphos

Schemel9. Conjugate arylation of an arylboronic acid to an enoate¢o geneiate a bisaryl product,
employing chiraphos as the ligand.

The transformation is not lined to using phosphine ligand&r example diene ligands
have been effectively employed in the transformatidhe conditions inScheme 20,
employing the Carreira DOLEFIN ligand, were found to be effective for a small set of
simple substratesontaining aromatic groups, again affording bisaryl prodtiéta small
numberof enoates with simple heteroaromatic functionality were also demonstrated, with
the yields generally slightly lower (lowe$2%) and use of 1;dioxane as the organic

solvent often improving the performance.

Carreira DOLEFIN (3.3 mol%)
[Rh(CQH4)20|]2 (3 mol% Rh)

/\)i Ar?B(OH), (up to 3 eq) A O
Aoty KOH (0.5 eq) ApMotBu
methanol/water (10:1)
50 °C

69-95% vyield
91-93% ee

MeO_ Me
P> Me
Me
Carreira DOLEFIN

Scheme20. Ar ! and Ar? = unfunctionalised or monefunctionalised phenyl groups. For heteroaromatic
examples typically employing modified conditions, At = furyl, thiophenyl, pyridyl and protected indolyl.

1.3.7 Process Chemistry Literature Examplesof Rhodium-
Catalysed Conjugate Arylation

As discussed in Sectidhl, the priorities in trariating an academic or medicinal chemistry
scale reaction to one that is attractive and feasible to perform on kilogramaseaifien
different tothose required on smaller scales. The SELECT cri{Seé&tion1.1) summarise

the underlying principles that guide these priorities: Safety, Environment, Legality,

Economy, Control, Throughput. There are a small number of demonstrations in the literature
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of rhodiumcatalysed 1.additionreactions on industriallyelevant scales thdtave been

developedn such a way as to improve the satisfaction of these criteria.

An example published by Merdk 2008 (final conditions inScheme21) drew attention to
some of the key challenges for scaling this chemiétrin particular, theresearcherfound

that performing the reaction at A0C and in the absence of additional base caused
significart protodeboraation of the aryoronic acid 6. A decreasein the reaction
temperatureto 45 °C decreasw the rateof this sidereaction sufficiently for their initial
purposes, although further additions of boronic acid, rhodium salt and BINAP were required
to achievefull consumption of the electrophjlsuchthatthe total rhodiuntfoadingusedwas

up to D mol%.
Rh(acac)(C;Hy),/(S)-BINAP O,N

| o B(OH), (2.5 mol%)
. NaHCO; (0.5 eq)
OBn F

dioxane/water (50:1)

OBn

Kl(Boc)z F 35°C, 12 h E , N(Boc),
5 6 F
25eq 96% yield, 86% d.e.

up to 2 kg scale

Scheme2l. An example developed by Merck that was used on 2 kg scale.

The rateacceleration offeretty the addition of inorganic base (Sectib3.2.9 was found
highly effective in this case, enabling further temperature decrease antproved
competition overthe undesired protodeboronatioeaction. The development wordso
resulted in a process withcreased robustngssuch that the reaction i8cheme2l1 was
reproducible and did not stall. However,wb key aspects in particular remained
insufficiently addessed from a SELECT perspecti¥alditional improvements would have
been the replacement of dioxane witheas toxicsolvent!*? and a further decrease ithe

equivalents of aryloronic acidb, since2.5 equivalentgemains very high.

Around the same time, AstraZeneca pubéid a B kg scalecoupling of aother electron
deficient boronic aci® to thelinear enoate (final conditions inScheme22).82 The process
underwent a number of stages of development before reaching the final conditions. Firstly
they replaced an expensive neopentyl boronic ester withatiespondindporonic acid(9)
motivated by the decrease in cost, with the only disadvantage beirgggheiter amount of
base was required equivalentrelative to the boronic acid ratheratha substoichiometric
amountwhen usingthe boronic ester). The selection of the inorganic base was in part
directed byimproving the dispersion of the solids in the reaction mixtanel these physical
properties were found to improve further whbe agieous cesolventwas replaced with an

alcohol as the proton sourdgonveniently, protodeboronation decrehbg a factor of four

29

Confidentiali Do Not Copy



upon the replacement of watith alcoho| which enabled théoading ofboronic acidto be
lowered from 3.5 equivalent® 135 equivalents The iso-propyl ester of the electrophile
(compound8) was selected based oa balance ofenanti®electivity and reaction time.
Concordant with the results discussed in Secti@g atrendin eefrom 37% (ethyester)

to 90% (so-propyl ester) and 92%drt-butyl ester) was seen under unoptimised conditions,
but a significant increase in reaction time was also sednh(foriso-propyl and >24 h for
tert-butyl). By premixing the rhodiunsalt and chiral ligangufficiently before charging the
substrates, thenantiomeric excesachievedwith theiso-propyl ester could be increased to
>99%. There wasno discussion of using other catalyst precursors to try to avoid this

requirement.

[Rh(COD)CI], (1 mol%) F F
o) F B(OH)2  (R)-BINAP (2.25 mol%) \©
O/\)J\O'Pr . K,CO; (1.35eq) Z o
IPA (1 eq) : _
MsN 8 F THF, 60 °C O'Pr
9 MsN 10

1.35eq 75% yield, >99% ee
>20 kg scale

Scheme22. An example by AstraZeneca employed IPA instead of water, which was found to signifidan
decreaseprotodeboronation 83

Interestingly, the M-addition was found to be anccessfulvhen using substrad 1z as the
electrophils.! The authors propodethat the pyridine nitrogen atom may have served to
deactvate the rhodium catalyst by @alinating to it, and found piperidine contamination to
aso inhibit the 1,4addition reaction irbcheme22.
NTX
A _A~_oR

o]
15

Work publishedby Abbdt in 2009focussed on developing an in situ preparation of a chiral
rhodium catalystsuch that highly stereoselectiveprodudble results could be obtained
ultimately on 10 g scalé®®>*The researchers had found that the active chiral ctakere

not readly available in sufficient qudities and with sufficient diversity (for example, only
one enantiomer), and thiieir in-housepreparatiorand isolatioron reasonablscalesvould

be troubesome due to the asensitivity of the phosphirkigated complexes.Their
investigations revealed that in situ preparation of [BHBINAP)OH]. from the
corresponding COD complex was ineffeetias a means to provide a highly enantioselective

process with only 55%ee rather than 96%e (using preformed chiral complex) being

"The R group is unspecified in the publication.
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achievedin the conjugate addition g¥-bromophenylboronic acid to cyclopentenoiiée
authors suggested this was duerésidual COD-ligated rhodium catalyspresentin the
reaction mixture, withits superior reactivity sufficient to significantly decreasethe
stereoselectivity of the re@on. Instead, they found that usifiRh(NBD).BF. as the achiral
precursor enabled seoselectivities and yields comparable to those obtained using the pre
formed chiral complex to be obtaine@the final procedure inScheme23 also gave

significant proces improvements in terms of abgronic acid and catalyst Idimgs.

ArB(OH) electrophile
I 2 NEt
[Rh(NBD),]BF, + (S).B|NAP—>[Rh ’\(j l)D()( +)£,IBN('?)F;|)}BF4 3 > 1,4-addition product
dio ;(?ne, water (co-solvent) 71-85% yield
- 92-99% ee
electrophiles: O Q arylboronic acids:
/\)J\ @D
X =
R; = Me or OEt n @B(OH)Z X =H, Br, OMe, CF3
R, = Me or n-pentyl n=1or2

Scheme23. The procedure employed by Abbott to prepare the active chiral catalyst in situ withouither a
significant competing racemic reaction or protodeboronationThe conjugate arylation used1.05 eq
ArB(OH) 2 and 1.5mol% Rh relative to the electrophiles, at 23 27 °C.

A final example was published in 2017 by Brisk®ers Squibb (BMS)jn which high-
throughput ligand screening and further optimisation studiere usedto developthe
scdable process for the reaction shownSoheme24. The processvas demonstratl on

1 kg scale using 6.mol% rhodiumto give 82% yield and 99% eebefore being scaled up
to 100kg at an outsourcing partn&’ In this example, an isopropenyl nucleophile rather
than an aryl nucleophile was used, butrtapproach remains valuable for discussion here.

[Rh(COD)CI], (0.3 mol%) 1)
(S)-DTBM-SEGPHOS (0.63 mol%)
Bpin npg (1.1 eq), DIPEA (0.5 eq)
W - 77-89% yield
heptane/methanol (95:5, 9 vol) W > 99% ee
water (3 vol) W > 100 kg scale
57 °C, 24 h 14
1.1 eq
0
< 'Bu
o PAr,
Ar = OMe

o) PAr2
<O O Bu

(S)-DTBM-SEGPHOS

Scheme24. 100 kg scale reactiondeveloped by BMS and run five times.npg = neopentylglycol.

Although a rhodiumcatalysed conjugate addiio using a commerically available

organoboron nucleophilender mild conditiongo deliver compound4 had already been
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published(Scheme25),'*° the BMS researchers considdrits catalyst loading and reaction
time to be unsuitable for scale up. Using this literature report as a starting point, they made

sequential modifications to the system until they settled on the conditi@ahéme24.

o Rh(COD),BF, (3 mol%) o
(S)-BINAP (3.3 mol%)
BF3K NEt; (3 eq)
* \[f - 87% yield,
toluene/water ﬁ\\“‘ > 98% ee
12 15 23°C.72h 14  (81% vield after

0.5 mmol 2eq 24 h at 36 °C)

Scheme25. Theliterature precedent for the reaction that was developed for large scateiitability by BMS
and used as théasis for their initial investigations.

Using both iso-propenyiBpin 13 and iso-propenytBF:K 15 with Rh(COD)}BF,, the
researchers screened 16 chiral phosphine ligands and compared the GC area percent of the
desired producin the reaction mixturegnd the enantiomeric excess that the reactions
affordedafter 16 hours at 60C (13) or 42 hours at 40C (15). Usingiso-propenytBF:K 15

the reaction was limited tow enantiomeric excess(< 75%), and although this may have
simply been due to the rate of chiral catalyst formation (which was eventuaflyrpred for
Scheme24) they preferred the results attained ussmgpropenyiBpin 13. At this point their

most successful ligand(9-DTBM-SEGPHOS, gave approximately60 area% product
and90%ee

During subsequent optimisation of the reaction using isoprofgipl 13 and §)-DTBM-
SEGPHOS, modificationsiere madeo the conditions and the procedure that enatiied
use of just 11 equivalentsof iso-propenyiBpin 13 and a catalyst loading of ®mol%
rhodiumwhilst still achieving good yieldsand anincreasein enantiomeric excess to more
than99% The authors reported thatinacol byproduct inhibited the reactiorbut that
addition of neopentglycol (npg)avoided this problem. It was this diol additive that enabled
them tolower the catalyst loading to lessattil mol%. Significant nertion of the reaction
vessels was critical for delivering the high enantiomexcess, as was pferming the

chiral rhodiumphosphine complex.

1.3.8 Current Limitations of Rhodium -Catalysed Conjugate
Arylation Methodology

The rhodiumcatalysed conjugate arylation methodology has been applied to a wide range of
substrate combinationemployinga wide range of ligands and rhodium salts and under
wide-ranging conditions in academic and medicinal chemistry cort&¥t$iowever, many

of the ligands applied in the literature are not suitable for consideration in processighemis
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contexts on account of thesommercialavailability. Also, #&hough there has been sem

work to understand key features of the catalytic cycle and the stereochémdigetion
(Section1.3.2, a predictive tool for selectiy an optimal rhodium salt, ligand, arylboron
reagent and conditions is not available from the published literature, and there is no obvious
starting point for developing challenging conjugate arylation reactions. The competing

protodeboronation reaction particular has received inadequate attention.

Even within process chemistry, there has been a diverse range of approaches to developing
efficient reactions, sometimes involving unusual solvent mixtures, additional processing
steps and additives; the orgjgnificant commonality has been the choice of ligandlyO
traditional bisarylphosphine ligands have been applied to published exaingies process
chemistry literature with a SEGPHOSderivative being the most adventurous choice
(Section1.3.7. The academic literature suggests that other ligand classes could be both
accessible and beneficial, but perhaps the vast humbers of struetundlifjed ligands in

the literature, the familiarity of BINAP and uncertainties ovee ease of synthesis or

availability of other ligands have beéeterrers to those working in this context.
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2 ResearchAims
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2.1 Background: 1,4-Arylations for Biologically Active
Compounds

A series of potentiafirug moleculs of interest to GSKuse or coulduserhodiumcatalysed
asymmetric conjugate arylatioractions tanstall their bisaryl chiral centre@igure8). In
one example, the l-dddition reaction has been performed on kilogram s&egme26).

{ Ly

s

T ( 3.0
~ N B
N COH| —— N/
N +
p— N Z CO,Et
OH
R

17

16

Figure 8. An example from afamily of moleculesof interest to GSK, where R contains varied heterocyclic
functionality . The key 1,4-addition disconnection is highlighted.

The process used fohd 1,4addition in Scheme26 is highly inadequate from a process
chemistry perspective and requirgignificant improvementi orderto be suitable for long
term manufactureDue to the competing protodeborowatireaction, thenpcess employed
large exces®f the aryboronic ester nucleophilé7 (2.3 equivalents)made in two steps
from 5-bromo2-methylbenzoic acid(40i80% vyield) Despite the large exces$ull
conversion to theonjugate arylatiomproductwas still not observd. It is striking that this
protodeboronation occed so significantly at ambient temperatureSimilarly, the
catalyst/ligand loading vgaextremely high whilst the entioselectivity that it delivered vga
extremely pooiin the context of process chemistPrior to charging the rhodium complex
and ligand the reaction solution vgasparged with argon for two to threeurs increasing
yet further the costs and time required for tiriscessDue to the inadequate selectivity and
efficiency of the processhe product wa purified by column chromatographghiral
supercritical fluid chromatography (SF@gas then requiretb purify the desired enantiomer

from the enantiomeric mixture, ultimately giving a low yield of the product.
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( Bpin Rh(NBD),BF, (7 mol%) N O
N,

N (R)-Tol-BINAP (7 mol%) R
N, + KOH (1.4 eq) N CO,Et
N = OH -
CO,Et 1,4-dioxane (20 vol)
water (4 vol)
20-30 °C, 15-30 h HO
16 17
100 g 23eq (S)-18

51%, 67% ee
purified by silica column
followed by chiral SFC
PTol,
PTol, Tol = Me

Scheme26. The process usedby industrial chemiststo prepare chiral bisaryl intermediate (S)-18 on up to
kilogram scale.A further catalyst charge ofl mol% Rh was sometimesnade after 15i 20 h.

Process development aatimproved unerstanding othe 1,4additionreactionto give the

chiral bisaryl18 was considered tbe highly beneficial for the production tiie biologically
active compoundg-rom a wide perspective, theeaction isdistinctin a number of ways
from the industrially-relevant 1,4addition processealready published (Sectidh3.7), not
leastin terms of the functionality and the poor performance of the catalyst system in this
transformation. Itddevelopment wathereforealso considered to bef value to the widr

process chemistry community.

As far as is knowrfrom the literature androm internal reportsthereare no published
rhodiumcatalysed 1addition reactions developed with process chemistryipes to give

bisaryl products Furthermore,a greater and more holistic understanding of the factors
affecting the competing deboronation reactaon theenantigelectivitywas anticipated to
provide significant value ta yet wider community of scientist3he scope of theesearch

aims was therefore intended to bridge in both directions between advances from academic

research laboratories and the development of academic methodologies for use on scale.
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2.2 Process Developmenand Understandingof the
Pharmaceutically-Relevant Gonjugate Arylation

2.2.1 Objectives

The first priority of this research wdke process developmeot the 1,4addition reaction
used to construct the chiral bisaryl corecompoundL8, with targets for thenost important

areas of developmeshown inScheme27.

Bpin [Rh] (< 3 mol%) N
chiral ligand (< 4 mol%) N,
base _ N CO,Et
CO,Et solvent/co-solvent
HO O 18

multlgram scale <1. 5 eq

> 90% yield
>90% ee

Scheme27. Targets for the process development of the rhodiurnatalysed 1,4addition reaction.

The most pressing improvemeamiquired wa for a higher enantioselectivitto be achieved
throughthe selection of a better performing rhodium salt, ligand seidofconditions The

nextaim was tdoe able tdower the equivalents ofhearylboron reagerand d the rhodium
and ligand decreasingthe cost of the process ammcreasingits efficiency. Seeking to
control the deboronation reactiovas crucial for this,and so was studiedh tandem with
finding a highly active and enantioselectivaatalyst systenfor the conjugate addition
Finally, work was required to identify a are attractive solvent systeffom environmental,
safety conversion and enantioselectivity perspectivesere relevantand similarly to

identify an optimal base for the reaction.

As well as thedevelopment of aindustriallysuitable reaction, the secopdority of the
research was to build on the current knowledge of rhodiatalysed conjugate arylations.

As part of this, an empirical understanding of the process was required, along with an
assessment of the generality of the conditions identifiethfoindustriallysuitable reaction
through a substrateand ligandscope. The focus of thedavestigatios was on the

competition between the conjugate arylation and protodeboronation reactions.

2.2.2 Approach

High-throughput experimentation comiaid with pardél reaction timecoursingwasused to

identify a suitable catalyst precursor and ligand combination, using conditions based on
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those already employed for the reacti®clfeme26, Section2.1), and limting the scopef
the investigationto commercially available ligands and rhodium complexésst and
availability of the ligands andrhodium complexes wasa factor in assessing the
combinations, along witthe enantioselectivityconversion and the exteaf deboronation
that they delivezd A similar apprach wagaken towards identifying suitable solvents and

bases to use for the reaction.

Once a suitable set ofsdrete variables to control haéen identified, a statisticBlesign of
Experiment apprazh was used to understand the ntimuous variables thatould
significantly impactthe reaction, with a view to lowering both the catalyst loading and the
arylboronic ester equivalents whilst maintaining good conversion and enantioselectivity
With the pocess understanding that tliselivered an example set aiptimisedconditions

wasthen demonstrated on mgjtam scale.

The substrates and ligand used indp&misedprocess developed for the pharmaceutieally
relevant system were then truncated and rdatdd to provide an understanding thie
generalty of the processand which motifs were necessary to maintain its selectivity for
conjugate arylation over protodeboronation. This unusual approach could be thought of as a
Airever se s ub s tomddianefor the regetons developed bn the most complex
substrate before being demonstrated on more simple substrates. By considering possible
conjugate arylation and protodeboronation pathways, a rationalisation for the selectivity

differences was expted.
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3 Results and Discussio
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3.1 Synthesis ofthe Pharmaceutically-Relevant Substrates

In order to develop the process for the-agilition of interest to GSK (Sectid), thekey
substrateemployed in thehodiumcatalysed conjgate additionlcompoundsl6 and 17)
were synthesised based on procedthhashad already been useddeliver materiafor early
investigations with minor modifications madehere necessanpubsequenavailability of
the aryl bromideprecursor teenoae 16 and ofthe arylboronic estet7 providedadditional
source of materialfor the development workn each case, tifenal compoundvas purified
by column chromatography before being used in the conjugate addition reaction.

(

N OH
N, P
N CO,Et ,
Bpin

16 17

3.1.1 Synthesis ofthe Pharmaceutically-RelevantEnoate

The intermediate steps in the synthesis of endétéScheme28) required no column
chromatography, with the products separated, crystallised or precipitated from thenreactio
mixtures in high purity. The reactions and work up procedures were performed in Controlled
Laboratory Reactors, which mimic plant vessels and eralligh level of controlover

temperature and stirring.

EtNH, (3 eq, ’ puC (6 wit)
F 66 Wt% in HZO) NBS N . ( .ar)o 1
KZCO3 (1eq) \/ (0 95 eq) phosphinic acid (0.1 eq)
O,N DMSO r.t. DMF r.t. O,N Br ethr;molr,1 r.t.
71h -5
20
2489 28.1 g, 98% 38.7 g, 95%
\/ H,SO,4 (9.5 eq); ( ethyl acrylate (
NaNO, (1.8eq) N (1.3 eq) N
Br water, 0-15°C N, N %
r — N Pd(OAc), (0.04 eq) N
Br PPh. (0.1 eq) CO,Et
24 Dll\(/IZIS ?ﬁ ((J1 p 2%q°)c 16
93% (corr-) 2839, 87% "4 h_ 16.1g, 74%

Scheme28. Synthesis of enoate 16. Yield of compound 23 is corrected for water content, measured by Karl
Fischer analysis.

The nucleophilic aromatic substitution reactiontibastarting materialarylfluoride20, gave

complete conversion to thailine product2l, with 78% conversion withithe first 7hours
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by HPLC peak ared220 nm). This enabled isolation of the product in excellent yield
(Scheme28).

Anticipating a potential risk of dibromination in the electrophslibstitution of anilin€1to
give compound22 (Figure 9), the reaction was firgberformed on 10mg scale with an
additional 0.2quivalents ofN-bromosuccinimide addegihoursafter the initialportionwise
charge of 0.9 equivdents of the brominating ageng, give some understanding of thisk.
Before the second addition, LCMS analysis revealed a 5:95 ratio of the starting n2dterial
to the monebrominated producR2 30 minutes after thesecondaddition, the analysis
reveded dibromination had occurred withna86:14 ratio of monobromination to
dibromination products. The dibromination product was not isolated, howgwMR was

consistent witldibromination on the aromatic ring presumably giviagnpound2-Br ;.

H H Br H Br
N~ N N N ~o N
OoN Br O,N Br O,N
22

22-Br, 22-isomer
Figure 9. Three potential products from the electrophilicsubstitution reaction of aniline 21 with NBS.
Performing the bromination on82 scale(Scheme28), HPLC analysis of the eetion
mixture 2 hours after portionwise NB addition (0.9 equivalenty revealed 0%
conversion to the desired compow2z] with an additional 2% dibromination prod&2-Br,
(220 nm). Therefore the reaction was worked up at this point, rather thamy@ngplany
subsequent charges of NBS to complete the conversion.

Remarkably, no evidence for the regioisong&kisomer was detected in the isolated
product. The structure of compour®® was establishedoy HMBC and ROESY NMR
experiments Figure 10). In particular, the ROESY experiment revealed a correlation
between the methylene protons and an aromatic proton, which would not be readily
explained by compoun®2-isomer. Additionally, the hydrogen atoms of the methyl
substituentshowedcorrelations only to three quaternary aromatic carbon nuclei by HMBC.
This is much more readily accounted for by compoggdhan by22-isomer. Presumably

the steric difference between tlthylaniline and the methyl groups provides sufficient
differenticion to deliver compoun#é2 with high regioselectivity.

41

Confidentiali Do Not Copy



1~ ROESY
H

H/N

(@) +

\E<U Br

H hmBC

Figure 10. Key correlations in 2D NMR to establish thestructure of the bromination product isolated as
compound 22.

With functionalisation bthe aromatic ring bynucleophilic andelectrophilic substitution
reactionscompleted with the necessary regioselectivitg hitro groupcould be reduced to

give the aniline23 required for construction of the triazoReduction of nitro groups in the
presence of halogen substituents is known to be a challenge in synthetic chemistry, due to
the propensity of common reduction conditions and catalysts to afford protodehalogenated
products. Various speciality catalysttave been developed artkemonstratedto give

improved selectivitiem this reaction clas¥®

One poorly known method to improve the chemoselectivity of nitroarene reductitims in
presence of halides to employ phosphinic acid HsPO,, hypophosphaus acid)as a
substoichiometricadditive which modifies the reactivity of common heterogeneous
platinum catalyst!"14 A number of variions of thistechniqueusing modified platinum
catalystsare also knowp*>1%°and other additives have also been demonstrated with varying
levels of effectivenes$¥ %3 |t should be specified that these methods employ hydrogen gas
as the hydrogen source, rather than phosphinic acid itself as icadee in some
methodologie$®¥ 1% The mode of action of phosphinic acid in enhancing chemoselectivity
has not been well established, although suggestions have included reversible modification of
the catalystactive sites oreven decomposition of the modifien the catalyst surface to
modulate the electronic propertiebhis approachusing a substoichioatric amount of
phosphinic acidhad beerusedto deliver material for the early investigatiomsd wasalso
found to delver the desired materi@3 in excellent yield and puritin this work (Scheme

28).

To confirm the role of phosphinic acid enabling thereactionto proceed with virtually
complete chemoselectivita series of experiments weaverformed using the same platinum
on carbon catalystomparing the selectivity of the reductiin the presence gthosphinic
acid, phosphoric acid, acetic acid and no addifhable3). The reaction was also performed

using apalladium on carbon catalyst with and without phosphinic acid.
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H metal/C (6 wt%), H, (5 bar) H H

~ N acid (0.1 eq) ~ ~ N
+
ethanol, r.t.
02N Br 15h H2N Br H2N

22 23 27
Entry Metal/C Acid 23 (Area%) 27 (Area%)

1 Pt/C H:PO; 99.8 0.2

2 Pt/C None 59.5 40.5

3 Pt/C HsPOy 60.7 39.3

4 Pt/C AcOH 61.0 39.0

5 Pd/C H:PO, 81.8 2.9

6 Pd/C None 4.1 95.9

Table 3. Results shoving the chemaelectivity afforded exclusively by phosphinic acid in avoiding
dehalogenation during nitro-reductions. The product distribution is given asthe HPLC area percentof the
starting material 22 and the two products 23 and 27 at 22hm. The catalysts were commercially available
unmodified heterogeneous catalysts.

The resultsin Table 3 demonstrate clearly the unique role that phosphinic acid plays in
supprasing the undesired protodehalogenation readiotably, phosphoric acid and acetic
acid (Entries 3 and 4) show no selectivity improvemsarnpared with the additivieee
system (Entry 2)The selectivity improvement is even more impressive using adpata
catalyst, although it appears to have a negative effect on the rate of the reaction (Entry 5).
Few examples of the use thfis technique havbeenfoundin therecentliterature!*” anda
thorough demonstration and substrate scope of its applidatiomrrent synthetichallenges

is not known to have been publishéthis may explain the lack of awarenegishin the
chemistry community that this simple method offers d&oldressinga common prolem.
Since performing this workthe method has been adopteaccessfullyfor a number of
challenging transformations within GSK.

Conversion of the anilin€23 to the benzotriazole24 proceeded smoothly, with the
penultimate product isolated Bi7% yield (Scheme28). The final step was then a Heck
reaction, whichwice performed wellapart from the isolatiorin the first instancesolation

of the productl6 was expected tbe achieved byprecipitaton on addition of water to the
reaction mixture, however this was not observed. The aqueous solution was left standing
overnight, during which time brown needles grew along with dark amorphous solids. The
needles were found to ke enoatel6, in high puity by NMR and HPLC, with the
amorphous solids 85%ureby HPLC peak area at @2&m, the balance being predominantly
triphenylphosphine and triphenylphosphine oxigerther addition of water to the mother

liquors caused precipitation of a further crop of the product.

i 15.3 area% unreacted substrate.
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In a second prepation and isolationof enoatel6, the water was added dropwise to the
reaction mixture with stirring at room temperature overnight. On this occ¢d#toation

gave a light orange cake with additional dark amorphous solids, and purification of the solids
by column chromatography gave the material in 74% yield, as showScheme?28.
Subsequent crystallisation from ethyl acetate/heptane was used to provide the highest purity
enoate as a colourless solithis isolation has consetly been foundo perform poorly,

leading tofurtherdevelopmentvork being carried out by chemists at GSK

3.1.2 Synthesis ofthe Pharmaceutically-RelevantArylboron
Reagent

The synthesis of arylboron reageit is summarised ifscheme29. The kenzylalcohol26

was preparedby reduction of the corresponding adf, based on a literature procedtie.
Dropwise addition of the borane solution to a THF solution of the acid gave gas evolution
with a small exotherm. The reaction was then found to require heatg @for 3 hoursto
generate the reduction produttefore the mixture was quenched and worked up. The
material was charged as a crude 0iB6% pure by HPLC at ZPlhm) in the second step,
although was later resynthesisatd 35 40 °C and purified by colmn chromatography to

give a colourless crystalline solid in 96% yielthe Miyaura borylation of the arylbromide

26 to give the arylboronic acid pinacol ester was complete withir3 hours at 8 °C.
Precipitation from ethyl acetate/heptane was low yigldihnowever provided sufficient

material for the initiaprocess investigations

o

Bopin, (1.1 eq)
Pd(OAc), (3 mol%)
OH  THF-BH, (1.2 eq) OH  pcy. (6 mol%) OH
THF, r.t. to 55 °C KOAC (2 eq)
Br 3h Br 1,4-dioxane Bpin
25 26 80°C,3h i
59 not isolated 273 g

47% (2 steps)

Scheme29. Syrthesis of arylboron reagent 17.
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3.2 Process Development afhe Pharmaceutically-Relevant
Conjugate Arylation

As laid out in theapproach towards the research a{@ection2.2.2, the approach used to
develop theconjugate arylatiomeaction from a process chemistry perspective separated the
variables into the discrete variablebgtidentities of the catalyst precursor, ligand, solvent,
co-solvent, and base) and the continuous varialles datalyst loading, equivalents of
arylboronic ester, dilution, amount of -solvent, equivalents of base, and temperature)
(Scheme30). The discrete variables were explored predominantly using a combination of
high-throughputtechniquesand more focussed comgein and timecoursingexperiments,

whilst the continuous variables were investigated usirgjatisticalDesigh of Experiment

approach
( Bpin [Rh] (loading) N
N chiral ligand (loading) N,
N, P + base (equivalents) N CO,Et
N CO,Et OH solvent (volume)
co-solvent (volume) ‘
16 17 temperature HO

equivalents

Scheme30. The scope of the process development of the fgddition reaction. The discrete variables
investigated are highlighted in blue and the continuous variables ingéigated are highlighted in red.

3.2.1 Selection ofCatalyst Precursor/Ligand Systemfor
Rhodium-Catalysed Asymmetric Arylation

Theinitial approach towardselectinga catalyst system for the desired-agdHition reaction
involved making minimal changes to theeviously used reaction conditions. Once a system
had been identified, the other variables would be explored. As a result, the reactions
presented in this section were performed in aqueoudidxéne with potassium hydroxide

as the base. Due to the snwdhle that these reactions were performed &m(. of enoate

16 for each reactionYhe rhodium and ligand loadings were increasedtmdl% to enable

the materials to be handled and weighed with sufficient accuracy

3.2.1.1 Comparative Analysis of Ligands forAsymmetric Arylation

For the first set of reactions, two of the most poptitadium salts for asymmetric conjugate
arylation were chosen from two different classes (catidRigNBD).BF, and dimeric
[RhCI(CH4)2]2), primarily as a wg to assess 23 differemsommercialligands spanning the

three most common chiral ligand classes for the reaetfobroadly as possibi&ection
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1.3.4:%° phosphorus ligands(further divided into bisaryphosphines (Figure 11),
phosphoramidite@igure 15) andother diphosphine@-igure 14)), diene ligandgFigure13)

and bissulfoxide ligand@-igure12). Only commercidy availableligands were investigated
since the focus of thesearchwas todevelop a process thatudd be readilyimplemented in

an industrial settingBespoke ligands may function very well in rhodigatalysed 1,4
addition reaction8’ but the requirement to firstly undertagetentiallylengthyand arduous
syntheses of these ligands renders them far less appealing ifleswitsbmercial ligands
exist, not least because the syntheses of the bespoke ligands are unlikely to have been
developed for industriallyelevant scales. This restriction limited the extent to which the
ligand classes could be explored, with the phospligends unsurprisinglythe most
abundantlyavailable fromcommercial sources, the dienes much &sslableand only one
bissulfoxide found. No suitable hybrid ligands were commercgalgilable

The bisaryphosphine ligandsHgure 11) were selected to demonstrate a diverse spread of
steric and electronic propertiefR){BINAP L7 and R)-Tol-BINAP L8 were included as
benchmark ligands, with7 being one of the most generally wkliown chiral ligands and
the first ligand repodd for the asymmetric rhodiunatalysed conjugate addition (Section
1.3.1), and L8 being the ligand used in the previous GSK process (Se&iar).
(R-H8-BINAP L2 is an analogue ofR)-BINAP, with the primary difference being an
increase in bulk due to tieaturation andion-planarity ofthe cyclohexenyl ringsesulting in

a larger dihedral angfé® (R)-MeO-BIPHEP L1 has a smaller dihedral angle than
(R-BINAP and is more electrerich.!®® The addition of chlorine substituents in
(R)-CI-MeO-BIPHEP L3 and the pyridyl rings inR)-P-Phos L4 modulate he eé&ctronic
properties of this scaffoldR)-SEGPHOSL5 has a smallecalculateddihedral angle than
both R)-BINAP L7 and R)-MeO-BIPHEP L1, and was developed since a positive
relationship was observed between smaller dihedral angles and higher enantitiss ot

an asymmetric hydrogenation reactiéh(R)-DTBM-SEGPHOSL6 is a more stécally-

encumbered and electroich analoguef L5.
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Figure 11. Bisaryl-phosphine ligands.

The chiral bissulfoxideM,S,9-Tol-BINASO L9 was the only commercially available ligand

in its class that could bsourced(Figure 12). The ligand was demonstrated to perform well

in rhodiumcatalysed asymmetric conjugate arylatidop to 99% yield, 99%6 when its
synthesis was first report€d@chemel3, page22).*® High yields and enantioselectivies for

the conjugate addition of simple arylboronic acids to cyclic enoates have been demonstrated

under mild conditionsising this ligand clas¥.

Figure 12. Bissulfoxide ligand.

Four commercially available chiral diene ligken could be sourcedFigure 13). The
syntheses ofhe raphttyl esterdieneL11l and the enantiomer ¢59-Ph-BOD L12 were
discussed in Sectiori.3.4 and L10 is readily prepared by treatment &fl1 with
methyllithium!? LigandsL10 andL11 present a contrasiith the latter exhibiting a more

electronpoor enoate motif and aromatic functionalityL3 (the Carreira DOLEFINigand)
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is derived from the chiral pool reagenR){carvone'® Each of the ligands usea
bicyclo[2.2.2]octadien€¢BOD) framework. Ligaad L12 is the onlyC,-symmetric diene, with

the others projecting different groups from each side of the scaffold.

Me Me
MeO_ Me
A K w2 Ty oty
/

7 Me (o) Me
M / Ph Ph v

€ Me L12 Me

L10 L11 L13

Figure 13. Chiral diene ligands.

Among the norbisaryl diphosphinegFigure 14), (R)-Me-DuPhosL14 and R)-QuinoxP

L17 project theligating phosphorus atonet similar angles, but the electranthdrawing
nature of the quinoxalinbeterocycle ofL17 provides an electronic contrast. The ligand
catASiumM(R) L18 also has electrepoor architecture, and the increased angle between the
projected phosphine ligands provides a further variation ftdd (R,R)-Diop L15 and
(S,S)chiraphod.16 are contrasted by the fixed backbone structufeléfand the increased
ring size that would form with the rhodium centrsingL15. (R)-Xylyl -PHANEphosL19

and Walpho$L-W005-1 L20 have very different structures to the other diphosphines and

were included to maximise the variety of ligands explored.

Melm.Q |\=_/|
@[ Me Mexofpphz e Ph Ny Ij‘tBu
p— M Me™ "o, _PPh; P“2P)\( 2 N/Ip/tBU
Me’o Me y
L15 L16 Me

L17

e

PAr',

@ PAr22
‘ Fe Me

<

e
iy " °
Me
Arl= OMe Ar?=
L18 L19 Me
Me C
L20

Figure 14. Other diphosphine ligands.

M
Fs

F3

Three monodentate phosphoramidites were selediguré 15). (R)}MonoPhos L21
exhibits only axial chirality, whered23 combines a axially chiralBINOL-structue with
chiral amine motifs. BIPOIAL(S) L22 retains the chiral amine motif bdibes not have
fixed axial chirality, and has a less stericallgmanding biphenyl rather thdoinaphthyl

scaffold. MonoPhos has been employed in conjugate arylation reactfoplseaylboronic
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acid to simple cyclic enoates under conditions based on the seminal works ($e&tpn
whilst thepublishedconversions were high, the enantioselectivities achieved were very low
(291 38% e6).162

O (o ™ LI, ™
O o, >~-~|Me o, >-""Me
/F’—N Me, P—N P—N
(e} O/ >‘ Me O/ >‘Me
Ph Ph
L21 L22 L23

Figure 15. Phosphoramidite ligands.

The conditions used for the reactidnsassess this set of liganaise shown irfScheme3l,

and werebased on thosesed in the previous GSK procéSgction2.1). The reactions were
assessed by HPLC, which provided sufficient information tondjstsh the performance of

the rhodiumsalt and ligand combination&t this phase of development, raw peak area
percent data was suitable for the analysighout translation of the data into the molar
amounts of the substances using relative HPLC response factors. Molar analysis was
performed for later development work (e.g. SectboR.3. For each of the two rhodium
complexes sed, one reaction was also performed in the absence of chiral ligand to show the
performance of the rhodium salt on its own and therefore to give an indication of the
potential racemic background reaction if the achiral ligands are not fully replacea by th
chiral ligands. One reaction mixture was also prepared in the absence of rhodium salt or

ligand, to assess the extent of any-numetatmediated deboronation.

HO

( N
N Bpin N, O
N 17 (2.3 eq) N v CO,Et

N HO
N Z CO,Et KOH (1.4 eq) +
Rh salt/ligand (10 mol% Rh) O
15 mg dioxane (20 vol), water (4 vol) HO 19
16 30°C,24h

18

Scheme31. Conditions used to compardigands. Note that for monodentate ligands (phosphoramidites)
20 mol% loading was used, and for dimeric rhodium salts 5nol% loading was used.

The reaction mixtures were prepargttier inert atmosphere conditionsa nitrogerflushed
glove bag and the esults from HPLC analysis afted Boursat 3 °C are shown inrable4,
with a visualisation of some of the data providedrigure 16. Conversion data arthe
HPLC peak area percent conversions & of the enoatd 6 to the productR)- and(S)-

18 T h eRenihant Debamationo data providea measure of the extent of detmeation to
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o-tolylmethanol19 by any arylboronic estet7 that did not react with enoalé to givethe
conjugate arylation product8 The datawere again calculated by peak area percent at
210 nm:

VR o J B =X 6\
YQa & ®DEQWET € & 00—
ol W o0l Bw

Equation 1
In cases where there is complete conversibtthe enoa 16 to the conjugate arylation
product 18 and complete deboonation of the remaining arylboronic estet7 to
o-tolylmethanol19 (100% remnant deboronatigriftle can be inferred about the selectivity
of the reaction. In cases of complete conversionlesslthan 100% remnant debuation,
or incomplete conversion but high remnant debation, then a difference in reactivity
between the desired reaction and the undegiretbhdeboronatiomeaction can be deduced.
A level of caution is required particulgrin interpretingcases of complete conversion and
less than 100% remnant debuoation, since this could be due to slow reactivity both for the
desired 1,4addition and the undesired protodefr@tion rather than good selectivity for the
desired reactionver the undesired reaction.
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[Rh(CI)(C2H4)2]2 Rh(NBD).BF4

Remnant Remnant

Entry  Chiral Ligand led Conversior led Conversior

1% % Debo/rz)/?atlon /1% 1% Debo/rg)/(r)latlon
1 NoLigand[4 o1 69 74 100
2 L1 51 93 84 i 56 93
3 L2 67 95 98 8 95
4 L3 69 95 94 {67 92
g Bisaryl-Phosphine tg 64 89 * 22
7 L6 68 : 59
8 L7 96 | 64 93
9 L8 96 i 65 94

10 Bissulfoxide L9 76

Dienes

18 Diphosphines

23 PhosphoramiditeL22n.d.

24 L23n.d.
Table 4. Summary of results from first reaction set, prioritising a broad range of ligand. Data calculated
from HPLC Method D1. Note that magnitudeonly of eevaluesis given The colouring is such that green
indicates a moredesirableresult and red alessdesirableresult. Where conversion is very loweeresults
have been omittedThe eevalues for the chiral ligand-free reactions provide an idea of the precision of the
eevalues for the rest of the table.
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Comparing firstly the two racemiceactions without any chiral ligand, there are clear
reactivity differences between the two complexEstry 1) Literature reports state that
Rh(NBD).BF, is lessactive than other catalyst precursors s{iRh(COD)CIL (see, for
example, Sectiod.3.2.9 and whilst this may be reflected in the conversion data for these
results it & also certainly the case tHRih(NBD).BF4 provides aar moreactive catalystfor

the competing deboronation reaction than [Rh(Chi#E]. does. The difference between the
relative rates of deboronation and conjugate arylation that active species from
Rh(NBD).BF, catalyses is emphasised by the results throughout the rest of th®&gpide

the high levels of deboronatiatill occurringwhen tke chiral ligands were addethere was
generally littledifference between the enantioselectivities achieved using the two different
rhodium salts when phosphine ligands were employed. This highlights the fact that the
achiral background reactivity of RNBD).BF4 is low with respect to conjugate arylation,
but high with respect to protodeboronation.

The role of the rhodium complexin the deboronation mechanism was confirmed by the
reaction mixture prepared withoatrhodiumsaltor ligand (not shown in th&ble). In this
case, a value for Remnant Detwation of no greater thal1% was measuredhe results
confirmthat the protodeboronation sideaction can occur by at least two mechanisms, with
the identity of the rhodium species in the reaction mixpleging an important role.

The enantioselectivity of the reaction shoveeaneinteresting differences betweéme two
achiral rhodium precursonssith chiral ligands. The phosphines (bisaryls, diphosphines and
phosphoramidites) gave in general very littheetioselectivity differences between the two
rhodium precursors whilst varying significantly between ligands. In contrast, the
bissulfoxide and the chiral dienes gave consistently better enantioselectiien used
with [RhCI(GHa)2].. This is likely b be dueeither to differences in the ligand exchange
rates orto binding strength differences between the phosphines and the dienes and
bissulfoxide!®*%4such thafor the phosphineshe equilibrium between the achiral complex
and he chiral complex lies so far towards the chiral compiex its formation is essentially
irreversible, whereas for the dienes and bissulfoxiue irreversibility is achieved only by

the offgassing of ethylene.

In the case of the bissulfoxide and RBD):BF,, thisexchange of the achiral ligand for the
chiral bissulfoxide appeared to be so incomplete t@mhbined with the low activity of the
bisalfoxide-ligated @mplex, the results for this reactiowere essentially identical to the

achiral, chiralligandfree reactionEntry 1) The result using [RhCI@#El4)2]. as the catalyst
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precursor shoed that whilst giving moderately good enantioseleity, the bissulfoxie

exhibitedvery poor selectivity for the desired reaction over deboronation.

Interestingly, a small number of phosphine ligagdve better enantioselectivitigsing the
norbornadiene rhodium precursor than they did with the ethylene precursor, irsctmtra
that which was observed with the dienes and bissulfoxide. The bisBjy3(BINAP L2
(Entry 3 and R)-SEGPHOQ.5 (Entry 6)are particularly clear examples of this. This might
be explained by the literature remoriscussed previouslySection 1.3.3,%%% which
describe RH{BD).BF. as being a relatively poor compléself for the reaction but giving

rapid ligand exchange to produce the more active chiral complex.

Of the phosphines, those in the bisaryl class generally gavieettes enantioselectivities.
(R-H8-BINAP L2 with Rh(NBD).BFs was by far the best performirgpmbination with

high conversion also observéintry 3) Better conversions were seen in genasahg the
other diphosphines but the enantioselectivities dafiem very poorto moderate at best,
with most generating the conjugate arylation product in less than e&0%he
phosphoramidites were a particularly disappointing set of ligands, giving rhodium complexes
that were poorly active both in the desired tiggc and in the undesired deboation.
(R-MONOPHOSL21 (Entry 22)was the only phosphoramidite that gave good conversion,
but the enantioselectivity it induced was loWhe chiral dienes were the most highly
performing ligand class overall in terms oérgtoselectivity andonversion, with ligands
L11 and L12 delivering particularly excellent result§92%ee and 87%ee >95%

conversionEntries 12 and 13 respectively)

After samplingthe reaction mixtures under inert atmosphere conditithes reaction ials
were heated at0°C for a further 6 hours For the reactiommixturesin which neither
starting material had shown full consumption after the firdi@4rsat 0 °C, the results are
summarised imable5, except for the bsulfoxide ligandL9 which showed no change from
the P °C result, including with regard to deboronation. In most cases, the restliblab
are for ligands which havegnificant bulk close to the awdinating atom (for example
(R-DTBM-SEGPHOS4.6 rather thaR)-SEGPHOS4.5). It is presumably the casbatthe
bulk caused slow transmetatat of the aryl grougo these complexes a0 3C rather than
only slow coordination of the enoatéd6, since otherwisecomplete deboronatiorof
arylboronic ested 7 after 24 hoursat 3 °C might have been expected. In general, no clear
positive or negative effect on the enantioselectivity was observed after heathCatbfut
conversion was improved. The mosbtable result was seen perhap®r the bulkiest
phosphoramiditeL23 with [Rh(CI)(GHa4)2]2, which was found to induce chirality with
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reasonablenanticelectivity (Entry 2) However, with> 98% deboronation of the residual
arylboronic ester also observed in each case, none of thliesreas sufficiently compelling

to pursue further.

24 h at30 °C 24 h at30 °C, 65 h at 60 °C
Entry Ligand Catalyst Precursor |eqd /% Conversion/ % |ed /% Conversion/ %
1 L22 [Rh(CI)(CHa)2]2 2 25 6 43
2 L23 [Rh(CI)(CH4)2)2 n.d. 11 67 32
3 L18 [RNh(CI)(CHa4)2)2 6 82 7 90
4 L6  [Rh(CI)(CH4)2)2 44 30 44 47
5 L22 Rh(NBD).BF4 n.d. 0 6 61
6 L23 Rh(NBD).BF4 n.d. 0 16 22
7 L6 Rh(NBD).BF4 59 37 54 45

Table 5. The results afterheating at 8 °C for a further 65 h, with data shownas a comparison withthe
data after 24 h at 30°C and only for reaction vials where full consumption of either of the starting
materials had not already occurred after the 24 h at 30 °CData analysis and calculations performed in the
same manner as foiTable 4.

3.2.1.2 Comparative Analysis of Rhodium Salts for Asymmetric Arylation

From the largeangeof ligands compared in Sectié2.11, a smaller subset was taken on

to enable a more extensive comparisbdifferent rhodium precursors. The ligands selected
had shown either good conversion and enantioselectivity in the conjugate arylation reaction,
or had performed differently in combinatiomith the two different rhodium complexes
initially studied. R)-BINAP was includediue to its prevalence in the literature (Sectipn

and at least one ligand from each of thainligand classes was included.

Catalyst precursors acrosie different classes were selecte8e€tion 1.3.2.3. Three
cyclooctadiendigated rhodium complexes were compared: cationic Rh(COR)Bfe
dimeric chlorecomplex [RhCI(CODY andits hydroxcligated analogue [Rh(OH)(COD;]

Use of Rh(COD)BE enabled comparisons withits norborndieneligated analogue
Rh(NBD)BF4, used in Section3.2.1.1 To observe any differences between bidentate
cyclooctadiendCOD) and monodentate cycloocte(@OE), [RhCI(COE)], was selected
supplemenihg the results already acimed using [RhCI(GH4)2)2 in Section 3.2.1.1
Rh(acac)(GH.). provided a contrast with [RhCI(&H4)2]2 on account of its monomeric
structure, ana@lso alloweda comparison between ethylene ligands and the carbonyl ligands
of Rh(@acac)(CO). Rh(acac)(CQ)and Rh(acac)(g.). werethe complexesemployed in the

first reported rhodiurtatalysed 14rylatiors with arylboron reagents (Sectidr.J).

The results are summarised Tiable 6, with the relevant results from Secti8tR.1.1also

included. The reactions were fmmed in the same way as for the ligand comparisons, and
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the data was analysed using the same calculations as in Sg&ibri A visualisation of
some of the dats provided a$-igurel?.

HO
( (
N Bpin N, O
N:\ 17 (2.3 eq) N X CO,Et HO
N 7 CO,Et KOH (1.4 eq) +
Rh salt/ligand (10 mol% Rh) O
16 dioxane (20 vol), water (4 vol)  HO 19
15 mg 30°C, 24 h
18
[Rh(CI)(COD)]. Rh(COD).BFs+ [RhCI(COE);]. Rh(acac)(GH4):
Rem. Rem. Rem. Rem.
Ligand |ed/ Conv./Deb./|led/Conv./ Deb/ |ed/ Conv./Deb/ |ed/ Conv./ Deb/

% % % % % % % % % % % %
? 53 68 28
56 59 28

(R)-H8-BINAP L2
(R)-SEGPHOSL5

(R)-BINAP L7 68 51 25
BissulfoxideL9 | 141 64 47
Naphth. DienelL11 ;
PhBOD L12
(59-Chiraphod 16 4 100 100 50 100 100 55 100 46 52 86 28
No Ligand i §
Rh(acac)(CO) [Rh(OH)(COD)]2[Rh(CI)(C2H4)2]. Rh(NBD).BF4
Rem. Rem. Rem. Rem.
Ligand led/ Conv. Deb/ |eq/Conv./ Deb./ |eg/ Conv./Deb/ |ed/ Conv./ Deb/

% /% % % % % % % % % % %
(R)-H8-BINAP L2 n.d. | |
(R)-SEGPHOSL5 n.d.

(R-BINAPL7 nd. 0 =
BissulfoxideL9 |8 79 52 i1 99 100 72
Naphth DieneL11 50 33
PhBOD L12
(§9-Chiraphod.16 n.d..
No Ligand 69 74

Table 6. Summary of results from reactions primarily comparing rhodium precursors. The results were
analysed in the same manner a®r Section3.2.1.1 after 24 h at 30 °C. "Conv." is the peak area
conversion of the enoatd 6 to the product (S)- and (R)-18, and "Rem. Deb." is the peak area debarnation
to o-tolylmethanol 19 of the arylboronic ester17 not consumed by the conjugate arylation reaction
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Figure 17. A visual display of the results summarised ifTable 6. The vertical axis groups the rhodium salts

by their class, as the horizontal axis does fdhe ligands.
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Concordant with reports of cyclooctadiene being a very effective ligand for achiral
1,4-addition reactios (Sectionl.3.3,%%° Table 6 andFigure 17 show the presence of COD

in the rhodium catalyst precursor complex to haveesulted in consistently poor
enantioselectivity with high conversion in every case. No notable diffesgmperformance
wereobserved ksveen the two COBigated dimeric rhodium precursgiacluding in terms

of the extent of deboronation, in agreement with the literature precedent for rapid formation
of the active hydroxehodium complex from the chlontmodium complex in the presence of

potassium hydroxidé&.

In the case of the COligated cationic catalyst precursor Rh(CGEBH,, the reported fast
ligand exchangefor cationic complexes (Sectiofh.3.3 was evidenced by the higher
stereoselectivity achievaasing phosphine ligandsompared with the dimeric COlipated
complexes, but this difference stereoselectivityvas not observedsingthe bissulfoxide or
chiral diene ligand4.9, L11 or L12, which remined unable to compete with the achiral
COD ligands.Even using the phosphine ligands, the ligand exchange cegainly nb
adequatdor use of a COBigated rhodium precursor to be pursued in this work, despite
reported successes in the literature (8acti3.7). When thechiral COD-containing catalyst
precursor Rh®)-BINAP)(COD)BF, was usednot shown in the tablektill only 36%ee
was achieved compared with 33éwhen R)-BINAP was used with Rh(COEBF.. In this
case 82% remnant debonation was measuredith full conversion of the enoateb to the
1,4-addition produci8.

Although both dienes, the difference in performance between the norbornbgkeed
cationic precursor and the CAIgated cationic precursor ggnificant, with RhNBD).BF,
giving vastly superior enantioselectivityVhen using the bisaryl phosphine ligandse t
difference in the extent of remnant detmaation is also noteworthy, with more deboation
occurringwhen used in combination wiRh(NBD).BF, than with Rh(COD)BF4 (compare,
for example, the results foR)-BINAP L7). Considered witlthe chiratligandfree results, it
seems that whilsRh(NBD).BF. may provide a less activachiralcomplex for 1,4addition
compared with Rh(CODRBF,, this decreasedctivity does not appear to be reflected to the

same extent for the undesired deboronation reaction.

The monodentate cyclooctefigated complex [RhCI(COE], universally gave significant
enantioselectivity improvements across all ligand classespared with the bidentate
cyclooctadiendigated complex [RhCI(COD3] This improvement was similarly seen for the
analogous ethylerkggated complex [RhCI(€H.)2].. It would have seemed reasonable to

predictthat any difference between the twomplexeswould have been for even better
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enantioselectivity to have been observesing the ethylene complexather thanthe
cyclooctene complexon account of ethylene effassingHowever both R)-H8-BINAP L2
and R)-SEGPHOSL5 gave higher enantioselectigis for the conjugate arylation product
when used with the COHlgated precatalyst. They alsgave less debarnation of the
arylboronic esterBy comparison with the corresponding chiighndfree resultsthis is
likely to indicate faster ligand exchangéen using[RhCI(COE}]. compared withusing
[RhCI(CH4)2] 2.

The monoalkerdigated precursors (COE, ethylenedsulted in less deboronation in the
chiral ligandfree reactions than the dietigated precursors (COINBD) did. Compared
with the CODligated pecursors, this may simply be because the monoaligsted
precursors produced less active catalygbwever compared with the norbornadiigated
precursor this differenceeens to reveal a greater selectivity for the desired-addiion

reactionover the deboronation sideactionwith cyclooctadiene than with norbornadiene

The use of the monomeric compl&h(acac)(@H4). gave comparableonversions and
enantioselectivities with the chiral diene ligands to the dimeric conjplR{CI)(CoHa)2]-.
With the other ligands,Rh(acac)(@H.). universallygave both lower conversions (except
with the bissulfoxide) and lower deboronatidmthe cases of the chiral dierlekl andL12,
conversion was complete or nearly complete using both rhodium salts, bubrtkimr was
much lower for the acadigated complex. Particularly in these cases, whether the lower
deboronation wa simply an effect oé less activecatalyst(or the presence of fewer active
catalytic species)r wheher it was due to a more selectivetalystsystemwould need to be
confirmed by takingsamples at earligimepoints (Section3.2.1.4. The chiralligandfree
results appear to suggest tRdt(acac)(@Ha)2 givesbetter selectivity for the desired reaction
over the deboronationeactionwithout additional ligand added

It is interesting that the bissulfoxide9 appears tohave inhibited both the conjugate
arylation and protodeboronatioeactiors by comparisorwith the chiral ligandfree reaction
mixtures using the complexes[Rh(CI)(COE}]., Rh(acac)(@Hs)2 and [Rh(CI)(GH.),]2,
whereaswith the oher precatalysts it simply seemadt to bind.These other precatalysts
either have strongly bound carbonyl ligands or bidentate ligands, which presumably reflects
the birding strength of ligand9.

Rh(acac)(CQ) appears to have formed new complexes with the phosphine ligands which
wereinactive to the 1ddition reactiorat 30°C. The fact that deboronatiahd not occur

to a greaterextentthan that observed in the rhodh- and ligandfree reaction (Section
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3.2.1.) suggests that transmetalatiomi® occurring in these cases.-BOD L12 and the
bissulfoxideL9 showed little evidence of binding to the rhodium, whegepartial extent of

binding seems to have been possible withnidughthyl ester dienell.

After sampling all of the reaction mixtures under an inert atmosphere, they were returned to

the reaction and heated to 8D for 65hours.Table7 displays theseesults for the reactions
involving the catalyst precursors [RhCI(CQJz) Rh(acac)(eHs). and Rh(acac)(CQ)The
resultsprovide complementary informatidhat corroborates the suggestionade regarding

the ligand exchanges and the activity of the gatalystemgTable7).

The final column inTable7 provides a crude estimate of the enantioselectivitywiatld be
expected to have been seen if the reaction vials eddat & °C without firstly being held
at 30 °C. The calculation assunemsistensamplingafter heatinghe reaction mixtureat
both 3 °C and ® °C:

0 6 @ 0 6
6

&
b ® 6 w 06 @ ® 6 6 &

S £4

Q0 ,
Equation 2

where A and B are theHPLC peak aresof (S- and R)-18 respectively after £hoursat
30°C and G hoursat @ °C, and whee a and b are the peak arsaof (§- and R)-18
respectively after£2hoursat 3 °C only.
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24 hat30 °C 24 h at 30 °Cg5h at 60 °C

Rem. Rem.
Catalyst |ed /Conv./ Deb. /|eq /Conv. / Deb. / |eeo-c|/
Ligand Precursor % % % % % % %

(R)-H8-BINAPL2 [RhCI(CCE),]. | 81
(R)-SEGPHOSL5 [RhCI(CCE),]. 65
(R)-BINAP L7 [RhCI(COE),]. 66
BissulfoxideL9  [RhCI(CCE),]-
Naphth DieneL11 [RhCI(COE)]-
PhBOD L12 [RhCI(COE)2]2
(S9-Chiraphod.16 [RhCI(CCE),]»
No Ligand [RhCI(CCE)]. /S 95 54 4 99
(R)-H8-BINAP L2 Rh(acac)(GHa):
(R-SEGPHOSL5 Rh(acac)(GH.)2 '
(R)-BINAP L7  Rh(acac)(@H.).
BissulfoxideL9  Rh(acac)(GHa)2
Naphth DieneL11 Rh(acac)(@Ha)2
PhBOD L12 Rh(acac)(GHa)2
(§9-Chiraphs L16 Rh(acac)(GHs). 52
No Ligand Rh(acac)(GHa)-
(R-H8-BINAP L2 Rh(acac)(CQ) n.d.
(R-SEGPHOSL5 Rh(acac)(CQ) n.d.
(R-BINAP L7 Rh(acac)(CQ) n.d.
Bissufoxide L9 Rh(acac)(CQ)
Naphth DieneL11 Rh(acac)(CQ) 50
PhBOD L12 Rh(acac)(CQ)
(§9-Chiraphod.16 Rh(acac)(CQ) n.d.

No Ligand Rh(acac)(CQ)
Table 7. Comparison of selected resultsfter heating for a subsequent 6% at 60 °C.

In all cases usingrh(acac)(CQ) exceptperhapswith the bissulfoxidel9, the reactios
were now found tgrogress and the enantioselectivs improved when usingthe chiral
diene ligandd.11 andL12. This supports the hypothesis that ligand exchange had not fully
occurred at 30C when using Rh(acac)(C®with the chiral dienesHeating to 60C
enabled the ligand exchange to occur and the reactiopsoteed with the newly formed
chiral complexesTherefore at 60C, the calculatee&nantiomeric excessegere83% (11)
and70% (L12), rather than the low (50%e L11) or negligible [12) enantioselectivities
afforded at 30 °C.

In contrast, the overalenantioselectivities observed in the conjugate arylation product
decreased upon heating for the reactions using biphodphine ligands with
Rh(acac)(@H4)2. This is concordant with the expectation thdten the chiraligands were
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already boundo rhodum at 3 °C to give active metal centresubsequenheating served
only to decrease the efficiency of the transfer of chirality, bothdegreasing the energy
difference betweethe diastereomeric transition statesd by enabing a higher proportion
of reactions to proceed via the higher energy pathwidys is reflected in thdower
calculated enantiomeric excesdes if the reactionausing bisaryphosphine ligands with

Rh(acac)(GH.). had been performed only at 80.

This effect was similarly obsergleusing the bissulfoxide ligandf a bissulfoxide L9-

rhodium complexs considered to be able to delivar enantioselectivity of 72%eat 3 °C

(as in the reaction using [RhCH.),]2, Table 6), then the calculatednantiomeié excess
for a bissulfoxide L9-rhodium complex at60°C is notably lower 47%ee using
[RhCI(COEY)],, Table7). Likewise, thechiral diened.11 andL12 were found tatransfer
chirality with up to 92%eeat 0 °C, whereas at °C enantiomeric excesses of 83¥i 1)

and 70% I(12) were calculategvhen using Rh(acac)(C®)

The role of temperatarin increasing the extent afeboronation isalso highlighted by the
results inTable7. Increasing the temperatuirem 30 °C to @ °C appears to have increased
the rate of deboronatiomore than the rate of the iadidition with good generality. A
catalyst system that performs well at lower temperatures is therefore a morevattracti

choice.

3.2.1.3 Competition Experimentsto Determine Relative Extents of
Conjugate Arylation and Protodeboronation

A large excess of arylboronic est&¥ (2.3 equivalents)was used to compare the broad
spread of ligands and rhodium saltsSections3.2.1.1and3.2.1.2 enabling conditions to be
used that closely resembled those of the previous process (Szdjioi also provided an
opportunity for good conversions toisaryl 18 to be attainedeven if the etent of
deboronation was highso that enantiomeric excesses could be measured with good
confidence. The excess afylboron reagenfl7 was small enough to enable legitimate
inferences to be drawn based on the extent of remnantatelion measured, hower the
measure was limited by only having two timepoints. For many of the best performing
catalyst systems, the selectivity of the systems for the desiretididon reaction over the

competing deboronation reaction could not be deduced from the data.

Therefore,a smaller set of reactions were performed with-tmrene stoichiometry of the
enoatel6 and the arylboronic estelt7 to directly compare the selectivity of the catalyst

systems for the desired reaction over the competing protodebororediibn. The dienes
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L11 andL12 were used due to the excellent conversions and enantioselectivities previously
achieved using them, along witR){H8-BINAP L2, since this was the phosphine ligand that
delivered the highest enantioselectivities. The four rhodsatts which had enabled the
highestenantioselectivitieto be achieved were also used: [Rh(CIH92]2, [RhCI(COE}]2,
Rh(acac)(GH.). and RhNBD).BF4. Conversion was calculated as the peak area conversion
of the enoatdl6 to the 1,4addition productl8in the same manner as for Secti@2.1.1

and 3.2.1.2 Deboronation was calculateds the HPLC peak areaconversion too-

tolylmethanoll9 according to

OQwe i € € WH-QE+E — —
Ol W O0I Bw o1 QW
Equation 3
A measure of the residual arylboronic edféwasalso madecalculated as:
YQiI "QQ06 i 61/
i 0 WH——
01l B® 01 0 01 O®
Equation 4

The results are summarisedTiable8.
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HO

( N
N Bpin N, O
N:\ P 17 (1 eq) _ N X COZEt HO
N CO,Et KOH (1.4 eq) +
o

Rh salt/ligand (10 mol% Rh)

16 dioxane (20 vol), water (4 vol) 19
15 mg 30 °C, 24 h 18
[RhCI(COE) )2 Rh(acac)(GHa).
tigand —od /0 COM-! Deb. 196 REP M jeq 105 COV/ Deb. 1 RS
(R-H8-BINAP L2 77 86 27 0 72 61 23 39
Naphth DieneL11 91 90 17 0 92 98 8 1
PhBOD L12 88 100 5 0 85 100 3 2
No Ligand 2 82 22 10 4 83 30 1
[Rh(CN)(C2H2)2]2 Rh(NBD).BF4
Ligand —fed /9% ! Deb.s 9% e @ jeq 105 “/ Deb. / RS
(R-H8-BINAP L2 73 85 26 2 82 84 32 0
Naphth. Diend.11; 93 95 9 0 85 80 88 87 15 10 0 O
PhBODL12 '90 90 100100 4 2 1 O {45 28 64 63 57 44 0 O
No Ligand 3 71 33 1 2 3 6055 55 51 0 O

Table 8. Summary of results from competition experiments, employing just one equivalent of arylboronic

ester17. The results have been calculated in the same way as for previous sections, by HPLC area% matio

at 210 nmusingHPLC Method D1. A Conv. 0 i s t he [A&®lB "Deb."ésa measurewfer si on o
deboronation. The results in blue are from repeated reactions.

In general, the identity of the ligand was found to have the greatest effect on the selectivity
of the catalyst systentfor the desired 1l:&ddition reaction over the protodeboronation
reaction. Remarkably and surprisingly, the chiral diene ligabtis and L12 gave
exceptionally high conversions of the enoate to the desired pratiect used witlall of the
catalyst precursorontaining monodentatealkene ligands, despite no excess of the
arylboronic ester being usethis selectivity wagparticularlyhigh with the ethylendigated

catalyst precursors.

The high selectivityobservedfor the conjugate arylatiomeaction when using ligandsl1
andL12 does noseem to be generally true of alkene or even diene ligands. The reactions in
which no additional ligand was chargedablecomparisos to be made between this and the
reaction selectivities achieved using clea of the monoalkendigated complexes
([RhCI(COE}]2, [RhCI(GH4)2]. and Rh(acac)($#14)2) and with another dierlgated
complex(Rh(NBD)2BF4). None of these displayed good selectivity for the desired reaction,
suggesting something uniquely adtageous bout the structure of ligandsll and L12
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over that ofnorbornadiener the two moncalkenes Figure 18). This is explored further in

Section3.3.2
Ph o
7 ; ONp Ab Q =
Ph
L12 L11 NBD COE

CoHy
Figure 18. Comparison of the alkene ligands used in the competition experiments.
Rh(NBD).BF,; was particularly pooin its selectivity for theconjugate arylatiorreaction
over deboronatignand this was reflected in the performance of the chiralediell and
L12 when used with RINBD):BF4, especially for PHBOD L12. The repeated eetions
verified these results (the variabiliyhen used with RBOD L12 wasalso reflected in later
time-coursing experimentsSection 3.2.1.4, with the chiral diene ligandslelivering
significantly decreasedelectivity for both the transfer of chirality and the desired reaction
when used in combination with RMBD).BF.. Comparison of these results with the chiral
ligandfree reactionindicates either an equilibrium between the achiral and chiral complexes
that lies further towards the achiral comptban in other case®r that ligand exchange is
unusually slowrelative to the activity of the achiral compléxthis casedespite use of a
cationic catalyst precursor. Wher82quivalents of arylboroniesterl7 was used Table4,
Section3.2.1.), the enantiomeric excedimally achieved wa higher than in #se cases,
suggesting that may bea slow ligand exchange rather than the position of the equilibrium.
Further evilence of this was found in timmursing experiments (Secti@?2.1.4. These
experiments, which are discussed latalso support the imjation seen from the
consistently high enantioselectivities of ligarldsl andL12 with the monoalkenégated
catalyst precursoris Table 8 that efficient and fast replacement of the achiral ligands with

the chiral dienes occsim these cases

(R)-H8-BINAP L2 was far less selective for the desired-d¢ilition overdeboronation than

the chiral dienes weralthough was more selective than the achiral catalyst precursors in
some casedVhen R)-H8-BINAP was used in combinationithr Rh(acac)(GH4)., the total
consumption of arylboron reagetit was found to béower thanwhenRh(acac)(GHs). was

used without additional ligandt could perhaps be the case tR&i(acac)(H8BINAP) forms
within a reasonably short tirfeame and thatthe subsequentxchange of acac for
hydroxide or transmetalation to thecacligated complexeds slower for this complexthan

for the ethylendigated precursor. An acdmund anionic ligand would be expected to result

in a slower reaction rate (Sectid.3.2.
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(R)-H8-BINAP was again found tdeliverits highestenantioselectivity when used with the
cationic Rh\BD).BF. catalyst precursor, whicimay reflecta rapid ligand exchange in this
case, and a less active achiral flnod complex. The order of catalyst precursors for
enantioselectivity achieved fronRf-H8-BINAP was RhNBD):BF. > [Rh(CI)(COE}]. >
[RhCI(C:Hs)2l2& R h ( aks)a whichBay be rationalised as followsigand exchange
of H8-BINAP with Rh(NBD).BF is partcularly rapidand the achiral background reaction is
reasonably slow for the Taddition. Ligand exchange with the remaining three complexes is
good but thesnantiomeric excesis decreasedby the background achiral reactiohhis is
slowest for [RhCI(C@&),]. assuggestedby the residuahrylboronic ester in the case with no
chiral ligands which therefore enaldethe second highestnantiomeric exces$o be
achieved in this cas@lote that hetwo cases showing residuatylboronic estein Table8
(Rh(acac)(@Hs4)2 with H8-BINAP and [RhCI(COEj). without additional ligand)are
consistent with previous observatigiisble7, Section3.2.1.3.

3.2.1.4 Time-Coursing Experiments with Conjugate Arylation Catalyst
Systems

Time-coursingexperiments were performed in parafiet a selection of catalyst precursor
and ligand combinationgn orderto provide comparisons of the reaction ratesch of the
ligands from the competition experintsnwere used, along with all of catalyst precursors
except for [RhCI(COE). (Section3.2.1.3. The reactions used one equivalent of arylboronic
esterl?7, and unstandardised HPLC peak area dataGh@ilwas sufficient for congrisons

to be made between the different systeSamnpleswere taken over hoursbefore afinal
sampleat 70 hours Each of the reaction mixtures was kept under nitrogen, however due to
the sampling requirements the reactions could not be performed sedtsal nitrogefilled
reactor that had been used for the previous experimafittin reasonable error, most of the
reactions reached conversions comparable to those observed in the competition experiments
within the 7 hours with the exception of theexperiments usingR)-H8-BINAP, for which

the conversions wergecreasedlightly. An overview of the conversion dafsom the first

set of reactionss provided inFigure19. In generglthe rates of reaction were high.
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HO
N
Bpin N, O
N 17 (1 eq) N v CO,Et

z\,

" _ HO
N CO,Et KOH (1.4 eq) +
Rh salt/ligand (10 mol% Rh) O
16 dioxane (20 vol), water (4 vol)  HO 19
15 mg 30 °C
18
100 . == =+ =+ + +
[e¢] both 94% |ee|
-
B 90 96% |ee|
S
'g 80 81% |ee|
o
g = 70
n L
) % 60
E S 78 area% conversion at 70 h —»
o< 50
O~
S 40
s
zQ
Q 41 area% conversion at 70 h —»
T 20 1
o |
o 10 4
° 9 L

0 1 2 3 4 5 6 7
Time/h
—+— Rh(acac)(C,H,), + H8-BINAP L2 —+— Rh(acac)(C,H,), + Ph-BOD L12
[RhCI(C,H,),], + H8-BINAP L2 —+—[RhCI(C,H,),], + Ph-BOD L12
[RhCI(C,H,),], + Napthyl Ester Diene L11 Rh(NBD),BF, + Napthyl Ester Diene L11

Figure 19. An overview of the conversiondata for the first set of timepoint experiments. Enantiomeric
excess data was not considered sufficiently reliable for the cases wil){H8-BINAP due to low peak aeas
of either or both enantiomers combined with less clean chromatograms in these cases.

The combinations dPhBOD L12 both with Rh(acac)(&H4). and with [RhCI(GH4)2]. were
selected for timeoursing due to the difference in deboronation obsebetdiea themin
Table 6 (page56). It had beerpostulated thathe lower level of deboronation seen with
Rh(acac)(@H4). may havebeendue toboth the desired and undesired reactions proceeding
more slowlywhen using this catalyst precursbut this was only found to be marginally the
case during the timeoursing experiments(Figure 19). Both complexes achievedear
gquantitative conversian to 1,4addition productl8 in less thanone hour. However,
Rh(acac)(@H4)2 gave o-tolylmethanol 19 with only 1.0 and BHPLC area% at % and
45 minutes respectively whilst [RhCI(GH.)2]2 gave o-tolylmethanol 19 with 1.8 and
2.1HPLC area% at the same timpeints. At such low peak area percemmgaution should
be observed, however the combination of this result with the resditbie6 could suggest
that the two catalyst systemsexhibit different propensities fordeboronation after

transmetalation of the arylborongésterto the active catalystt may also be that the catalyst
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system employing Rh(acacids). can achieve fewer catalyst turnovers, which could also

account for the difference observedliable®.

(R)-H8-BINAP L2 was investigadwith the same two rhodium complexes becalisiele 8
(page64) hadsuggested a much slower reaction fatethis ligandwith Rh(acac)(@Ha)2.
Although neither reaction proceeded to the same es®nit had done in the competition
experiment, the difference between the two complexes was evident, with both deboronation
and the desired reaction proceeding much more slowly with Rh(agdg){Qnterestingly,
selectivity for the desired l-dddition oer the deboronation reaction was worse when using
(R)-H8-BINAP with Rh(acac)(@H4)2 (57:43 HPLC peak area ratio of compourddsl9 at

7 h) than with [RhCI(GH4)2]2 (70:30 HPLC peak area ratio of compoudsl9 at 7h).

The comparison ofthe naphthyl esterdiene L11 with [RhCI(GH4)z]. and with
Rh(NBD).BF. provided an increased level of understanding regarding the formation of the
chiral catalystsUsed with [RhCI(GH.)2]2, the reaction wasompletewithin 15 minutes,
matchingthe overall reaction rate fahe first 15 minutes observed usifiRhCI(C:H4)2]2

with PhrBOD L12. However, unlike forL12, no further reaction was obseryatlie to
complete consumption of the remaining arylboronic etagive the deboronation product
within that time also. A plotfahe peak areas for the reaction usihg naphthyl ester diene
L11 with [RhCI(CH4)2]2 is shown inFigure20.

80

70 96% ee
< 60
“S 50 -‘ —+— Arylboronic Ester 17
;f —+— o-Tolylmethanol 19
T 40 \ (S)-18
o ——(R)-18
O 30| Enoate 16
% 18 (Sum of Enantiomers)

1 2 3 4 5 6 7
Time /h

0 ——

Figure 20. Area percentdata for the combination of[RhCI(C2H4)2]2 and the naphthyl esterligand L11 at
210 nm.

In comparison, the reaction usindpe naphthyl ester dieneéll with Rh(NBD).BFs4
proceeded much more slowly, occurring o8¢roursand displaying a characteristiesBape

in the conversion as a more active catalyst gradually forfigdre21). The gradual ligand
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exchange was confirmed by the enantioselectivdleserved at the different tippeints; the
enantiomeric excess increased from no more than e&lét 24% peak area conversion
(45 minuteg to 82%ee by 82% peak area conversion Haurs30 minutes) when the
reactionwasvirtually complete. This also implies that an active achiral complex is formed

more quickly than the ligand exchange can tdkee

80

70 82% ee
60
X 81% ee
g 50 —+— Arylboronic Ester 17
= —+— o-Tolylmethanol 19
Xx S)-18
® 40 ®)
2 ——(R)-18
O Enoate 16
= 30 18 (Sum of Enantiomers)
I N
20
74% ee
10 : + -
O M \: t T
0 1 2 3 4 5 6 7

Time/h

Figure 21. Area percentdata for the combination of Rh(NBD)2BF4 and the naphthyl ester dieneligand
L11.

A second collection fotime-coursing experiments waben performed, focussing on the
Rh(NBD).BF, catalyst precursor. In this set of reactioRlBOD L12 and R)-H8-BINAP

L2 were used both with and withoutpremixedwith the catalyst precursor in dioxane for
17 hours and the aryoronic ester was used both in excess3@uivalents) and
stoichiometrically { equivalent) The results, including one repeated experiment, are
sumnarised inFigure22. Only the first four hours of data are shown, since further changes

in conversion and enantiomeric excess were not obsafterthis period of time
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HO

Bpin
17 (1 or 2.3 eq) (
( Rh(NBD),BF, (10 mol%) N/N
N Ph-BOD L12 or (R)-H8-BINAP L2 (10 mol%) N
N, P (premixed for 17 h in dioxane or not premixed) CO,Et
N CO,Et
KOH (1.4 eq)
16 dioxane (20 vol), water (4 vol) HO
30°C
15 mg
18
a e
(a) o 100 s —¢ (b) 100
— F
© 90
S A
e 80
5'c
8 CRE
05
g2 60 ___———
s < S *
O« e V
© — 50 &
o ()
© O Q
&9 w0 ST
q) ’
IS 30
o B
c
w 20
© &
10
0
0 1 2 3
A —e—Ph-BOD, 1 eq ArBpin, Premixed E ——Ph-BOD, 2.3 eq ArBpin, Not Premixed
B —e—Ph-BOD, 1 eq ArBpin, Not Premixed F —e—H8-BINAP, 1 eq ArBpin, Premixed
C —e—Ph-BOD, 1 eq ArBpin, Not Premixed G H8-BINAP, 1 eq ArBpin, Not Premixed
D Ph-BOD, 2.3 eq ArBpin, Premixed H —e— H8-BINAP, 1 eq ArBpin, Not Premixed

Figure 22. (a) Peak area conversion of the enoati6 to the 1,4addition product 18 over 4 hand (b) the
enantiomeric excessf (R)- or (S)-18 over 3 h. No further changes observed after these tinpints.

Considering firstyPh-BOD L12 and the effect opremixing the chiral ligand with the
rhodium precatalyst in dioxane at the reaction temperature ove(RightA, cf. PlotsB and

C, Figure22a), it is clear that premixing led to the desired reaction proceeding more rapidly
and with decreaseddeboronation. Premixing alsdecreasedthe extent to which the
enantiomeric excess increased over the fir&Hoursof the reaction, however it is striking
that an improvemenin enantioselectivitywas still observed when premixing haéa
performed This cannot simply be explained by suggesting that premixing occurred for an
insufficient amount of time or at an insufficiently high temperature, swleen using

2.3 equivalents of arylboronic est@?lots D andE), the enantiomeric excesstaeved by the

case with no premixing was rapidly comparable to that of the case with premexieg
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exceeding the enantioselectivity observed at the earliest timepoint for the reaction mixture
containing premixed rhodium salt and ligaitie presence dfydroxidethereforeappears to

be important for either the rate of ligand exchange or the equilibrium position of that
exchange. For examplas illustrated irscheme32, it could be the case that the equilibrium

in the absence diydroxide (Kyre) either lies a little futier towards an achiral complex

takes a long time to reach the equilibrium position, whereas the equilibrium in the presence
of hydroxide lies further towards the chiral side /andeaches tht equilibrium posiion

more quickly (K4). Therefore,the initial addition of hydroxide to a premixed solution of
chiral ligand and achiral precatalygbuld give a higher proportion of achiral active catalyst

than would be present at equilibriumthe presence of hydroxide

K re
[Rh(NBD),JBF, + (Ph-BOD)* <== [Rh(NBD)(Ph-BOD)*|BF, + (NBD)

K, KOH /7< KOH W p
solvent 2 solvent
Ky

Rh(NBD)(solvent)OH + (Ph-BOD)* + (NBD) + KBF, Rh(Ph-BOD)*(solvent)OH + 2(NBD) + KBF,

KOH
solvent

3

Scheme32. A simplified example of the complexes and equilibria that could be involved when mixing
Rh(NBD)2BF4 with Ph-BOD L12, with and without potassium hydroxide.The catalyst precursors are
shown in purple (achiral) and green (chiral). The active complexes are shown in red (achiral) and blue
(chiral).

Curiously, after premixing P¥BOD with the precatalyst, a higher enantiomeric excess was
achievedwhen only one equivalertdf arylboronic estewas used (86%e Plot A, Figure

22b) thanwhen?2.3 equivalentavas used72%ee Plot D, Figure22b). Although this may at
first appear surprisinghe difference corroborateghat has been proposed abg®$cheme

32). Since transmetalationugually considered to bthe ratedetermining step) will be
slowed when only one equivalent of thg/lboronic ester is present, there is more time for
ligand exchange to occurhis wouldgive a higher proportion of chiral active catalyst before

the reaction has proceeded to a significant extent.

When theRh(NBD).BF, and PhBOD were not premixedthe reaction mixture usinthe
greater excess afrylboronic ester resulted in the higher enaeliegtivity of the conjugate
arylation product at the end of the reaction (628ather than 3il47% ee PlotsE, B andC,
Figure 22b). In this case, the greater excess of arylboronic ester siatiohys a higher
enantiomeric excago be ultimately achievedince the reaction continues to progress while

more chiral active catalyst forms.

The discrepancy between the two repeated runs WBHBOD with one equivalent of
arylboronic ester and no premixir{@lots B and C) might be acounted for by a small

discrepancy irthe length of time that it took for the aqueous hydroxide tadukedto their
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reaction mixturesThe hydroxide was always the last component of the reaction mixtures to
be addedRegardless of the cause, the variatg@en in this case reflects the variation

observed specifically for this combination in the competition experiments (S8c2dng3.

The results of the reactions using)-H8-BINAP L2 were unexpectedPlotsF, G and H,
Figure22a). No conversion to the product was seen in the two repeatedfoasésich no
premixing was performedn contrast to theesults in Sectior8.2.1.3 This was due to
complete catalyshactivity rather than due tavastly increaseéxtent ofdeboronation. The
repeatedreactionwas performed on a different occasion and in both of these instances,
deboronation readd levels comparable only to the background baseliated levels
(Section3.2.1.). Having confirmed by NMR that theatch ofligand usechad not oxidised
in storagethe explanation remaining seeuaito be thatin the case ofR)-H8-BINAP, ligand
exchange is very fast but the resulting complex is very semdiivair and therefore tihe
sampling method; evemchiral reactivity was not observedThe sensitivity must be
significant, since everyeasonable precautiovas made to keep the reaction mixtua@s

free and to avoid crosontamiration from the sampig needle.

When R)-H8-BINAP waspremixed with the catalyst precurs@omeconversion was seen
howeverthis remainednuch lowerthanhad been achieved in Sectig2.1.3 Curiously,the
enantioselectivitpppearedo decreasdrom 92%eeto 81%eeover the first few timpoints

in this casePRlot F, Figure22b). 81% eeis similar to that previously observed, such as in
Section3.2.1.3 The observed decreasidenantioseldivity may simplyhavebeen due to

the low levels of producin the early samplesesulting in misleadingnalysis, however it

could also be explained by a similar argument to that propaiseckto explain thegradual
increase inenantiomericexcessfor the reactions using PBOD L12 (Scheme32). In this

case, the equilibrium position between the achiral and chiral active catalysts would have to
be further towards the achiral catalyst than the equilibrium position between the aohli

chiral catalyst precursors.

Attempts to repeat thisme-coursingexperimentwith (R)-H8-BINAP, alongside one that
was not sampled until the end of the time perodicatedagain the very high agensitivity

of this combination.The timecoursirg experiment gave no conversion, and thaction
mixture sampled only at the end of the time pegaste 74% peak area conversion of the
enoate to the product with 718 These dataare both approximately 10 percentage points
lower than the equivalent salts fromthe earliercompetition experimeniSection3.2.1.9;

in this later casethe reactionwas notprepared in a glove bag or carried out in a sealed

reactor.Similar observationsegarding the aisensitivityof a rhodunm/(R)-BINAP complex
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have been made externally, also leading to capricious reactiggylting in poor

reproducibility6°

3.2.1.5 Assessment ofAlternative Metal Systems for the Pharmaceutically
Relevant Conjugate Arylation

In Section 1.1, the motivationwithin industry to substitute precious metahtalysed
processes for base metatalysedorocesses was discussédtherefore, literature reports of
nonrhodiumcatalysed conjugate arylations of arylboron reagents to electron deficient
alkeneswere investigated before any further investigatioha rhodiumcatalysed process

were undertaken

A 2016 report demustratel asymmetric conjugate addition of boroxines to enarssg a
copper(l) salt with phosphoramidite ligandéScheme 33).°* Coppe/phosphoramidite
systems had already been demonstrated to catalyse conjugate adufitidiadkylzinc

reagentso enones®®

o) CuOTf-toluene (1-10 mol% Cu) A O
ligand (1.2-12 mol% r
/\)L + (ArBO)3 lgand( mol%) > )\)J\
Ri Rz KOAc, toluene R R
05eq 70-110 °C ! 2
R = vinyl, aryl, heteroaryl up to 98% ee,

R, = aryl, heteroaryl 95% yield

preferred ligand =

Scheme33. The first reported copper-catalysed 1,4addition reaction utilising an arylboron reagent and
chiral ligand.

The authors found that weakly basic acetates promoted the reaction tndrilges bases
inhibited the reactionNo obvious proton source is explicitly present in their reported
reaction conditionsThe publication statethat the reaction was not possible with pinacol

boronic ester reagents or withoatesselectrophiles

Despte significantly expanding the set of conditions reported in the literatbrestatement
was found to hold true for the substsat# interest in this research.diverse set of reaction
mixtures wadrialled for the 1,4addition of arylboronic estel7 to enoatel 6, broagkring the
range of copper salts, ligands and conditions employetl€9). No conversion to the 1,4
addition product was observed using any of the conditises] althoughdeboronation

occurred to varying égnts.
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HO

Bpin (
( 17 (2.3 eq) \
N copper salt N O

N P ligand N * CO,Et
N CO,Et base
solvent(s) O
16 70°C, 24 h HO
15 mg

Reaction Componens
Copper Salt(10 mol% Cu)
(CUOTf)z-CeH5CH3
CuOAc
Cu(OTf)
CuCl
Ligand (0.12 eq for both mone and bidentate ligands)

0 o ™
O\ O\P N> «Me
P—NMe, -
/ / Me
0 (0]
OO o
L22

~ @ |
Ph
O L12

SN
O__N

PPh,
‘O
L24

Solvent(s)
Toluene (® vol)
Dioxane (20vol)

Water (cesolvent) (4vol)
Base
KOAc (2 eq)
KOH (1.4 eq)

Table 9. 48 different combinations of copper salt, ligand, base and solvents were attemptedspeculative
reactions attempting to give 1,4addition product 18.

ZI IZ

N\
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The reaction was also attempted using rutheniwmch isanother base metal that has been
applied to 1,4-addition reactions. Again, the literature does not show examples using
enoates, and theacemicliterature examples use boronic acids rather than boratérse
(Scheme34).291%” No asynmetric reportsvere known to have been published, and so the

achiral conditions were used as a starting piaittiis work

[RuCl,(p-cymene)l,

(2.5 mol%) O
t -
o P( Blgsz(Z I:I’;?sHﬂ R, O O
mol™o
X + R3—B(OH
(a) R1/\)LR2 3 . e(q )2 KOH (1 eq) R1)\)LR2 P
) dioxane/water (100:1) to 83% vield
R1, R2 = aryI, aIkyI R3 = aryl, Vlnyl 90 °C, 24 h up to o yie :
P( BU)2(2-PhC6H4)
(JohnPhos)
o [RuCly(p-cymene)],
b (2 mol%) @)
®) \)J\R + ArB(OH), dioxane/water (100:1) A /\)LR only trace conversion seen when
1.05 eq 90 °C. 10 h r (E)-4-phenylbut-3-en-2-one used
R = alkyl, ' up to 95% yield
aryl, O"Bu (75% for R = O"Bu with 10%

B-hydride elimination product)

Scheme34. The two literature reports of racemic reactionsthat were thebasis of investigations trialling
ruthenium catalysis for the desired Y4-addition reaction (a) using the JohnPhos ligand under basic
conditions, and (b) without JohnPhos or base.

In the first instance, a reaction was trialled based Smheme34a’® with the only
modifications being thatdmol% of the ligand (JohnPhoahd 5 mol% of the rutheium

dimer were charged, arttatan arylboronic estef17) was used rather than a boronic acid
(Schemed5a). After 24 hours the reaction mixture was analysed by HPLC d@rat, which
revealed <1 area% of the desired latiditionproduct with neither the corresponding mass
ion of this product nor of the analogous compound that would result frénmyaride
elimination to give a tertiary alkene detected by LCMS. Instead, almost quantitative
protodeboronation of the arylboronic estvas observed. Assuming that this deboronation
was rutheniunmediated, it appears that transmetalation successfully occurred to the
ruthenium centre buhat insertion of the enoate could not goete with hydrolysis of the
arylrutheniumspeciesThe enote appeared largelif not completely untouched.
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[RuCly(p-cymene)],

(5 mol%)
2 P('Bu)y(2-PhCgH,) OH
(10 mol%)
KOH (1 eq)
dioxane/water (100:1)
90 °C, 24 h > 98% by peak

area at 210 nm

[RuCly(p-cymene)], OH
0,
Bpin (2 mol%)
dioxane/water (100:1)
90°C,24h

1.05eq < 25% by peak
area at 210 nm

[RuCly(p-cymene)], OH
)ii) (2 mol%) _
KOH (1 eq)
dioxane/water (100:1)
1.05 eq 90 °C, 24 h > 99% by peak

area at 210 nm
16 17 19

Scheme35. (a)i (c) The results of the attempted reactions using ruthenium catalysis.

Additional attempts were made basedSmieme34b,'®” which is similar tothe reaction in
Scheme34a butwhich does not emplogdditional ligand or base. Prochiral substrates were
not employed in the literature report, which demaattd the process only for dogronic

acids with simple Ub-unsaturated ketones. The conditions reportedly minimised the
protodeboronation of the arylboronic acids, allowing their loadings to be significantly
decreasedSince an arylboronic ester was employethe work described here, two attempts
were made: one without basas is the case for the literature report, and one with base
(Scheme35b(i) and Scheme35b(ii)). None of the desired ldddition product could be
detected even in trace amounts by either HPLC or LCMS analysis and in neither reaction
mixture was thex evidence of any conversion of the enoate. No evidence dj-tyelride
elimination product was seen in either case. Deboronation proceeded so cleanly and
quantitatively in the case &cheme3sh(ii), that these conditions have since been employed

to prepareanalyticalmarkers of various delronated substrates for a number of projects at
GSK.

A final attemp to avoid the need for rhodiumratalysis was made with palladiufhe
b-hydride elimination sideeaction is a particular problem for palladioatalysed
1,4-addition reactions, which isephaps unsurprising given the success of the Heck coupling

reaction®® Three literature report$Scheme36) inspired both racemic and asymmetric
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attemps to apply palladium catalysis to the -bddition of interest in this researé® since

even palladium is more earétibundant than rhodiufTablel, page3).1°

(0]

(@) R1/\)J\ Ro

R4 =H, aryl, alkyl
R, = H, alkyl, OEt, NH,,

3eq

+ ArB(OH),

Pd(OAc), (5 mol%)
bpy (20 mol%) Ar O

AcOH/THF/H,0 (1:0.5:0.3) R1)\)LR
or
THF/H,0 (1:0.3) for nitro

2
up to 99% vyield

also nitro compound 40 °C (racemic)
=
|
X N
=N bpy
0 acetone/water (10:1) Ar O
50°C,20 h
(b) R1MOR2 + ArB(OH), - R1)\)koR2
R, = aryl, alkyl 3eq ~ PR Ph up to 97% ee
R, = aryl . R NCPh 99% yield
P
"R "NCPh
P Ph (SbFe),
(1 mol%)
O O DMF/water (101) Ar 0 o)
(©) R/\)J\N)Lph + ArBH(OH), 20°C,20h < NJJ\Ph
Ph 3eq Ph ph b
= “, _PB NCPh
R = alkyl, aryl R, up to 98% ee
Pd\ 99% vyield
"R 'NCPh °y
P Ph J(sbFe)
(1 mol%)

Scheme36. (a)i (c) The literature reports of palladium-catalysed 1,4addition reactions that inspired
attempts for the 1,4addition of interest in this research.

Theuseofa bi dent at e n ibipyriding éomy) a$ thegligamdlin the2racendc
example cheme36a) was reported to be crucial for the inhibition tbe b-hydride
elimination giving the Heckype product® A selectionof chiral nitrogen ligands was
trialled for the reactionin the report however each gave a very poor yield of the desired
product. In the literature example 8theme36b, the authors reportdfiat it was essential
for R to bean aryl group; if alkyl esters were uséite Heck product warmed instead’

The authors who discovered the transformatioBdheme36c found that the conditions used

avoided formation of the Heetgpe product$®

Four attemptsvere madeto adieve thel,4-addition of arylboronic estet7 to enoatel6
using palladium catalysi§Scheme37), none of whichproved fruitful. For each of the
mixtures undemacidic conditionsg(Scheme37a and b) HPLC analysisat 210 nm after 72
hoursrevealed almost exclusivelye starting materialswith deboronation also very low

(< 3 area%) Both showedne to twoadditianal unidentified peaks, which ditbt appear to
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be ligandrelated and accounted for 20 area%, however no suitable mass ions were
observed either for the Xatidition product or thb-hydride elimination product by LCMS.

Supposinghat transmetalation did not occur to the palladium comphex mixtures were
prepared under basic conditior&cheme37c and d) Under these conditionthe additional

HPLC peaksseen for the mixtures under acidic conditions were no longer present, and
deboronation remained very low {8 area% and 4 area% respectively)n three of the

four cases, a peak with retention time suitable for theaddtion product was observed, but

only at trace levels ((a) 2drea%, (c) 2.area%, (d) 1.&rea%) and no suitable mass ion
was detected in any case by LCMS. Attempts to avoid the use of rhodium were therefore not

pursued any further.

( o

Pd(OAc), (5 mol%)
bpy (20 mol%)

<

N
N .
(@) N P OEt + Bpin
AcOH/THF/H,O
o) (1:0.5:0.3)
3eq 40°C,72h

Pd(OAc), (5 mol%)

g HO (S,S)-chiraphos L16
(b) N, P OEt Bpin (20 mol%)
N ACOH/THF/H,0
o (1:0.5:0.3)
3eq 40°C,72h

HO Pd(OAc), (5 mol%)

bpy (20 mol%)

KOH (1 eq)
dioxane/water (50:1)
40°C,72h

Bpin

<

N
N
(0]

( HO Pd(OAc), (5 mol%)
(S,S)-chiraphos L16
(20 mol%)
KOH (1 eq)

dioxane/water (50:1)
40°C,72h

3eq

Bpin

C
/Z\
z° 'z
\
o
o
m
+

3eq
16 17

Scheme37. (a)i (d) Attempts to use palladiumcatalysis for the desired 1,4addition.

3.2.1.6 Final Selection of Rhodium Salt and Chiral Ligandfor the
Pharmaceutically-Relevant Conjugate Arylation

The sections above describe an extensive exploration dfstapaecursors and ligands for
performing the 1,4ddition reactiorof the arylboronic estet7 to the enoatd6 of particular
interest in this wrk. Alternatives to rhodiuman be comfortably dismissed as not being
sufficiently developed for the requiremts of this research, and an understanding of the

effects of different rhodium precursors, chiral ligands, boronic ester equivalents, and the
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premixing of rhodium salts and chiral liganddtzeen achieved in good detailhis work
provided a sufficient &sis to select [RhCI{#El.)-]. as the rbdium precursor and the chiral
naphthyl ester dienggandL11 for further investigation and process development. As far as

is known, this combination is unprecedented for industrial use.

A number of additional factsrconfirmed this combination to be the most appropriate choice
for further development. Firstly, cost considerations present this as an attractive catalyst
system.Table 10 shows the prices of rhodium precursors scaled by théumozbntent and

the prices of thenaphthyl ester dienkll and R)-Tol-BINAP L7 (used in theoriginal
process Section 0), based on the largest pack sizes advertised on the website of
SigmaAldrich® Pleasingly, both [RhCI(4)2]. and the naphthyl ester dienell were

cheaper than the rhodium precursor and ligand used to date.

Catalyst Precursor / Ligand Price
Rh(NBD):BF, £78/mmolRh (£317.50/29)
[RhCI(COEY}]» £103/mmolRh (£286.50/19)
Rh(acac)(@Ha)2 (E107/mmolRh (£413/1)
[RhCI(CoH4)2]2 £76/mmolRh (389.50/19)

(R)-Tol-BINAP L7 £68/mmol (£99.60/19)
Naphthyl Ester Dienkl11 £21/mmol (£63.50/19)

Table 10. Prices of catalyst precursors and ligands as advertised by SigmaAldrich, stated to theamest
£/mmol. £/mmol Rh denotes the molar price with respect to the molar amount of rhodium.

The low cost of ligand.11 is believed to be largely due to its ease of synth@&sstion
1.3.4.1*2Fortuitously the stereochemistry of tbemmercialigand gave the desired absolute
stereochemistry required in the ‘addition productl8. The oppositeenantiomerof the
ligandis not readily available aeadily preparedsince the phellandrene chiral pool starting
material only occurs naturally as tH&+{enantiomerPh-BOD L12 also performed very well
but is far more expensive£R22mmolY)" due its more elaborateand low vyielding
preparation and the lack of a chiral pool starting matécfalSection1.3.4.1** The ligand
L12 was therefore not pursued further in the development of the pharmaceuttaignt

conjugate arylation reaction for suitabilityadargescale productiomontext

The high activity of dienes in rhodiunatalysed 1addition reactions has been known
since early on in the development of the methodology (Sett®@.3. No evidence for the

use of chiral diene ligands in rhoditratalysed asymmetric conjugate addition reactions has

il https://www.sigmaaldrich.com/unitedngdom.htm] prices based on those shown when accessed
on 01 Sep 2017.
v SigmaAldrich price for §9)-enariomer (ligandL12) as advertised on 25 Nov 2017.
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been found in an industrial context, despite their exceptional performance in the system
studied here. In a recent reportdnganic Process Research and Developmelmtal dienes

were overlooked even ia highthroughput chiral ligand screen; only phosphine ligands
were investigate#* To compare the performance of the unoptimised system selected here
with those in the literature report, thieported transformation wagserformed using the
conditions shown ilscheme38. The enantiomeric excesshieved(80%ee was superior to

all but oneof the catalyst systems used for the high throughput screen in the literature report
(c. 90%ee using (R)-DTBM-SEGPHOS the remaining ligands delivering %eg, and

the conversion(92%) was comparabldo the highest conversion in the literature report

(c. 85%,which gave virtually no stereoselectivity

(0]
) [RhCI(C5H4)5]5 (5 mol%)
Bpin Naphthyl Ester Diene L11 (10 mol%)
+ -
W KOH (1.4 eq)
12 13 dioxane (20 :;/glz,cwater (4 vol) 14
1eq 92% GC peak area conversion of
enone 12 to 1,4-addition product 14
80% ee

Scheme38. A transformation of interest in a recent literature report, using the unoptimised system
selected in this work.

3.2.2 Solvent and Base&Selectionfor Pharmaceutically-Relevant
Conjugate Arylation

1,4-Dioxaneis anundesirablesolvent for industrial usdue to its suspectezhrcinogenicity
towards humans, incurring regulatory isstf8sSince the original process for the
pharmaceuticallyelevant conjugate arylation employed dioxaneplacing the reaction
solvent with an alternativevas to be an important asggrct of the process development.
Therefore before cosidering the continuous variakléhat might affect the reaction, the 14,4
addition reaction was trialled using a number of different solvents and solvent systems,
selected either due to literature precedent or due to their acceptgredeasdsolventsfor

large scale use (Sectidnl).}*> A broad coverage of chemical space was surveyed, with
principal component analysis of solvent properties used to ensure that good breadth was
achieved. Simultaneously,taoad selection of bases walso trialled for the reaction, with
consideratias made foenvironmentglhealthand safety factor¥® whilst ensuring a variety

of inorganic andorganc baseswere incorporated with diverse basiciti@he carboxylate
presumed to have formed from hydrolysis of the enb&tender the reaction conditiohsd
beenregularly seen as a trace 2% area%) impurity in the work to idefyt a suitable

catalystsystem.
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The results from the first set of reactions are giverTable 11. As in Section3.2.],
conversion isstated ashe HPLC peak area conversion of the enoafato the 1,4addition
productl18, cdculatedusingan achiral HPLC methodt 210 nm. Similarly, deboronation is
the HPLC peak area conversion of the arylboronic dsteto o-tolylmethanoll9, measured
using the achiral HPLC method and calculated analogously to that in S8@i&r8 The
proportion of the total peak area of tfdlwromatogramaccounted for by enoat#6,
arylboronic estell7 and 1,4addition producfl8 was also calculated to provide a measure of
the extent to whichany undesired processes also woed under the conditions. The
measure, Area%a7.1s was calculated as the sum of the peak area percent for comd@,inds
17 and18, with the total peak areaaving beercorrected forsolvents with chromophores at
210 nm.

HO

( N
N Bpin N, O
N 17 (1 eq) N COEt  HO
N Z CO,Et base (1.4 eq) +
[RhCI(
HO

CyHa)ol/L11 (10 mol% Rh)

16 solvent (20 vol), co-solvent (4 vol) 19
15 mg 30°C, 18 h
18
Entry Base Solvent Co-Solvent ee/ Conv./Deb./ Area% s 1715
(1.4eq) (300pL)v (60 L) % % % o

1 KOH Dioxane Water 94 92 9.1 71
2 - Dioxane Water 92 7 0.8 920
3 NaHCGQ Dioxane Water 95 92 7.9 82
4  K.COs Dioxane Water 92 90 9.6 76
5 KHCO3 Dioxane Water 95 82 16.1 78
6 KisPOy Dioxane Water 95 93 6.3 77
7 NEt; Dioxane Water 95 96 2.6 87
8 DIPEA Dioxane Water 95 97 2.2 87
9 DIPA Dioxane Water 95 96 25 86
10 NEts Dioxane Ethanol 98 35 5.2 85
11 NaOEt Dioxane Ethanol 93 98 4.9 72
12 KOEt Dioxane Ethanol 93 98 6.3 69
13 - Dioxane Ethanol n.d. 1 0.4 90
14 NEts Dioxane Trifluoroethano 97 49 2.7 87
15 KOMe Dioxane Methanol 95 94 10.2 42

vV Arylboronic esterl7 gives two peaks in the HPLC method used (Method C): the arylboronic ester
itself and the corresponding boronic acid. The peaks areas were summed where relevant to give a total
peak aea corresponding to compouhd

Vi 360uL when no additional esolvent is specified.
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Base Solvent Co-Solvent ee/ Conv./Deb./

ENtY (1 4eq) (300uL)" (60pL) % % o [rea¥ieuns
16 KOH Toluene Water 91 64 353 65
17 KisPOu Toluene Water 93 85 123 82
18 K.COs Toluene Water 92 87 113 80
19 NEt Toluene Water 94 91 8.6 86
20 NaHCQ; Toluene Water 94 87 123 84
21 KOH THF Water 95 88 8.3 76
22 K,COs THF IPA 95 95 3.9 81
23 K,CO; THF Ethanol 95 94 5.7 81
24  KOH MeTHF Water 95 46 2.1 89
25 NEt; IPA - 97 85 14.7 75
26 NEt; Ethanol - 94 97 1.5 90
27  NEt Methanol - 93 97 2.0 91
28 KOH Methanol Water 92 93 8.9 53
29 - AcOH - n.d. 0.7 2.8 89
30 KOAc AcOH - n.d. 06 129 85
31 - AcOH/Watel" - n.d. 0.6 6.9 88
32 KOAc AcOH/Water - n.d. 0.6 155 86
33 DIPEA Heptane Methanol 92 94 1.4 88
34 DIPEA Heptan¥' Methanol 92 9% 2.0 88
35 DIPEA Heptane/MeOH/Waté& - 89 98 0.8 90
36 KOH 'PrOAC Water 95 93 6.4 85
37 KOH EtOAC Water 95 87 11.8 81
38 KOH Anisole Water 95 64  36.2 62
39 KOH DMSO Water 87 73 220 56
40 KOH 1-Butanol Water 91 93 9.9 68
41 KOH Acetone Water 94 93 7.0 76
42 KOH CPME Water 95 84 15.0 76
43 KOH Cyclopentanone Water 94 88 11.0 73
44  KOH Dimethyl Carbonate Water 95 90 8.8 81
45 KOH Propylene Carbonat Water 96 56 | 439 62
46 KOH Ethylene Glycol Water 67 94 7.7 50
47 KOH Acetonitrile Water 92 90 8.2 78
48 KOH MIBK Water 94 76 22.9 72

TablellL. Comparison of different sol ventvesiondaniaé®dassy st ems
peak area deboronation Note that the enantiomers of thgroduct eluted particularly closely in the chiral
HPLC system (Method D1) used here, such that smadevariations should be interpreted cautiously.

The dioxane/water system used in Sec8cdhlwas the basis of a small baseeen(Entries

11 9).”° The enantiomeric excess achieved weneasonably consistent, bile conversios

Vil 1:1 by volume for this entry and the entry below (Entries 31 and 32).

vii: 2-methyt1,3-propanediol(1 eq) as an additive for this entry and the entry below (Entries 84 an
35).

* (HeptanédvieOH)MWaterratio 3(95:5):1 by volume.
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of enoatel6 to the bisaryl product8 wereaffecteddramaticallyby the identity of the base
In the case where no base was ad@adry 2) conversion to the product was extremely low
(7%), and very little changt the substratesasotherwiseevidenced by HPLC. In general,
some correlation to thepy of thebase wa observed, with KHCE(pKan 6 in water) giving
82% peak area conversigBntry 5) KoCO; (pKan 9) giving 90% conversio(Entry 4), the
organic bases W 11) giving greater thaB5% conversio{Entries 79) and KOH (fKan
16) giving 92% conversiofEntry 1) In these cases, lower conversion appédnp
correspond ta@reateramounts of deboronatiogoroduct with the organic bases givirthe
lowest extent®f the undesired sideeaction.Base strength also correlated witle extent to
which sidereactions appeardd occur. In general, the organic basgsve thehighest values

for Area%sg171s.

Inspired by the report described in Seatih3.7, in which the replacement of water with
alcohol was found to be advantageousdecreasingleboronatiorf® a number of reactions
were trialledwith water replaced by ethanol or trifluoroethafiéhtries 1014). Although
small differences irthe enantianeric excesseshown inTable 11 should beinterpreted
cautiously, itappeas to be the case that this substitution sdrieincreas the enantioneric
excess measureghen triethylamine was used as the b@8%eeand 97%ee Entries 10
and 14 respectively, cf. 95%e using an aqueous «mlvent, Entry ¥, however the
conversios decreasedgignificantlyfrom 96% to less #n 50%and there was no decrease
deboronation. This effect on conversiordiscussed in more detail Section3.2.3 When
using he strong ethoxide basesigh conversionsvere observedand some decrease in
deboronatiorwas evidenceadtompared with using aqueous inorganic bakesthis did not
come with the benefit of increasedantioselectivitfEntries 11 and 12)Again, thevalues
for Area%se1718 Were found to decrease with the use of strong base. Attempting an
analgous reaction with methanol as the -smvent gave significant levels of
transesterificationwhich accounts for the lowalue for Area%se171s Shown in Entry 15

This was similarly seen in the methanol/water/KOH solvent/base sy&teny 28)

The solvat systems most resembling those used succhssiuthe report in which alcohol
was substituted for water are those with THF as the major solEerities 2123).

Compared with thease using water as the-solvent(Entry 21) replacement with alcohol
did increase conversion amtbcreasaleboronationEntry 22 and 23however the effest
were reasonablysmall (<8 percentage points difference for conversiorh gercentage
points difference for deboronatiorgnd different bases were used in these reastio

Curiously, replacement of THF with MeTHF gave very low conversibthe enoate to the
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bisaryl productandincomplete consumption of therylboronreagentwas observed. This
suggestshat transmetalation was gled significantly in this casgentry 24. Assuming that
the transmetalation occurs to a rhodium species with one solvent molecule ligated to it, it
could be speculatedhat the methyl group of MeTHF serves to diothe site for

transmetalation (see also Sect®8.3.).

The reactions using toluene as the solvent were based on literature préededt,
generallyperformed unremarkabl{Entries 1620). Use of potassium hydroxide as the base
gave significant levels of deboronati¢Entry 16) which was also seen when the reactions
were performed in anisol&ntry 38) This propensity of aromatic solvent towards increased
levels of deboronation was reflected in the weaker bases also used with,taltrengh to

a lesser extenA comparison of the performance of ethanol, toluene and dioxane is given in
Figure 23, with the d#a displayed as an averagerefctions using tripotassium phosphate

and sodium hydrogen carbonate.

90
80
70
60

50

Bases:
K3PO,
NaHCO,

40

30

Mean Deboronation
0

10 5%

H 25%
Ethanol Toluene Dioxane

Aqueous co-solvent employed for toluene and dioxane

20

Mean Conversion of Enoate to 1,4-Addition Product / %

Figure 23. A display of data from Table 11 and Table 12 (below), comparing thepeak area percent
conversion and deboronation when performing the reaction in ethanol, toluene and dioxane, averaged over
the reactions usingtripotassium phosphate and sodium bicarbaoate as the base

The three reactions including heptane as a solvent were inspired by a report which found the
combination of heptane, methanol and water with the diol additBenethytl,3-
propanedidl to give improved conversion and ultimately to allbawer catalyst loading
(Entries 3335).1* The entriesshow improved conversion with the stoichiometric additive
(Entry 34, cf. Entry 33and improved conversion again with the precise solvent system used
in the literature eport(Entry 35) The enantioselectivity delivered in these cases was lower

than other more compelling solvent and base systems in this investigation however.
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The last thirteen entries were selected as a broad range of greener solvents across a number
of solvent families(Entries 3648). Isopropyl acetate performed well, although none of the
solvents stood out as particularly attractive for further investigation. Anisole, DMSO, MIBK

and especially propylene carbonate gave particularly poor selectivityefatesired reaction

over deboronation.

Four reactions were attempted under iacicbnditions, using acetic acid in the solvent
system(Entries29i 32). In agreement with the litature precedent for the rhodiuratalysed
1,4-addition reactions being succhkdsunder basic conditions, no more than trace
conversion to the product was seen under these conditions. Interestingly, the deboronation
reaction proceeded in all cases, particularly in the presence of potassium acetate. It is unclear

whether or nothis wasvia a rhodiummediated mechanism.

The most compelling solvent systems identifiey this set of reactions were those
employing alcohol as the solvent, without any othesalwent(Entries 2527). Generallya
protic cosolvent is required to providepmoton for thecatalytic cycleto completg(Section
1.3.2, but if the major solvent can be protidilst still enabling adequate catalyst turnover
and good conversion to the desired enantiomer of the conjugate arylationtptiogi the
solvent system can be simplified significantly. Using IPA gave excellent enantioselectivity,
but the conversion was limited by significant deboronatiemtry 25) Methanol and ethanol
gave both good enantiomeric exasand conversios of the enoatel6 to the bisaryl
product18. Combined with the greechemistry credentialassociated with ethant¥ the

use of ethanolvas also attractive with respectdwoidng any risk of transesterificatioof

the enoate or the bisaryl produ€turthermore, the API synthesis used before this work
involved storirg the 1,4addition produc{S)-18 as a solution in ethandlsing ethanol as the
reaction solvent for th@ew 1,4-addition reaction processvould thereforeminimise the

further workrequired for adoption on scale.

To further investigate the use of ethamsla solvenin combination with a variety of bases
a seond set of reactions waerformed Table12). A visual display of the data comparing
Entries 621 is provided irFigure24 (page88).
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HO

( N
N Bpin . O
N:\ P 17 (1 eq) N COEt  HO
N CO,Et base (1.4 eq) +
o 1)

[RhCI(CyHy),],/L11 (10 mol% Rh)

16 ethanol (24 vol) 19
15 mg 30°C, 16 h
18
Entry pKan (1?222) Ethanol (3604L) CO”/V;: sion Deborf)’/ga“on ! Area%is111s
1 10.77 NEts Ethanol (anhydrous) 87 1.6 89
2 10.77 NEts IMS 94 1.7 92
3 10.77 NEtz Ethanol (not degasse 88 1.7 93
4 10.77 NEt Ethanol/Watefr 98 2.9 91
5 10.77 NEt; Ethanol @ir-spargedt 80 1.9 93
6 10.77 NEts Ethanol 91 1.7 92
7 10.75 DIPEA Ethanol 96 1.0 92
8 11.05 'PrNH Ethanol 98 1.0 88
9 5.17 Pyridine Ethanol 0 0.0 88
10 8.4 DABCO Ethanol 34 25.3 80
11 5.97 2-Picoline Ethanol 1 0.0 98
12 6.02 4-Picoline Ethanol 0 0.0 88
13 10.98 NHEt Ethanol 70 2.7 91
14 7.3 TDA-1 Ethanol 54 1.2 95
15 135 DBN Ethanol 3 9.1 76
16 476 KOAc Ethanol 68 19.2 80
17 595 NaHCG Ethanol 94 1.0 91
18 91 K.COs Etharol 96 4.1 83
19 595 KHCO3 Ethanol 96 14 a0
20 11.74 Ki:POu Ethanol 97 2.2 85
21 9.1 NaCOs Ethanol 96 1.2 90

Table 12. A comparison of solvent and base effects with ethanol as the primary solvent of intereBfta is
as descriled for Table 11. pKan values are given according to literature datd®®

The fird six entries compare different solvents or differently prepared sol\Entises 1, 4

and 6were intended to give an indication of the importance of water in the reaction, since
the literature investigations have highlighted the importance of formimglaxorhodium
species (Sectioft.3.2. The first entry used commercially anhydrous ethanol, the sixth used
standaregrade ethanol and the fourth used a 50/50 mixture of ethanol/water. An increase in
conversionof enoatel6 to hisaryl 18 was seen in this order, however it wagsequently
discovered by Karl Faher analysis that both the anhydrous ethanol and the stagrale

*1:1 by volume.
X Ethanol was sparged with compressed air before dissolution of solid reagents.

86

Confidentiali Do Not Copy



ethanol contained similar levels of water. Although the nitrogen line used to sparge the
solvents contfaed inline silica to remove water vapour fronthe nitrogensource the
anhydrous ethanol was found to increase from vt% water to 3 wt% water after
employing this degassing technique. The standeade ethanol was measured to have
0.3wt% water fter sparging with nitrogen. Nevertheless, a difference was certainly seen
between the two reactions run using ethgkoitries 1 and 6)and thereactionusing 1:1
ethanol/wate(Entry 4) The industrial methylated spirits (IMS,7Wt% water Entry 2 also

gave greater conversion thdre ethanol witha lowerwater content.

The third and fifth entries used the same ethanoEmtsy 6 but hese were either not
degassed (iry 3) or were sparged with compressed &irtry 5), with a view to gainin@gn
appeeciation for the aisensitivity of the systemA decrease in conversion was seen from
degassed ethan@Entry 6) to nonrdegassed ethan(Entry 3) to airsparged ethandEntry

5), however the reaction was not significantly inhibieagn in this lattecase. It was also
consideredpossible thathte nondegassed ethanol mdnave performed less well than the
degassed ethanah part due to having a slightly lower water contesince it was not

sparged with wet nitrogen.

The remaining entrigsdisplayed isually in Figure 24, compare different bases with
degassed standagiade ethanol as the solvent. Both inorganic and organic bases were
selected across a wide range #fypvalues with consideration for their green chemistry
attibutes!®® In general, no clear trend was observed betwglém and Area%se171s,
conversion or debororiah. Nevertheless, significant differences were found. Perhaps most
strikingly, the pyridine bases (pyridine-picoline and 4picoline) did not enable any
conversion above trace levels, and similarly no deboronation ocoigntdes 9, 11, 12)

The implication is that transmetalation was inhibited, potentially by poisoning the catalyst. It
has been suggested in the literature that a substrate bearing pfuiditienality has
prevented d,4-addition reaction from occurring@Bection1.3.7).8 If this is the case here, it

is interesting that the triazole of the enobaloes not similarly prevent the desired reaction.
This is explored in Sectio®.3.1.3
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Figure 24. A visual display of the data from Entries 6 21 of Table 12 (above.

Trace conversion and very low conversion were also seen withd8NDABCO, however

in these cases significant levels of deboronation aks@observed Entries 15 and 10)As

with the pyridine bases, DBN possesses &rhgpridised nitrogen in a ring. DABCO has
sp-hybridised nitrogens, however its tethered strudemees the nitrogen lone pairs largely
unhindered, such that dould bean excellent ligandor coordination to rhodiumTDA-1
(tris[2-(2-methoxyethoxy)ethylJamine) consists of a tertiary amine with six ether groups, and
whilst predominantly used as agsetransfer catalysit has also found utility in complexing

to Grignardreagents?® It would nd be implausible to suggest that it chelateghtmdium(l),

and that this is the cause of the low conversion observed(Batey 14) In general, it
appears that nitrogerontaining bases with a good ability to ligate to the rhodium centre act
to prevenbr significantly inhibit the desired 1-@ddition reaction.

0]

10
N N
® ) o
N /O\/\O/\/N \/\0/\/0\ N
DABCO TDA-1 DBN

The remaining organic bases enabled vastly improved reactivity, with a rough correlation
observed between bulk and conversion. Triethylar(iliisA, NEt), di-iso-propylethylamine
(DIPEA, NEtPr), di-iso-propylamine DIPA, 'PLNH) and diethylamingNHEL,) all have

pKan vValues around 11, but the peak area conversions observed to the desadditiga
product increaskfrom diethylamine (70%Entry 13 to triethylamine (91%Entry § to di
iso-propylamine and diso-propylethylamine (5%, Entries 8 and )7 The origin of this
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trend may also be found in the decreasing ability of the bases to ligate the rhodium complex

with increasing bulk.

The inorganic bases perfoed universally well with thexception of potassium acetate,
which wasthe weakest base employed in these reaciiinsiies 1621). In general they
afforded the desired product in high conversions, although the reagadwadower values

for Area%se 1715 than the better organic bases. Additionally, therenatabledisadvantages

for increasing the scale of ateragereous reaction rather than a homogrrge reaction,

since the nature of the stirring isrfenore important in the formerThis can lead to
difficulties when the scale of a heterogeneous reaction is increased and performed in
different reactor vesselslue to mass transfer effecEom this perspective, the inorganic
bases were therefore less attractive for use in the developed procewetbaganic bases

were.

The rates of the rhodiwratalysed reactions using a selection of the bases were compared
using the conditions shown iRigure 25, with relative HPLC response factors used to
determine the reaction compdaaits as for the later Secti@?3.2.2 Di-iso-propylethylamine

and triethylamine were compared with the inorganic potassium patssium hydroxide,

potassium carbonatandpotassium hydrogen carbonate.
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§ p (
( pin N
N
N HO 17 (1 eq) N, O
\\ _ N
N CO,Et base (0.5 eq)
[RhCI(C,Ha)ol, (2.5 Mol%)

16 Naphthy! Ester Diene L11 (5 mol%) HO O 18
150 mg ethanol/water (9:1, 10 vol)
30°C,12h

100 =
90
80
70
60
50
40
30
20
10

—+—DIPEA
TEA
KOH
KFCOF
KHCOF

Amount of Arylboron Reagent 17
Relative to the Amountatt=0/%
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Figure 25. Consumption of arylboron reagent17 over time for a selection of bases. The profile for the
consumption of enoate is very similar.

As anticipated fronSection1.3.2.2 the in@ganic bases resulted in the fastest reactions,
except potassium hydrogen carbonatehich, with the lowestpKay, gave the slowest
reaction. Aside from this, neignificanttrend was observed based on the strength of the base

in contrast to that discusséd Section1.3.2.2 Both dtiso-propylethylaming(DIPEA) and
triethylamine(TEA) gave slower reactions than the inorganic bases (excluding potassium
hydrogencarbonate), with the less bulky base (triethylamine) being the sloiwtbe two.

This is consistent with the data displayed able12 andFigure24, and with the suggestion

that the less bulky amine bases can coordinate more readily to the rhodium centre to give a
cataitically inactive species.

The selectivity of the systenfier conjugate arylation over praleboronation wagenerally

very good. The organic bases gave the highest selectivities (both 97:3 molar ratio of
conjugate arylation product to protodeboronatioadprt), with potassium hydroxide and
potassium hydrogen carbonate also performing reasonably well (92:8 and 90:10
respectively). Curiously, potassium carbonate gave the lowest selectivity (83:17), which is
also consistent with the data ifable 12 and Figure 24. To probe whether or ndhese
differencescould be explained by a purely basediated protodeboronatiomarylboron

reagentl7 was treated withdi-iso-propylethylamine potassium hydroxide and pesaum
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carbonate (@ equivalentg in the same volume of ethanol/water as Fagure 25 (Scheme
39).

base (0.5 eq)
ethanol/water (9:1)
HO
17 19

Scheme39. Experiments to observe the relatie extents of any basenediated protodeboronation using
DIPEA, KOH and K 2COs. The total reaction volume here is the same as féiigure 25.

Di-iso-propylethylaminggave undetectable levels @tolylmethanol over Z hours whereas

the deboronation product was evident withihh®ursusing the inorganic basesu@ntitative
analysisof the experiment was limited by an unknown species generated in themsacti
with the inorganic bases, bthe results nevertheless showed that a purakemediated
deboronation mechanism was insufficient to account for the differences obsevigdre

25 either betweeri-iso-propylethylamineand potassium hydroxide or between potassium
hydroxide and potassium carbonate. Vaarthe experiments using rhodium gave 1%, 6%
and 14% conversions to-tolylmethanol within lhour using di-iso-propylethylamine
potassium hydroxide and potassium carbonate respec(ivgyre 25), in the absence of
rhodium thee were no detectable levels of the protodeboronation predimg any of the
bases at this timepoigEcheme39). Neither can a difference in the turnover frequencies of
the catalyst with the different bases account for the reifitelevels of deboronation, since
34%, 24% and 29% residual enoats was observed atlhour for each of
di-iso-propylethylamine potassium hydroxide and potassium carbonate respectively in the
rhodiumcatalysed reactions. It must be that a more compleshanism is responsible for
the difference between potassium carbonate and potassium hydroxide, which does not

depend only on thiglentity of thebase.

Considering the advantages of a homogeneous reaction mixtorabined with the
conversion of enoate 16 to bisaryl 18 and the extent of protodeboronation,
di-iso-propylethylaminewvas selected as the base to be used for further investigationg

with ethanol as the primary solvent.

3.2.3 Analysis of Continuous Variablesfor the Pharmaceutically-
Relevant Conjugae Arylation

With the discrete variables for the reaction selected,dontinuous variables wefiestly
explored using a staistical Design of Experiment (DoE) approach. This enabled an

understando be built ofwhich vaiables required controlling tmaximise adesirable effect
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or minimise an undesirableffect, and whth did not affect the reactid:'’? Based on
observations from Sectiorg2.1and3.2.2 six factors were selected for investigation over
rangesdecidedwith consideration for what would be accdpéaon scale: solvent volumes
(107 50 volumeg, precatalyst/ligand loading (& mol%), temperature (50 °C), added
water content @f 20% of total solvent volumes), equivalents of arylboronic estér (
15 eaquivalentg and equivalents of DIPEL.5I 2.5 equivalenty. Threeresponses were to be
measured to assess these factors: conversion of eth6ate 1,4addition productl§,

selectivity forthe 1,4addition overdeboronationand the enantiopurity of the prodd&

The form of Design of Experimet used was designed for facgmreening rathethan
optimisation.The value of a factescreening DoE is that the significant factors affecting a
particular response can be identified efficiently, but its key limitation is its inability to model
significant curvature within a response.rexample, itcould be that lower limit of10 °C
gives 30% conversion for a particular reacti@n,centrepoint of 30 °C gives 10%
conversion andn upper limit of60 °C gives 806 conversio. The statistical analysis would

be able tacorrectlyidentify increasing tmperaturdrom 10 °C to 50 °Gs having a positive
effect on conversionhut it would not be able to sufficiently account for the cetént
giving 100% conversion in the model that it creates. Thethodis adequate for the
purposes here, where ideit#tion of the key factors affecting the three responses over the
ranges studied is required rather than an accurate model of the process space.

3.2.3.1 Preliminary Experiments for a Design of Experiment Analysis

Before the DoE could be performed, it was importargénsure that the combined upper and
lower limits selected for each factor would both give conversion and to varying extents. It
was also important that there was no sudden discrete change at a certain level of any factor,
such as might be observedfior examplesome of the reaction mixtures are not in solution
under the combination of conditions or if the conversion falls suddenly below one equivalent
of base. Therefore, a number of preliminary experiments werlormedto confirm the

suitability ofthe ranges chosen for the DoE experiments.

Firstly, experiments were performed with varying equivalents of DIPEthémet0), using

0.4, 0.7, 10, 14 and2.0 equivalents of base relative to enoaée The HPLCtracesshowed

no sgnificant variation across this range of conditions at all, with a peak area conversion of
> 98% (enoatel6 to 1,4addition productl8, 210 nm) observed in each case. Furthermore,

very little difference was seerhen ethanol was replaced witll Bthanol/vater.
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HO
N
Bpin N, O
N’ 17 (1 eq) _ N CO,Et

\N P

Z\

CO,Et DIPEA (0.4-2 eq)
[RNCI(C,Hy),1, (5 mol%) O .
16 Naphthyl Ester Diene L11 (10 mol%) HO > 98% peak area
conversion
15 mg ethanol (24 vol)

30°C,20h 18

Scheme40. Reactions toobserve any differences in peak areeonversion overa range of equivalents of
DIPEA.

The lower limits originally planned for the DoE were then tested, specifically th
combination of one equivalent of arylboronic estdrmol% rhodium and ligand,
0.5 equivalents of DIPEA, 50 volumes of ethanol with no water, and a temperaturf€of
This reaction proceeded adequately, with around 8% peak area converdloimj2af
enoate to 1,4ddition product observed in 1Bours (Scheme4l). However, it was
subsequently noticed that complete bdity was not achieved when the low temperature
condition was combined with the high concentratidivdlumeg originally intended to be
the upper limit. As such, the lowrtgerature was revised t0 1C andthe most concentrated
condition revised to @volumes which enabled complete dissolution witip to20% of the

total solventvolumesbeing water

OH

g Bpin 'R O
N 17 (1 eq) CO,Et
N _
CO,Et DIPEA (0.5 eq)
[RhCI(C5H,)5], (0.5 mol%) HO O 18

16 Naphthyl Ester Diene L11 (1 mol%)
150 mg ethanol (50 vol)
1°C,19h

8% peak area conversion
of 16t0 18in 19 h

Scheme4l. Trial reaction to determine the suitability of potential lower limits of the reaction for the
Design of Experiment.

The combinedlower and upper limits of the DoEt he Al east f ocicng@o art
conditions respectivelyyvere then tested along with two cenp@nt experimentsn the

STEM Integrity 10 Reaction Statiorto be used in the Dolnd prepared in the manner

intended for the DoKTable13). The enantiopurityvas determined aftexchiralpurification

of the product since transfer of the chiral HPLC method to a different instrument had

enabledbaseline separation of tlemantiomers of the product to be achieved at the expense
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of baseline separation betweéme laterrunning minor enantiomerthe enoate andhe

ligand.

HO

Bpin N, O
N 17 (1 eq) N CO,Et

\N /

z\

CO,Et DIPEA (0.5-2.5 eq)
[RhCI(C3Hy)2l, (0.5-4 mol%) O
16 Naphthyl Ester Diene L11 (1-8 mol%) HO
ethanol/water (10:0-8:2, 10-50 vol)
150 mg 10-50 °C, 18 h
18
100 } } }
90
S g0
S 70
()]
g 60
8 50
© 40 M
< 30
I
o 20
o
10
0
0 5 10 15 20
Time/h
—+—Entry 1 (Least Forcing) —+— Entry 2 (Centre-Point)
Entry 3 (Centre-Point) —+— Entry 4 (Most Forcing)
Catalyst , Total Water Content/
Entry Loading/ é‘ r&sg}eln?[s E ?Jli\ljflsnts Volumes/ % of Total Tegrép. / eo;e/
mol% Rh —J 9 vol Volumes 0
1 1.0 1.0 0.5 50 0 10 n.d.
2 4.5 1.25 15 30 10 30 n.d.
3 4.5 1.25 15 30 10 30 97
4 8.0 1.5 2.5 10 20 50 96

Table 13. Testing of the lower and upper limits ofthe planned DoE with two centrepoints. Note that the
catalyst precursor and ligand were added in 1:1 Rhligand stoichiometry. Peak area conversions
determined as forTable 12. Enantiomeric excesssdetermined using the same chiral method as used
previously, but installed on a different instrument. Time = 0 when reaction mixtures placed in Integrity 10
Reacion Station.

The results showed that tidannedranges were suitable for the DoE, although significant
variability was indicated by the largiscrepancybetween the conversions efioatel6 to
bisaryl 18 in the two ceme-point reactions A number of possible aspects of the preparation
may have contributed to this. Firstlgll of the solids, includinghe small amounts ofthe
rhodium complex were weighed directly into the much heavier awkwardly shaped
reactiontubes, potentially givingrrors in the masses dispensed. Secordigr dispensing

the solids into thdubes the tubeswvere sparged with a nitrogen flow before addition of
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solvent to ty to ensure an inert atmosphehewever there would havesén a risk thathe
solids may havebeendisplacedfrom the volume of the tubes in which the reaction would
occur Thirdly, DIPEA was added before the tubes were either brought to temperature or

degassed byitrogerivacuum cycles.

Each of thee aspects dhe preparation waevised for the DoE: (1) all of the solids were
weighed into appropriate weighing boats and the boatgeighed after transferring the
contents to the reaction vessels, (2) the tubes were not sparged with nitrogen when
containing solid and instead the tubes were cycled through thitezgervacuum cycles on

the Integrityl0 Reaction Stationmmediately after addition of the degassed solvent(s),
(3) DIPEA was added after the mixtures had been allowed to reach temperature for
40 minutes and addition of DIPEA marked the start of the reaction time. To ensure that this
last aspect of the preparation woulddoétable, the conditions fromnity 4 (Table13) were
repeatedbut withthe base added after the rest lbétreaction mixture had been & for

1 hour. Sampling the mixturafter 1hour at 50°C andbefore addition of base revealed no
conversion to the product and no observable deterioration of the substrates SWithiries

of adding the base, the reiact was virtually complete.

3.2.3.2 Factorial Design of Experiment

One of the main attractions of a Design of Experiment approach to understanding important
factors in a reaction is that the statistical analysis enables far fewer experiments to be
performed than\ery combination wouldequire!’174In the case of varyingix factorsin a
factorscreening DoEthe complete set of experimer{the full factorialh whi t e desi gn
would be 2, i.e. 64experiments not including cenipmints to validate the data. In principle
however, the statical analysis could enable this number to be decreased to as few as 8
experiment{ a i r e d The dasgergofiedr@¢asingo such a low number is that factors

can be aliased with each other when the analysis deconvolutes the results to identity which
factors are significant in contributing to a certain respdnsihis case, factors can be aliased

with two-factor interactions, which are not uncommeénr example, it could be that either
temperature or a combination of equivalents of arylboronic @sterpercentage of water

has a significant effect on timate ofthe reaction, buivhich of these it isvould notbe able

to be definitively extracted from the data. In certain circumstances, it might be that the two
factor interaction aliased with a siegactor can be ruled out eithen chemical grounds or

if the factors contained in the twiactor interaction do not show an influence on their own.
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Since it was intended to usm Integrity 10 Reaction Statiofior this DoE, the maximum

number of experimnts able to be run in om@blockd would be 10. Correspondingly,
performing a red design would also require 10 experimeight combinations of the upper

and lower limits of thesix factors with two centrpoint experiments. The next fewest

number of egeriments for a factescreening DoE with seven factors would constitute a
Afyell ow designo involving 16 experiments. Th
factor interaction are only aliased withmulti-factor interactions involving no fewerah

three factors eaghwhich are much more readily disregarded thanflwetor interactions are.

However, since the yellow design would need to be run in two blocks due to the number of

wells in an Integrityl0 Reaction Stationeach block containing twoentrepoints, there was

no advantage to starting with a yellow design. Instead, a red design was used with the
knowledge that thisamldb e augmented i ntfaddoaerwe@) |ofv desayg
found to be a problem and a greater bank of data wadredq Thereforejust 10 reactions

were performedinitially for this investigation. Analysis of the results revealed that a
foldover to a yellow design was required, and so an additional ten experiments were
subsequentlperformed. The results of the Doéhowing analysis from both the red and the

yellow designs for comparison, are presented in Se8tiB.3

3.2.3.3 Results and Analysisof the Factorial Design of Experiment

Table 14 summarises the conditisrfor the reactions run in the initial red design and in the
foldover, andTable 15 presents an overview of the resuliie reactios were run as two
blocks in anmtegrity 10 Reaction Stationwith thereactionwell temperatureset in advance

to those shown iffable14. The reactions were prepared as described in S&&®08.1 and
sampled at hour, 3 hoursand B hours For each reaction mixturthe volume sampled was
such that it wouldcontain 1 mg of enoatel6 for a scenario in whicmo reaction had
occurredand this sample was dilutedth 1 mL of a 1.2 mgmL'?* solution of mesitylene in
ethanol. The relative absorbances ab @mh had been calculated for the enoaé the
desired 1,4addition productl8 and the deboronated side prodd@ with respect to

mesitylene.
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Bpin (
( ;:> P N
N/N Ho—/ 17 (1-1.5 eq) N, O
S N CO,Et OH
N Z =+
CO,Et DIPEA (0.5-2.5 eq)

[RhCI(C5H,)sls (0.5—4 mol%) O
16 150 mg Naphthyl Ester Diene L11 (1-8 mol%)  HO 19
ethanol/water (10:0-8:2, 10-50 vol)
10-50 °C, 24 h 18
A: B: C: D: E: F:
Total Water / . Rhodium
Run Volumes/ %viv Temp./°C EA(Bpln Base Loading /
vol of Solvent quivalents Equivalents mol%
101 50 0i 20 10i 50 1il5 0.52.5 1i8
1 10 0 50 1.5 0.5 1
2 30 10 30 1.25 15 45
3 10 20 50 1 0.5 8
S5 4 10 0 10 1.5 2.5 8
B 5 50 20 50 1.5 2.5 8
> 6 50 20 10 1.5 0.5 1
x 7 30 10 30 1.25 1.5 4.5
8 50 0 10 1 0.5 8
9 50 0 50 1 2.5 1
10 10 20 10 1 2.5 1
11 50 20 50 1 0.5 1
12 10 0 10 1 0.5 1
13 10 20 10 1.5 0.5 8
5 14 50 20 10 1 2.5 8
3 15 50 0 50 1.5 0.5 8
lé 16 10 20 50 15 2.5 1
17 30 10 30 1.25 1.5 4.5
18 50 0 10 1.5 2.5 1
19 10 0 50 1 2.5 8
20 30 10 30 1.25 1.5 45

Table 14. The conditions of the reaction mixtures run for theDoE experiment The conditions are shown
such that the lower limits are highlighted blue, the upper limits are highlighteded, and centrepoints are
highlighted green.

To avoid errors caused by sampling and diluent volumes with the use of an external
standard, the molar conversion of the endd#t¢o the desired 1;4ddition productl8 was
calculated in each case, rathemthle apparent solution yiel@o provide a measure for the
selectivity of the reaction, the relative molar amounts of undesired deboronated dr@duct
and desired 1;&ddition productl8 were compared, and the data is presentddbie 15 as

the percentage of theseo products accounted for by the desired prodiitie relative
molar amounts oEpeciesl6, 18 and 19 were determined using HPLC response factors
(Equation8, page220).
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The enantiopurity of the desired productswaeasured after Zdoursusinga chiral HPLC
that gave excellenbaseline separation between the two enantiormedsvery low noise,
allowing the enantiomeric excesses to be determined to high precBéfore chiral

analysis, a portion of each reaction mixture was purified by column chromatography.

Conversion / % Selectivity of Reaction / %

Run oy 3h 19h 1h  3n 19n &/
1 493 797 975 982 979 844 934
> | 985 100 100 907 834 828 944
3 907 903 905 922 920 921 931
4 112 296 743 891 949 977 966
5 066 967 985 676 674 67.8 932
6 | 20 62 134 774 796 858 951
7 978 994 100 912 844 841 945
8 | 119 247 504 901 930 944 964
9 333 523 682 960 957 933 928
10 | 72 184 701 857 912 943 947
11 909 922 926 941 937 93.6 | 923
12 726 64 186 100 870 952 96.3
13 415 775 | 100 958 949 860 956
14 561 875 885 920 919 91.3 952
15 990 100 100 882 779 712 935
16 983 986 986 858 774 701 92.3
17 981 100 100 905 846 832 944
18 | 23 47 148 W23V 747 898 961
19 837 938 946 967 959 958 949

20 985 100 100 90.1 834 822 943

Table 15. Summary of results for the rea¢ion mixtures used in the DoE experimentThe results are shown
such thatlarge values are highlighted green and low values are highlighted red.

The data was analysed in Desigrpertl0 software. Where appropriate, mathematical
transformations were apptigo the responses, and hatfrmal plots were used to assess the
significance of fators to include in the model. In generalkns with pvalues <0.06in the

analysis of variance (ANOVA) tablder the statistical models were considered statistically

significant and included in the models.

3.2.3.3.1 Conversionof the Pharmaceutically-Relevant Enoate to the Bisaryl
Product

Takings samples of the reactionsldtour, 3 hoursand B hoursprovided an understanding
of factors that affect the rate of the reaction alt asthose that affect the overall outcome.
Table 16 presents an overview of the significant factors extracted by the statistical analysis

used in DesigrExpert 10
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Response

Range Significant Factors (p-value)

Timepoint

{Tempor Water + Catalyst Loading} (< 0.0001)>
1lh 2.9/ 98.5%{Catalyst Loadingor T e mp + VOO0 } ¢

3 {WaterorTemp + Cat al (@802l Loadi n
o 3h 6.2100%Temp §y ¢0CAOALYysSOO2ISp adi ng §
19h 13.4100%Temp § (0.0387)
. Tempg<0yP00l)> Cat al ys(0.00@edi ng
1lh 2.3199.0%Wat e(< 0.0901)
g ah 471000 T € MASOP00L> Cat al y s(x0.00aigdi ng
o ' Wat €0.0067)> Temp + Cat 0§75t L

T e mpy0.0901)> Catalyst Loadi g (09046) >
Wat €0.0296> Temp + Cat @Il0586)t L ¢
Table 16. Significant factors affecting conversion as determined by statistical analysis. The conclusions

from both the red and yellow designs are included forampar i son. § indicates a posit
response, whilst Z indicates a negative effect.

19h 13.4100%

These results demonstrate clearly thigerent quality of analysis enabled by the red and
yellow DoE designs. Particularly looking at the red design atltheur timepoint, the
significant factors could either be temperature, catalyst loading and an interaction between
temperature and catalyst loading, or they could be temperature, an interaction between
temperature and water content, and water contenteycould be an interaction between
water content and catalyst loading, catalyst loading and water content, or they could be
temperature, catalyst loading and wafine yellow design enables the last of these options

to be identified unambiguously dke lig of significant factors. Thdalf-normal plot is

shown inFigure 26, in which factors further to the rightad a more significant effect.
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Design-Expert® Software Half-Normal Plot
Conversion

A Error estimates

©
©
|

Shapiro-Wilk test
W-value = 0.980

p-value = 0.985

A: Total Volumes

B: Added Water

C: Temperature

D: Equivalents of ArBpin
E: Equivalents of Base
F: Cataly st Loading

o
C-Temperature,

©
a
il

©
o

B F_Catalyst Loading
O B-Added Water

Half-Normal % Probability

® Negative Effects 70~ .
=
50 - o
=
30: @
20F 4@
105 =
0= 8

I I I I I I I I
0.00 9.04 18.07 27.11 36.15 45.18 54.22 63.26

|Standardized Effect|

Figure 26. Half-normal plot for the 1-hour conversion data.

A further advantage of the yellow design is drawn out at Shleolir timepoint, where there
is an insufficient data set to extract the significant factors in the red d€sigits own this
could at first appear to be an encouraging result since it seendidaténthat none of the
factors ultimatelyaffect conversionsignificantly over the ranges studietlowever, looking
at the raw conversion data shows otherwise, and this is reflecteddatth&éom theyellow

design.

From a sustainability perspective,olong to decrease the loading of the expensive and
scarce resource, rhodium, it is encouraging that temperature plays a more significant role in
conversion than the catalyst loading does over the ranges studied in the DoE experiments,
showing that a low idium loading can be readibyffset by a higher temperatur€his is
demonstrated in &s 1,11 and 16, and the offset is reflected by the third most significant
factor being a negative interaction between temperature and catalyst loading whereby higher

temperature results in catalyst loading having less of an effect on conversion and vice versa.

The importance of water both in the initidlour-averaged) rate and the overall convansi
is exemplified by comparingu®is 9 and 11, with the forméd% water)progressing slowly
from 33% to 68% conversion betweérhour and 19hours and the latte20% water)
virtually complete afterl hour. This may reflect a requirement to formhgdroxorhodium
species for generating an effective active catalspublishedstudy of the importance of

waterin systemausing alcohol solvent has not been found.
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It is interesting and encouraging that the arylboronic ester loading and the equivalents of
base do not seem to have a significant effect on the conversion oot initial rate.

This is not to say thathe other factorsdefinitely do not have any effeckor example,
comparing Rns 1 and 9 suggests that solvent volumes or arylboronic ester equigalddts

have someeffect. Nevertheless, it provides a useful memnglentify the factors that are
most critical to controin designing a successful process, and it provides confidence that the
arylboronic ester loading and even catalyst loading will be able to be lowered by control of

the more significant factors.

3.2.3.3.2 Sekctivity for the Conjugate Arylation over Deboronation

To probe any effects on the selectivity for the dest@gjugate arylatiomeaction over the
competing deboronation reactiaime amount of 1,4addition productl8 as apercentage of

the total amounof the two known products (i.e. the desired-addlition productl8 and the
undesired deboronation produt®) was calculatedin this casethe analysis had to be
interpretedcarefully, since the equivalents of arylboronic ester was one of the factdrs in

DoE. If an excess of arylboronic ester is used and deboronation does not occur until after the
enoate is fully consumed, tlaetualselectivity for the desired reaction is 100% in principle.
However, the calculation used here wilkcreasethe apparenselectivity, affecting the
interpretation of the results. Thei¢ selectivity at the-fhour timepoint should be reasonably

well reflected in the calculation, but it should be anticipated that this will be negstthe

case for the later tinpeints.

The significant factors extracted by the statistical analysis are presenfeabia@l1l7. The
identification ofthe arylboronic ester equivalents asignificant factor at each tirpeint

should be largely ignored since this is anfadeof the calculation used fwepare the data.

Also, for thel9-hourdatg the limitations of the calculaticaretoo significant since many of

the reactions had reached completion by this point. This is evidenced by temperature and
added water not bajnsigrificant factors at the-hourtimepoint but becoming significant at

19 hours These same factors were found to increase conversion of the éeo@tethe
desired product8; temperature at least would increase the rates both of transmetalation and
of any nonrhodium mediated deboronation. The fact that they become significant at
19 hoursonly reflects the fact that in many cases the enoate has been fully or nearly fully

consumed by this point. This timeintis therefore not discussed here.
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Responst
Range

623 ArBpin eq Z
100% Ar Bpin Z (0O
e

674 Ar Bpin

Timepoint Significant Factors (p-value)

(0.0004) > Tot al

0014) > Base eq :

3h q Z (0.0030) > Towl ume
979% Vol umes Z (0.0173)

67.8 ArBpin OeO0D1)< > Temp Z (0.00

97.7% (0. 0004) > Addeé&d Water Z (0.

Table 17. Significant factors affecting the calculated selectivity for the desired reaction oveleboronation
(yellow design only)

1h

19h

The most informativeesults arerovided by thel-hour timepoint, when the limitations of
the calculation have their smallest effect. Interestintilg totalsolventvolumes and the
base were identified as significaattors, along with their interactions with the equivalents
of arylboronic esterThe haltnormal plot is shown ifrigure27. Added water is ranked as
the seenth factor, and istatisticallyinsignificant.

Design-Expert® Sof tware Half-Normal Plot
1 h Selectivity for Desired Product

A Error estimates

©
©
|

Shapiro-Wilk test
W-value = 0.915

p-value = 0.321 2 b o
A: Total Volumes = 95 D-Equivalents of ArBpin
B: Added Water © 7
C: Temperature _ '8 90 a
D: Equivalents of ArBpin o E! A-Total Volumes
E: Equivalents of Base S E B aAp
F: Cataly st Loading 5 803 L o
=] E 7 A
® Negative Effects £ 70 . EEguivalents of Base
z =
= 50 - =
<
T "
30 - =
205 4 "
10 - o
05 eofF
0.00 2.58 5.15 7.73 10.31

|Standardized Effect|
Figure 27. Half-normal plot for the 1-hour selectivity data
The negative effect of solvent volumes on the selectivity of the reaction is readily
rationalised by the fact that protodeboronation is dependent on just orseldent species
(either thearylboron species or an arylrhodium species) whereas the desired reaction is
dependent on twaonsolvent species (an arylrhodium species and the enoate). Decreasing

the concentration of the reaction mixture therefore slows the desired reaction byhanore t

Xi Additional factors can also be found to haver @.05 at 1¢h however they were much less
significart than those tabul ated. | f they are all [
(<0.0001) >0.T@MP1)Z X <TemP. 60 AL Bp» nAdOPe) >Wataler Z
Volumes Z (0.0006) > Added Wat er (0:0048)>Bqumes+Z ( O.
ArBpin Z (0.0073).
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protodeboronation is slowed@he negative effect of base is interesting, not least because it

was not asignificantfactor for conversion of the enoate to the-dglition product.

The two negative interactions of each of these factors with arylborstec equivalents
point to the inherently good selectivity of this reaction. These interactions indicate that at
lower equivalents of arylboronic estéine negative effects of bothe solvent volumes and

the equivalents of base on the selectivity of teaationare of little significanceFigure 28
compares surface plots for the modelled effects of these factors on selectivity tato

extreme®f arylboronic esteequivalents(a) atl equivalentand(b) at 15 equivalents.

Design-Expert® Sof tware

Factor Coding: Actual

1 h Selectivity for Desired Product (% of both products)
(adjusted for curv ature)

100
ﬁ 100
62.2926 N
X1 = A: Total Volumes S 90
X2 = E: Equivalents of Bas%
Actual Factors o 80
B: Added Water = 10 3
C: Temperature = 30 =
D: Equivalents of ArBpin = B 70
F: Catalyst Loading = 4.5 O
k)
> 60
=
3]
@
o)
n

20

Equivalents of BhSe 2 40 30
25 50
-(a) Total Volumes

Design-Expert® Software

Factor Coding: Actual

1 h Selectivity for Desired Product (% of both products)
(adjusted for curvature)

100
100
62.2926

X1 = A: Total Volumes
X2 = E: Equivalents of Bas

Actual Factors

B: Added Water = 10
C: Temperature = 30
D: Equivalents of ArBpin = @.
F: Cataly st Loading =4.5

msired Pro@luct / %
\.
o
O
“““
&
O

Selectivity for

0.5

10
20

1.5
Equivalents of Base , 20 30
(b) 25 50 Total Volumes

Figure 28. A surface plot of the model predictions forthe selectivity of the desired reaction over the
deboronation at1 h as total vdumes and base equivalents vary gg) 1 eq, (b) 1.5 eq ArBpin.

With 1.5equivalents barylboronic ester the effects of both base and solvent volumes are

large, with selectivity varying from around 60% selectivity to nearly 100% selectivity
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(Figure28b). However, at the far more desirable operating conditionsbfljequivalent of
arylboronic ester, the variation in selectivity is less thaerzentage pointd={gure 28a). It
is likely that the low selectivity predicted to be achievable under the conditiiglire28o
arises only because the limitations of the assumption begin to have an effect dmothre 1
data when an excess of arylboron reagent is employed. affitisis the notionthat the
discrete variables selected for the conjugate arylation reactimmesa high actual selectivity
for 1,4-addition over protodeboronation. Indeed, the statistical anabfsithe Xhour

selectivity datavas indicative of a data set that was reasonably nordistgibuted

If the amount of debomnated substratd9 at 1 hour is consideredon its own, calculated

using only the external mesitylene standard and therefore reliant on accurate sampling
volumes, then temperature, added water, catalyst loading and then total volumes are the most
significant factorsall havinga paitive effecton increasing the amount of deboronation
productl9. In particularthe fact that model can be built in whighe catalyst loading has a
significant and positive effect on thextentof deboronatiorsupportsa rhodiummediated
deboronatiormechanism dominating in this systelhis is reinforced by the observation

that the arylboron loading itself does not have a significant effect on the amount of
deboronation product formed@he half-normal plotfor this response is shown kigure29.

Design-Expert® Sof tware Half-Normal Plot
Logl0(Deboronated Substrate at 1 h + 066}

A Error estimates

99 —
Shapiro-Wilk test
W-value = 0.925 7

p-value = 0.358 =]

>
A: Total Volumes = 95— C-Temperature,
B: Added Water © 7
C: Temperature 8 904 g
D: Equivalents of ArBpin  q E B-Added Wate
E: Equivalents of Base S 3 o
F: Cataly st Loading = 803 L Ba _I%tca?@g{atnl]_gsading
a K
£ E
= Negative Effects S 70 5
z m
= 50, [}
5}
T a
30 - a2
205 4 %8
10 C]
0§ &
I I I I I
0.00 0.20 0.40 0.60 0.80

|Standardized Effect|

Figure 29. Half-normal plot for the factors affecting the amount of deboronated product at h, calculated
using the external standard.

104

Confidentiali Do Not Copy



3.2.3.3.3 Enantiopurity of the Pharmaceutically-Relevant Bisaryl Product

Temperatire and water content had a negative effect on the enantiomeric excess achieved by
the reaction Table 18). Catalyst loading was found to have a positive effect, although this
was a much less significant factdihe halfnormal pbt of the statistical analysis is given in
Figure30.

Response Range Significant Factors (p-value)

92.31966% Temp 0Z 0(0<0 1) >0.00d)t>Eatalyst Logding (0.0011)
Table 18. Significant factors affecting the enaniopurity of the desired product (yellow DoE design).

The effect of temperature on enantiomeric excess is readjpained both by higher
temperatures providing more thermal energy such that highayyel@miers (i.e. to form the
disfavoured enantiomer) can be more easily overcome, and by the bond lengths in the
rhodium species being elongated such that the gadsthirality is less effectivas a result

of lower energy differences between the two diastereomeric transition states

Design-Expert® Sof tware Half-Normal Plot
ee

A Error estimates

©
©
|

Shapiro-Wilk test
W-value = 0.944

p-value = 0.550 2 7 [=]
A: Total Volumes i 95— C-Temperature|
B: Added Water g 7
C: Temperature 1) = o
D: Equivalents of ArBpin %0 3 B-Added Water
E: Equivalents of Base © E == i
F: Catalyst Loading % 802 L= F-Catalyst Loading
=]
£ E
B8 Negative Effects S 70 E
Z =
= 50 - o
]
T s
30 =
0= 4°
105 ©
05 8
I I I I I
0.00 0.64 1.28 1.92 2.56

|Standardized Effect|

Figure 30. Half-normal plot of enantiomeric excessinalysisfor the yellow DoE design.

The role of waters less obvious, buts effect hadeenreported in the literature. A report
from 2002 using a watesoluble chiral BINAP-derived ligand found water to have a
negative impact on the enantioselectivity of reactions between phenylboronic acid and
cyclohexewone using Rh(acac)(#4). as the achiral catalyst precursor (6&&oin
dioxane/water 1:10, 84%e in dioxane/water 10:1¥ The negative effect was even more
significant using the COIgated precursor Rh(COERFs (4% eeand 66%eerespectively).

Although theauthorsdo not discuss the reasons tbe effect in their case it could be
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reasonable for the differencesanantiomeric excegs be related to the rate of formation of

an active catalyst over the rate of fornmatiof an activechiral catalyst. The water content

also had a large accelerating effect on the rate of the reaction, but they found that replacing
water with ethylene glycol enabled the reaction to proceed at a good rate whilst rimgjntain

a high enantionméc excess.

Another report in 2009 found @ecreasen the water content of a dioxane/water solvent
system to give bothigherconversios and chiral puritiefor reactions involving substrates
with large lipophilic groupsalthough they do not show thetemt of the improvement or
whether or not the improvement in conversion was due to competing debordhétidinis
case, the chiral rhodium species was formed in situ frooNBB}.BF., and §-BINAP
before addition of reagents or watégain, the reasons for the effect of water were not

discussed.

One possibilityin the pharmaceuticalgelevant 1,4addition reactioncould be that the
naphthyl esteligandL11 is slowly hydrolysed under the reaction conditions, resulting in a
much less sterically directing ligandg¢heme42). This could explain both the negative
effect of wakr on enantiomeric excess and the positive effect of increasing catalyst loading.
The rate of conversion to the desired produatild be higher relative to ligand hydrolysis in

the case of higher catalyst loading than it would be in the case of lowerstatalding.
However, it should be noted that two-factor interaction between the water content of the

solvent and the catalyst loading was found to be significant in the statistical analysis.

OO water/DIPEA
______________ -
@) — napthol

— (H-DIPEA)"

[RA]
([Rh]L11) (IRhL11%)

[RA]

Scheme42. A possible explanation for the effect of catalyst loading and water content @mantioselectivity.

The statistical model predicted that adding no water to the reaction whilst keeping the
reaction at @ °C would enable enantiomeric excesses ofo6.6% to be achieved, whilst
increasing the water content to 20% with a temperatureOSC5would decrease the
enantiomeric exces® 92.3% (Figure 31). This is admittely not an enormous variation
(98.3:17 and %.153.85 er. respectively), but is nevertheless something worth controlling
and can makea large difference to the amount of drug product deliverable in large scale

synthesisand to the ease with which the API can be delivered in high enantiopurity
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Figure 31. The predictions of the statistical model for the relationship betweeaeand temperature and
water content. The red dotsare the data from the centrepoint experiments.

To explore the potential for transesfication or ester hydrolyis of ligandL11 to occur

under the reaction conditioiSchemet?2), the ligand was treated accordingSichemet3. It

had been hoped that any changes would be able to be monitofétl MYIR, however
solubility proved to be insufficient at the concentration required for certain stages of the
experiment. Firstly, 3H NMR experiment of the ligand itself in the deuterated ethanol/water
mixture was performed before addition of the rhodium salt. Full disealutvas not
achievedfollowing addition of the rhodium saleither overnight in ethanol only, or in the
ethanol/water mixture over 2dours For this reason, an adequate NMR spectrum of the
ligand ligated to rhodium could not be acquired. Addition of DIRJaAe full dissolution of

the mixture within 2 hoursand so alH NMR spectrum was recorded. The only protons
which could be confidently assigned as relatindigand L11, without overlapping with
signals from other specigsere those in the aromatic feg. These had shifted significantly
from those of the unligated diene and instead matched the chemical shifts and multiplicities
of free naphthol. The only other signals in the aromatic region were trace amounts of the
unligated ligand.HPLC analysis alsqrovided evidence for the presence of naphthol,
although the possibility of this occurring under the HPLC conditieessnot discounted.

[RN(C,Hy)2ClL> (1 eq Rh)

(0] EtOD-dg/D,0 (9:1)
7 o DIPEA (5 eq)

30°C
L11

Scheme43. Subjection of ligand L11 to conditions similar b those of the conjugate arylation conditions in
this DoE, to observe any changes by NMR or HPLC.
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The only distinction from naphthddy *H NMR was that the signals for the two aromatic
protonsortho to the oxygen decreased in intensity otiere. After tre initial 72 hours these
signals were aapproximately 7% and90% of the expected intensity, and after a further
3days at B °C the signals had de@®ed to approximately 50% and%80Another D days

at room temperaturesaw the integrationsdecreaseto 30% and 90%. Suspecting
hydrogen/deuterium exchange to be occurrifigyre 32), LCMS analysis waperformed
and compared with an authentic sample of naphthol. The mass spectrumechagas
consistent with mondeuterium incorpation, and the relative mass ion intensities were in
reasonable agreement with thd NMR spectrum.Whilst hydogen/deuterium exchange
with rhodium(l) complexesis known!’>17¢the mechanism and agt species in this case

remainundetermined.

10%

Figure 32. The final levels of deuterium incorporation believed to have occurred from treating diene L11 to
the conditions inScheme43.

3.2.3.4 Evaluation of the DoE Results

Curvature was signifant in each othe yellow models for conversion tla but since this

was a factoscreening DoE the curvature could not be adequately modelled. As a result,
although the models generated for conversion were significant, the lack of fit of the model
was al® significant since the centmoint experiments were not well modelldddure 33).

The centrepoints were generally in excellent agreement with each other, giving the models
very low noise. In this case therefore, the identiftca of significant factors is valid but
caution should be applied with any attempts to design a specific set of conditions from this

model.
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Figure 33. An example model graph for conversion data at h, showing the centrepoints lying far from
the line predicted by the model.

In the case of the model for enantioselectivity, both curvature and lack of fit were not found
to be significant, which is demonstrated in the good agreement between the model surface

and the centrpointsmarked as red doti® Figure31 (pagel07).

3.2.3.5 Trial Conditions for the Conjugate Arylation Reaction

A series of trial experiments were then conducted to try to select appraprihigtractive
conditions to demonstrate the reaction on a larger sca@msidering the information
extracted from the DoE study and remaining within its extrenidse cefre-point
experiments (Bns 2, 7, Tand 20,Table 15, page98) gave extremely good results and
already represented a significant improvement on the original process in terms of catalyst
loading, solvent, enantiopurity, reaction time and arylboronic ester equivalents.
Nevertheless, desirint increase furtbr the enantiopurity whilst minimising the catalyst
loading and arylboronic ester equivalemsd maintaining the high conversion, further
reactions were performed the same manner as they had been for the DoE experifinent

results are presentedTiable19.
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( prpin g
N 17 (1.05 eq) N, O

N HO N
N _ - CO,Et
N CO,Et DIPEA (0.5 eq)
[RhCI(C,H,),l2 (0.5—1 mol%)
16 Naphthyl Ester Diene L11 (1—-2 mol%) HO.
75 or 150 mg ethanol/water (10:0-9:1, 10 vol)
15-30 °C
(S)-18
Entry Water / Catalyst loading/ Temperature / Time / Conversion/ ee/
% mol% Rh °C h % %
1 0 1 ambient 21 34 n.d.
2 0 2 ambient 21 52 94.7
3 0 2 30 20.5 60 94.9
4 10 2 30 20.5 95 93.7
5 10 1 30 21.75 94 93.8

Table 19. Trial reactions performed to seek amattractive set of successfulanditions to demonstate the
process on multigramscale.Ambient temperature was between 15 and®°C.

To avoid the negative eftt of water and temperature enantioselectivityEntries 1 and 2

in Table19 andFigure 34 were performed witltatalyst loadings of mol% and2 mol% at
ambient temperature (.20 °C), however the comrsion in each case was very low over

21 hours Repeating this a0 °C gave only a slight improvememn iconversion(Entry 3),
althoughit was encouraging that there was no particular change in the enantiopurity. Using
ethanol/water as the solvent systefith 10% water providea large increase in conversion
(Entry 4) and it was found that adequate activity was possibleardtitalyst loading gfist

1 mol% in this case (&ry 5). The addition of water didecreasahe enantiopurity of the
product but ory by approximately one percentage pointheTimprovement to the
conversion that this afforded more thanveeighed this disadvantage

100
90
80
70
60
50  *
40 :

0 A=

Molar Conversion of Enoate 16
to 1,4-Addition Product 18/ %

20
10
0 5 10 15 20
Time/h
—+—Entryl —+—Entry?2 Entry3 ——Entry 4 Entry 5

Figure 34. Conversion over time for the reactions shown ifable 19, measured using HPLC response
factors.
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The low conversions observed fonties 1 and 2 wereeflectedreasonably welin the DoE

model, despite the high curvature evident in the model and not adequately accounted for by a

factorscreening DoE. Using thenditions fromTable19 with a catalyst loading d mol%,

the model predicts a particularly steep drop in conwaras the water content approaches
0% and the temperature approacbé€ (Figure35).

Design-Expert® Software

Design-Expert® Software

| %

100
96 ‘-'%
T 80 |t
2 =
95 2
= S| SaeEea
=X 94 e S
o s S S I SIS S, =
-~ SIS £ 40
[0} e et et e et
8 g3 e b
<. 20
92 SIS -~
R s _E 0
o
5
10 z 20
f 0 § 50 e
&, .
e, 40 ~~__Conversion .~ '’
s Tg 30 T et
<) 5 o
7o\ 50 20 1ef Dilution- 10 V 'De’af 20 e‘G
o Wa Urg 2
Arylboron Loading: 1.05 eq /uC 10 0 \y\

Base Loading: 0.5 eq
Catalyst Loading: 2 mol%

Figure 35. Surface plost predicted by the DoE model at 19 h, with condition set to the levels used ifiable

19, with catalyst loading at2 mol% Rh. The rapid drop in conversiontowards 0% added water and 10 °C
is not predicted at higher catalyst loadings.

The necessity of water for good conversion at low catalyst loadings was not identified in the
report published by AstraZeneca, in which the replacement of aqueaadveat with an
alcohol gave decreasél/els of deboronation (Sectidn3.7).2% The success of their reaction

may have been as a result of using elevated temperatures; if the effé@sirm35 are
generally trueof other conjugatearylation reactionsthen a higher temperature can
compensate for a lack of water. In the reactmform bisaryl19, asexplored by this Design

of Experimentwater was not found to be a significant factor in determining the selectivity
for conjugate afation over protodeboronation, and higher temperatures hador@

significantnegative impact on enantioselectivity than water did over the ranges studied. In

this case, addition of water to the reaction mixture was preferable to increasing the
temperatue further.
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3.2.4 Multig ram-ScaleProcessDemonstration of the Conjugate
Arylation using the Optimised Reaction Conditions

To demonstrate the developed process on multigram sceiditionsbased orEntry 5 of
Table19 (pagellQ) were applied tdwo gramsof the enoatd 6 (Schemet4a). The reaction
reached >98% molar conversion within 2 hoursand the product was purified by column
chromatography in 94% isolated yield. Chiral HPt&/ealed an enantiomeric excedgs o
93.9% of the desired enantiom@&-18, consistent with the ITbmg scale result ifable 19.
By comparison with the original procesScheme44b), the optimised reactmoprovides the
required bisaryl producii8 in significantly higher enantioselectivity and vyield, whilst
employing a much smaller excess of the arylboron reagéanhd a much lower loading of
the rhodium catalyst. This is achieved in an ethanolic solyetérm, using the inexpensive

chiral diene ligand.11 derived from the chiral pool.

§ Ve (
( pin N
N (1.1eq) N O

(@ N, P N cout
N COEt DIPEA (0.5 eq)
[RhCI(CzH4)2]2 (0.5 mol%)
16 Naphthyl Ester Diene L11 (1 mol%) HO o
2g ethanol/water (9:1, 10 vol) 9‘: 7 ee
30°C,24h 94% yield

(S)-18

§ Ve (
( pin N
N
© N HO—/ (2.3 eq) N\N O
N _ CO,Et
CO,Et KOH (1.4 eq)
Rh(NBD),BF, (7 mol%) O

(R)-Tol-BINAP (7 mol%) HO
dioxane/water (5:1, 24 vol) 67% ee
20-30 °C, 15-30 h 51% yield

Schemed4. (a) A 2 g scale demonstration ofhe optimisedconditions. (b) The original process used to
prepare (S)-18.

A previous attempt performedn the same scale and the same manner had shown
< 7% molar conversion of the enoai® to the desired 1;dddition productl8in 27 hours
(Scheme45). Notably, the reaction mixture had reddenegpon addition of base but after
27 hoursthe colour hd revertedto its original appearanc&ncouragingly, aecond charge
of rhodium salt and ligand wable to restart the reaction anihin 25 hoursof this second
charge, 96% conversion had been acbd 40 hours after the second charge full
consumption of the arylboronic ester had occurred, wi# 7% conversion of theneate to
the l4-addition productlin this casethe product was isolated @7% vyield by column

chromatography with an enantiopyrof 94.5% ee At low catalyst loadingsthe risk of
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catastrophic catalyst poisoning increases, and so the fact that the reaction could be restarted
to give a similar outcome to the reaction which proceeded without issale important

observation.

Bpin (
( §:> i N
N Ho—/ 17 (1.1 eq) N O

N, P CO,Et
N CO,Et DIPEA (0.5 eq)
[RhCI(C,H,)lo (2 % 0.5 mol%)
16 Naphthyl Ester Diene L11 (2 x 1 mol%) HO
2g ethanol/water (9:1, 10 vol)
30 °C
(S)-18

< 7% conversion in 27 h with initial charge of catalyst; 97% yield
> 96% conversion 25 h after a second charge of catalyst. 94.5% ee

Schemedb. A previous 2 g scale reactionwhich could be restarted with an additional catalyst charge after
stalling.

It is possible that the stalling of the reaction resulted from adventitious oxygenng the
vessel.Performing the reaction on @%ng scale with no degassing of the solvents and with
the headspace open to air gave no more than negligible conversion of aittiveg staterial.
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3.3 Selectivity for Conjugate Arylation over Protodeboronation

Many different ligands and ligand classes have been explored from the perspective of the
enantiocontrolthat they induce inrhodiumcatalysed conjugate arylatioactiors.>® In
contrast, theeffect thatthe ligandshave on the product ratio abnjugate arylation product

to protodeboronation product hisen muchdss explored. One reason for this may be a
perceived lack of interest or demand, given that on smaller scales using a large excess of
arylboron reagent is rarely problematic. However, this reaction selectivity becomes very
important on large scales, es@dlyt when high value materials are being used and when the
product is required in high purityJse of excess reagents results not only in inefficient
processes, but typically results in more difficult purifications and increases the amount of

waste that mst be appropriately disposed of.

A comparison of the previousgmployedprocess with th@ptimisedprocess developed
Section 3.2 shows a striking selectivity differenoghen both are performed using 1:1
stoichiometry of enate 16 to arylboron reagent7 (Scheme46). The original conditions
gave almost no selectivity in favour of either the desired or undesired prodhereas the

optimised conditionshowed virtually complete selectivity for thesited product.

( - N (
N Original Conditions N
N Rh(NBD),BF,4 (7 mol%) N’ O
N _ 0, N .
N = Tol-BINAP (7 mol%) N COLE

KOH (1.4 eq)

16 dioxane/water (5:1, 24 vol) O
30 °C HO
+
< .

Optimised Conditions 18
OH [RhCI(C5Hy)0lo (0.5 mol%) +
Naphthyl Ester Diene L11 (1 mol%)

DIPEA (0.5 eq)
Bpin ethanol/water (9:1, 10 vol) OH
17 \_ 30 °C _J 19
1eq

Original Conditions: 52:48 of compounds 18:19
Optimised Conditions: 97:3 of compounds 18:19

Scheme46. Comparison of the product ratios afforded by the starting point conditions for this work, and
the final developed conditions. Molar ratios calculated using HPLC responsadtors as for Sectior3.2.3.3

This section details investigations performed to give an empirical understanding of structural
features of the substrates and the diene ligand that are important in enabling the high
selectivity dorded by the developed process. Where appropriate, possible reasons for the
importance of any structural motifs are discussed. Effects on the stereochemistry of the
conjugate arylation are not the focus of this work, and as such @manit excesses are

generally not stated amobt discussedn detailed
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The mechanisms involved in rhoditratalysed conjugate arylation are not known to have
been explored in significantly more depth than that laid out in Sett®a(Figure36)%. In
particular a detailed understanding of the individual processes involved in the catalytic cycle
has not been established, despite H@sg of great importance for the rational design of
ligands and processel. has already been established in this work that -beesdiated
protodeboronation is negligible under the optimised conditipagg91), and there haalso
been little evidence that the arylboronic acid pinacol éstenust first be hydrolysed to the
boronic acid beforegransmetalatiorcan occur.These findings question some assumptions
made in the literature, perhaps due to analogies drawn fromutheiBliyaura coupling
reaction(Sectionl.3.5. The question undgrimary consideration in thiestion is therefore
what affects the relative extents of the two possible transformations thatythedium
intermediate undgoes (speciel in Figure36): protoderhodation and migratory insertion of
theelectrophile

H
O
[Rh]* / SIROY

P

. PhB(OH
hydrolysis [Rh] (OH):
transmetallation (rate-determining)
*[Rh]\ hydrolysis

\-%
insertion

Figure 36. The general mechanism accepted for rhodiurcatalysed conjugate arjation, adapted fromthat
shown inSection1.3.2to include a competitive protoderhodation process by hydrolysis of the arylrhodium
intermediate 3.

[Rh]*

3.3.1 Influenceof Structural Motifs of the Substrateson
Selectivity for Conjugate Arylation over Protodeboronation

In order to understand tlstructuralorigins of the remarkable selectivity ftire 1,4-addition
product over the protodeboronatiorproductin the optimised process as opposed to the
selectivity originating from the reacticconditions a scoping exercise was performed using
substrates with truncated and modulated functionality relatio that of the

pharmaceuticallyelevant substrated6 and 17. The focus of the substrate scope was to
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observe the importance of any struetumotifs of the pharmaceuticallyelevant substrates
on the selectivity forconjugate arylatiorover protodeboronationThe role of structural

motifs ofthe ligand are explored in Secti8r8.2

Most of the substrates were bgected to two sets of conditions: one employing
[Rh(CH4)2LCl]2> with the naphthyl ester ligand11l (Conditions A)and one employing
[Rh(NBD)CI]. with no additional ligand addgonditions B) Snce a significant difference
between ligand.11 and norbornaiéne had already beerbservedsee, for exampléelable

8, page 64). The selectivity of the systems for Jaddition over deboronation was
determined by measuring the consumption of the eratdtél consumption of the arlgbron
reagentby solution assayThis approach assumdiiat the arylboron reagent véaconsumed
either in the formation ahe 1,4-addition product othe protodeboronatin product and that
the enoate waconsumednly in the formaton ofthe 1,4-addition productinspection of the
HPLC traces of the reaction mixtures defended this assumption witlsisorrable

expectations.

FALD Ay

L11 NBD

3.3.1.1 Effect of the Steric Bulk of the Ester Group on Reaction Selectivity
for Conju gate Arylation over Protodeboronation

The geric bulk of the ester group in an enoate is known to have an effect on the relative
amounts oftonjugate addition product ampdotodeboronation produdh rhodiumcatalysed
arylations Table 2, page27).:** Presumablythis is due to the increased bulk leading to a
higher energy rhodiurenoate complexand a higher energy transbn state towards that
complex,resulting in a decreased ability of the endaténtercept tharylrhodiumcomplex
before protoderhodation occurs. The metligty-propyl andtert-butyl analogues of ethyl
ester16 were prepared according fcheme47, and their consumptions in the rhodium

catalysed reactiorare detailed i able20.
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N N
@) N OFt NaOR (1.5 eq) N OR
N = ROH N =
o 100 °C, 10-20 min o

16 microwave reactor
36%" (28, R = Me)
65% (29, R = Pr)
( Pd(OAC), (4 mol%) (
\ P(o-Tol); (10 mol%) N
(b) N, K2C03 (1 5 eq) Nl\ ;
\N B + /\CoztBu DMF ‘N = O'Bu
110°C,1.5h o)
24 30

96%

Scheme47. Synthesis of (a) methyliso-propyl and (b) tert-butyl enoate analogues oénoate 164Yield after
crystallisation following column chromatography.

Synthesis of the three enoa&(Me), 29 (‘Pr) and30 (‘Bu) proceeded smoothlgnd the
products were readily purified by column chromatography in good to excellent yield except
for the methyl ester, a portion of which was purified by ttisation following
chromatographyThe Heck reactionScheme47b) employed tri¢-tolyl)phosphine as the
ligand rather than triphenylphosphine as for synthesis of ed@ai§cheme28, page40),
anticipatingthat the increased steric demand of tholyl groupswould ensure highE/Z
selectivity intheHeck reactions.

The results ifiTable 20 demonstrate the expected relationship between the stékiobthe
ester motif and the selectivity of the reaction for-dcilition over protodeboronation,
however the differences are much smaller tthese impliedfor the system investigated by
Hayashi (Sectiori.3.6 page27).:** In particular, there is nooticeabledifference between
the performance of théso-propyl ester29 and thetert-butyl ester30 in the reaction
conditions optimised for the ethyl est&b. Impressively, the selectivity dhe system
remains high (9:1 1l:4dditionprotoddoronation) even for theert-butyl ester.Similarly,
whilst the protodeboronation trend is still present using the norbornadiene ligand, the
differences are barely noticeable with this catalyst sysfEnis may be as a result of
additional functionality of the enoatesntributing to delivering high reaction selectivity,
and also as a result of thgands (especially norbornadiendeing relatively sterically

undemanding.
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Do/
HO 17 (1 eq)

[RhCI(C5Hy),l (0.5 mol%) (
( Naphthyl Ester Diene L11 (1 mol%) N
\ y or ) N O
N, P [Rh(NBD)CI], (2.5 mol%) N COR o
N CO,R DIPEA (0.5 eq) *
ethanol/water (9:1, 10 vol)
30°C HO 19
Consumption of
Arylb oron Enoate
Entry Enoate Reagent Conditions  Conditions
A B
( OH
N
1 N\N%om > 96% (87%) n.d.
o Bpin
28 17
( OH
N
2 N _~__OEt 9794 (83%)  24% (25%)
o Bpin
16 17
( OH
N
3 N\NI;\/\H/O"W 90941 (88%)  23% (21%)
o Bpin
29 17
( OH
N
4 N‘N%O’Bu 90% (78%) 21% (25%)
o Bpin
30 17

Table 20. Consumption of enoate at fullconsumption of arylboron reagent,determined by solution assay
Isolated yield of 1,4-addition product given in parentheses‘isolated by MDAP rather than by column
chromatography.

The structure of.11 is such that it projects much less steric bulk thanBINAP ligand
employed by Hayashi, which may account fioe results using11 being less affected by
the bulk of the estesubstrat€Figure37). This draws attention to the importance of creating

and using chiral ligands thabahot just project large steric bulk, but which differentiate well

196% consumption of enoate with c. 96% consumption of aryl boron reagent.

i Selectivity for conjugate arylation product over protodeboronation product, takerSttheme46,

in which the raction was sampled at 87% consumption of enoate with incomplete consumption of
aryl boron reagent.

il Additional catalyst charge was required to give full consumption of aryl boron reagent.
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between thespatally distinctdirections. As long as there is a significant difference between
the more sterically encumbered direction and the less sterically encuntiegetion, large

sterically directinggroups should not be necessary.

BT o) “RR.T CONp
-
Ta R I \Za R
EtO EtO

Figure 37. A schematic to demonstrate the different extent to which BINAP and L11 are sterically
demanding.

In a later publication, Hayashi nolt¢hat even the chiral dimethglbstituted norbornadiene

scaffold L34 provided sufficientsteric differentiationto afford an enantimeric exces®of

95% in the conjugate arylation ofc¥clohexenone with phenylboroxii®chemet8).1t’

Q (PhBO); (1.2 eq B) 9
ij [Rh(L34)Cl], (3 mol% Rh) ij %b/
KOH (50 mol%) ““pn

dioxane/H,0O (10:1) L34
25°C,1h 90%, 95% ee

Scheme48. Conjugate arylation publishedby Berthon-Gelloz et al. (2006), employing the sterically
undemanding chiral ligand L34 but nevertheless delivering high enantioselectivity

3.3.1.2 Effect of the Electronics of the Enoateon Reaction Selectivityfor
Conjugate Arylation over Protodeboronation

Thekinetics and thermodynamics ofetlenoate binding to therylrhodiumspecies must be
an important factor imleterminingthe selectiviy for 1,4addition over protoderhodation. As
well as the bulk of thenoate, the electronics of the carboarbondoublebond would be
expected to affect this. To observe any eftédhe electronics of the enodtethe optimised
system,the p-trifluoromethyl and p-methoxysubstituted ethyl cinnamaterivativeswere
preparedalong with the cyclohexyl analogaecording ® Scheme49, and studied under the

conjugate arylation conditions

0O O

1]
EtO~ F\)J\O Et

EtO
(1.25 eq)

NaH (1.25 eq)
THF, 0-15 °C

R
~A o,k
96% (31, R = phenyl, p-CF3)

92% (32, R = phenyl, p-OMe)
97% (33, R = cyclohexyl, 20:1 E:Z)

Scheme49. Synthesis oklectronically varied enoates using the HorneiWadsworth-Emmons reaction.
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The HanerWadsworthEmmons reactianperformed very well in each case, giving good
selectivity for theE-alkenes. Theworst performingreactionwas for the synthesis of the
cyclohexyl enoate33, with separation of thestere@somers also proving difficult.
Nevetheless, a sufficient amount of tResomer was isolatedithout contamination by the

Z-isomerfor investigation undethe rhodiumcatalysed reaction conditionggble21).

HO 17 (1 eq)

[RRCI(C5Hy)o], (0.5 mol%)
Naphthyl Ester Diene L11 (1 mol%)

{ or R CO,Et
B [Rh(NBD)CI], (2.5 mol%)
R\/\cozEt g + oH
DIPEA (0.5 eq) HO
ethanol/water (9:1, 10 vol)
30°C 19
Consumption of
Arylb oron Enoate
Entry Enoate Reagent Conditions Conditions
A B
OH
FsC
1 \©\/Ac:025t 95% (89%) 25% (21%)
31 Bpin
17
OH
2 ©\/ACOZH \é 92% (71%) 9% (5%)
34 Bpin
17
OH

MeO
3 ©\/Acoza 89% (86%) 2% (<5%)
32
33
17

Table 21. Consumption of enoate at full consumption of aryl boon reagent determined by solution assay
Isolated yield of 1,4-addition product given in parentheses.

9204 (77%) 18% (6%)

g

Bpin

The selectivity trend for the cinnamate derivatives was most obvious using norbornadiene,
butthe same trencemained evident under tloptimisedconditions usindigandL11. With

norbornadiene, theonsumption of the enoatésl from 25% for the electrepoor enoat&1

v Experiment performed in duplicate, with the same consumptionazfte observed in both cases.
vV Average of two experiments.
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to just 2% for the electrench enoate82. A comparison of the HOMO and LUMO energies
for the enoates calatied using a restricted HegeFock method is given i§able22, along

with the energies for enoaté.

Orbital Energy / eV
HOMO LUMO

1 \©\/A002Et 19.345 1.181
31
2 ©\/A002Et 18.789 1.666

34
MeO
3 j@\/ﬂooza 18.609 1.775
32
4 O\/ACOZEt T 10194 3037
33

N
5 N\NI;\/YOB 18.456 1.820
O
16

Table 22. HOMO and LUMO energies for enoates31i 34 and 16, calcuhted using a restrictel Hartree-
Fock method.

Entry Enoate

Entries 13 show a trend in HOMO and LUMO emgges across the ethyl cinnamate
derivatives with the trifluoromethylsubstituted enoat81 possessing the lowest energy
orbitalsand delivering the highest selectivity for conjugateatigh Alkenesare understood

to bind to transition metals bothy donating electron density towards the metal from the
alkene” -orbital (HOMO) and by accepting electron density from the metal into the alkene
“*-orbital (LUMO) (see SectioB8.3.3.). Whilst the ability of the enoate to donate electron
density decreases from the methexpstituted subsite 32 to the trifluoromethy
substituted substratgl, the ability of the enoate to accept electron density increases. The
lower LUMO energies are also likely to correspond to a more activated substrate for
inserfon into the rhodiuraryl bond.A correldion betweerthe reactivity of enoatesndthe
stability of the resulting rhodiuhenoate complex or the insertion rate, both of which would
correlate with the enoate LUMO energies, was noticed by Miyaura in early work using
Rh(COD)(MeCN)BF, to catalyse th addition of phenylboronic acid to unsaturated estérs.

121

Confidentiali Do Not Copy



The cyclohexyl substta33 does not fit this trend (Entry 4), with its selectivity for conjugate
arylation using bothL11 and norbornadiene much better than the HOMO and LUMO
energies would prediciVith the lowest energy HOMO and the highest energy LUMO, it
would have the paest energy match for botblectrondonating and-accepting bonding
modes with the rhodium centrén this case, the lack of conjugation may provide an
explanation. Whilst conjugation with the aromatic system lowers the orbital energies for the
aromatic epates, it also results in muachore diffuse orbitals with therbitalsspread more
evenly across the moleculEigure 38). The less diffuse LUMO ofyclohexyl ethyl acrylate
33and its more narrowly defined dipateay enable a geger propensity for the migration of

the aryl group into the enoate.

Cyclohexyl Ethyl Acrylate 33
@)() HOMO ()(ii) LUMO

% V5.

Ethyl Cinnamate 34
(b)() HOMO (b)(ii) LUMO

%, ..

Figure 38. A comparison of the calculatd (i) HOMO s and (i) LUMO s of (g cyclohexyl ethyl acrylate33
and (b) ethyl cinnamate34.

The fact that the cyclohexyl substr&@ performs well demonstrates that aromaticity is not
an important component of the enosiehigh reaction selectivity to techieved In Section
3.2.2 (page84) it was noticed that aromatic solvents performed particularly badly in the
1,4-addition reaction. One possible explanation could have beea thstacking ineraction
between thelL11-ligated arylrhodium complex and the enoate help@d ensure good

selectivity, but tie high selectivity afforded by the cyclohexyl ethyl acrylklieninatesthat
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explanation. Instead, imay bethat aromatic solvents disruph ampatant *-stacking
interaction between the aryl group of tagylrhodium complex and the naphthyl group of
L11, unless more complex solvent effects are responsible for the drop in selésteitgiso
Figure52, pagel53).

The similarity between theelectivity results for thep-trifluoromethytsubstituted ethyl
cinnamate derivativ81 and for the pharmaceuticaltglevant enoatd6 seems surprising
(Table 21). Computation suggesthdt the energies of the filled and unfilled orbitals at the
alkene of enoatd6 are much more similar to the-methoxysubstituted ethyl cinnamate
derivative32, suggesting that the net effect of the triazole is to donate electron density into
the alkene Table 22). Evidently the high selectivity observed with enod® cannot be

explained bytheelectronicof the enoatalone(see Sectio3.3.1.3.

The consumption otert-butyl cinnamate35 was alsomeasured under the 3iadidition
reaction conditionsScheme50). Curiously, little difference was observed compared with
ethyl cinnamate34 (Table 21). In contrast, changing from the triazalentaining
pharmaceuticallyrelevant enoat&6 to ethyl cinnamate saw the extent of deboronation triple
usingL11. The lack of differencéetween ethyl antért-butyl cinnamate compared with that
between triazolkeontairing 16 and ethyl cinnamatsuggests thahe inagease in sterics from

ethyl totert-butyl has an insignificant impaain the selectivityrelative to the loss othe

HO 17 (1 eq)

A [RhCI(C5Hy)0]> (0.5 mol%)
Naphthyl Ester Diene L11 (1 mol%)

or CO,Bu
@\/\ B{  [Rh(NBD)CI], (2.5 mol%) (
CO,Bu .
HO

triazolemotif.

DIPEA (0.5 eq)
35 ethanol/water (9:1, 10 vol)
92% consumption (A) 30°C 19
6% COnSUmptiOn (B) 36 82% (B)

76% (A)

Scheme50. Consumption oftert-butyl cinnamate in the 1,4addition reaction conditions.

3.3.1.3 Effect of the Triazole on Conjugate Arylation and Deboronation

As noted in the previous section, the triazole mapipears to have @ositive impact on the
selectivity of the rhodiurtatalysed process for lagldition over protodedyonation using

both L11 and norbornadienavhich is not accounted for by the electronics of the enoate
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With an alkyltriazole analogu@7 of benzotriazole80 (Schemet7b, pagell7) available the
effect ofdeletingonly the phenyl portion of the enoate was explof&thémes1).

jQ~Bpin
HO 17 (1 eq) \

[RhCl(C2H4)2]2 (05 mol%) /N
\ Naphthyl Ester Diene L11 (1 mol%) N, |
N or N CO,'Bu

N, ]M B [Rh(NBD)CI], (2.5 mol%) oH
N CO,'Bu +

37 DIPEA (0.5 eq) HO
ethanol/water (9:1, 10 vol)
30°C 19
38

Scheme51. Alkyltriazole enoate 37 was found to prevent formation of both the 1,4addition product 38 and
the protodeboronation product, with no consumption of enoat@7 or arylb oron reagent 17 observed over
94 h.

Using neither norbornadiene nbdl as the ligand gave any consumption of either the
enoate37 or the arylboron reagerit7. Organic lases containing $ybridised nitrogen
atoms had been found to shut down the reactivity of the system in Sa@idifpage88),

and so it was already surprising that enda&efor which the reetion was developed, was
tolerated To determine whether it was the triazole alone which shut down the reactivity in
Schemeb51 or whether a more specific explanatioeeded to be invokeduch as he
bidentate binding mode dafroate 37 suggestedn Figure 39, a spiking experiment was

performed §chemes2).

/
HN—N
N
/
[Rh]

EtO,C /4
Figure 39. A suggested bidentate binding mode of the enoa?& to rhodium in a pseudo6-membered ring.
The spiking experiment involved addition of one equivalent of methyl tri&8ie the ethyl
cinnamate reaction using tlogptimisedreaction conditioa As for the alkyltriazole enoate
substrate37, no reactivity was aerved, demonstrating tha binding mode specific to the
alkyltriazolesubstate did not need to be invoked. Instead, a more general means of catalyst

poisoning by the triazole appeared todperating
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\
N
§ > N ]
Bpin "
P N
HO 17 (1eq) 39(1eq)
[RhCI(C,H,)515 (0.5 mol%) O
@\/\ Naphthyl Ester Diene L11 (1 mol%) CO,Et ©/\OH
A Co,Et DIPEA (0.5 eq) O *
19

34 ethanol/water (9:1, 10 vol) HO
30°C

40

Schemeb2. A spiking experiment, which demonstrated thattriazole functionality could shut down the
reactivity of the 1,4-addition system.

If both methyl triazole39 and the alkyltriazole substraB¥ shut down the reactivity of the
system by cootidation to the metal centre whilst the benzotriazole substffiemd 30
(Section3.3.1.] did not, then it had to be concluded that some property of the benzotriazole
substrates decreased their propensity to coordinate tmdtad centre via the triazole. The
differences in reactivitycould in principle arise either due to the electronics of a
benzotriazole being sufficiently different from an alkyltriazale due tothe methyl group
positionedortho to the most electrerich nitrogen lone pajronly in the case of enoatks

and related substrateacting to destabilise any binding of the triazole to the mdtad
electronic differencevasexpected to be insignificardand soan analogue of compouri®

with a methyl deletionvas preparetb test its steric effe¢Schemes3).

N-Alkylation of benzotriazole41l proceeded as expected, to give a mixture of three
regioisomers in a ratio determined primarily by H@MO distribution of the anionScheme

53a). Attempts to maximise the proportion of alkylation prodd& by avoiding high
temperatures were impeded by very low conversions below reflux, however sufficient
material wasneverthelessfforded by the refluxed reaction. Theet¢k reaction o412 with

ethyl acrylate performed wellSEheme53b), as it had for similar substrates. ROESY

NMR experiment confirmedhat the material corresponded to the desired isomer, with a
correlationobservedbetweenthe methylene of theN-ethyl group andan aromatic proton
assignedas shown beloven account of its appearance agoabletwith J = 8.6 Hzby H

NMR spectroscopy
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/

(

N 42
N, 37%
N Br

H NaH (1.2 eq)
N ' N
N ]@\ Etl (1.1 eq) < s 43
N Br THF, reflux ‘N= Br 10%
overnight
41 N
N’ D\ 44
N Br 33%
_ S
ethyl acrylate (1.3 eq) ROESY
Pd(OAC), (4 mol%) H
g P(o-Tol)s (10 mol%) —  H
N’ K2C03 (1 .6 eq) /N
N * O C0,Et > N,
N Br DMF N _
42 110°C, 4 h COEt
45

84%
Scheme53. Synthesis of the benzotriagle enoate45, with no methyl substitution on the phenyl ring.
Under theoptimisedconjugate arylation reaction conditions, only 5% consumption of enoate
45 was observed after 48 an@ Bours with >70% residual arylboron reagehf (Scheme
54). Attempts to purify the small amount of adidition productt6 away from the enoaib
were unsuccessful, howevtre key structural featuresf the productwere observable by
NMR (see Sectioh.4.2.2.3.

Q*Bpin (
( HO— 17 (1 eq) N O

N,

N [RhCI(C5H,),]5 (0.5 mol%) N CO,Et
H 0,
N, ]@\/\ Naphthyl Ester Diene L11 (1 mol A;)‘ OH
N CO,Et +
HO

45 DIPEA (0.5 eq)
ethanol/water (9:1, 10 vol)
30°C 19
46

5% consumption of enoate in 96 h,
with < 30% consumption of arylboron reagent.
Reaction stalled within initial 48 h.

Schemeb4. Reactivity of the developed system with benzotriazole substraté.

The exeriment demonstrated hamoatel6 was tolerated well by the catalyst system whilst
spr-containing organic bases veenot. The presence of a methyl graatho to the most
electronrich nitrogen lone pair of the benzotriazole is essential for transmetalation of the
arylboron reagent. Presumably the methyl substituent provides a sufficiently sterically
destabilising inteactionin any hypothetical[Rhi N] species forsuch speciegither not to

form, orto form with sufficientreversiblity. Whether or not this is true both of the enoate
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and of the 1,4ddition producthas not beerdefinitively determined but is largely
unimportantgiven that one is formed by the oth&urthermore le electronic distinction
between the highest energy lone pair of the enoate and of tiaelditdbn producis not
expected to be significant.is interesting that the central nitrogen atohihe triazole does
not prevent the reactivity of the catalyst. This would eitieedue to its lone paibeing less
electronrich, or due tahe steric dfect of the adjacenN-alkyl group(Figure40). Since the
N-alkyl group prgects out in a different direction from the triazole to the primary direction
of the lone pair, itmay bethat the electronic differensebetween the lone pairs of the
nitrogen atora is sufficient to account for thisA combination of these effects may be

responsible.

Figure 40. The calculated highest energyoccupiedorbital involving the sp?-nitrogen lone pairsfor enoate
16 (1 11.850 eV)

The triazole motif of the enoafb plays an interesting role in the Jadidition reaction. On
the one hand, it has been shown to be advantageous in enhancing the selectivity of the
reaction for conjugate arylation over protodeboronation. Aplamation based on the
electronics of the alkene issufficientto account for thigSection3.3.1.3, but some extent
of reversible binding to the rhodium complex (rather than a solvent molecule) may play a
role (Figure41). On the other hand, its ability to bind to rhodium via the most elecicbn
nitrogen atom must be tempered for reactivity to be possible at all, such as by a sterically
blocking methyl grouprthoto the nitrogen atom.
(a) (b)
N
4 N
]l,, l] ]l, !
(K i, =
R

h
EtN~N" ar

Rh
NsN" ar
H EtN & Q}\\J
R
R

Figure 41. (a) Possible resting state of tharylrhodium species, with the vacant site occupied by a solvent
molecule potentially set up for intramolecular protoderhodation. (b) Suggested resting states withe
vacant site occupied by the benzotriazol&.he representations of diene ligands coordinated to rhodium
omit the full structures of the scaffolds for clarity.

Rh
et “Ar
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The rate of consumption of arylboron reag&ntunder the 1,4ddition reaction conditions

at 5 mol% rhodiumwas compared with and without the benzotriazmiataining enoaté6
present Figure 42). The fact that the arylboron reagent is consummente slowly in the
presence ofhe enoate is compatible Wwithe suggestiotin Figure 41, suggesting that the
enoate (or the bisaryl product) has an inhibitory effect on the consumption of arylboron

reagenisee alsd-igure48, pagel4?).

Reaction A (with enoate) (
N
. (
Bpin N = COEt N
16 (1 eq) R O
N CO,Et

oH [Rh(C2H4),Cll; (2.5 mol%)
Diene L11 (5 mol%)

> + OH
DIPEA (0.5 eq) OH
17 ethanol/water (9:1, 10 vol)
30°C 18 19
Reaction B (without enoate)
Bpin
[Rh(C,H4),Cl]5 (2.5 mol%)
Diene L11 (5 mol%) OH
OH >
DIPEA (0.5 eq)
ethanol/water (9:1, 10 vol)
17 30°C 19
100
. 90
™ >
=5 80
g
P 70
SR
e 60 —+— Reaction A
c >
oo
§ E 50 —+— Reaction B
)
Z g 40
S g 30
c
>
3% 20
€Eg
< 10
0
0 10 20 30 40 50 60 70 80 90 100
Time / min

Figure 42. The amount of arylboron reagent 17 over time with and without enoate 16 present, assuming
reactions occurred other than conjugate arylation and protodeboronationRelative amounts determined
by HPLC response factors.

3.3.1.4 Effect of the Arylb oron Reagenton Reaction Selectivityfor
Conjugate Arylation over Protodeboronation

The importance of the structure of the arylboron reagenthe reaction selectivityas

probed in two waysFirstly, modulatiois of the aryl portion were exploredth a view to
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examining electronic effecteind secondly the boronoiety was modulated to compare the

results using the pinacol boronic ester with the boronic acid.

The effect of modulating the argroupcould be detrmined using commercially available
boronic estersTable 23). The intention was to observe any electronic effects, however the
steric effect ofthe para-substituerd appeared tooutweigh any electronic effedh the
optimised sgtem usind-11. This was presumably becausabstituton on the phenyl ring of

the arylrhodium complex disfavowrd the approach or binding of the enoate. Removing
substitution altogether afylboron reagent48) gave excellent selectivity using ethyl
cinnamae (Entry 2)and no evidence of any protodeboronation using erf&{&ntry 4)

The results with enoatk6 are consistent with the observations already nmadardingthe
positive effect of the triazole motif on theactionselectivity. The substratesniEntry 4
delivered the highest selectivity for conjugate arylatiobserved throughout the
investigations in Sectiord.3.1 for the optimised conditionswith no protodeboronation
product observed throughout the experimémtthis case The electronic effects were
noticeable using the less sterically demanding norbornadiene catalyst system, with higher

levels of conjugate arylatioroorelating with a more electrgpoor aryl group.

Consumption of

Entry Enoate AQQZ oer(r)]tn Enoate
9 Conditions A Conditions B
1 ©\/\C02Et n.dY (82%) n.d. (10%)
34
2 ©\%002Et 95% (86%)  11% (12%)
34
3 ©\/\C02Et 86% (79%) 1% (2%)
34

Vi Trifluorotoluene ceeluted with ethyl cinnamate.
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