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Abstract 

Asymmetric rhodium-catalysed conjugate arylation is an important carbonïcarbon bond-

forming reaction of increasing industrial relevance. The control of enantioselectivity has 

been explored extensively in the published literature, however the competing deboronation 

reaction has received little attention. This uncontrolled side-reaction often necessitates the 

use of up to 10 equivalents of the arylboron reagent, rendering the methodology unattractive 

for large scale industrial purposes. 

In this thesis, a pharmaceutically-relevant rhodium-catalysed conjugate addition of an 

arylboronic acid pinacol ester to an unsaturated ester with heteroaryl functionality has been 

investigated, with significant improvements to the enantioselectivity, chemoselectivity and 

green metrics made compared with a previous process used on kilogram scale. The original 

process delivered poor enantioselectivity, required uneconomical rhodium loadings and a 

large excess of the arylboron reagent. 

A cheaper and highly selective catalyst system was identified following extensive and 

informed investigations into the behaviour of different ligand and rhodium salt 

combinations. The optimised process utilises an inexpensive chiral ligand from a ligand class 

previously overlooked by industry. The new system delivers up to 97% ee with virtually 

complete selectivity for the desired conjugate arylation reaction over the competing 

protodeboronation reaction. Furthermore, factors that are important for the success 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 the 1,4-addition 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 presented. 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 sterically-shielding group was not present. The structural motifs of the ligand had a 

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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Computational chemistry and an analysis of published crystallographic data enabled the high 

selectivity for conjugate arylation over protodeboronation that the optimised reaction process 

affords to be rationalised. Ligands expected to facilitate the exchange of a solvent molecule 

bound to the metal centre for the enoate electrophile delivered 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 position or within the specified component, 

unless used in relation to a molecular orbital in which case it is used to 

identify an antibonding orbital 

[B], [M]  Unspecified complex of boron or metal M, such as Ar[B] to denote ArBpin, 

ArB(OH)2, etc. 

°C Degrees Celsius 

{1H} Indicates that proton decoupling has been performed (NMR) 

Å Ångström (10ī10 m) 

ɜ Frequency (IR) 

Ac Acetyl 

acac Acetylacetonate anion 

ANOVA  Analysis of Variance 

API Active Pharmaceutical Ingredient 

app. Apparent, such as app. d to denote a feature that resembles a doublet (NMR)  

aq Aqueous 

Ar  Aryl  

area% Indicates a percentage measured by area (HPLC) 

AU Absorbance unit (HPLC) 

bar Bar (absolute pressure) 

BINAP 2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl 

Bn Benzyl 

Boc tert-Butyloxycarbonyl 

BOD Bicyclo[2.2.2]octa-2,5-diene 

Bpin Pinacol borane fragment, such that HBpin is pinacol borane and B2pin2 is 

bis(pinacolatodiboron) 

bpy 2,2ô-Bipyridine 

cat. Catalyst or catalytic (amount) 

COD Cyclooctadiene 

COE Cyclooctene 

corr. Corrected, such as relating to a yield corrected for residual solvent or water 

CPME Cyclopentyl methyl ether 

Cy Cyclohexyl 

d.e. Diastereomeric excess 

DABCO 1,4-Diazabicyclo[2.2.2]octane 

DBN 1,5-Diazabicyclo[4.3.0]non-5-ene 

DCM Dichloromethane 

DIAD  Di-iso-propyl azodicarboxylate 

DIBAL  Di-iso-butylaluminium hydride 

Dioxane 1,4-Dioxane 

DIPA Di-iso-propylamine 

DIPEA Di-iso-propylethylamine 

DMAP Dimethylamino pyridine 
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DME Dimethoxyethane 

DMF N,N-Dimethylformamide 

DMSO Dimethyl sulfoxide 

DoE Statistical Design of Experiment 

dppb 1,4-Bis(diphenylphosphino)butane 

dppf 1,1ǋ-Bis(diphenylphosphino)ferrocene 

-dx Deuterated, such as THF-d8 to denote fully-deuterated THF 

E Denotes the stereochemistry of a substituted alkene for which the highest 

priority groups on each carbon are trans to each other  

e.r. Enantiomeric ratio 

EDC N-(3-dimethylaminopropyl)-Nǋ-ethyl- carbodiimide hydrochloride 

ee Enantiomeric excess 

eq Molar equivalents (also Eq.) 

Et Ethyl 

eV Electron volt 

FT Fourier transform 

GC Gas Chromatography 

GCMS Gas Chromatography ï Mass 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 Single Quantum Correlation (NMR) 

IMS Industrial Methylated Spirits 

IPA iso-Propyl alcohol 
iPr iso-Propyl 

IR Infrared (spectroscopy) 

J Magnitude of the NMR coupling constant 

K Equilibrium constant 

k Relative response factor 

KHMDS  Potassium bis(trimethylsilyl)amide 

L Ligand 

LCMS Liquid Chromatography ï Mass Spectrometry 

LDA  Lithium di-iso-propylamide 

lit.  Literature data 

LUMO  Lowest Unoccupied Molecular Orbital 

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 carbon 

heterogeneous catalyst 

m/z Mass/charge ratio (mass spectrometry) 

MDAP Mass-Directed Autopurification 
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Me Methyl 

MeTHF 2-Methyltetrahydrofuran 

MIBK  Methyl iso-butyl ketone 

MIDA  N-methyliminodiacetic acid fragment, such as that of N-methyliminodiacetic 

acid boronates 

min Minute(s) 

mol% Indicates a percentage measured by molar amount 

MS Molecular sieves 

Ms Mesyl 

N/A Not applicable 

NBD Norbornadiene 

NBS N-Bromosuccinimide 
nBu Normal butyl 

n.d. Not determined 

NMM  N-methylmorpholine 

NMP N-Methyl-2-pyrrolidone 

NMR Nuclear Magnetic Resonance 

Np 2-Naphthyl 

o ortho 

p para 

Ph Phenyl 

pKa īlog10Ka where Ka is the acid dissociate constant of the specified Brønsted acid 

in aqueous conditions at 25 °C and with an ionic strength approaching 0 where 

available 

pKaH Denotes the pKa of the conjugate acid of the specified Brønsted base 

PLP Pyridoxal phosphate (co-enzyme) 

p-value Significance level in Design of Experiment 

Py Pyridine 

R Generic substituent (may be specified) 

r.t.  Room temperature 

rac/(S)/(R)- Racemic/(S)-enantiomer/(R)-enantiomer of a specified compound 

ROESY Rotating Frame Nuclear Overhauser Effect Spectroscopy (NMR) 

rpm Revolutions per minute 

rpt  Repeat 

SFC Supercritical Fluid Chromatography 

Sol Solvent molecule (unspecified) 

t Time 

T Temperature 

TBME  tert-Butyl methyl ether 
tBu tert-Butyl 

TDA-1 Tris[2-(2-methoxyethoxy)ethyl]amine 

TEA Triethylamine 

Temp Temperature 

Tf  Triflyl  
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TFA Trifluoroacetic acid 

THF Tetrahydrofuran 

TMEDA  1,2-Bis(dimethylamino)ethane 

Tol p-Tolyl, unless otherwise specified 

tR Retention time 

UPLC Ultra Performance Liquid Chromatography 

vol Process Volume, where 1 vol describes a reaction mixture for which the 

limiting substrate has an initial concentration of 1 g mLī1 

v/v Indicates a ratio or percentage measured by volume 

wt%  Indicates a percentage measured by weight 

X Heteroatom 

Z Denotes the stereochemistry of a substituted alkene for which the highest 

priority groups on each carbon are cis to each other 
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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 use on large scales. The scales involved 

in academic and medicinal research chemistry often allow for syntheses that are not readily 

translated to industrial scales, where such priorities as low costs, low environmental impact, 

high purity and high levels of safety become of increased importance due to the scale of 

operation.1 Redeveloping academic methodologies to be suitable for industrial use therefore 

requires significant understanding 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 or step towards Active 

Pharmaceutical Ingredient (API) manufacture is the SELECT criteria, an acronym for Safety, 

Environmental, Legal, Economic, Control and Throughput criteria.1,2 

Safety considerations particularly include the process safety of a synthetic step, considering 

aspects such as potential exotherms or pressure build-ups, the use of explosive gases or high-

energy functional groups, and the potential exposure of operators and the public to hazardous 

substances, for instance to volatile carcinogenic compounds. 

Environmental factors 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 impact, but sustainable and responsible use of natural 

resources also involves reconsidering the use of non-abundant materials. 

Many legal considerations are necessary, covering all aspects of the process, both in terms of 

intellectual property rights of compounds or procedures, and in terms of regulations 

controlling the usage of certain reagents. There must be legal freedom to operate the entire 

process. 

A consideration important to many of the SELECT criteria but perhaps more notably to the 

economic feasibility of the synthesis is the length of the synthetic route. Although clinical 

trials are frequently the most expensive part of the drug development process,3 this only 

increases the need to lower costs elsewhere. Expensive reagents and expensive or 

economically inefficient processes need to be avoided or minimised during process 

development for long-term manufacture. 

The control requirements of a process particularly involve the reproducibility of the desired 

outcome and the quality of the outcome (for example yield, selectivity and purity). Many 
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metals that are frequently employed as catalysts, as well as solvents, are required to be 

controlled to strict trace levels in the API product by international guidelines,4,5 which are 

observed by the relevant US and EU regulatory bodies.6,7 

The throughput criterion regards the ability to produce sufficient API within the available 

time. Long synthetic schemes, reaction times and processing steps are therefore undesirable 

by this criterion. The use of non-abundant or unusual reagents for the long-term supply of 

API should also be considered against this criterion. 

In reality, these criteria may sometimes work against each other. Considering a catalytic 

process as an example, a higher catalyst loading may offer shorter reaction times and 

therefore be advantageous in terms of the throughput criterion, but this may also raise 

concerns from environmental, economic and control perspectives. A robust understanding of 

a chemical process enables suitably balanced conditions for a synthetic step to be developed 

according to the specific requirements and priorities of the project. 

Chemical catalysis is often an attractive strategy for delivering a manufacturing route that 

satisfies many of the SELECT criteria effectively.8 For example, catalysis might enable a 

shorter route to the API by making possible different disconnections, might decrease the 

quantity of a reagent required to perform a transformation, or might decrease the time and 

energy required for a particular step. Precious metal catalysis has become ubiquitous in drug 

syntheses, however the metals used are not only expensive but often carry risks associated 

with their supply.9 Table 1 summarises supply-related data for the base metal iron along with 

the precious metals palladium, platinum and rhodium, all of which are employed in chemical 

catalysis.9,10 Rhodium is among the least earth-abundant of all precious metals used in 

catalysis. 

Metal Crustal Abundance / 

ppm 
Annual Worldwide Production / 

tonnes Supply Risk 

Iron 41 × 103 3.3 × 109 5.2 

Palladium 6 × 10ī4 208 7.6 

Platinum 1 × 10ī3 178 7.6 

Rhodium 2 × 10ī4 < 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 al.10 Supply risk is an index prepared by the British 

Geological Survey, combining multiple risk factors.9 The index ranges from 1 (extremely low risk) to 10 

(very high risk). 

Industrial sustainability priorities drive research in two complementary directions to 

minimise the use of non-abundant resources.11ï13 The replacement of precious metal catalysts 

with base metal catalysts is particularly desirable but is generally met with significant 
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challenges to overcome, typically as a result of contrasting redox processes, the availability 

of the catalyst precursors, a generally lower functional group tolerance and a higher 

sensitivity to adventitious moisture or oxygen.14,15 Where base metal alternatives are not 

readily developable, the next most desirable goal is to identify means of utilising non-

abundant metals with high efficiency so as to limit the impact of their use and the risks to the 

long-term supply of the metal. Examples include research to lower the catalyst loading 

without impacting the outcome of the reaction, and research to process the reaction waste in 

such a way as to recycle the metal for reuse. 

The development of the manufacturing route for sitagliptin, the active ingredient in the 

Merck drug product, Januvia, is a particularly well-known example of process development 

on account of the numerous awards received by the researchers involved. Three generations 

of the route were developed, containing notable examples of industrial asymmetric catalysis, 

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

intensification.16ï18 

 

The first generation route is summarised in Scheme 1, providing the sitagliptin phosphate 

salt on multi-kilogram scale in 52% overall yield and excellent chemical and enantiopurity 

after crystallisations.19 As a means to deliver early batches of the API, the synthetic route 

was adequate. However, as a means for long-term manufacture, the route was unfeasibly 

inefficient. The most problematic aspects of the synthesis were the uses of EDC couplings 

and the DIAD/triphenylphosphine Mitsonobu procedure, both of which generated large 

amounts of waste. 
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Scheme 1. The first generation route to sitagliptin. 

After completely redesigning the synthetic route using rhodium catalysis to give sitagliptin 

phosphate in 65% overall yield with a decrease of 80% in the total mass of waste and the 

elimination of the aqueous waste stream,20 a final phase of development gave the third 

generation process shown in Scheme 2.21 Not only could the third generation synthesis afford 

the API salt in 73% overall yield, but additional improvements in throughput, mass of waste 

and cost were also achieved. This final generation synthesis required no heavy metals and no 

specialised manufacturing equipment, such as high pressure vessels, as a result of the 

enzymatic biocatalytic process employed. The transaminase enzyme was evolved to contain 

27 mutations across its structure, in order to achieve the high yielding (92%) and highly 

enantioselective (> 99.95% ee) transformation for the API synthesis. The process has been 

employed on pilot plant-scale. 

 

Scheme 2. 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 of the SELECT 

criteria, with high enantiopurity being an important regulatory requirement and the 

asymmetric chemistry required often proving either poorly economical or under-developed. 

In 1993 a study of marketed drugs highlighted a significant difference in the enantiomeric 

form that synthetic drugs were sold in compared with those sourced naturally or 

semisynthetically (Figure 1).22 Natural and semisynthetic drugs (accounting for less than a 

third of the total number of marketed drugs) were found to exhibit chirality in 99% of cases 

of which 98% were marketed enantiomerically pure. Of the drugs produced synthetically, 

only 5% were marketed as single enantiomers, with the majority possessing no chirality 

(60%) and the balance being sold as racemates. 

 

Figure 1. Summary of a 1993 study of the marketed form of drugs, adapted from Scrip. Mag., 1993, Feb, 

16ï18. 

Whilst these data are now over two decades old, more recent concern has been expressed 

that a continued lack in the synthesis of enantiomerically pure drug products may be 

hindering clinical success.23 Biological systems are inherently chiral, with all but the 

simplest of the amino acid building blocks exhibiting a stereocentre, and consequently there 

is a general biological preference for synthetic molecules to display chirality if they are to 

induce a selective and potent response. The proportion of naturally-derived APIs appears 

only to have decreased; a survey of drug candidate molecules in 2006 observed less than 5% 

to have been derived from natural products.24 

Marketed FormChiralitySource
Worldwide 

Market

Drugs: 1850

Natural and 
Semisynthetic: 523

Chiral: 517

Single
Enantiomer: 509

Racemate: 8

Achiral: 6

Synthetic: 1327

Chiral: 528

Single
Enantiomer: 61

Racemate: 467

Achiral: 799
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The historic neglect of chirality in synthetic drug compounds can be attributed to 

insufficiently developed and precedented synthetic methodologies for asymmetric 

transformations that can reliably meet the high demands of the necessarily stringent 

regulatory requirements for drug products containing chiral centres. Significant development 

of sp2-sp2 and related coupling reactions, which enable rapid achiral diversification along a 

particular vector, has no doubt served to out-compete the use of asymmetric transformations 

in medicinal chemistry. A 2016 publication measured the frequency of reaction types 

occurring at least once in a representative sample of publications from the Journal of 

Medicinal Chemistry in 2014.25 The three most prevalent reactions for building up molecules 

(omitting functional group transformations such as deprotections and ester hydrolysis 

reactions) were amide formations, nucleophilic aromatic substitutions and Suzuki-Miyaura 

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 within medicinal chemistry), although they estimated that only 10% of the 

manuscripts they examined relating to drug candidates may have employed an asymmetric 

transformation, in contrast with 90% of the natural product total syntheses they also 

reviewed for the publication. 

Methods for installing chirality can be categorised into five broad categories with different 

advantages and disadvantages from a process chemistry perspective: chiral resolution, fine 

chemical and chiral pool starting materials, chiral auxiliaries, enzymatic catalysis, and 

chemical catalysis.26 

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.27,28 Particularly inefficient but common and often necessary forms of resolution 

are by preparative chiral HPLC or SFC, or by salt formation with a chiral counterion.29 

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 enantiopurity.30 Due to the high substrate selectivity and the sensitivity 

to reaction conditions often observed with enzymes, enzymatic methods are generally more 

chemically limited forms of resolution. 

A highly attractive form of chiral resolution is dynamic kinetic resolution, in which, for 

example, two enzymes might be used: one to epimerise or racemise a chiral centre 

(ñdynamicò), and the other to selectively react with only one of the stereoisomers (ñkinetic 

resolutionò) to form something inert to the epimerisation conditions (Figure 2). Both 
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enzymatic and chemical examples have been demonstrated as well as combinations of the 

two.31ï34 The primary benefit of the technique is that product of high enantiopurity can be 

obtained from a racemate without sacrificing half of the material as the undesired 

enantiomer. Related approaches based on similar principles have also been developed to 

transform racemates into stereomerically pure products.35  

 

Figure 2. A general example of dynamic kinetic resolution. 

Use of chiral starting materials, ideally from the chiral pool or the fine chemicals industry if 

not, is another common technique.26,36 ñPurchasing inò the stereochemistry in a more simple 

molecule avoids the need to install it in a more complex structure, and also enables 

stereochemistry to be induced elsewhere in the molecule throughout the subsequent synthetic 

sequence.37 Rather than simply passing the responsibility for inefficient chiral resolutions to 

a supplier, in most cases this can be a very efficient method since either both enantiomers 

will be sold by the supplier such that there is no overall loss in efficiency by using a chiral 

resolution, or there may be a well-precedented 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 using chiral auxiliaries is 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 the temporarily installed auxiliary.26,38,39 In general this involves 

two additional steps in a synthesis, and unless the auxiliary can be readily recycled it is a 

poorly atom economical technique. It also generally requires the labile functionality to be 

close to the desired stereocentre for effective stereochemical induction. 

Catalysis is an attractive means of providing chirality in API syntheses, especially when the 

analogous racemic transformation would already require catalysis. Enzymatic catalysis has 

had an important role in API production for many decades and has become an area of 

increased utility in recent years, with high throughput platforms for enzyme evolution and 
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testing significantly decreasing the limitations of the high substrate specificity that enzymatic 

reactions often demand (Scheme 2, page 5).40ï43 Chemical catalysis (organocatalysis or 

precious metal catalysis in particular) carries many of the advantages of using chiral 

auxiliaries and chiral starting materials without the need to employ purchased chirality in 

stoichiometric quantities.44,45 It also provides scope for the development of asymmetric 

variants of already precedented catalytic racemic reactions, simply by replacing achiral 

ligands with chiral analogues (see, for example, Section 1.3.1). 

A 2006 analysis of drug candidate molecules reaching process development within GSK, 

AstraZeneca and Pfizer found 54% to contain at least one stereocentre, with 97% of these 

molecules being developed as single stereoisomers.24 This renewed development of chiral 

APIs is reflected in the structures of recent Phase III GSK drug candidates, with more than 

three quarters of the small molecules exhibiting stereocentres.46 Nevertheless these GSK 

structures typically 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 under process development, with more than half purchased as starting materials 

and more than one quarter resolved from a racemate or diastereomeric mixture (Figure 3).24 

Of those resolved, only around 10% employed a dynamic kinetic method, the rest 

presumably involving the discarding of the undesired stereoisomer. The use of such 

inefficient resolution methods, which often occur towards the end of a synthesis, highlights 

the lack of asymmetric synthetic transformations that are sufficiently robust, elegant and 

efficient for practical and economical utility on large scales. 

 

Figure 3. The source of chirality for 135 chiral centres in a 2006 study of drug candidate molecules, 

adapted from Org. Biomol. Chem., 2006, 5, 2337. 

Purchased Resolution Asymmetric Transformation Relative Induction
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Evidently there remains a significant need to grow a toolbox of robust asymmetric 

transformations suitable for large scale API manufacture. Generating new methodologies 

suitable for academic and medicinal chemistry laboratories paves the way for the 

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 scale.1,2 One example is asymmetric conjugate 

arylation reactions (Section 0). To avoid this bottleneck in bringing enantio- and 

diastereopure drug compounds to market, research to render such transformations attractive 

on manufacturing scales is vital. 

  



11 

 

Confidential ï Do Not Copy 

 

1.3 Rhodium-Catalysed Asymmetric Conjugate Arylation 

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

organic chemistry, beginning with Arthur Michaelôs seminal discovery in the late 19th 

century.47 Most commonly involving the addition of a nucleophile to an Ŭ,ɓ-unsaturated 

carbonyl compound, the transformation often generates at least one stereocentre and requires 

attack at the softer electrophilic centre (the ɓ position) in preference to the harder centre at 

the carbonyl (Scheme 3). 

 

Scheme 3. General scheme for the conjugate addition reaction of a soft nucleophile to an Ŭ,ɓ-unsaturated 

carbonyl compound. 

Carbonïcarbon bond-forming reactions using carbon nucleophiles are extremely valuable for 

building up molecular structures, but significant stabilisation of the carbanion is required to 

enable the soft 1,4-attack for conjugate addition. An enolate is the prime example of a 

suitably soft carbon nucleophile, while the addition of copper salts to Grignard reagents to 

form organocuprates has long been known to enable sufficient ñsofteningò of otherwise hard 

carbon nucleophiles.48 An example of a catalytic asymmetric carbonïcarbon bond-forming 

conjugate addition is given in Scheme 4, which determined the absolute stereochemistry in 

the synthesis of an Abbott API, previously synthesised racemically.49 

 

Scheme 4. An asymmetric conjugate addition employed by Abbott for the synthesis of an API. 

Carbonïcarbon bond-forming reactions to install aryl groups are of particular interest in the 

pharmaceutical and related industries. Examples exist in the academic literature using, for 

instance, copper catalysis to modulate the reactivity of arylmetal reagents (such as aryl 

Grignard and zinc reagents) and favour 1,4- over 1,2-addition to enones with ligand-directed 
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chiral control.50 However, aryl Grignard reagents are challenging substrates for these 

procedures,51,52 and the advantages of using stable aryl nucleophiles increase with scale. The 

use of arylboron reagents has become of particular interest in the pharmaceutical industry, 

not least due to the familiarity of their handling and synthesis on account of the ubiquity of 

Suzuki-Miyaura couplings (Section 1.2). The availability, stability and functional group 

tolerance of arylboron reagents are significant advantages in industrial contexts, and rhodium 

catalysis has enabled their use as nucleophiles in conjugate addition reactions. 

1.3.1 Seminal Reports of Rhodium-Catalysed Conjugate Addition 

of Aryl boronic Acids to Enones 

The seminal report of arylboronic acids attacking Ŭ,ɓ-unsaturated carbonyl systems in a 

conjugate fashion was published by Miyaura and co-workers in 1997, who employed 

rhodium catalysis to couple the arylboron reagent to the electrophile (Scheme 5).53 The 

reaction proceeded under mild, neutral, aqueous conditions, avoiding highly reactive or 

unstable organometallic reagents. These conditions were perceived to have been a 

contributing factor to no competing 1,2-addition or uncatalysed reaction being observed. 

 

Scheme 5. The discovery of rhodium-catalysed 1,4-addition to enones employing arylboronic acid 

nucleophiles. The organic solvents used were DMF, toluene, cyclohexane and methanol. 

This report was closely followed by an asymmetric variant by Hayashi and co-workers 

(Scheme 6),54 such that the rhodium-catalysed conjugate arylation reaction using boron 

nucleophiles has become known as the Hayashi-Miyaura reaction. Hayashi and co-workers 

found that a different rhodium salt and harsher conditions than those published by Miyaura 

were required when using (S)-BINAP and other bidentate chiral phosphine ligands. NMR 

studies revealed the ethylene-ligated catalyst precursor to react immediately and 

quantitatively with the chiral ligand to form Rh(acac)[(S)-BINAP], which demonstrated 

virtually identical activity and stereoselectivity when charged as the preformed chiral 

complex. Unusually, although the yield fell rapidly with decreasing temperature (< 3% at 

60 °C and below), the enantioselectivity was reportedly unaffected over a temperature range 

of 40 to 120 °C. 
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Scheme 6. The asymmetric variant of Miyaura's 1,4-addition, with minor modifications to the conditions. 

Both Miyaura and Hayashi found protodeboronation of the aryl species to be a significant 

competing side-reaction, requiring a large excess of the arylboronic acid for the desired 

reaction to reliably achieve good yields. The mechanism of the deboronation is not known to 

have been studied specifically for rhodium-catalysed conjugate addition reactions, yet 

remains an important problem, particularly from a process chemistry perspective, and is 

discussed in more detail in Section 1.3.5. 

Since the initial reports of the transformation by Miyaura and Hayashi, there has been 

significant interest within the academic and industrial chemistry communities to demonstrate 

the scope of the transformation on a diverse range of substrates and using a diverse range of 

ligands, rhodium salts and conditions (Sections 1.3.3 to 1.3.7).55ï61 The diverse range of 

substrates permissible in the methodology is one of its main advantages over other 

asymmetric conjugate addition reactions, for which there are otherwise limited examples 

involving the introduction of aryl groups.51,52,62ï67 Whilst the methodology has been applied 

to organosilicon and various organometallic reagents, the advantages of organoboron 

reagents discussed in the introduction to Section 0 have resulted in these receiving the most 

attention.  

1.3.2 General Mechanism of Rhodium-Catalysed Conjugate 

Arylation  

Hayashi and co-workers undertook studies that provided evidence for the proposed catalytic 

cycle shown in Scheme 7, using 2-cyclohexenone, phenylboronic acid and 

Rh(acac)[(S)-BINAP] in dioxane/water (10:1) at 100 °C as one of the model systems in the 

investigation.68 
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Scheme 7. The proposed catalytic cycle for the model system shown, based on mechanistic studies. 

(*)  denotes chirality. 

NMR studies of stoichiometric reactions beginning with the phenylrhodium species 3 

(stabilised with triphenylphosphine) were performed, which demonstrated the proposed 

reaction steps and enabled observation of the three proposed intermediates: phenylrhodium 

species 3, oxa- -́allylrhodium species 4 and the dimeric hydroxorhodium species 1. The 

equilibrium between the catalytically inactive dimeric hydroxorhodium complex 1 and the 

active monomeric species 2 was found to lie strongly towards the dimer by kinetic analysis 

of a 1,4-addition reaction employing [Rh(OH)(BINAP)]2 2 as the rhodium salt, identifying 

this dimer as a catalyst resting state.69 The same kinetic report identified transmetalation as 

the rate-determining step of the catalytic cycle. 

Each of the three reaction steps, beginning from RhPh(BINAP)PPh3 3, was found to proceed 

at room temperature, unlike the catalytic reaction in Scheme 6. The origin of this 

discrepancy was found to be that, whereas rapid transmetalation was observed with 

[Rh(OH)(BINAP)]2 (complex 1, in equilibrium with complex 2), transmetalation using 

Rh(acac)(BINAP) (formed following ligand exchange in Scheme 6) was extremely slow at 

ambient temperatures. The acac-ligated rhodium species could be formed rapidly from the 

hydroxo analogue upon addition of 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)]2 with acetylacetone under the reaction conditions. Higher temperatures 

are therefore typically required for transmetalation when an acac-ligated catalyst precursor is 
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employed. Using [Rh(OH)(BINAP)]2 or potassium hydroxide with [RhCl(BINAP)]2 instead 

of Rh(acac)(BINAP) as the rhodium salt, the catalytic 1,4-addition reaction proceeded well 

at 35 °C. In these cases, the lower temperature also enabled a higher enantiomeric excess to 

be achieved and enabled the excess of phenylboronic acid to be decreased to 1.4 equivalents, 

due to a greater retardation of the undesired deboronation reaction than of the desired 1,4-

addition reaction. 

1.3.2.1 Stereocontrol in Asymmetric Rhodium-Catalysed Conjugate 

Arylation  

A simple steric model allows the stereoselectivity of the transformation to be predicted.54 

Considering (S)-BINAP as an example (Figure 4), two reactive binding orientations of the 

enone can be envisaged. Figure 4a shows the favoured orientation of the enone, with the bulk 

of the enone directed away from the bulk of the phenyl ring from (S)-BINAP, which projects 

above it. Insertion into the rhodiumïaryl bond in this case would give the favoured 

(S)-enantiomer. If the enone is bound to the rhodium centre with its bulk directed above the 

plane of the complex (Figure 4b), a destabilising steric interaction would be envisaged 

between it and the phenyl ring, causing the (R)-enantiomer to be disfavoured. 

 

Figure 4. A simple steric model provides a predictive tool to determine 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 state. The binaphthalene backbone is represented by the 

curved PïP bond. 

By analogy, (S)-BINAP would direct preferential attack to the si face for linear cis-alkenes 

and to the re face for linear trans-alkenes, such that the bulk of the substrate is directed away 

from the top right quadrant of the rhodium complex (Figure 5). 
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Figure 5. A schematic to show the preferred binding orientation of linear Ŭ,ɓ-unsaturated carbonyls to 

[Rh((S)-BINAP)(Ar )]. Darker shading represents areas of greater steric bulk on the complex. 

The same model can be used to predict the stereochemical outcome using different ligand 

classes such as chiral dienes (Section 1.3.4).70,71 However, computational studies, 

particularly involving chiral diene ligands, have indicated that steric differentiation alone is 

insufficient to account for the enantioselectivities observed and instead a more complicated 

description involving a stereoelectronically distorted carborhodation transition state must be 

invoked.72ï74 

1.3.2.2 The Role of Base in Rhodium-Catalysed Conjugate Arylation 

The role of base has been investigated by Miyaura and co-workers, revealing that its role is 

not solely in the generation of a hydroxorhodium species from the catalyst precursor (Section 

1.3.2).75 This primary role of the base was demonstrated by comparing the reactivity of 

[Rh(OH)(COD)]2 and [RhCl(COD)]2 with and without potassium hydroxide (Scheme 8). 

 

Scheme 8. Investigation of the effect of base. X = chloro- or hydroxo-ligand. 

In the absence of base, [RhCl(COD)]2 gave no greater than trace conversion to the product, 

whereas use of [Rh(OH)(COD)]2 afforded the product, albeit slowly (20% conversion within 

3 hours). When the reaction was performed using [RhCl(COD)]2 in the presence of 

potassium hydroxide, conversion was near-quantitative within 1 hour. This provided support 

for the necessity of a hydroxorhodium or related species for facilitating transmetalation, and 

was consistent with observations made that [Rh(OH)(COD)]2 (and possibly 

[Rh(OMe)(COD)]2)75,76 provided the conjugate arylation product at room temperature 

without additional base, whilst [Rh(Cl)(COD)]2 and Rh(acac)(COD) were unsuccessful in 

catalysing the reaction under these conditions. Furthermore, performing the reaction in 
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Scheme 8 at 0 °C using [RhCl(COD)]2 in the presence of different inorganic bases 

(1 equivalent) showed conversion over 6 h to be dependent on the strength of the base: KOH 

(83% conversion) > K3PO4 (49%) > K2CO3 (34%) > no base (trace). 

An additional role of base was indicated by the increased conversion using [RhCl(COD)]2 

with potassium hydroxide (quantitative within 1 hour) relative to that achieved by 

[Rh(OH)(COD)]2 without base (20% within 3 hours). It was also found that adding 

potassium hydroxide to the reaction using [Rh(OH)(COD)]2 under the conditions in Scheme 

8 gave reactivity comparable to that seen with [RhCl(COD)]2 under the basic conditions. 

This effect halved when instead triethylamine was used with [Rh(OH)(COD)]2 (50% 

conversion in 1 hour). Conclusive evidence to identify this second role of base is not 

believed to have been found, however at the time the authors suggested that this may either 

be due to an accelerated hydrolysis pathway of the rhodium-enolate that results from 

insertion of the alkene into the rhodiumïaryl bond, or may be due to the generation of a 

quaternary arylboronate (Scheme 9b) as has been described for a transmetalation mechanism 

in palladium-catalysed reactions.77,78 

The first of these is initially compelling although it has not been supported further in the 

literature. The implication is that upon formation of a rhodium-enolate, the presence of base 

accelerates its hydrolysis, presumably via an associative mechanism. However, the fact that 

the rate-determining step of the cycle was found, in the absence of base, to be 

transmetalation indicates that this cannot be the cause of the significant rate acceleration 

(Section 1.3.2).69,79 

The second suggested reason appears to be the most widely accepted, and the implication is 

therefore that two transmetalation mechanisms can operate: mechanisms (a) and (b), shown 

in Scheme 9.80 That mechanism (a) operates is evidenced by the activity of [Rh(OH)(COD)]2 

in the absence of base. However, acceleration in the presence of aqueous base even when 

using [Rh(OH)(COD)]2 suggests that mechanism (b) can also occur, and faster than 

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 computationally.81,82 



18 

 

Confidential ï Do Not Copy 

 

 

Scheme 9. Proposed mechanisms of transmetalation to [Rh]ïOH and related species (a) from arylboronic 

acids (b) from quaternary arylboronates. 

Miyaura and co-workers also found the base to have an impact on stereoselectivity.75 

Addition of potassium hydroxide to [RhCl((R)-BINAP)]2 under the conditions shown in 

Scheme 10a afforded racemic product. The cationic rhodium complex used in Scheme 10b 

showed moderately good stereoselectivity with potassium hydroxide, but this was improved 

significantly using weaker bases. The origin of this difference has not been established and 

similar observations are not known to have been reported elsewhere. 

 

Scheme 10. Reported effects of base on the stereoselectivity of 1,4-additions. (a) Formation of the racemic 

addition product despite the use of enantiopure ligand. (b) Poor enantioselectivity only when using KOH. 

1.3.3 Rhodium Salts used as Catalyst Precursors in Conjugate 

Arylation  

The rhodium salts commonly available as catalyst precursors for use in 1,4-addition 

chemistry can be broadly grouped into three classes: monomeric rhodium complexes, 

dimeric rhodium complexes and cationic rhodium complexes. Often these are achiral 

complexes, from which the chiral complexes can be preformed or formed in situ. Monomeric 

rhodium complexes employ a bidentate anionic ligand to stabilise the rhodium (I) centre, 

such as in the case of Rh(acac)L2 complexes (e.g. Rh(acac)(CO)2). The dimeric complexes 

consist of two rhodium (I) centres, often with coordinated alkene ligands, and two bridging 
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counterions such as chloro- or hydroxo-ligands. A common example is [RhCl(COD)]2, 

however the cyclooctadiene ligands are themselves excellent ligands for the 1,4-addition 

reaction and exchange slowly with BINAP.68 Compared to [Rh(OH)(BINAP)]2, 

[Rh(OH)(COD)]2 was found to undergo the rate-determining transmetalation step of the 

catalytic cycle with a larger rate constant, and the equilibrium between the inactive dimer 

and active monomer was found to lie further towards the monomer.79  COD-ligated rhodium 

complexes are therefore an unusual choice of catalyst precursor when asymmetric product is 

required, since the activity of any residual COD-ligated rhodium can significantly limit the 

overall enantiopurity. To avoid this problem, successful asymmetric examples employing 

COD-ligated catalyst precursors tend to involve premixing the rhodium complex with a 

chiral phosphine ligand.83 A popular analogue of the COD complex is [RhCl(C2H4)2]2, as its 

dominance in a recent review highlights,57 since the ethylene ligands are rapidly and 

irreversibly exchanged in the reaction mixture (see Section 1.3.1).54 

Cationic rhodium complexes contain a non-coordinating counterion in place of the bidentate 

anionic ligands used in other monomeric complexes. Common examples include 

Rh(NBD)2BF4 and Rh(COD)2BF4. A key attraction of the norbornadiene complex is that it 

has been found to undergo good ligand exchange with BINAP whilst being poorly active in 

the arylation reaction on its own, unlike cyclooctadiene-ligated complexes. Additionally, the 

1,4-addition has been found to proceed well using triethylamine instead of potassium 

hydroxide (cf. Section 1.3.2).84,85 Use of a weaker base broadens the substrate scope of the 

reaction to include compounds with more base-sensitive functionality. 

A number of reports coupling arylboron reagents to unsaturated electrophiles have now been 

published using alternative metal catalysts, such as palladium,86ï89 ruthenium,90 copper91 and 

nickel,92 and using organocatalysis,93ï95 however none is yet at a state to compete with the 

rhodium-catalysed process, some demonstrating only a limited substrate scope or not having 

been successfully demonstrated for asymmetric synthesis. 

1.3.4 Ligand Classes Demonstrated in Rhodium-Catalysed 

Conjugate Arylation 

Many different ligands have been developed and/or demonstrated for the rhodium-catalysed 

conjugate arylation reaction, which tend to fall within the classes shown in Figure 6: 

phosphorus ligands, bissulfoxide ligands and diene ligands.55,57,59 Electronic and steric 

modifications to the active catalyst via the ligand enable fine-tuning of the reactivity and 

selectivity of the reaction according to the requirements of the application, whether the 
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priority is for aqueous solubility,96,97 enantioselectivity, catalyst turnover, or for particular 

efficiency with a specific substrate or substrate class.98,99 Hybrid ligands, for example those 

combining olefin motifs with sulfoxide motifs, have further expanded the opportunity for 

fine-tuning and ligand diversification.55,57,59 Many of the more exotic ligands are not readily 

prepared or commercially available and so are not discussed in detail in this thesis, which 

focusses on industrially-applicable systems. 

 

Figure 6. The main ligand classes that have been demonstrated in rhodium-catalysed 1,4-addition 

reactions. 

Chiral bisphosphine ligands, especially axially chiral biaryl ligands, are the most well-

known. The catalytic activity and turnover number achieved when using BINAP-derived 

ligands has been shown to correspond to the ́ -accepting ability of the ligand, as measured 

via the carbonyl stretching frequency of the corresponding RhCl(CO)(bisphosphine) 

complexes.100  Ligands with a greater -́accepting character provide improved stabilisation of 

the transition state and product of the rate-determining transmetalation step. A particularly 

excellent example is the strongly ́ -accepting ligand MeO-F12-BIPHEP (Scheme 11).100 The 

use of this ligand enabled a catalyst turnover frequency of 54,000 hī1 and turnover number of 

320,000. A rhodium loading of just 0.00025 mol% therefore gave good activity for 

asymmetric conjugate arylation. Electron-poor phosphines, such as MeO-F12-BIPHEP, have 

also been employed to enable conjugate arylations to proceed efficiently at room 

temperature.101,102 
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Scheme 11. MeO-F12-BIPHEP was demonstrated to enable a catalyst turnover number of 320,000 in the 

system shown. 

Chiral monophosphine ligands have also been employed in rhodium-catalysed conjugate 

arylations, with a 1:2 rhodium/ligand stoichiometry generally required. Phosphoramidites 

with axial chirality in a biaryl backbone are an example of these (Scheme 12),103 and a direct 

comparison of the phosphoramidite in Scheme 12 with BINAP showed the phosphoramidite 

to give a significantly more active catalyst system. Using the phosphoramidite ligand 

(1 mol% rhodium, 1:2.5 rhodium/ligand) in aqueous dioxane at 100 °C achieved almost full 

conversion of cyclohexenone within 5 minutes, compared with approximately 10% 

conversion using BINAP. Their simple structures, combined with an increased ́-accepting 

character relative to the classic BINAP-derived ligands on account of the lower energy 

phosphorusïnitrogen and phosphorusïoxygen ů* orbitals, render phosphoramidites and 

related monophosphines an attractive subset of ligands. 

 

Scheme 12. Phosphoramidite ligands have 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 range of transformations employing transition metal catalysis.104  

Bissulfoxide ligands have now been extensively demonstrated for use in rhodium-catalysed 

conjugate arylation, and can typically be prepared in reasonably short syntheses.105 The first 

example catalysed the addition of phenylboronic acid to cyclohexenone with remarkable 

selectivity and efficiency, enabling the use of just 1.1 equivalents of the arylboron reagent 

(Scheme 13).99 

 

Scheme 13. The first example of a bissulfoxide employed for rhodium-catalysed 1,4-addition. 

Dienes have an inherently strong -́accepting character, and their excellent performance  in 

rhodium-catalysed 1,4-addition chemistry and other areas has led to extensive work in the 

diversification of this ligand class.70,71,106ï119 Unfortunately, relatively few are commercially 

available and no examples of their use exist in the process chemistry literature on rhodium 

catalysed conjugate addition (Section 1.3.7). Two commercially available examples are the 

naphthyl ester diene ligand (Scheme 14a) and (S,S)- or (R,R)-Ph-BOD (Scheme 14b). The 

naphthyl ester diene ligand is readily prepared from the [4+2] cycloaddition of diene (R)-Ŭ-

phellandrene to dienophile 2-naphthyl propiolate, giving the ligand in high chemical and 

enantiomeric purity after recrystallisation of the crude reaction mixture (Scheme 14a).112 

However, the synthesis of (R,R)-Ph-BOD is more challenging, particularly since it does not 

employ a chiral pool starting material (Scheme 14b);107 fractional recrystallisation of the 

diastereomeric dihydrazone is very low yielding.113 An alternative synthesis of 

(R,R)-Ph-BOD has also been reported from 2-cyclohexenone and phenylacetaldehyde, 

involving an asymmetric organocatalytic Michael-aldol reaction.120 This preparation remains 

low yielding (11% overall) and requires a similar number of synthetic steps, with the 

Michael-aldol reaction requiring up to 4 days. 
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Scheme 14. Reported syntheses of chiral diene ligands (a) Naphthyl Ester Diene and (b) (R,R)-Ph-BOD. 

An example of the use of C2-symmetric Ph-BOD for conjugate arylation is given in Scheme 

15a.71 As noted in Section 1.3.2.2, the high activity of [RhOH(COD)]2 can be detrimental to 

the overall enantioselectivity of a process when the COD-ligated rhodium salt is used in 

conjunction with a chiral ligand. However, when the diene ligand itself is chiral, the high 

activity achieved with diene ligands enables highly efficient processes to be developed, with 

low catalyst loadings affording products in high yield and enantiopurity (Scheme 15b and 

Scheme 15c).111  
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Scheme 15. Use of (a) Ph-BOD and (b, c) Bn-BOD for the conjugate arylation of phenylboronic acid to 

cyclohexenone. In Schemes (b) and (c) in particular, the high activity of the active catalyst is demonstrated. 

1.3.5 Organoboron Nucleophiles Employed in Rhodium-

Catalysed Conjugate Arylation 

Arylboronic acids remain the most commonly reported organoboron nucleophiles for 

rhodium-catalysed asymmetric conjugate arylations, however various analogues (Figure 7) 

have also been successfully utilised, under motives including their relative ease of 

purification or the stability of the alternative arylboron reagent either in storage or under the 

reaction conditions.55ï61 

 

Figure 7. (a)ï(f) Seven arylboron reagents utilised in rhodium-catalysed 1,4-addition reactions. 

Arylboronic acids generally demonstrate good thermal, oxygen and aqueous stability, 

although dehydration of the acids generates the corresponding boroxines ((ArBO)3, Figure 

7a), which can be difficult to prevent in storage.91 Therefore, sources of boronic acid often 
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contain varying levels of the corresponding boroxine, whereas sources of boroxine can be 

more easily prevented from containing the boronic acid.121 As such, use of boroxines has 

become an attractive alternative to the use of arylboronic acids, since their use enables 

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

Arylboronic acid pinacol esters (ArBpin, Figure 7b) are common products of palladium-

catalysed Miyaura borylation122 and iridium-catalysed CïH borylation.123 Generally more 

easily prepared, purified and handled than the corresponding boronic acids, these are an 

attractive, although much less extensively demonstrated, alternative to the boronic acids in 

1,4-addition reactions.124 It has been assumed that the arylboronic esters hydrolyse under the 

reaction conditions to give the corresponding arylboronic acids, which subsequently undergo 

transmetalation to rhodium (Section 1.3.2.2).59 

Arylboronic acids can show instability with respect to protodeboronation at high 

temperatures and under basic conditions (Scheme 16). As a result of the ubiquity of 

arylboronic acids in numerous cross-coupling reactions such as the Suzuki-Miyaura 

coupling, many of which require high temperatures and basic conditions, significant interest 

has been directed towards understanding this competitive deboronation pathway.125ï129 One 

of the most successful means of suppressing the side-reaction has been the so-called ñslow-

releaseò strategy, in which an alternative arylboron reagent is charged to the reaction 

mixture.130,131 Under the reaction conditions, the alternative arylboron reagent then 

hydrolyses slowly to the parent arylboronic acid, thereby ensuring that only a minimal 

amount of the less stable arylboronic acid is present at any one time. 

 

Scheme 16. Base-mediated protodeboronation of arylboronic acids and related arylboron reagents. 

With typical conditions employing temperatures of 100 °C and aqueous base, this can be an 

important consideration for rhodium-catalysed 1,4-additions. Alternative arylboron reagents 

have therefore been employed with the slow-release strategy in mind, leading to reports of 

the use of boroxines (Figure 7a),121 N-methyliminodiacetic acid (MIDA) boronates (Figure 

7c),132 trimethoxyborates (Figure 7d),133,134 trifluoroborates (Figure 7e)135,136 and 

tetraarylborates (Figure 7f) in rhodium-catalysed conjugate addition reactions.137 Some 
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arylboron reagents are believed to transmetalate via an alternative mechanism altogether.59 

One of the first examples of the successful implementation of the slow-release approach is 

given in Scheme 17, which enabled isolation of the conjugate arylation product in good yield 

(Scheme 17a) whilst use of the parent arylboronic acid had afforded only anisole without 

formation of the conjugate arylation product in detectable yield (Scheme 17b).133 

 

Scheme 17. One of the first demonstrations of the use of alternative arylboron reagents in conjugate 

arylation. (a) Successful conjugate 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 

heteroarylboronic acids, the use of more stable alternative reagents is an important strategy 

for decreasing the extent of protodeboronation.138 However, rhodium-catalysed conjugate 

arylations can be performed under much milder conditions than those originally reported, 

and yet in these cases protodeboronation often remains a significant side-reaction. In contrast 

to palladium chemistry, in which competitive metal-mediated consumption of the arylboron 

reagent is generally not a necessary consideration,131 the arylrhodium intermediate is 

typically more susceptible to protonolysis than the parent arylboron reagent.61 

Two different mechanisms for the competing protodeboronation must therefore be 

considered in the case of rhodium-catalysed 1,4-addition reactions: a base-mediated 

pathway, and a metal-mediated pathway. Whilst the direct base-mediated protodeboronation 

pathway has been extensively studied, there have been no significant research efforts made 

in the context of rhodium-catalysed conjugate arylation to understand the rhodium-mediated 

pathway, involving interception of the arylrhodium intermediate in the catalytic cycle by a 

protic species before insertion of the alkene electrophile can occur (Scheme 18).  
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Scheme 18. Rhodium-mediated protodeboronation of an arylboronic acid. 

1.3.6 Linear Enoates as Electrophiles in Rhodium-Catalysed 

Conjugate Arylation 

Since the initial reports, rhodium-catalysed asymmetric conjugate arylations have been 

demonstrated on a large range of unsaturated electrophiles with multiple minor variations to 

the reaction conditions, examples of which can be found in review articles.55ï61 Although 

esters have a weaker electron-withdrawing effect than their corresponding ketones, both 

Hayashi134 and Miyaura124 successfully demonstrated the reactivity of linear enoates in the 

reaction with arylboronic acids (2ï5 equivalents) and with lithium arylborates 

(LiArB(OMe)3, 2.5 equivalents, generated in situ), Miyaura finding BINAP to be the best 

performing ligand out of a small set of chiral phosphine ligands. Miyaura 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 no difference in enantioselectivity observed 

compared with the parent boronic acid. 

The steric bulk of the ester moiety had a significant impact both on the rate and yield of the 

reaction, and the enantioselectivity of the product (Table 2).134 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 led to an increase in the enantiomeric excess achieved (cf. 

Section 1.3.2.1). 

 
R Yield / % ee / % 

Me 94 86 
Et > 99 90 
iPr 42 94 
tBu 21 95 

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

Rhodium-catalysed conjugate arylations to linear Ŭ,ɓ-unsaturated esters have subsequently 

been demonstrated using a wide variety of different conditions.55,56,59,60 For example, 

Miyaura later contributed to research towards the synthesis of a class of biologically active 

compounds, which involved exploring a variety of conjugate arylation reactions including 

the one shown in Scheme 19.139 In this case, the bisaryl product was afforded in high yield 

with high enantioselectivity. 
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Scheme 19. Conjugate arylation of an arylboronic acid to an enoate to generate a bisaryl product, 

employing chiraphos as the ligand. 

The transformation is not limited to using phosphine ligands; for example, diene ligands 

have been effectively employed in the transformation. The conditions in Scheme 20, 

employing the Carreira DOLEFIN ligand, were found to be effective for a small set of 

simple substrates containing aromatic groups, again affording bisaryl products.140 A small 

number of enoates with simple heteroaromatic functionality were also demonstrated, with 

the yields generally slightly lower (lowest 62%) and use of 1,4-dioxane as the organic 

solvent often improving the performance.  

 

Scheme 20. Ar 1 and Ar2 = unfunctionalised or mono-functionalised phenyl groups. For heteroaromatic 

examples, typically employing modified conditions, Ar1 = furyl, thiophenyl, pyridyl and protected indolyl.  

1.3.7 Process Chemistry Literature Examples of Rhodium-

Catalysed Conjugate Arylation 

As discussed in Section 1.1, the priorities in translating an academic or medicinal chemistry 

scale reaction to one that is attractive and feasible to perform on kilogram scale are often 

different to those required on smaller scales. The SELECT criteria (Section 1.1) 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 rhodium-catalysed 1,4-addition reactions on industrially-relevant scales that have been 

developed in such a way as to improve the satisfaction of these criteria.2 

An example published by Merck in 2008 (final conditions in Scheme 21) drew attention to 

some of the key challenges for scaling this chemistry.141 In particular, the researchers found 

that performing the reaction at 100 °C and in the absence of additional base caused 

significant protodeboronation of the arylboronic acid 6. A decrease in the reaction 

temperature to 45 °C decreased the rate of this side-reaction sufficiently for their initial 

purposes, although further additions of boronic acid, rhodium salt and BINAP were required 

to achieve full consumption of the electrophile, such that the total rhodium loading used was 

up to 20 mol%. 

 

Scheme 21. An example developed by Merck that was used on 2 kg scale. 

The rate-acceleration offered by the addition of inorganic base (Section 1.3.2.2) was found 

highly effective in this case, enabling a further temperature decrease and improved 

competition over the undesired protodeboronation reaction. The development work also 

resulted in a process with increased robustness, such that the reaction in Scheme 21 was 

reproducible and did not stall. However, two key aspects in particular remained 

insufficiently addressed from a SELECT perspective. Additional improvements would have 

been the replacement of dioxane with a less toxic solvent,142 and a further decrease in the 

equivalents of arylboronic acid 6, since 2.5 equivalents remains very high. 

Around the same time, AstraZeneca published a 20 kg scale coupling of another electron-

deficient boronic acid 9 to the linear enoate 8 (final conditions in Scheme 22).83 The process 

underwent a number of stages of development before reaching the final conditions. Firstly, 

they replaced an expensive neopentyl boronic ester with the corresponding boronic acid (9) 

motivated by the decrease in cost, with the only disadvantage being that a greater amount of 

base was required (1 equivalent relative to the boronic acid rather than a substoichiometric 

amount when using the boronic ester). The selection of the inorganic base was in part 

directed by improving the dispersion of the solids in the reaction mixture, and these physical 

properties were found to improve further when the aqueous co-solvent was replaced with an 

alcohol as the proton source. Conveniently, protodeboronation decreased by a factor of four 
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upon the replacement of water with alcohol, which enabled the loading of boronic acid to be 

lowered from 3.5 equivalents to 1.35 equivalents. The iso-propyl ester of the electrophile 

(compound 8) was selected based on a balance of enantioselectivity and reaction time. 

Concordant with the results discussed in Section 1.3.6, a trend in ee from 37% (ethyl ester) 

to 90% (iso-propyl ester) and 92% (tert-butyl ester) was seen under unoptimised conditions, 

but a significant increase in reaction time was also seen (< 4 h for iso-propyl and > 24 h for 

tert-butyl). By premixing the rhodium salt and chiral ligand sufficiently before charging the 

substrates, the enantiomeric excess achieved with the iso-propyl ester could be increased to 

> 99%. There was no discussion of using other catalyst precursors to try to avoid this 

requirement. 

 

Scheme 22. An example by AstraZeneca employed IPA instead of water, which was found to significantly 

decrease protodeboronation.83 

Interestingly, the 1,4-addition was found to be unsuccessful when using substrates 11R as the 

electrophiles.i The authors proposed that the pyridine nitrogen atom may have served to 

deactivate the rhodium catalyst by coordinating to it, and found piperidine contamination to 

also inhibit the 1,4-addition reaction in Scheme 22. 

 

Work published by Abbott in 2009 focussed on developing an in situ preparation of a chiral 

rhodium catalyst, such that highly stereoselective, reproducible results could be obtained, 

ultimately on 100 g scale.85,143 The researchers had found that the active chiral catalysts were 

not readily available in sufficient quantities and with sufficient diversity (for example, only 

one enantiomer), and that their in-house preparation and isolation on reasonable scales would 

be troublesome due to the air-sensitivity of the phosphine-ligated complexes. Their 

investigations revealed that in situ preparation of [Rh((S)-BINAP)OH]2 from the 

corresponding COD complex was ineffective as a means to provide a highly enantioselective 

process, with only 55% ee rather than 96% ee (using pre-formed chiral complex) being 

                                                      
i The R group is unspecified in the publication. 
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achieved in the conjugate addition of p-bromophenylboronic acid to cyclopentenone. The 

authors suggested this was due to residual COD-ligated rhodium catalyst present in the 

reaction mixture, with its superior reactivity sufficient to significantly decrease the 

stereoselectivity of the reaction. Instead, they found that using Rh(NBD)2BF4 as the achiral 

precursor enabled stereoselectivities and yields comparable to those obtained using the pre-

formed chiral complex to be obtained. The final procedure in Scheme 23 also gave 

significant process improvements in terms of arylboronic acid and catalyst loadings. 

 

Scheme 23. The procedure employed by Abbott to prepare the active chiral catalyst in situ without either a 

significant competing racemic reaction or protodeboronation. The conjugate arylation used 1.05 eq 

ArB(OH) 2 and 1.5 mol% Rh relative to the electrophiles, at 23ï27 °C. 

A final example was published in 2017 by Bristol-Myers Squibb (BMS), in which high-

throughput ligand screening and further optimisation studies were used to develop the 

scalable process for the reaction shown in Scheme 24. The process was demonstrated on 

1 kg scale using 0.6 mol% rhodium to give 82% yield and > 99% ee before being scaled up 

to 100 kg at an outsourcing partner.144 In this example, an isopropenyl nucleophile rather 

than an aryl nucleophile was used, but their approach remains valuable for discussion here.  

 

Scheme 24. 100 kg scale reaction developed by BMS and run five times. npg = neopentylglycol. 

Although a rhodium-catalysed conjugate addition using a commerically available 

organoboron nucleophile under mild conditions to deliver compound 14 had already been 
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published (Scheme 25),145 the BMS researchers considered its 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 conditions in Scheme 24. 

 

Scheme 25. The literature  precedent for the reaction that was developed for large scale suitability by BMS 

and used as the basis for their initial investigations. 

Using both iso-propenyl-Bpin 13 and iso-propenyl-BF3K 15 with Rh(COD)2BF4, the 

researchers screened 16 chiral phosphine ligands and compared the GC area percent of the 

desired product in the reaction mixtures and the enantiomeric excess that the reactions 

afforded after 16 hours at 60 °C (13) or 42 hours at 40 °C (15). Using iso-propenyl-BF3K 15 

the reaction was limited to low enantiomeric excesses (< 75%), and although this may have 

simply been due to the rate of chiral catalyst formation (which was eventually pre-formed for 

Scheme 24) they preferred the results attained using iso-propenyl-Bpin 13. At this point their 

most successful ligand, (S)-DTBM-SEGPHOS, gave approximately 60 area% product 

and 90% ee. 

During subsequent optimisation of the reaction using isopropenyl-Bpin 13 and (S)-DTBM-

SEGPHOS, modifications were made to the conditions and the procedure that enabled the 

use of just 1.1 equivalents of iso-propenyl-Bpin 13 and a catalyst loading of 0.6 mol% 

rhodium whilst still achieving good yields, and an increase in enantiomeric excess to more 

than 99%. The authors reported that pinacol by-product inhibited the reaction, but that 

addition of neopentylglycol (npg) avoided this problem. It was this diol additive that enabled 

them to lower the catalyst loading to less than 1 mol%. Significant inertion of the reaction 

vessels was critical for delivering the high enantiomeric excess, as was pre-forming the 

chiral rhodium-phosphine complex. 

1.3.8 Current Limitations of Rhodium -Catalysed Conjugate 

Arylation Methodology 

The rhodium-catalysed conjugate arylation methodology has been applied to a wide range of 

substrate combinations, employing a wide range of ligands and rhodium salts and under 

wide-ranging conditions in academic and medicinal chemistry contexts.55ï61 However, many 

of the ligands applied in the literature are not suitable for consideration in process chemistry 
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contexts on account of their commercial availability. Also, although there has been some 

work to understand key features of the catalytic cycle and the stereochemical induction 

(Section 1.3.2), a predictive tool for selecting 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 in 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 only significant commonality has been the choice of ligand. Only 

traditional bisaryl-phosphine ligands have been applied to published examples in the process 

chemistry literature, with a SEGPHOS-derivative being the most adventurous choice 

(Section 1.3.7). The academic literature suggests that other ligand classes could be both 

accessible and beneficial, but perhaps the vast numbers of structurally-modified ligands in 

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

availability of other ligands have been deterrents to those working in this context.   



34 

 

Confidential ï Do Not Copy 

 

  

2 Research Aims 
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2.1 Background: 1,4-Arylations for Biologically Active 

Compounds 

A series of potential drug molecules of interest to GSK use or could use rhodium-catalysed 

asymmetric conjugate arylation reactions to install their bisaryl chiral centres (Figure 8). In 

one example, the 1,4-addition reaction has been performed on kilogram scale (Scheme 26). 

 

Figure 8. An example from a family of molecules of interest to GSK, where R contains varied heterocyclic 

functionality . The key 1,4-addition disconnection is highlighted. 

The process used for the 1,4-addition in Scheme 26 is highly inadequate from a process 

chemistry perspective and required significant improvements in order to be suitable for long-

term manufacture. Due to the competing protodeboronation reaction, the process employed a 

large excess of the arylboronic ester nucleophile 17 (2.3 equivalents), made in two steps 

from 5-bromo-2-methylbenzoic acid (40ï80% yield). Despite the large excess, full 

conversion to the conjugate arylation product was still not observed. It is striking that this 

protodeboronation occurred so significantly at ambient temperatures. Similarly, the 

catalyst/ligand loading was extremely high whilst the enantioselectivity that it delivered was 

extremely poor in the context of process chemistry. Prior to charging the rhodium complex 

and ligand, the reaction solution was sparged with argon for two to three hours, increasing 

yet further the costs and time required for this process. Due to the inadequate selectivity and 

efficiency of the process, the product was purified by column chromatography. Chiral 

supercritical fluid chromatography (SFC) was then required to purify the desired enantiomer 

from the enantiomeric mixture, ultimately giving a low yield of the product. 
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Scheme 26. The process used by industrial chemists to prepare chiral bisaryl intermediate (S)-18 on up to 

kilogram scale. A further catalyst charge of 1 mol% Rh was sometimes made after 15ï20 h. 

Process development and an improved understanding of the 1,4-addition reaction to give the 

chiral bisaryl 18 was considered to be highly beneficial for the production of the biologically 

active compounds. From a wider perspective, the reaction is distinct in a number of ways 

from the industrially-relevant 1,4-addition processes already published (Section 1.3.7), not 

least in terms of the functionality and the poor performance of the catalyst system in this 

transformation. Its development was therefore also considered to be of value to the wider 

process chemistry community. 

As far as is known from the literature and from internal reports, there are no published 

rhodium-catalysed 1,4-addition reactions developed with process chemistry priorities to give 

bisaryl products. Furthermore, a greater and more holistic understanding of the factors 

affecting the competing deboronation reaction and the enantioselectivity was anticipated to 

provide significant value to a yet wider community of scientists. The scope of the research 

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 Development and Understanding of the 

Pharmaceutically-Relevant Conjugate Arylation 

2.2.1 Objectives 

The first priority of this research was the process development of the 1,4-addition reaction 

used to construct the chiral bisaryl core of compound 18, with targets for the most important 

areas of development shown in Scheme 27. 

 

Scheme 27. Targets for the process development of the rhodium-catalysed 1,4-addition reaction. 

The most pressing improvement required was for a higher enantioselectivity to be achieved 

through the selection of a better performing rhodium salt, ligand and set of conditions. The 

next aim was to be able to lower the equivalents of the arylboron reagent and of the rhodium 

and ligand, decreasing the cost of the process and increasing its efficiency. Seeking to 

control the deboronation reaction was crucial for this, and so was studied in tandem with 

finding a highly active and enantioselective catalyst system for the conjugate addition. 

Finally, work was required to identify a more attractive solvent system from environmental, 

safety, conversion and enantioselectivity perspectives where relevant, and similarly to 

identify an optimal base for the reaction. 

As well as the development of an industrially-suitable reaction, the second priority of the 

research was to build on the current knowledge of rhodium-catalysed conjugate arylations. 

As part of this, an empirical understanding of the process was required, along with an 

assessment of the generality of the conditions identified for the industrially-suitable reaction 

through a substrate- and ligand-scope. The focus of these investigations was on the 

competition between the conjugate arylation and protodeboronation reactions. 

2.2.2 Approach 

High-throughput experimentation combined with parallel reaction time-coursing was used to 

identify a suitable catalyst precursor and ligand combination, using conditions based on 



38 

 

Confidential ï Do Not Copy 

 

those already employed for the reaction (Scheme 26, Section 2.1), and limiting the scope of 

the investigation to commercially available ligands and rhodium complexes. Cost and 

availability of the ligands and rhodium complexes was a factor in assessing the 

combinations, along with the enantioselectivity, conversion and the extent of deboronation 

that they delivered. A similar approach was taken towards identifying suitable solvents and 

bases to use for the reaction. 

Once a suitable set of discrete variables to control had been identified, a statistical Design of 

Experiment approach was used to understand the continuous variables that could 

significantly impact the reaction, with a view to lowering both the catalyst loading and the 

arylboronic ester equivalents whilst maintaining good conversion and enantioselectivity. 

With the process understanding that this delivered, an example set of optimised conditions 

was then demonstrated on multigram scale. 

The substrates and ligand used in the optimised process developed for the pharmaceutically-

relevant system were then truncated and modulated to provide an understanding of the 

generality of the process, and which motifs were necessary to maintain its selectivity for 

conjugate arylation over protodeboronation. This unusual approach could be thought of as a 

ñreverse substrate scopeò, with conditions for the reactions developed on 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 explored.  
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3 Results and Discussion 
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3.1 Synthesis of the Pharmaceutically-Relevant Substrates 

In order to develop the process for the 1,4-addition of interest to GSK (Section 0), the key 

substrates employed in the rhodium-catalysed conjugate addition (compounds 16 and 17) 

were synthesised based on procedures that had already been used to deliver material for early 

investigations, with minor modifications made where necessary. Subsequent availability of 

the aryl bromide precursor to enoate 16 and of the arylboronic ester 17 provided additional 

sources of material for the development work. In each case, the final compound was purified 

by column chromatography before being used in the conjugate addition reaction. 

 

3.1.1 Synthesis of the Pharmaceutically-Relevant Enoate 

The intermediate steps in the synthesis of enoate 16 (Scheme 28) required no column 

chromatography, with the products separated, crystallised or precipitated from the reaction 

mixtures in high purity. The reactions and work up procedures were performed in Controlled 

Laboratory Reactors, which mimic plant vessels and enable a high level of control over 

temperature and stirring. 

 

Scheme 28. Synthesis of enoate 16. Yield of compound 23 is corrected for water content, measured by Karl 

Fischer analysis. 

The nucleophilic aromatic substitution reaction on the starting material, arylfluoride 20, gave 

complete conversion to the aniline product 21, with 78% conversion within the first 7 hours 
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by HPLC peak area (220 nm). This enabled isolation of the product in excellent yield 

(Scheme 28). 

Anticipating a potential risk of dibromination in the electrophilic substitution of aniline 21 to 

give compound 22 (Figure 9), the reaction was first performed on 100 mg scale with an 

additional 0.2 equivalents of N-bromosuccinimide added 3 hours after the initial portionwise 

charge of 0.95 equivalents of the brominating agent, to give some understanding of this risk. 

Before the second addition, LCMS analysis revealed a 5:95 ratio of the starting material 21 

to the mono-brominated product 22. 30 minutes after the second addition, the analysis 

revealed dibromination had occurred with an 86:14 ratio of monobromination to 

dibromination products. The dibromination product was not isolated, however 1H NMR was 

consistent with dibromination on the aromatic ring presumably giving compound 22-Br 2. 

 

Figure 9. Three potential products from the electrophilic substitution reaction of aniline 21 with NBS. 

Performing the bromination on 28 g scale (Scheme 28), HPLC analysis of the reaction 

mixture 2 hours after portionwise NBS addition (0.95 equivalents) revealed > 90% 

conversion to the desired compound 22, with an additional 2% dibromination product 22-Br 2 

(220 nm). Therefore the reaction was worked up at this point, rather than employing any 

subsequent charges of NBS to complete the conversion. 

Remarkably, no evidence for the regioisomer 22-isomer was detected in the isolated 

product. The structure of compound 22 was established by 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 compound 22-isomer. Additionally, the hydrogen atoms of the methyl 

substituent showed correlations only to three quaternary aromatic carbon nuclei by HMBC. 

This is much more readily accounted for by compound 22 than by 22-isomer. Presumably 

the steric difference between the ethylaniline and the methyl groups provides sufficient 

differentiation to deliver compound 22 with high regioselectivity. 
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Figure 10. Key correlations in 2D NMR to establish the structure of the bromination product isolated as 

compound 22. 

With functionalisation of the aromatic ring by nucleophilic and electrophilic substitution 

reactions completed with the necessary regioselectivity, the nitro group could be reduced to 

give the aniline 23 required for construction of the triazole. Reduction 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 catalysts have been developed and demonstrated to give 

improved selectivities in this reaction class.146 

One poorly known method to improve the chemoselectivity of nitroarene reductions in the 

presence of halides is to employ phosphinic acid (H3PO2, hypophosphorous acid) as a 

substoichiometric additive, which modifies the reactivity of common heterogeneous 

platinum catalysts.147,148 A number of variations of this technique using modified platinum 

catalysts are also known,149,150 and other additives have also been demonstrated with varying 

levels of effectiveness.151ï153 It should be specified that these methods employ hydrogen gas 

as the hydrogen source, rather than phosphinic acid itself as is the case in some 

methodologies.154ï156 The mode of action of phosphinic acid in enhancing chemoselectivity 

has not been well established, although suggestions have included reversible modification of 

the catalyst active sites or even decomposition of the modifier on the catalyst surface to 

modulate the electronic properties. This approach, using a substoichiometric amount of 

phosphinic acid, had been used to deliver material for the early investigations and was also 

found to deliver the desired material 23 in excellent yield and purity in this work (Scheme 

28). 

To confirm the role of phosphinic acid in enabling the reaction to proceed with virtually 

complete chemoselectivity, a series of experiments were performed using the same platinum 

on carbon catalyst, comparing the selectivity of the reductions in the presence of phosphinic 

acid, phosphoric acid, acetic acid and no additive (Table 3). The reaction was also performed 

using a palladium on carbon catalyst with and without phosphinic acid. 
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Entry  Metal/C Acid 23 (Area%) 27 (Area%) 

1 Pt/C H3PO2 99.8 0.2 

2 Pt/C None 59.5 40.5 

3 Pt/C H3PO4 60.7 39.3 

4 Pt/C AcOH 61.0 39.0 

5 Pd/C H3PO2 81.8 2.9ii 

6 Pd/C None 4.1 95.9 
Table 3. Results showing the chemoselectivity afforded exclusively by phosphinic acid in avoiding 

dehalogenation during nitro-reductions. The product distribution is given as the HPLC area percent of the 

starting material 22 and the two products 23 and 27 at 220 nm. The catalysts were commercially available 

unmodified heterogeneous catalysts. 

The results in Table 3 demonstrate clearly the unique role that phosphinic acid plays in 

suppressing the undesired protodehalogenation reaction. Notably, phosphoric acid and acetic 

acid (Entries 3 and 4) show no selectivity improvement compared with the additive-free 

system (Entry 2). The selectivity improvement is even more impressive using a palladium 

catalyst, although it appears to have a negative effect on the rate of the reaction (Entry 5). 

Few examples of the use of this technique have been found in the recent literature,157 and a 

thorough demonstration and substrate scope of its application to current synthetic challenges 

is not known to have been published. This may explain the lack of awareness within the 

chemistry community that this simple method offers for addressing a common problem. 

Since performing this work, the method has been adopted successfully for a number of 

challenging transformations within GSK. 

Conversion of the aniline 23 to the benzotriazole 24 proceeded smoothly, with the 

penultimate product isolated in 87% yield (Scheme 28). The final step was then a Heck 

reaction, which twice performed well, apart from the isolation. In the first instance, isolation 

of the product 16 was expected to be achieved by precipitation 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 be the enoate 16, in high purity by NMR and HPLC, with the 

amorphous solids 85% pure by HPLC peak area at 220 nm, the balance being predominantly 

triphenylphosphine and triphenylphosphine oxide. Further additions of water to the mother 

liquors caused precipitation of a further crop of the product. 

                                                      
ii 15.3 area% unreacted substrate. 
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In a second preparation and isolation of enoate 16, the water was added dropwise to the 

reaction mixture with stirring at room temperature overnight. On this occasion, filtration 

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 shown in Scheme 28. 

Subsequent crystallisation from ethyl acetate/heptane was used to provide the highest purity 

enoate as a colourless solid. This isolation has consistently been found to perform poorly, 

leading to further development work being carried out by chemists at GSK. 

3.1.2 Synthesis of the Pharmaceutically-Relevant Arylboron 

Reagent 

The synthesis of arylboron reagent 17 is summarised in Scheme 29. The benzylalcohol 26 

was prepared by reduction of the corresponding acid 25, based on a literature procedure.158 

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 heating to 55 °C for 3 hours to 

generate the reduction product, before the mixture was quenched and worked up. The 

material was charged as a crude oil (> 96% pure by HPLC at 220 nm) in the second step, 

although was later resynthesised at 35ï40 °C and purified by column chromatography to 

give a colourless crystalline solid in 96% yield. The Miyaura borylation of the arylbromide 

26 to give the arylboronic acid pinacol ester 17 was complete within 3 hours at 80 °C. 

Precipitation from ethyl acetate/heptane was low yielding, however provided sufficient 

material for the initial process investigations. 

 

Scheme 29. Synthesis of arylboron reagent 17.  
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3.2 Process Development of the Pharmaceutically-Relevant 

Conjugate Arylati on 

As laid out in the approach towards the research aims (Section 2.2.2), the approach used to 

develop the conjugate arylation reaction from a process chemistry perspective separated the 

variables into the discrete variables (the identities of the catalyst precursor, ligand, solvent, 

co-solvent, and base) and the continuous variables (the catalyst loading, equivalents of 

arylboronic ester, dilution, amount of co-solvent, equivalents of base, and temperature) 

(Scheme 30). The discrete variables were explored predominantly using a combination of 

high-throughput techniques and more focussed competition and time-coursing experiments, 

whilst the continuous variables were investigated using a statistical Design of Experiment 

approach. 

 

Scheme 30. The scope of the process development of the 1,4-addition reaction. The discrete variables 

investigated are highlighted in blue and the continuous variables investigated are highlighted in red. 

3.2.1 Selection of Catalyst Precursor/Ligand System for 

Rhodium-Catalysed Asymmetric Arylation 

The initial approach towards selecting a catalyst system for the desired 1,4-addition reaction 

involved making minimal changes to the previously 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 aqueous 1,4-dioxane with potassium hydroxide 

as the base. Due to the small scale that these reactions were performed on (15 mg of enoate 

16 for each reaction), the rhodium and ligand loadings were increased to 10 mol% to enable 

the materials to be handled and weighed with sufficient accuracy. 

3.2.1.1 Comparative Analysis of Ligands for Asymmetric Arylation  

For the first set of reactions, two of the most popular rhodium salts for asymmetric conjugate 

arylation were chosen from two different classes (cationic Rh(NBD)2BF4 and dimeric 

[RhCl(C2H4)2]2), primarily as a way to assess 23 different commercial ligands spanning the 

three most common chiral ligand classes for the reaction as broadly as possible (Section 
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1.3.4):59 phosphorus ligands (further divided into bisaryl-phosphines (Figure 11), 

phosphoramidites (Figure 15) and other diphosphines (Figure 14)), diene ligands (Figure 13) 

and bissulfoxide ligands (Figure 12). Only commercially available ligands were investigated, 

since the focus of the research was to develop a process that could be readily implemented in 

an industrial setting. Bespoke ligands may function very well in rhodium-catalysed 1,4-

addition reactions,59 but the requirement to firstly undertake potentially lengthy and arduous 

syntheses of these ligands renders them far less appealing if suitable commercial ligands 

exist, not least because the syntheses of the bespoke ligands are unlikely to have been 

developed for industrially-relevant scales. This restriction limited the extent to which the 

ligand classes could be explored, with the phosphine ligands unsurprisingly the most 

abundantly available from commercial sources, the dienes much less available and only one 

bissulfoxide found. No suitable hybrid ligands were commercially available. 

The bisaryl-phosphine ligands (Figure 11) were selected to demonstrate a diverse spread of 

steric and electronic properties. (R)-BINAP L7 and (R)-Tol-BINAP L8 were included as 

benchmark ligands, with L7 being one of the most generally well-known chiral ligands and 

the first ligand reported for the asymmetric rhodium-catalysed conjugate addition (Section 

1.3.1), and L8 being the ligand used in the previous GSK process (Section 2.2.1). 

(R)-H8-BINAP L2 is an analogue of (R)-BINAP, with the primary difference being an 

increase in bulk due to the saturation and non-planarity of the cyclohexenyl rings resulting in 

a larger dihedral angle.159 (R)-MeO-BIPHEP L1 has a smaller dihedral angle than 

(R)-BINAP and is more electron-rich.160 The addition of chlorine substituents in 

(R)-Cl-MeO-BIPHEP L3 and the pyridyl rings in (R)-P-Phos L4 modulate the electronic 

properties of this scaffold. (R)-SEGPHOS L5 has a smaller calculated dihedral 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 enantioselectivities for 

an asymmetric hydrogenation reaction.161 (R)-DTBM-SEGPHOS L6 is a more sterically-

encumbered and electron-rich analogue of L5. 
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Figure 11. Bisaryl-phosphine ligands. 

The chiral bissulfoxide (M,S,S)-Tol-BINASO L9 was the only commercially available ligand 

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

in rhodium-catalysed asymmetric conjugate arylations (up to 99% yield, 99% ee) when its 

synthesis was first reported (Scheme 13, page 22).99 High yields and enantioselectivies for 

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

under mild conditions using this ligand class.98 

 

Figure 12. Bissulfoxide ligand. 

Four commercially available chiral diene ligands could be sourced (Figure 13). The 

syntheses of the naphthyl ester diene L11 and the enantiomer of (S,S)-Ph-BOD L12 were 

discussed in Section 1.3.4, and L10 is readily prepared by treatment of L11 with 

methyllithium.112 Ligands L10 and L11 present a contrast, with the latter exhibiting a more 

electron-poor enoate motif and aromatic functionality. L13 (the Carreira DOLEFIN ligand) 



48 

 

Confidential ï Do Not Copy 

 

is derived from the chiral pool reagent (R)-carvone.108 Each of the ligands uses a 

bicyclo[2.2.2]octadiene (BOD) framework. Ligand L12 is the only C2-symmetric diene, with 

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

 

Figure 13. Chiral diene ligands. 

Among the non-bisaryl diphosphines (Figure 14), (R)-Me-DuPhos L14 and (R)-QuinoxP 

L17 project the ligating phosphorus atoms at similar angles, but the electron-withdrawing 

nature of the quinoxaline heterocycle of L17 provides an electronic contrast. The ligand 

catASium M(R) L18 also has electron-poor architecture, and the increased angle between the 

projected phosphine ligands provides a further variation from L14. (R,R)-Diop L15 and 

(S,S)-chiraphos L16 are contrasted by the fixed backbone structure of L15 and the increased 

ring size that would form with the rhodium centre using L15. (R)-Xylyl -PHANEphos L19 

and Walphos SL-W005-1 L20 have very different structures to the other diphosphines and 

were included to maximise the variety of ligands explored. 

 

Figure 14. Other diphosphine ligands. 

Three monodentate phosphoramidites were selected (Figure 15). (R)-MonoPhos L21 

exhibits only axial chirality, whereas L23 combines an axially chiral BINOL-structure with 

chiral amine motifs. BIPOL-A1(S) L22 retains the chiral amine motif but does not have 

fixed axial chirality, and has a less sterically-demanding biphenyl rather than binaphthyl 

scaffold. MonoPhos has been employed in conjugate arylation reactions of phenylboronic 
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acid to simple cyclic enoates under conditions based on the seminal works (Section 1.3.1); 

whilst the published conversions were high, the enantioselectivities achieved were very low 

(29ï38% ee).162 

 

Figure 15. Phosphoramidite ligands. 

The conditions used for the reactions to assess this set of ligands are shown in Scheme 31, 

and were based on those used in the previous GSK process (Section 2.1). The reactions were 

assessed by HPLC, which provided sufficient information to distinguish the performance of 

the rhodium salt and ligand combinations. At this phase of development, raw peak area 

percent data was suitable for the analysis, without 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. Section 3.2.3). For each of the two rhodium 

complexes used, 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 replaced by the 

chiral ligands. One reaction mixture was also prepared in the absence of rhodium salt or 

ligand, to assess the extent of any non-metal-mediated deboronation. 

 

Scheme 31. Conditions used to compare ligands. Note that for monodentate ligands (phosphoramidites) 

20 mol% loading was used, and for dimeric rhodium salts 5 mol% loading was used. 

The reaction mixtures were prepared under inert atmosphere conditions in a nitrogen-flushed 

glove bag, and the results from HPLC analysis after 24 hours at 30 °C are shown in Table 4, 

with a visualisation of some of the data provided in Figure 16. Conversion data are the 

HPLC peak area percent conversions at 210 nm of the enoate 16 to the product (R)- and (S)-

18. The ñRemnant Deboronationò data provide a measure of the extent of deboronation to 
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o-tolylmethanol 19 by any arylboronic ester 17 that did not react with enoate 16 to give the 

conjugate arylation product 18. The data were again calculated by peak area percent at 

210 nm: 

ὙὩάὲὥὲὸ ὈὩὦέὶέὲὥὸὭέὲ 
ὃὶὩὥϷ  

ὃὶὩὥϷ  ὃὶὩὥϷ  
 

Equation 1 

In cases where there is complete conversion of the enoate 16 to the conjugate arylation 

product 18 and complete deboronation of the remaining arylboronic ester 17 to 

o-tolylmethanol 19 (100% remnant deboronation), little can be inferred about the selectivity 

of the reaction. In cases of complete conversion and less than 100% remnant deboronation, 

or incomplete conversion but high remnant deboronation, then a difference in reactivity 

between the desired reaction and the undesired protodeboronation reaction can be deduced. 

A level of caution is required particularly in interpreting cases of complete conversion and 

less than 100% remnant deboronation, since this could be due to slow reactivity both for the 

desired 1,4-addition and the undesired protodeboronation rather than good selectivity for the 

desired reaction over the undesired reaction. 
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Entry  Chiral Ligand 

[Rh(Cl)(C 2H4)2]2 Rh(NBD)2BF4 

|ee| 

/ % 

Conversion 

/ % 

Remnant 

Deboronation 

/ % 

|ee| 

/ % 

Conversion 

/ % 

Remnant 

Deboronation 

/ % 

1 
 

No Ligand 4 91 69 3 74 100 

2 

Bisaryl-Phosphines 

L1 51 93 84 56 93 100 

3 L2 67 95 98 82 95 100 

4 L3 69 95 94 67 92 100 

5 L4 64 89 35 66 98 100 

6 L5 55 94 91 64 92 100 

7 L6 44 30 68 59 37 100 

8 L7 64 96 96 64 93 100 

9 L8 63 96 96 65 94 99 

10 Bissulfoxide L9 72 34 76 2 74 100 

11 

Dienes 

L10 46 87 100 16 67 100 

12 L11 92 97 99 77 95 100 

13 L12 87 100 99 72 100 100 

14 L13 66 100 99 24 80 100 

15 

Diphosphines 

L14 5 100 79 5 100 100 

16 L15 34 100 89 36 100 83 

17 L16 62 100 82 74 100 99 

18 L17 37 100 95 34 100 100 

19 L18 6 82 77 1 84 100 

20 L19 56 93 84 52 93 94 

21 L20 48 99 100 52 98 100 

22 

Phosphoramidites 

L21 43 100 61 40 100 93 

23 L22 n.d. 25 66 n.d. 0 28 

24 L23 n.d. 11 46 n.d. 0 42 
Table 4. Summary of results from first reaction set, prioritising a broad range of ligands. Data calculated 

from HPLC Method D1. Note that magnitude only of ee values is given. The colouring is such that green 

indicates a more desirable result and red a less desirable result. Where conversion is very low, ee results 

have been omitted. The ee values for the chiral ligand-free reactions provide an idea of the precision of the 

ee values for the rest of the table. 
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Figure 16. A visualisation of data from Table 4. 
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Comparing firstly the two racemic reactions without any chiral ligand, there are clear 

reactivity differences between the two complexes (Entry 1). Literature reports state that 

Rh(NBD)2BF4 is less active than other catalyst precursors such [Rh(COD)Cl]2 (see, for 

example, Section 1.3.2.2) and whilst this may be reflected in the conversion data for these 

results it is also certainly the case that Rh(NBD)2BF4 provides a far more active catalyst for 

the competing deboronation reaction than [Rh(Cl)(C2H4)2]2 does. The difference between the 

relative rates of deboronation and conjugate arylation that the active species from 

Rh(NBD)2BF4 catalyses is emphasised by the results throughout the rest of the table. Despite 

the high levels of deboronation still occurring when the chiral ligands were added, there was 

generally little difference 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 Rh(NBD)2BF4 is low with respect to conjugate arylation, 

but high with respect to protodeboronation. 

The role of the rhodium complex in the deboronation mechanism was confirmed by the 

reaction mixture prepared without a rhodium salt or ligand (not shown in the table). In this 

case, a value for Remnant Deboronation of no greater than 11% was measured. The results 

confirm that the protodeboronation side-reaction can occur by at least two mechanisms, with 

the identity of the rhodium species in the reaction mixture playing an important role. 

The enantioselectivity of the reaction showed some interesting differences between the two 

achiral rhodium precursors with chiral ligands. The phosphines (bisaryls, diphosphines and 

phosphoramidites) gave in general very little enantioselectivity differences between the two 

rhodium precursors whilst varying significantly between ligands. In contrast, the 

bissulfoxide and the chiral dienes gave consistently better enantioselectivities when used 

with [RhCl(C2H4)2]2. This is likely to be due either to differences in the ligand exchange 

rates or to binding strength differences between the phosphines and the dienes and 

bissulfoxide,163,164 such that for the phosphines, the equilibrium between the achiral complex 

and the chiral complex lies so far towards the chiral complex that its formation is essentially 

irreversible, whereas for the dienes and bissulfoxide, this irreversibility i s achieved only by 

the off-gassing of ethylene. 

In the case of the bissulfoxide and Rh(NBD)2BF4, this exchange of the achiral ligand for the 

chiral bissulfoxide appeared to be so incomplete that, combined with the low activity of the 

bissulfoxide-ligated complex, the results for this reaction were essentially identical to the 

achiral, chiral-ligand-free reaction (Entry 1). The result using [RhCl(C2H4)2]2 as the catalyst 
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precursor showed that, whilst giving moderately good enantioselectivity, the bissulfoxide 

exhibited very poor selectivity for the desired reaction over deboronation. 

Interestingly, a small number of phosphine ligands gave better enantioselectivities using the 

norbornadiene rhodium precursor than they did with the ethylene precursor, in contrast to 

that which was observed with the dienes and bissulfoxide. The bisaryls (R)-H8-BINAP L2 

(Entry 3) and (R)-SEGPHOS L5 (Entry 6) are particularly clear examples of this. This might 

be explained by the literature reports discussed previously (Section 1.3.3),59,85 which 

describe Rh(NBD)2BF4 as being a relatively poor complex itself for the reaction but giving 

rapid ligand exchange to produce the more active chiral complex. 

Of the phosphines, those in the bisaryl class generally gave the better enantioselectivities. 

(R)-H8-BINAP L2 with Rh(NBD)2BF4 was by far the best performing combination, with 

high conversion also observed (Entry 3). Better conversions were seen in general using the 

other diphosphines but the enantioselectivities varied from very poor to moderate at best, 

with most generating the conjugate arylation product in less than 70% ee. The 

phosphoramidites were a particularly disappointing set of ligands, giving rhodium complexes 

that were poorly active both in the desired reaction and in the undesired deboronation. 

(R)-MONOPHOS L21 (Entry 22) was the only phosphoramidite that gave good conversion, 

but the enantioselectivity it induced was low. The chiral dienes were the most highly 

performing ligand class overall in terms of stereoselectivity and conversion, with ligands 

L11 and L12 delivering particularly excellent results (92% ee and 87% ee, > 95% 

conversion, Entries 12 and 13 respectively). 

After sampling the reaction mixtures under inert atmosphere conditions, the reaction vials 

were heated at 60 °C for a further 65 hours. For the reaction mixtures in which neither 

starting material had shown full consumption after the first 24 hours at 30 °C, the results are 

summarised in Table 5, except for the bissulfoxide ligand L9 which showed no change from 

the 30 °C result, including with regard to deboronation. In most cases, the results in Table 5 

are for ligands which have significant bulk close to the coordinating atom (for example, 

(R)-DTBM-SEGPHOS L6 rather than (R)-SEGPHOS L5). It is presumably the case that the 

bulk caused slow transmetalation of the aryl group to these complexes at 30 °C rather than 

only slow coordination of the enoate 16, since otherwise complete deboronation of 

arylboronic ester 17 after 24 hours at 30 °C might have been expected. In general, no clear 

positive or negative effect on the enantioselectivity was observed after heating at 60 °C, but 

conversion was improved. The most notable result was seen perhaps for the bulkiest 

phosphoramidite L23 with [Rh(Cl)(C2H4)2]2, which was found to induce chirality with 
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reasonable enantioselectivity (Entry 2). However, with > 98% deboronation of the residual 

arylboronic ester also observed in each case, none of the results was sufficiently compelling 

to pursue further. 

 
 

24 h at 30 °C 24 h at 30 °C; 65 h at 60 °C 

Entry  Ligand Catalyst Precursor |ee| / % Conversion / % |ee| / % Conversion / % 

1 L22 [Rh(Cl)(C2H4)2]2 2 25 6 43 

2 L23 [Rh(Cl)(C2H4)2]2 n.d. 11 67 32 

3 L18 [Rh(Cl)(C2H4)2]2 6 82 7 90 

4 L6 [Rh(Cl)(C2H4)2]2 44 30 44 47 

5 L22 Rh(NBD)2BF4 n.d. 0 6 61 

6 L23 Rh(NBD)2BF4 n.d. 0 16 22 

7 L6 Rh(NBD)2BF4 59 37 54 45 

Table 5. The results after heating at 60 °C for a further  65 h, with data shown as a comparison with the 

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 °C. Data analysis and calculations performed in the 

same manner as for Table 4. 

3.2.1.2 Comparative Analysis of Rhodium Salts for Asymmetric Arylation  

From the large range of ligands compared in Section 3.2.1.1, a smaller subset was taken on 

to enable a more extensive comparison of different rhodium precursors. The ligands selected 

had shown either good conversion and enantioselectivity in the conjugate arylation reaction, 

or had performed differently in combination with the two different rhodium complexes 

initially studied. (R)-BINAP was included due to its prevalence in the literature (Section 0), 

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

Catalyst precursors across the different classes were selected (Section 1.3.2.2). Three 

cyclooctadiene-ligated rhodium complexes were compared: cationic Rh(COD)BF4, the 

dimeric chloro-complex [RhCl(COD)]2 and its hydroxo-ligated analogue [Rh(OH)(COD)]2. 

Use of Rh(COD)BF4 enabled comparisons with its norbornadiene-ligated analogue 

Rh(NBD)BF4, used in Section 3.2.1.1. To observe any differences between bidentate 

cyclooctadiene (COD) and monodentate cyclooctene (COE), [RhCl(COE)2]2 was selected, 

supplementing the results already acquired using [RhCl(C2H4)2]2 in Section 3.2.1.1. 

Rh(acac)(C2H4)2 provided a contrast with [RhCl(C2H4)2]2 on account of its monomeric 

structure, and also allowed a comparison between ethylene ligands and the carbonyl ligands 

of Rh(acac)(CO)2. Rh(acac)(CO)2 and Rh(acac)(C2H4)2 were the complexes employed in the 

first reported rhodium-catalysed 1,4-arylations with arylboron reagents (Section 1.3.1). 

The results are summarised in Table 6, with the relevant results from Section 3.2.1.1 also 

included. The reactions were performed in the same way as for the ligand comparisons, and 
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the data was analysed using the same calculations as in Section 3.2.1.1. A visualisation of 

some of the data is provided as Figure 17. 

 

  [Rh(Cl)(COD)] 2 Rh(COD)2BF4 [RhCl(COE) 2]2 Rh(acac)(C2H4)2 

Ligand |ee|/ 

% 

Conv./ 

% 

Rem. 

Deb./ 

% 

|ee|/ 

% 

Conv./ 

% 

Rem. 

Deb./ 

% 

|ee|/ 

% 

Conv./ 

% 

Rem. 

Deb./ 

% 

|ee|/ 

% 

Conv./ 

% 

Rem. 

Deb./ 

% 

 (R)-H8-BINAP L2 11 100 98 32 98 99 81 94 89 53 68 28 

 (R)-SEGPHOS L5 9 100 84 29 97 91 65 93 79 56 59 28 

 (R)-BINAP L7 6 100 81 33 97 88 66 95 93 68 51 25 

 Bissulfoxide L9 0 99 100 1 100 100 9 25 56 41 64 47 

 Naphth. Diene L11 1 99 100 2 99 100 91 98 100 91 96 83 

Ph-BOD L12 3 99 100 4 100 100 91 100 99 92 100 67 

 (S,S)-Chiraphos L16 4 100 100 50 100 100 55 100 46 52 86 28 

No Ligand 1 100 100 0 100 100 5 95 54 8 92 52 

  Rh(acac)(CO)2 [Rh(OH)(COD)] 2 [Rh(Cl)(C 2H4)2]2 Rh(NBD)2BF4 

Ligand |ee|/ 

% 

Conv.

/ % 

Rem. 

Deb./ 

% 

|ee|/ 

% 

Conv./ 

% 

Rem. 

Deb./ 

% 

|ee|/ 

% 

Conv./ 

% 

Rem. 

Deb./ 

% 

|ee|/ 

% 

Conv./ 

% 

Rem. 

Deb./ 

% 

 (R)-H8-BINAP L2 n.d. 0 7 12 100 99 67 95 98 82 95 100 

 (R)-SEGPHOS L5 n.d. 1 5 1 100 82 55 94 91 64 92 100 

 (R)-BINAP L7 n.d. 0 5 7 100 80 64 96 96 64 93 100 

 Bissulfoxide L9 3 79 52 1 99 100 72 34 76 2 74 100 

 Naphth. Diene L11 50 33 12 1 99 100 92 97 99 77 95 100 

Ph-BOD L12 4 77 21 2 100 100 87 100 99 72 100 100 

 (S,S)-Chiraphos L16 n.d. 0 6 5 100 99 62 100 82 74 100 99 

No Ligand 1 84 29 0 98 100 4 91 69 3 74 100 

Table 6. Summary of results from reactions primarily comparing rhodium precursors. The results were 

analysed in the same manner as for Section 3.2.1.1, after 24 h at 30 °C. "Conv." is the peak area 

conversion of the enoate 16 to the product (S)- and (R)-18, and "Rem. Deb." is the peak area deboronation 

to o-tolylmethanol 19 of the arylboronic ester 17 not consumed by the conjugate arylation reaction. 
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Figure 17. A visual display of the results summarised in Table 6. The vertical axis groups the rhodium salts 

by their class, as the horizontal axis does for the ligands. 
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Concordant with reports of cyclooctadiene being a very effective ligand for achiral 

1,4-addition reactions (Section 1.3.3),68,79 Table 6 and Figure 17 show the presence of COD 

in the rhodium catalyst precursor complex to have resulted in consistently poor 

enantioselectivity with high conversion in every case. No notable differences in performance 

were observed between the two COD-ligated dimeric rhodium precursors, including in terms 

of the extent of deboronation, in agreement with the literature precedent for rapid formation 

of the active hydroxo-rhodium complex from the chloro-rhodium complex in the presence of 

potassium hydroxide.75  

In the case of the COD-ligated cationic catalyst precursor Rh(COD)2BF4, the reported fast 

ligand exchange for cationic complexes (Section 1.3.3) was evidenced by the higher 

stereoselectivity achieved using phosphine ligands compared with the dimeric COD-ligated 

complexes, but this difference in stereoselectivity was not observed using the bissulfoxide or 

chiral diene ligands L9, L11 or L12, which remained unable to compete with the achiral 

COD ligands. Even using the phosphine ligands, the ligand exchange was certainly not 

adequate for use of a COD-ligated rhodium precursor to be pursued in this work, despite 

reported successes in the literature (Section 1.3.7). When the chiral COD-containing catalyst 

precursor Rh((R)-BINAP)(COD)BF4 was used (not shown in the table), still only 36% ee 

was achieved compared with 33% ee when (R)-BINAP was used with Rh(COD)2BF4. In this 

case, 82% remnant deboronation was measured, with full  conversion of the enoate 16 to the 

1,4-addition product 18.  

Although both dienes, the difference in performance between the norbornadiene-ligated 

cationic precursor and the COD-ligated cationic precursor is significant, with Rh(NBD)2BF4 

giving vastly superior enantioselectivity. When using the bisaryl phosphine ligands, the 

difference in the extent of remnant deboronation is also noteworthy, with more deboronation 

occurring when used in combination with Rh(NBD)2BF4 than with Rh(COD)2BF4 (compare, 

for example, the results for (R)-BINAP L7). Considered with the chiral-ligand-free results, it 

seems that whilst Rh(NBD)2BF4 may provide a less active achiral complex for 1,4-addition 

compared with Rh(COD)2BF4, this decreased activity does not appear to be reflected to the 

same extent for the undesired deboronation reaction. 

The monodentate cyclooctene-ligated complex [RhCl(COE)2]2 universally gave significant 

enantioselectivity improvements across all ligand classes compared with the bidentate 

cyclooctadiene-ligated complex [RhCl(COD)]2. This improvement was similarly seen for the 

analogous ethylene-ligated complex [RhCl(C2H4)2]2. It would have seemed reasonable to 

predict that any difference between the two complexes would have been for even better 
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enantioselectivity to have been observed using the ethylene complex rather than the 

cyclooctene complex, on account of ethylene off-gassing. However, both (R)-H8-BINAP L2 

and (R)-SEGPHOS L5 gave higher enantioselectivities for the conjugate arylation product 

when used with the COE-ligated precatalyst. They also gave less deboronation of the 

arylboronic ester. By comparison with the corresponding chiral-ligand-free results, this is 

likely to indicate faster ligand exchange when using [RhCl(COE)2]2 compared with using 

[RhCl(C2H4)2]2. 

The monoalkene-ligated precursors (COE, ethylene) resulted in less deboronation in the 

chiral ligand-free reactions than the diene-ligated precursors (COD, NBD) did. Compared 

with the COD-ligated precursors, this may simply be because the monoalkene-ligated 

precursors produced less active catalysts, however compared with the norbornadiene-ligated 

precursor this difference seems to reveal a greater selectivity for the desired 1,4-addition 

reaction over the deboronation side-reaction with cyclooctadiene than with norbornadiene. 

The use of the monomeric complex Rh(acac)(C2H4)2 gave comparable conversions and 

enantioselectivities with the chiral diene ligands to the dimeric complex [Rh(Cl)(C2H4)2]2. 

With the other ligands,  Rh(acac)(C2H4)2 universally gave both lower conversions (except 

with the bissulfoxide) and lower deboronation. In the cases of the chiral dienes L11 and L12, 

conversion was complete or nearly complete using both rhodium salts, but deboronation was 

much lower for the acac-ligated complex. Particularly in these cases, whether the lower 

deboronation was simply an effect of a less active catalyst (or the presence of fewer active 

catalytic species) or whether it was due to a more selective catalyst system would need to be 

confirmed by taking samples at earlier timepoints (Section 3.2.1.4). The chiral ligand-free 

results appear to suggest that Rh(acac)(C2H4)2 gives better selectivity for the desired reaction 

over the deboronation reaction without additional ligand added. 

It is interesting that the bissulfoxide L9 appears to have inhibited both the conjugate 

arylation and protodeboronation reactions by comparison with the chiral ligand-free reaction 

mixtures using the complexes [Rh(Cl)(COE)2]2, Rh(acac)(C2H4)2 and [Rh(Cl)(C2H4)2]2, 

whereas with the other precatalysts it simply seemed not to bind. These other precatalysts 

either have strongly bound carbonyl ligands or bidentate ligands, which presumably reflects 

the binding strength of ligand L9. 

Rh(acac)(CO)2 appears to have formed new complexes with the phosphine ligands which 

were inactive to the 1,4-addition reaction at 30 °C. The fact that deboronation did not occur 

to a greater extent than that observed in the rhodium- and ligand-free reaction (Section 
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3.2.1.1) suggests that transmetalation is not occurring in these cases. Ph-BOD L12 and the 

bissulfoxide L9 showed little evidence of binding to the rhodium, whereas a partial extent of 

binding seems to have been possible with the naphthyl ester diene L11. 

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

the reaction and heated to 60 °C for 65 hours. Table 7 displays these results for the reactions 

involving the catalyst precursors [RhCl(COE)2]2, Rh(acac)(C2H4)2 and Rh(acac)(CO)2. The 

results provide complementary information that corroborates the suggestions made regarding 

the ligand exchanges and the activity of the catalyst systems (Table 7). 

The final column in Table 7 provides a crude estimate of the enantioselectivity that would be 

expected to have been seen if the reaction vials were held at 60 °C without firstly being held 

at 30 °C. The calculation assumes consistent sampling after heating the reaction mixtures at 

both 30 °C and 60 °C: 

ὩὩ Ј

ὃ ὥ

ὃ ὥ ὄ ὦ

ὄ ὦ

ὃ ὥ ὄ ὦ

ὃ ὄ ὥ ὦ

ὃ ὄ ὥ ὦ
 

Equation 2 

where A and B are the HPLC peak areas of (S)- and (R)-18 respectively after 24 hours at 

30 °C and 65 hours at 60 °C, and where a and b are the peak areas of (S)- and (R)-18 

respectively after 24 hours at 30 °C only. 



61 

 

Confidential ï Do Not Copy 

 

  

24 h at 30 °C 24 h at 30 °C; 65 h at 60 °C 

Ligand 

Catalyst 

Precursor 

|ee| / 

% 

Conv. / 

% 

Rem. 

Deb. / 

% 

|ee| / 

% 

Conv. / 

% 

Rem. 

Deb. / 

% 

|ee60°C| / 

% 

 (R)-H8-BINAP L2 [RhCl(COE)2]2 81 94 89 80 94 100 n.d. 

 (R)-SEGPHOS L5 [RhCl(COE)2]2 65 93 79 65 95 93 n.d. 

 (R)-BINAP L7 [RhCl(COE)2]2 66 95 93 66 96 90 n.d. 

 Bissulfoxide L9 [RhCl(COE)2]2 9 25 56 28 40 90 47 

 Naphth. Diene L11 [RhCl(COE)2]2 91 98 100 91 97 100 n.d. 

Ph-BOD L12 [RhCl(COE)2]2 91 100 99 90 100 99 n.d. 

 (S,S)-Chiraphos L16 [RhCl(COE)2]2 55 100 46 53 100 100 n.d. 

No Ligand [RhCl(COE)2]2 5 95 54 4 99 100 n.d. 

 (R)-H8-BINAP L2 Rh(acac)(C2H4)2 53 68 28 47 86 99 42 

 (R)-SEGPHOS L5 Rh(acac)(C2H4)2 56 59 28 36 80 95 22 

 (R)-BINAP L7 Rh(acac)(C2H4)2 68 51 25 59 72 100 52 

 Bissulfoxide L9 Rh(acac)(C2H4)2 41 64 47 39 70 66 n.d. 

 Naphth. Diene L11 Rh(acac)(C2H4)2 91 96 83 91 97 100 n.d. 

Ph-BOD L12 Rh(acac)(C2H4)2 92 100 67 92 100 97 n.d. 

 (S,S)-Chiraphos L16 Rh(acac)(C2H4)2 52 86 28 56 99 99 60 

No Ligand Rh(acac)(C2H4)2 8 92 52 8 97 100 n.d. 

 (R)-H8-BINAP L2 Rh(acac)(CO)2 n.d. 0 7 13 49 90 13 

 (R)-SEGPHOS L5 Rh(acac)(CO)2 n.d. 1 5 59 70 85 61 

 (R)-BINAP L7 Rh(acac)(CO)2 n.d. 0 5 23 58 100 23 

 Bissulfoxide L9 Rh(acac)(CO)2 3 79 52 6 83 68 n.d. 

 Naphth. Diene L11 Rh(acac)(CO)2 50 33 12 76 82 70 83 

Ph-BOD L12 Rh(acac)(CO)2 4 77 21 43 98 45 70 

 (S,S)-Chiraphos L16 Rh(acac)(CO)2 n.d. 0 6 49 67 60 49 

No Ligand Rh(acac)(CO)2 1 84 29 4 90 50 n.d. 
Table 7. Comparison of selected results after heating for a subsequent 65 h at 60 °C. 

In all cases using Rh(acac)(CO)2, except perhaps with the bissulfoxide L9, the reactions 

were now found to progress, and the enantioselectivities improved when using the chiral 

diene ligands L11 and L12. This supports the hypothesis that ligand exchange had not fully 

occurred at 30 °C when using Rh(acac)(CO)2 with the chiral dienes. Heating to 60 °C 

enabled the ligand exchange to occur and the reactions to proceed with the newly formed 

chiral complexes. Therefore at 60 °C, the calculated enantiomeric excesses were 83% (L11) 

and 70% (L12), rather than the low (50% ee, L11) or negligible (L12) enantioselectivities 

afforded at 30 °C. 

In contrast, the overall enantioselectivities observed in the conjugate arylation product 

decreased upon heating for the reactions using bisaryl-phosphine ligands with 

Rh(acac)(C2H4)2. This is concordant with the expectation that when the chiral ligands were 
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already bound to rhodium at 30 °C to give active metal centres, subsequent heating served 

only to decrease the efficiency of the transfer of chirality, both by decreasing the energy 

difference between the diastereomeric transition states and by enabling a higher proportion 

of reactions to proceed via the higher energy pathway. This is reflected in the lower 

calculated enantiomeric excesses for if the reactions using bisaryl-phosphine ligands with 

Rh(acac)(C2H4)2 had been performed only at 60 °C. 

This effect was similarly observed using the bissulfoxide ligand. If a bissulfoxide L9-

rhodium complex is considered to be able to deliver an enantioselectivity of 72% ee at 30 °C 

(as in the reaction using [RhCl(C2H4)2]2, Table 6), then the calculated enantiomeric excess 

for a bissulfoxide L9-rhodium complex at 60 °C is notably lower (47% ee using 

[RhCl(COE)2]2, Table 7). Likewise, the chiral dienes L11 and L12 were found to transfer 

chirality with up to 92% ee at 30 °C, whereas at 60 °C enantiomeric excesses of 83% (L11) 

and 70% (L12) were calculated when using Rh(acac)(CO)2. 

The role of temperature in increasing the extent of deboronation is also highlighted by the 

results in Table 7. Increasing the temperature from 30 °C to 60 °C appears to have increased 

the rate of deboronation more than the rate of the 1,4-addition with good generality. A 

catalyst system that performs well at lower temperatures is therefore a more attractive 

choice. 

3.2.1.3 Competition Experiments to Determine Relative Extents of 

Conjugate Arylation and Protodeboronation 

A large excess of arylboronic ester 17 (2.3 equivalents) was used to compare the broad 

spread of ligands and rhodium salts in Sections 3.2.1.1 and 3.2.1.2, enabling conditions to be 

used that closely resembled those of the previous process (Section 2.1). It also provided an 

opportunity for good conversions to bisaryl 18 to be attained, even if the extent of 

deboronation was high, so that enantiomeric excesses could be measured with good 

confidence. The excess of arylboron reagent 17 was small enough to enable legitimate 

inferences to be drawn based on the extent of remnant deboronation measured, however the 

measure was limited by only having two timepoints. For many of the best performing 

catalyst systems, the selectivity of the systems for the desired 1,4-addition reaction over the 

competing deboronation reaction could not be deduced from the data.  

Therefore, a smaller set of reactions were performed with one-to-one stoichiometry of the 

enoate 16 and the arylboronic ester 17 to directly compare the selectivity of the catalyst 

systems for the desired reaction over the competing protodeboronation reaction. The dienes 
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L11 and L12 were used due to the excellent conversions and enantioselectivities previously 

achieved using them, along with (R)-H8-BINAP L2, since this was the phosphine ligand that 

delivered the highest enantioselectivities. The four rhodium salts which had enabled the 

highest enantioselectivities to be achieved were also used: [Rh(Cl)(C2H4)2]2, [RhCl(COE)2]2, 

Rh(acac)(C2H4)2 and Rh(NBD)2BF4. Conversion was calculated as the peak area conversion 

of the enoate 16 to the 1,4-addition product 18 in the same manner as for Sections 3.2.1.1 

and 3.2.1.2. Deboronation was calculated as the HPLC peak area conversion to o-

tolylmethanol 19 according to: 

ὈὩὦέὶέὲὥὸὭέὲ 
ὃὶὩÁϷ  

ὃὶὩὥϷ  ὃὶὩὥϷ  ὃὶὩὥϷ  
 

Equation 3 

A measure of the residual arylboronic ester 17 was also made, calculated as: 

ὙὩίὭὨόὥὰ  
ὃὶὩÁϷ  

ὃὶὩὥϷ  ὃὶὩὥϷ  ὃὶὩὥϷ  
 

Equation 4 

The results are summarised in Table 8. 
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Ligand 

[RhCl(COE) 2]2 Rh(acac)(C2H4)2 

|ee| / % 
Conv. / 

% 
Deb. / % 

Residual

17 / % 
|ee| / % 

Conv. / 

% 
Deb. / % 

Residual

17 / % 

(R)-H8-BINAP L2 77 86 27 0 72 61 23 39 

Naphth. Diene L11 91 90 17 0 92 98 8 1 

Ph-BOD L12 88 100 5 0 85 100 3 2 

No Ligand 2 82 22 10 4 83 30 1 

 

Ligand 

[Rh(Cl)(C 2H4)2]2 Rh(NBD)2BF4 

|ee| / % 
Conv. / 

% 
Deb. / % 

Residual

17 / % 
|ee| / % 

Conv. / 

% 
Deb. / % 

Residual

17 / % 

(R)-H8-BINAP L2 73 85 26 2 82 84 32 0 

Naphth. Diene L11 93 95 9 0 85 80 88 87 15 10 0 0 

Ph-BOD L12 90 90 100 100 4 2 1 0 45 23 64 63 57 44 0 0 

No Ligand 3 71 33 1 2 3 60 55 55 51 0 0 
Table 8. Summary of results from competition experiments, employing just one equivalent of arylboronic 

ester 17. The results have been calculated in the same way as for previous sections, by HPLC area% ratios 

at 210 nm using HPLC Method D1. ñConv.ò is the peak area conversion of 16 to 18. "Deb." is a measure of 

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 system for the desired 1,4-addition reaction over the protodeboronation 

reaction. Remarkably and surprisingly, the chiral diene ligands L11 and L12 gave 

exceptionally high conversions of the enoate to the desired product when used with all of the 

catalyst precursors containing monodentate alkene ligands, despite no excess of the 

arylboronic ester being used. This selectivity was particularly high with the ethylene-ligated 

catalyst precursors. 

The high selectivity observed for the conjugate arylation reaction when using ligands L11 

and L12 does not seem to be generally true of alkene or even diene ligands. The reactions in 

which no additional ligand was charged enable comparisons to be made between this and the 

reaction selectivities achieved using each of the monoalkene-ligated complexes 

([RhCl(COE)2]2, [RhCl(C2H4)2]2 and Rh(acac)(C2H4)2) and with another diene-ligated 

complex (Rh(NBD)2BF4). None of these displayed good selectivity for the desired reaction, 

suggesting something uniquely advantageous about the structure of ligands L11 and L12 
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over that of norbornadiene or the two mono-alkenes (Figure 18). This is explored further in 

Section 3.3.2. 

 

Figure 18. Comparison of the alkene ligands used in the competition experiments. 

Rh(NBD)2BF4 was particularly poor in its selectivity for the conjugate arylation reaction 

over deboronation, and this was reflected in the performance of the chiral dienes L11 and 

L12 when used with Rh(NBD)2BF4, especially for Ph-BOD L12. The repeated reactions 

verified these results (the variability when used with Ph-BOD L12 was also reflected in later 

time-coursing experiments, Section 3.2.1.4), with the chiral diene ligands delivering 

significantly decreased selectivity for both the transfer of chirality and the desired reaction 

when used in combination with Rh(NBD)2BF4. Comparison of these results with the chiral 

ligand-free reaction indicates either an equilibrium between the achiral and chiral complexes 

that lies further towards the achiral complex than in other cases, or that ligand exchange is 

unusually slow relative to the activity of the achiral complex in this case, despite use of a 

cationic catalyst precursor. When 2.3 equivalents of arylboronic ester 17 was used (Table 4, 

Section 3.2.1.1), the enantiomeric excess finally achieved was higher than in these cases, 

suggesting that it may be a slow ligand exchange rather than the position of the equilibrium. 

Further evidence of this was found in time-coursing experiments (Section 3.2.1.4). These 

experiments, which are discussed later, also support the implication seen from the 

consistently high enantioselectivities of ligands L11 and L12 with the monoalkene-ligated 

catalyst precursors in Table 8 that efficient and fast replacement of the achiral ligands with 

the chiral dienes occurs in these cases. 

(R)-H8-BINAP L2 was far less selective for the desired 1,4-addition over deboronation than 

the chiral dienes were, although was more selective than the achiral catalyst precursors in 

some cases. When (R)-H8-BINAP was used in combination with Rh(acac)(C2H4)2, the total 

consumption of arylboron reagent 17 was found to be lower than when Rh(acac)(C2H4)2 was 

used without additional ligand. It could perhaps be the case that Rh(acac)(H8-BINAP) forms 

within a reasonably short time-frame, and that the subsequent exchange of acac for 

hydroxide, or transmetalation to the acac-ligated complexes, is slower for this complex than 

for the ethylene-ligated precursor. An acac-bound anionic ligand would be expected to result 

in a slower reaction rate (Section 1.3.2). 
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(R)-H8-BINAP was again found to deliver its highest enantioselectivity when used with the 

cationic Rh(NBD)2BF4 catalyst precursor, which may reflect a rapid ligand exchange in this 

case, and a less active achiral rhodium complex. The order of catalyst precursors for 

enantioselectivity achieved from (R)-H8-BINAP was Rh(NBD)2BF4 > [Rh(Cl)(COE)2]2 > 

[RhCl(C2H4)2]2 å Rh(acac)(C2H4)2, which may be rationalised as follows. Ligand exchange 

of H8-BINAP with Rh(NBD)2BF4 is particularly rapid and the achiral background reaction is 

reasonably slow for the 1,4-addition. Ligand exchange with the remaining three complexes is 

good but the enantiomeric excess is decreased by the background achiral reaction. This is 

slowest for [RhCl(COE)2]2 as suggested by the residual arylboronic ester in the case with no 

chiral ligands, which therefore enables the second highest enantiomeric excess to be 

achieved in this case. Note that the two cases showing residual arylboronic ester in Table 8 

(Rh(acac)(C2H4)2 with H8-BINAP and [RhCl(COE)2]2 without additional ligand) are 

consistent with previous observations (Table 7, Section 3.2.1.2). 

3.2.1.4 Time-Coursing Experiments with Conjugate Arylation Catalyst 

Systems 

Time-coursing experiments were performed in parallel for a selection of catalyst precursors 

and ligand combinations, in order to provide comparisons of the reaction rates. Each of the 

ligands from the competition experiments were used, along with all of catalyst precursors 

except for [RhCl(COE)2]2 (Section 3.2.1.3). The reactions used one equivalent of arylboronic 

ester 17, and unstandardised HPLC peak area data at 210 nm was sufficient for comparisons 

to be made between the different systems. Samples were taken over 7 hours before a final 

sample at 70 hours. Each of the reaction mixtures was kept under nitrogen, however due to 

the sampling requirements the reactions could not be performed in the sealed nitrogen-filled 

reactor that had been used for the previous experiments. Within reasonable error, most of the 

reactions reached conversions comparable to those observed in the competition experiments 

within the 70 hours, with the exception of the experiments using (R)-H8-BINAP, for which 

the conversions were decreased slightly. An overview of the conversion data from the first 

set of reactions is provided in Figure 19. In general, the rates of reaction were high. 
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Figure 19. An overview of the conversion data for the first set of timepoint experiments. Enantiomeric 

excess data was not considered sufficiently reliable for the cases with (R)-H8-BINAP due to low peak areas 

of either or both enantiomers combined with less clean chromatograms in these cases. 

The combinations of Ph-BOD L12 both with Rh(acac)(C2H4)2 and with [RhCl(C2H4)2]2 were 

selected for time-coursing due to the difference in deboronation observed between them in 

Table 6 (page 56). It had been postulated that the lower level of deboronation seen with 

Rh(acac)(C2H4)2 may have been due to both the desired and undesired reactions proceeding 

more slowly when using this catalyst precursor, but this was only found to be marginally the 

case during the time-coursing experiments (Figure 19). Both complexes achieved near-

quantitative conversions to 1,4-addition product 18 in less than one hour. However, 

Rh(acac)(C2H4)2 gave o-tolylmethanol 19 with only 1.0 and 1.3 HPLC area% at 15 and 

45 minutes respectively, whilst [RhCl(C2H4)2]2 gave o-tolylmethanol 19 with 1.8 and 

2.1 HPLC area% at the same timepoints. At such low peak area percentages caution should 

be observed, however the combination of this result with the results in Table 6 could suggest 

that the two catalyst systems exhibit different propensities for deboronation after 

transmetalation of the arylboronic ester to the active catalyst. It may also be that the catalyst 

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7

A
re

a
%

 C
o

n
v
e

rs
io

n
o

f 
E

n
o

a
te

 1
6

to
 1

,4
-A

d
d

it
io

n
 P

ro
d

u
c
t 
1

8

Time / h

Rh(acac)(CϜHϞ)Ϝ+ H8-BINAP Rh(acac)(CϜHϞ)Ϝ+ Ph-BOD

[Rh(Cl)(CϜHϞ)Ϝ]Ϝ+ H8-BINAP [Rh(Cl)(CϜHϞ)Ϝ]Ϝ+ Ph-BOD

[Rh(Cl)(CϜHϞ)Ϝ]Ϝ+ Naphthalene Diene [Rh(nbd)Ϝ]BFϞ+ Naphthalene Diene

41 area% conversion at 70 h

78 area% conversion at 70 h

81% |ee|

96% |ee|

both 94% |ee|

Rh(acac)(C2H4)2 + H8-BINAP L2

[RhCl(C2H4)2]2 + H8-BINAP L2

[RhCl(C2H4)2]2 + Napthyl Ester Diene L11

Rh(acac)(C2H4)2 + Ph-BOD L12

[RhCl(C2H4)2]2 + Ph-BOD L12

Rh(NBD)2BF4 + Napthyl Ester Diene L11



68 

 

Confidential ï Do Not Copy 

 

system employing Rh(acac)(C2H4)2 can achieve fewer catalyst turnovers, which could also 

account for the difference observed in Table 6. 

(R)-H8-BINAP L2 was investigated with the same two rhodium complexes because Table 8 

(page 64) had suggested a much slower reaction rate for this ligand with Rh(acac)(C2H4)2. 

Although neither reaction proceeded to the same extent as it 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(acac)(C2H4)2. Interestingly, 

selectivity for the desired 1,4-addition over the deboronation reaction was worse when using 

(R)-H8-BINAP with Rh(acac)(C2H4)2 (57:43 HPLC peak area ratio of compounds 18:19 at 

7 h) than with [RhCl(C2H4)2]2 (70:30 HPLC peak area ratio of compounds 18:19 at 7 h). 

The comparison of the naphthyl ester diene L11 with [RhCl(C2H4)2]2 and with 

Rh(NBD)2BF4 provided an increased level of understanding regarding the formation of the 

chiral catalysts. Used with [RhCl(C2H4)2]2, the reaction was complete within 15 minutes, 

matching the overall reaction rate for the first 15 minutes observed using [RhCl(C2H4)2]2 

with Ph-BOD L12. However, unlike for L12, no further reaction was observed, due to 

complete consumption of the remaining arylboronic ester to give the deboronation product 

within that time also. A plot of the peak areas for the reaction using the naphthyl ester diene 

L11 with [RhCl(C2H4)2]2 is shown in Figure 20. 

 

Figure 20. Area percent data for the combination of [RhCl(C2H4)2]2 and the naphthyl ester ligand L11 at 

210 nm. 

In comparison, the reaction using the naphthyl ester diene L11 with Rh(NBD)2BF4 

proceeded much more slowly, occurring over 3 hours and displaying a characteristic S-shape 

in the conversion as a more active catalyst gradually formed (Figure 21). The gradual ligand 
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exchange was confirmed by the enantioselectivities observed at the different timepoints; the 

enantiomeric excess increased from no more than 74% ee at 24% peak area conversion 

(45 minutes) to 82% ee by 82% peak area conversion (2 hours 30 minutes), when the 

reaction was virtually complete. This also implies that an active achiral complex is formed 

more quickly than the ligand exchange can take place. 

 

Figure 21. Area percent data for the combination of Rh(NBD)2BF4 and the naphthyl ester diene ligand 

L11. 

A second collection of time-coursing experiments was then performed, focussing on the 

Rh(NBD)2BF4 catalyst precursor. In this set of reactions, Ph-BOD L12 and (R)-H8-BINAP 

L2 were used, both with and without premixed with the catalyst precursor in dioxane for 

17 hours, and the arylboronic ester was used both in excess (2.3 equivalents) and 

stoichiometrically (1 equivalent). The results, including one repeated experiment, are 

summarised in Figure 22. Only the first four hours of data are shown, since further changes 

in conversion and enantiomeric excess were not observed after this period of time. 
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Figure 22. (a) Peak area conversion of the enoate 16 to the 1,4-addition product 18 over 4 h and (b) the 

enantiomeric excess of (R)- or (S)-18 over 3 h. No further changes observed after these timepoints. 

Considering firstly Ph-BOD L12 and the effect of premixing the chiral ligand with the 

rhodium precatalyst in dioxane at the reaction temperature overnight (Plot A, cf. Plots B and 

C, Figure 22a), it is clear that premixing led to the desired reaction proceeding more rapidly 

and with decreased deboronation. Premixing also decreased the extent to which the 

enantiomeric excess increased over the first 1ï2 hours of the reaction, however it is striking 

that an improvement in enantioselectivity was still observed when premixing had been 

performed. This cannot simply be explained by suggesting that premixing occurred for an 

insufficient amount of time or at an insufficiently high temperature, since when using 

2.3 equivalents of arylboronic ester (Plots D and E), the enantiomeric excess achieved by the 

case with no premixing was rapidly comparable to that of the case with premixing, even 
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exceeding the enantioselectivity observed at the earliest timepoint for the reaction mixture 

containing premixed rhodium salt and ligand. The presence of hydroxide therefore appears to 

be important for either the rate of ligand exchange or the equilibrium position of that 

exchange. For example, as illustrated in Scheme 32, it could be the case that the equilibrium 

in the absence of hydroxide (Kpre) either lies a little further towards an achiral complex or 

takes a long time to reach the equilibrium position, whereas the equilibrium in the presence 

of hydroxide lies further towards the chiral side and/or reaches that equilibrium position 

more quickly (K4). Therefore, the initial addition of hydroxide to a premixed solution of 

chiral ligand and achiral precatalyst would give a higher proportion of achiral active catalyst 

than would be present at equilibrium in the presence of hydroxide. 

 

Scheme 32. 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 Ph-BOD with the precatalyst, a higher enantiomeric excess was 

achieved when only one equivalent of arylboronic ester was used (86% ee, Plot A, Figure 

22b) than when 2.3 equivalents was used (72% ee, Plot D, Figure 22b). Although this may at 

first appear surprising, the difference corroborates what has been proposed above (Scheme 

32). Since transmetalation (usually considered to be the rate-determining step) will be 

slowed when only one equivalent of the arylboronic ester is present, there is more time for 

ligand exchange to occur. This would give a higher proportion of chiral active catalyst before 

the reaction has proceeded to a significant extent. 

When the Rh(NBD)2BF4 and Ph-BOD were not premixed, the reaction mixture using the 

greater excess of arylboronic ester resulted in the higher enantioselectivity of the conjugate 

arylation product at the end of the reaction (62% ee rather than 31ï47% ee, Plots E, B and C, 

Figure 22b). In this case, the greater excess of arylboronic ester simply allows a higher 

enantiomeric excess to be ultimately achieved, since the reaction continues to progress while 

more chiral active catalyst forms. 

The discrepancy between the two repeated runs using Ph-BOD with one equivalent of 

arylboronic ester and no premixing (Plots B and C) might be accounted for by a small 

discrepancy in the length of time that it took for the aqueous hydroxide to be added to their 
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reaction mixtures. The hydroxide was always the last component of the reaction mixtures to 

be added. Regardless of the cause, the variation seen in this case reflects the variation 

observed specifically for this combination in the competition experiments (Section 3.2.1.3). 

The results of the reactions using (R)-H8-BINAP L2 were unexpected (Plots F, G and H, 

Figure 22a). No conversion to the product was seen in the two repeated cases for which no 

premixing was performed, in contrast to the results in Section 3.2.1.3. This was due to 

complete catalyst inactivity rather than due to a vastly increased extent of deboronation. The 

repeated reaction was performed on a different occasion and in both of these instances, 

deboronation reached levels comparable only to the background base-mediated levels 

(Section 3.2.1.1). Having confirmed by NMR that the batch of ligand used had not oxidised 

in storage, the explanation remaining seemed to be that, in the case of (R)-H8-BINAP, ligand 

exchange is very fast but the resulting complex is very sensitive to air and therefore to the 

sampling method; even achiral reactivity was not observed. The sensitivity must be 

significant, since every reasonable precaution was made to keep the reaction mixtures air-

free and to avoid cross-contamination from the sampling needle. 

When (R)-H8-BINAP was premixed with the catalyst precursor, some conversion was seen, 

however this remained much lower than had been achieved in Section 3.2.1.3. Curiously, the 

enantioselectivity appeared to decrease from 92% ee to 81% ee over the first few timepoints 

in this case (Plot F, Figure 22b). 81% ee is similar to that previously observed, such as in 

Section 3.2.1.3. The observed decreased in enantioselectivity may simply have been due to 

the low levels of product in the early samples resulting in misleading analysis, however it 

could also be explained by a similar argument to that proposed above to explain the gradual 

increase in enantiomeric excess for the reactions using Ph-BOD L12 (Scheme 32). 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 achiral and 

chiral catalyst precursors. 

Attempts to repeat this time-coursing experiment with (R)-H8-BINAP, alongside one that 

was not sampled until the end of the time period, indicated again the very high air-sensitivity 

of this combination. The time-coursing experiment gave no conversion, and the reaction 

mixture sampled only at the end of the time period gave 74% peak area conversion of the 

enoate to the product with 71% ee. These data are both approximately 10 percentage points 

lower than the equivalent results from the earlier competition experiment (Section 3.2.1.4); 

in this later case, the reaction was not prepared in a glove bag or carried out in a sealed 

reactor. Similar observations regarding the air-sensitivity of a rhodium/(R)-BINAP complex 
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have been made externally, also leading to capricious reactivity resulting in poor 

reproducibility.165 

3.2.1.5 Assessment of Alternative Metal  Systems for the Pharmaceutically-

Relevant Conjugate Arylation 

In Section 1.1, the motivation within industry to substitute precious metal-catalysed 

processes for base metal-catalysed processes was discussed. Therefore, literature reports of 

non-rhodium-catalysed conjugate arylations of arylboron reagents to electron deficient 

alkenes were investigated before any further investigations of a rhodium-catalysed process 

were undertaken. 

A 2016 report demonstrated asymmetric conjugate addition of boroxines to enones using a 

copper (I) salt with phosphoramidite ligands (Scheme 33).91 Copper/phosphoramidite 

systems had already been demonstrated to catalyse conjugate additions of dialkylzinc 

reagents to enones.166 

 

Scheme 33. The first reported copper-catalysed 1,4-addition reaction utilising an arylboron reagent and 

chiral ligand. 

The authors found that weakly basic acetates promoted the reaction while stronger bases 

inhibited the reaction. No obvious proton source is explicitly present in their reported 

reaction conditions. The publication stated that the reaction was not possible with pinacol 

boronic ester reagents or with enoates as electrophiles. 

Despite significantly expanding the set of conditions reported in the literature, this statement 

was found to hold true for the substrates of interest in this research. A diverse set of reaction 

mixtures was trialled for the 1,4-addition of arylboronic ester 17 to enoate 16, broadening the 

range of copper salts, ligands and conditions employed (Table 9). No conversion to the 1,4-

addition product was observed using any of the conditions used, although deboronation 

occurred to varying extents. 



74 

 

Confidential ï Do Not Copy 

 

 

Reaction Components 

Copper Salt (10 mol% Cu) 

(CuOTf)2·C6H5CH3 

CuOAc 

Cu(OTf)2 

CuCl 

Ligand (0.12 eq for both mono- and bidentate ligands) 

 

Solvent(s) 

Toluene (20 vol) 

Dioxane (20 vol) 

Water (co-solvent) (4 vol) 

Base 

KOAc (2 eq) 

KOH (1.4 eq) 
Table 9. 48 different combinations of copper salt, ligand, base and solvents were attempted in speculative 

reactions, attempting to give 1,4-addition product 18. 
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The reaction was also attempted using ruthenium, which is another base metal that has been 

applied to 1,4-addition reactions. Again, the literature does not show examples using 

enoates, and the racemic literature examples use boronic acids rather than boronic esters 

(Scheme 34).90,167 No asymmetric reports were known to have been published, and so the 

achiral conditions were used as a starting point in this work. 

 

Scheme 34. The two literature reports of racemic reactions that were the basis of investigations trialling 

ruthenium catalysis for the desired 1,4-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 on Scheme 34a,90 with the only 

modifications being that 10 mol% of the ligand (JohnPhos) and 5 mol% of the ruthenium 

dimer were charged, and that an arylboronic ester (17) was used rather than a boronic acid 

(Scheme 35a). After 24 hours, the reaction mixture was analysed by HPLC at 210 nm, which 

revealed < 1 area% of the desired 1,4-addition product, with neither the corresponding mass 

ion of this product nor of the analogous compound that would result from a ɓ-hydride 

elimination to give a tertiary alkene detected by LCMS. Instead, almost quantitative 

protodeboronation of the arylboronic ester was observed. Assuming that this deboronation 

was ruthenium-mediated, it appears that transmetalation successfully occurred to the 

ruthenium centre but that insertion of the enoate could not compete with hydrolysis of the 

arylruthenium species. The enoate appeared largely, if not completely, untouched. 
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Scheme 35. (a)ï(c) The results of the attempted reactions using ruthenium catalysis. 

Additional attempts were made based on Scheme 34b,167 which is similar to the reaction in 

Scheme 34a but which does not employ additional ligand or base. Prochiral substrates were 

not employed in the literature report, which demonstrated the process only for arylboronic 

acids with simple Ŭ,ɓ-unsaturated ketones. The conditions reportedly minimised the 

protodeboronation of the arylboronic acids, allowing their loadings to be significantly 

decreased. Since an arylboronic ester was employed in the work described here, two attempts 

were made: one without base, as is the case for the literature report, and one with base 

(Scheme 35b(i) and Scheme 35b(ii)). None of the desired 1,4-addition product could be 

detected even in trace amounts by either HPLC or LCMS analysis and in neither reaction 

mixture was there evidence of any conversion of the enoate. No evidence of the ɓ-hydride 

elimination product was seen in either case. Deboronation proceeded so cleanly and 

quantitatively in the case of Scheme 35b(ii), that these conditions have since been employed 

to prepare analytical markers of various deboronated substrates for a number of projects at 

GSK. 

A final attempt to avoid the need for rhodium catalysis was made with palladium. The 

ɓ-hydride elimination side-reaction is a particular problem for palladium-catalysed 

1,4-addition reactions, which is perhaps unsurprising given the success of the Heck coupling 

reaction.89 Three literature reports (Scheme 36) inspired both racemic and asymmetric 
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attempts to apply palladium catalysis to the 1,4-addition of interest in this research,86ï88 since 

even palladium is more earth-abundant than rhodium (Table 1, page 3).10   

 

Scheme 36. (a)ï(c) The literature reports of palladium-catalysed 1,4-addition reactions that inspired 

attempts for the 1,4-addition of interest in this research. 

The use of a bidentate nitrogen ligand (2,2ô-bipyridine, bpy) as the ligand in the racemic 

example (Scheme 36a) was reported to be crucial for the inhibition of the ɓ-hydride 

elimination giving the Heck-type product.86 A selection of chiral nitrogen ligands was 

trialled for the reaction in the report, however each gave a very poor yield of the desired 

product. In the literature example in Scheme 36b, the authors reported that it was essential 

for R2 to be an aryl group; if alkyl esters were used, the Heck product was formed instead.87 

The authors who discovered the transformation in Scheme 36c found that the conditions used 

avoided formation of the Heck-type products.88 

Four attempts were made to achieve the 1,4-addition of arylboronic ester 17 to enoate 16 

using palladium catalysis (Scheme 37), none of which proved fruitful. For each of the 

mixtures under acidic conditions (Scheme 37a and b), HPLC analysis at 210 nm after 72 

hours revealed almost exclusively the starting materials, with deboronation also very low 

(< 3 area%). Both showed one to two additional unidentified peaks, which did not appear to 
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be ligand-related and accounted for < 20 area%, however no suitable mass ions were 

observed either for the 1,4-addition product or the ɓ-hydride elimination product by LCMS. 

Supposing that transmetalation did not occur to the palladium complex, the mixtures were 

prepared under basic conditions (Scheme 37c and d). Under these conditions, the additional 

HPLC peaks seen for the mixtures under acidic conditions were no longer present, and 

deboronation remained very low (< 15 area% and < 1 area% respectively). In three of the 

four cases, a peak with retention time suitable for the 1,4-addition product was observed, but 

only at trace levels ((a) 2.1 area%, (c) 2.2 area%, (d) 1.3 area%) 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. 

 

Scheme 37. (a)ï(d) Attempts to use palladium-catalysis for the desired 1,4-addition. 

3.2.1.6 Final Selection of Rhodium Salt and Chiral Ligand for the 

Pharmaceutically-Relevant Conjugate Arylation 

The sections above describe an extensive exploration of catalyst precursors and ligands for 

performing the 1,4-addition reaction of the arylboronic ester 17 to the enoate 16 of particular 

interest in this work. Alternatives to rhodium can be comfortably dismissed as not being 

sufficiently developed for the requirements 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 ligands had been achieved in good detail. This work 

provided a sufficient basis to select [RhCl(C2H4)2]2 as the rhodium precursor and the chiral 

naphthyl ester diene ligand L11 for further investigation and process development. As far as 

is known, this combination is unprecedented for industrial use. 

A number of additional factors confirmed 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 the rhodium content and 

the prices of the naphthyl ester diene L11 and (R)-Tol-BINAP L7 (used in the original 

process, Section 0), based on the largest pack sizes advertised on the website of 

SigmaAldrich.iii  Pleasingly, both [RhCl(C2H4)2]2 and the naphthyl ester diene L11 were 

cheaper than the rhodium precursor and ligand used to date. 

Catalyst Precursor / Ligand Price  

Rh(NBD)2BF4 £78/mmol Rh (£317.50/2g)  

[RhCl(COE)2]2 £103/mmol Rh (£286.50/1g)  

Rh(acac)(C2H4)2 (£107/mmol Rh (£413/1g)  

[RhCl(C2H4)2]2 £76/mmol Rh (389.50/1g)  

(R)-Tol-BINAP L7 £68/mmol (£99.60/1g)  

Naphthyl Ester Diene L11 £21/mmol (£63.50/1g)  

Table 10. Prices of catalyst precursors and ligands as advertised by SigmaAldrich, stated to the nearest 

£/mmol. £/mmol Rh denotes the molar price with respect to the molar amount of rhodium. 

The low cost of ligand L11 is believed to be largely due to its ease of synthesis (Section 

1.3.4).112 Fortuitously the stereochemistry of the commercial ligand gave the desired absolute 

stereochemistry required in the 1,4-addition product 18. The opposite enantiomer of the 

ligand is not readily available or readily prepared, since the phellandrene chiral pool starting 

material only occurs naturally as the (R)-enantiomer. Ph-BOD L12 also performed very well, 

but is far more expensive (£222 mmolī1)iv due its more elaborate and low yielding 

preparation and the lack of a chiral pool starting material (cf. Section 1.3.4).113 The ligand 

L12 was therefore not pursued further in the development of the pharmaceutically-relevant 

conjugate arylation reaction for suitability in a large-scale production context. 

The high activity of dienes in rhodium-catalysed 1,4-addition reactions has been known 

since early on in the development of the methodology (Section 1.3.2.2). No evidence for the 

use of chiral diene ligands in rhodium-catalysed asymmetric conjugate addition reactions has 

                                                      
iii  https://www.sigmaaldrich.com/united-kingdom.html, prices based on those shown when accessed 

on 01 Sep 2017. 
iv SigmaAldrich price for (S,S)-enantiomer (ligand L12) 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 report in Organic Process Research and Development, chiral dienes 

were overlooked even in a high-throughput chiral ligand screen; only phosphine ligands 

were investigated.144 To compare the performance of the unoptimised system selected here 

with those in the literature report, the reported transformation was performed using the 

conditions shown in Scheme 38. The enantiomeric excess achieved (80% ee) was superior to 

all but one of the catalyst systems used for the high throughput screen in the literature report 

(c. 90% ee using (R)-DTBM-SEGPHOS, the remaining ligands delivering < 70% ee), and 

the conversion (92%) was comparable to the highest conversion in the literature report 

(c. 85%, which gave virtually no stereoselectivity). 

 

Scheme 38. A transformation of interest in a recent literature report, using the unoptimised system 

selected in this work. 

3.2.2 Solvent and Base Selection for Pharmaceutically-Relevant 

Conjugate Arylation 

1,4-Dioxane is an undesirable solvent for industrial use due to its suspected carcinogenicity 

towards humans, incurring regulatory issues.142 Since the original process for the 

pharmaceutically-relevant conjugate arylation employed dioxane, replacing the reaction 

solvent with an alternative was to be an important aspect of the process development. 

Therefore, before considering the continuous variables that might affect the reaction, the 1,4-

addition reaction was trialled using a number of different solvents and solvent systems, 

selected either due to literature precedent or due to their acceptance as preferred solvents for 

large scale use (Section 1.1).142 A broad coverage of chemical space was surveyed, with 

principal component analysis of solvent properties used to ensure that good breadth was 

achieved. Simultaneously, a broad selection of bases was also trialled for the reaction, with 

considerations made for environmental, health and safety factors,168 whilst ensuring a variety 

of inorganic and organic bases were incorporated with diverse basicities. The carboxylate 

presumed to have formed from hydrolysis of the enoate 16 under the reaction conditions had 

been regularly seen as a trace (< 2.5 area%) impurity in the work to identify a suitable 

catalyst system. 
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The results from the first set of reactions are given in Table 11. As in Section 3.2.1, 

conversion is stated as the HPLC peak area conversion of the enoate 16 to the 1,4-addition 

product 18, calculated using an achiral HPLC method at 210 nm. Similarly, deboronation is 

the HPLC peak area conversion of the arylboronic ester 17v to o-tolylmethanol 19, measured 

using the achiral HPLC method and calculated analogously to that in Section 3.2.1.3. The 

proportion of the total peak area of the chromatogram accounted for by enoate 16, 

arylboronic ester 17 and 1,4-addition product 18 was also calculated to provide a measure of 

the extent to which any undesired processes also occurred under the conditions. The 

measure, Area%16,17,18, was calculated as the sum of the peak area percent for compounds 16, 

17 and 18, with the total peak area having been corrected for solvents with chromophores at 

210 nm. 

 

Entry  
Base 

(1.4 eq) 

Solvent 

(300 µL) vi 

Co-Solvent 

(60 µL) 

ee / 

% 

Conv. / 

% 

Deb. / 

% 
Area%16,17,18 

1 KOH Dioxane Water 94 92 9.1 71 

2 - Dioxane Water 92 7 0.8 90 

3 NaHCO3 Dioxane Water 95 92 7.9 82 

4 K2CO3 Dioxane Water 92 90 9.6 76 

5 KHCO3 Dioxane Water 95 82 16.1 78 

6 K3PO4 Dioxane Water 95 93 6.3 77 

7 NEt3 Dioxane Water 95 96 2.6 87 

8 DIPEA Dioxane Water 95 97 2.2 87 

9 DIPA Dioxane Water 95 96 2.5 86 

10 NEt3 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 NEt3 Dioxane Trifluoroethanol 97 49 2.7 87 

15 KOMe Dioxane Methanol 95 94 10.2 42 

                                                      
v Arylboronic ester 17 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 area corresponding to compound 17. 
vi 360 µL when no additional co-solvent is specified. 
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Entry  
Base 

(1.4 eq) 

Solvent 

(300 µL) vi 

Co-Solvent 

(60 µL) 

ee / 

% 

Conv. / 

% 

Deb. / 

% 
Area%16,17,18 

16 KOH Toluene Water 91 64 35.3 65 

17 K3PO4 Toluene Water 93 85 12.3 82 

18 K2CO3 Toluene Water 92 87 11.3 80 

19 NEt3 Toluene Water 94 91 8.6 86 

20 NaHCO3 Toluene Water 94 87 12.3 84 

21 KOH THF Water 95 88 8.3 76 

22 K2CO3 THF IPA 95 95 3.9 81 

23 K2CO3 THF Ethanol 95 94 5.7 81 

24 KOH MeTHF Water 95 46 2.1 89 

25 NEt3 IPA - 97 85 14.7 75 

26 NEt3 Ethanol - 94 97 1.5 90 

27 NEt3 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. 0.6 12.9 85 

31 - AcOH/Watervii - n.d. 0.6 6.9 88 

32 KOAc AcOH/Water - n.d. 0.6 15.5 86 

33 DIPEA Heptane Methanol 92 94 1.4 88 

34 DIPEA Heptaneviii  Methanol 92 96 2.0 88 

35 DIPEA Heptane/MeOH/Waterix - 89 98 0.8 90 

36 KOH iPrOAc 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 22.0 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 Carbonate Water 96 56 43.9 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 
Table 11. Comparison of different solvent and base systems. ñConv.ò is peak area conversion and ñDeb.ò is 

peak area deboronation. Note that the enantiomers of the product eluted particularly closely in the chiral 

HPLC system (Method D1) used here, such that small ee variations should be interpreted cautiously. 

The dioxane/water system used in Section 3.2.1 was the basis of a small base screen (Entries 

1ï9).75 The enantiomeric excesses achieved were reasonably consistent, but the conversions 

                                                      
vii 1:1 by volume for this entry and the entry below (Entries 31 and 32). 
viii  2-methyl-1,3-propanediol (1 eq) as an additive for this entry and the entry below (Entries 34 and 

35). 
ix (Heptane/MeOH)/Water ratio 3(95:5):1 by volume. 
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of enoate 16 to the bisaryl product 18 were affected dramatically by the identity of the base. 

In the case where no base was added (Entry 2), conversion to the product was extremely low 

(7%), and very little change to the substrates was otherwise evidenced by HPLC. In general, 

some correlation to the pKaH of the base was observed, with KHCO3 (pKaH 6 in water) giving 

82% peak area conversion (Entry 5), K2CO3 (pKaH 9) giving 90% conversion (Entry 4), the 

organic bases (pKaH 11) giving greater than 95% conversion (Entries 7ï9) and KOH (pKaH 

16) giving 92% conversion (Entry 1).168 In these cases, lower conversion appeared to 

correspond to greater amounts of deboronation product, with the organic bases giving the 

lowest extents of the undesired side-reaction. Base strength also correlated with the extent to 

which side-reactions appeared to occur. In general, the organic bases gave the highest values 

for Area%16,17,18. 

Inspired by the report described in Section 1.3.7, in which the replacement of water with 

alcohol was found to be advantageous for decreasing deboronation,83 a number of reactions 

were trialled with water replaced by ethanol or trifluoroethanol (Entries 10ï14). Although 

small differences in the enantiomeric excesses shown in Table 11 should be interpreted 

cautiously, it appears to be the case that this substitution served to increase the enantiomeric 

excess measured when triethylamine was used as the base (98% ee and 97% ee, Entries 10 

and 14 respectively, cf. 95% ee using an aqueous co-solvent, Entry 7); however the 

conversions decreased significantly from 96% to less than 50% and there was no decrease in 

deboronation. This effect on conversion is discussed in more detail in Section 3.2.3. When 

using the strong ethoxide bases, high conversions were observed and some decrease in 

deboronation was evidenced compared with using aqueous inorganic bases, but this did not 

come with the benefit of increased enantioselectivity (Entries 11 and 12). Again, the values 

for Area%16,17,18 were found to decrease with the use of strong base. Attempting an 

analogous reaction with methanol as the co-solvent gave significant levels of 

transesterification, which accounts for the low value for Area%16,17,18 shown in Entry 15. 

This was similarly seen in the methanol/water/KOH solvent/base system (Entry 28).  

The solvent systems most resembling those used successfully in the report in which alcohol 

was substituted for water are those with THF as the major solvent (Entries 21ï23). 

Compared with the case using water as the co-solvent (Entry 21), replacement with alcohol 

did increase conversion and decrease deboronation (Entry 22 and 23) however the effects 

were reasonably small (< 8 percentage points difference for conversion, < 5 percentage 

points difference for deboronation) and different bases were used in these reactions. 

Curiously, replacement of THF with MeTHF gave very low conversion of the enoate to the 
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bisaryl product, and incomplete consumption of the arylboron reagent was observed. This 

suggests that transmetalation was slowed significantly in this case (Entry 24). Assuming that 

the transmetalation occurs to a rhodium species with one solvent molecule ligated to it, it 

could be speculated that the methyl group of MeTHF serves to block the site for 

transmetalation (see also Section 3.3.3.1). 

The reactions using toluene as the solvent were based on literature precedent,169 and 

generally performed unremarkably (Entries 16ï20). Use of potassium hydroxide as the base 

gave significant levels of deboronation (Entry 16), which was also seen when the reactions 

were performed in anisole (Entry 38). This propensity of aromatic solvent towards increased 

levels of deboronation was reflected in the weaker bases also used with toluene, although to 

a lesser extent. A comparison of the performance of ethanol, toluene and dioxane is given in 

Figure 23, with the data displayed as an average of reactions using tripotassium phosphate 

and sodium hydrogen carbonate. 

 

Figure 23. A display of data from Table 11 and Table 12 (below), comparing the peak area percent 

conversion and deboronation when performing the reaction in ethanol, toluene and dioxane, averaged over 

the reactions using tripotassium phosphate and sodium bicarbonate 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 additive (2-methyl-1,3-

propanediol) to give improved conversion and ultimately to allow lower catalyst loading 

(Entries 33ï35).144 The entries show improved conversion with the stoichiometric additive 

(Entry 34, cf. Entry 33) and improved conversion again with the precise solvent system used 

in the literature report (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 36ï48). 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 selectivity for the desired reaction 

over deboronation. 

Four reactions were attempted under acidic conditions, using acetic acid in the solvent 

system (Entries 29ï32). In agreement with the literature precedent for the rhodium-catalysed 

1,4-addition reactions being successful under 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 not this was via a rhodium-mediated mechanism. 

The most compelling solvent systems identified by this set of reactions were those 

employing alcohol as the solvent, without any other co-solvent (Entries 25ï27). Generally, a 

protic co-solvent is required to provide a proton for the catalytic cycle to complete (Section 

1.3.2), but if the major solvent can be protic whilst still enabling adequate catalyst turnover 

and good conversion to the desired enantiomer of the conjugate arylation product, then the 

solvent system can be simplified significantly. Using IPA gave excellent enantioselectivity, 

but the conversion was limited by significant deboronation (Entry 25). Methanol and ethanol 

gave both good enantiomeric excesses and conversions of the enoate 16 to the bisaryl 

product 18. Combined with the green chemistry credentials associated with ethanol,142 the 

use of ethanol was also attractive with respect to avoiding any risk of transesterification of 

the enoate or the bisaryl product. Furthermore, the API synthesis used before this work 

involved storing the 1,4-addition product (S)-18 as a solution in ethanol. Using ethanol as the 

reaction solvent for the new 1,4-addition reaction process would therefore minimise the 

further work required for adoption on scale. 

To further investigate the use of ethanol as a solvent in combination with a variety of bases, 

a second set of reactions was performed (Table 12). A visual display of the data comparing 

Entries 6ï21 is provided in Figure 24 (page 88). 
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Entry  pKaH 
Base 

(1.4 eq) 
Ethanol (360 µL) 

Conversion 

/ % 

Deboronation / 

% 
Area%16,17,18 

1 10.77 NEt3 Ethanol (anhydrous) 87 1.6 89 

2 10.77 NEt3 IMS 94 1.7 92 

3 10.77 NEt3 Ethanol (not degassed) 88 1.7 93 

4 10.77 NEt3 Ethanol/Waterx 98 2.9 91 

5 10.77 NEt3 Ethanol (air-sparged)xi 80 1.9 93 

6 10.77 NEt3 Ethanol 91 1.7 92 

7 10.75 DIPEA Ethanol 96 1.0 92 

8 11.05 iPr2NH 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 NHEt2 Ethanol 70 2.7 91 

14 7.3 TDA-1 Ethanol 54 1.2 95 

15 13.5 DBN Ethanol 3 9.1 76 

16 4.76 KOAc Ethanol 68 19.2 80 

17 5.95 NaHCO3 Ethanol 94 1.0 91 

18 9.1 K2CO3 Ethanol 96 4.1 83 

19 5.95 KHCO3 Ethanol 96 1.4 90 

20 11.74 K3PO4 Ethanol 97 2.2 85 

21 9.1 Na2CO3 Ethanol 96 1.2 90 
Table 12. A comparison of solvent and base effects with ethanol as the primary solvent of interest. Data is 

as described for Table 11. pKaH values are given according to literature data.168 

The first six entries compare different solvents or differently prepared solvents. Entries 1, 4 

and 6 were intended to give an indication of the importance of water in the reaction, since 

the literature investigations have highlighted the importance of forming a hydroxorhodium 

species (Section 1.3.2). The first entry used commercially anhydrous ethanol, the sixth used 

standard-grade ethanol and the fourth used a 50/50 mixture of ethanol/water. An increase in 

conversion of enoate 16 to bisaryl 18 was seen in this order, however it was subsequently 

discovered by Karl Fischer analysis that both the anhydrous ethanol and the standard-grade 

                                                      
x 1:1 by volume. 
xi Ethanol was sparged with compressed air before dissolution of solid reagents. 
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ethanol contained similar levels of water. Although the nitrogen line used to sparge the 

solvents contained in-line silica to remove water vapour from the nitrogen source, the 

anhydrous ethanol was found to increase from 0.015 wt% water to 0.4 wt% water after 

employing this degassing technique. The standard-grade ethanol was measured to have 

0.3 wt% water after sparging with nitrogen. Nevertheless, a difference was certainly seen 

between the two reactions run using ethanol (Entries 1 and 6), and the reaction using 1:1 

ethanol/water (Entry 4). The industrial methylated spirits (IMS, 1.7 wt% water, Entry 2) also 

gave greater conversion than the ethanol with a lower water content. 

The third and fifth entries used the same ethanol as Entry 6, but these were either not 

degassed (Entry 3) or were sparged with compressed air (Entry 5), with a view to gaining an 

appreciation for the air-sensitivity of the system. A decrease in conversion was seen from 

degassed ethanol (Entry 6), to non-degassed ethanol (Entry 3), to air-sparged ethanol (Entry 

5), however the reaction was not significantly inhibited even in this latter case. It was also 

considered possible that the non-degassed ethanol may have performed less well than the 

degassed ethanol in part due to having a slightly lower water content, since it was not 

sparged with wet nitrogen. 

The remaining entries, displayed visually in Figure 24, compare different bases with 

degassed standard-grade ethanol as the solvent. Both inorganic and organic bases were 

selected across a wide range of pKaH values with consideration for their green chemistry 

attributes.168 In general, no clear trend was observed between pKaH and Area%16,17,18, 

conversion or deboronation. Nevertheless, significant differences were found. Perhaps most 

strikingly, the pyridine bases (pyridine, 2-picoline and 4-picoline) did not enable any 

conversion above trace levels, and similarly no deboronation occurred (Entries 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 pyridine-functionality has 

prevented a 1,4-addition reaction from occurring (Section 1.3.7).83 If this is the case here, it 

is interesting that the triazole of the enoate 16 does not similarly prevent the desired reaction. 

This is explored in Section 3.3.1.3. 
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Figure 24. A visual display of the data from Entries 6ï21 of Table 12 (above). 

Trace conversion and very low conversion were also seen with DBN and DABCO, however 

in these cases significant levels of deboronation were also observed (Entries 15 and 10). As 

with the pyridine bases, DBN possesses an sp2-hybridised nitrogen in a ring. DABCO has 

sp3-hybridised nitrogens, however its tethered structure leaves the nitrogen lone pairs largely 

unhindered, such that it could be an excellent ligand for coordination to rhodium. TDA-1 

(tris[2-(2-methoxyethoxy)ethyl]amine) consists of a tertiary amine with six ether groups, and 

whilst predominantly used as a phase-transfer catalyst, it has also found utility in complexing 

to Grignard reagents.170 It would not be implausible to suggest that it chelates to rhodium (I), 

and that this is the cause of the low conversion observed here (Entry 14). In general, it 

appears that nitrogen-containing bases with a good ability to ligate to the rhodium centre act 

to prevent or significantly inhibit the desired 1,4-addition reaction. 

 

The remaining organic bases enabled vastly improved reactivity, with a rough correlation 

observed between bulk and conversion. Triethylamine (TEA, NEt3), di-iso-propylethylamine 

(DIPEA, NEtiPr2), di-iso-propylamine (DIPA, iPr2NH) and diethylamine (NHEt2) all have 

pKaH values around 11, but the peak area conversions observed to the desired 1,4-addition 

product increased from diethylamine (70%, Entry 13) to triethylamine (91%, Entry 6) to di-

iso-propylamine and di-iso-propylethylamine (> 95%, 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 performed universally well with the exception of potassium acetate, 

which was the weakest base employed in these reactions (Entries 16ï21). In general they 

afforded the desired product in high conversions, although the reactions gave lower values 

for Area%16,17,18 than the better organic bases. Additionally, there are notable disadvantages 

for increasing the scale of a heterogeneous reaction rather than a homogeneous reaction, 

since the nature of the stirring is far more important in the former. This can lead to 

difficulties when the scale of a heterogeneous reaction is increased and performed in 

different reactor vessels, due to mass transfer effects. From this perspective, the inorganic 

bases were therefore less attractive for use in the developed process than the organic bases 

were. 

The rates of the rhodium-catalysed reactions using a selection of the bases were compared 

using the conditions shown in Figure 25, with relative HPLC response factors used to 

determine the reaction compositions as for the later Section 3.3.2.2. Di-iso-propylethylamine 

and triethylamine were compared with the inorganic potassium salts, potassium hydroxide, 

potassium carbonate, and potassium hydrogen carbonate. 



90 

 

Confidential ï Do Not Copy 

 

 

 

Figure 25. Consumption of arylboron reagent 17 over time for a selection of bases. The profile for the 

consumption of enoate is very similar. 

As anticipated from Section 1.3.2.2, the inorganic bases resulted in the fastest reactions, 

except potassium hydrogen carbonate, which, with the lowest pKaH, gave the slowest 

reaction. Aside from this, no significant trend was observed based on the strength of the base 

in contrast to that discussed in Section 1.3.2.2. Both di-iso-propylethylamine (DIPEA) and 

triethylamine (TEA) gave slower reactions than the inorganic bases (excluding potassium 

hydrogen carbonate), with the less bulky base (triethylamine) being the slower of the two. 

This is consistent with the data displayed in Table 12 and Figure 24, and with the suggestion 

that the less bulky amine bases can coordinate more readily to the rhodium centre to give a 

catalytically inactive species. 

The selectivity of the systems for conjugate arylation over protodeboronation was generally 

very good. The organic bases gave the highest selectivities (both 97:3 molar ratio of 

conjugate arylation product to protodeboronation product), 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 in Table 12 and Figure 24. To probe whether or not these 

differences could be explained by a purely base-mediated protodeboronation, arylboron 

reagent 17 was treated with di-iso-propylethylamine, potassium hydroxide and potassium 
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carbonate (0.5 equivalents) in the same volume of ethanol/water as for Figure 25 (Scheme 

39). 

 

Scheme 39. Experiments to observe the relative extents of any base-mediated protodeboronation using 

DIPEA, KOH and K 2CO3. The total reaction volume here is the same as for Figure 25. 

Di-iso-propylethylamine gave undetectable levels of o-tolylmethanol over 72 hours, whereas 

the deboronation product was evident within 24 hours using the inorganic bases. Quantitative 

analysis of the experiment was limited by an unknown species generated in the reactions 

with the inorganic bases, but the results nevertheless showed that a purely base-mediated 

deboronation mechanism was insufficient to account for the differences observed in Figure 

25 either between di-iso-propylethylamine and potassium hydroxide or between potassium 

hydroxide and potassium carbonate. Whereas the experiments using rhodium gave 1%, 6% 

and 14% conversions to o-tolylmethanol within 1 hour using di-iso-propylethylamine, 

potassium hydroxide and potassium carbonate respectively (Figure 25), in the absence of 

rhodium there were no detectable levels of the protodeboronation product using any of the 

bases at this timepoint (Scheme 39). Neither can a difference in the turnover frequencies of 

the catalyst with the different bases account for the different levels of deboronation, since 

34%, 24% and 29% residual enoate 16 was observed at 1 hour for each of 

di-iso-propylethylamine, potassium hydroxide and potassium carbonate respectively in the 

rhodium-catalysed reactions. It must be that a more complex mechanism is responsible for 

the difference between potassium carbonate and potassium hydroxide, which does not 

depend only on the identity of the base. 

Considering the advantages of a homogeneous reaction mixture combined with the 

conversion of enoate 16 to bisaryl 18 and the extent of protodeboronation, 

di-iso-propylethylamine was selected as the base to be used for further investigations, along 

with ethanol as the primary solvent. 

3.2.3 Analysis of Continuous Variables for the Pharmaceutically-

Relevant Conjugate Arylation  

With the discrete variables for the reaction selected, the continuous variables were firstly 

explored using a statistical Design of Experiment (DoE) approach. This enabled an 

understand to be built of which variables required controlling to maximise a desirable effect 
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or minimise an undesirable effect, and which did not affect the reaction.171,172 Based on 

observations from Sections 3.2.1 and 3.2.2, six factors were selected for investigation over 

ranges decided with consideration for what would be acceptable on scale: solvent volumes 

(10ï50 volumes), precatalyst/ligand loading (1ï8 mol%), temperature (10ï50 °C), added 

water content (0ï20% of total solvent volumes), equivalents of arylboronic ester (1ï

1.5 equivalents) and equivalents of DIPEA (0.5ï2.5 equivalents). Three responses were to be 

measured to assess these factors: conversion of enoate 16 to 1,4-addition product 18, 

selectivity for the 1,4-addition over deboronation, and the enantiopurity of the product 18. 

The form of Design of Experiment used was designed for factor-screening rather than 

optimisation. The value of a factor-screening 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. For example, it could be that a lower limit of 10 °C 

gives 30% conversion for a particular reaction, a centre-point of 30 °C gives 100% 

conversion and an upper limit of 50 °C gives 80% conversion. The statistical analysis would 

be able to correctly identify increasing temperature from 10 °C to 50 °C as having a positive 

effect on conversion, but it would not be able to sufficiently account for the centre-point 

giving 100% conversion in the model that it creates. This method is adequate for the 

purposes here, where identification 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 important to ensure 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 observed if, for example, some 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 were performed to confirm the 

suitability of the ranges chosen for the DoE experiments. 

Firstly, experiments were performed with varying equivalents of DIPEA (Scheme 40), using 

0.4, 0.7, 1.0, 1.4 and 2.0 equivalents of base relative to enoate 16. The HPLC traces showed 

no significant variation across this range of conditions at all, with a peak area conversion of 

> 98% (enoate 16 to 1,4-addition product 18, 210 nm) observed in each case. Furthermore, 

very little difference was seen when ethanol was replaced with 1:1 ethanol/water. 
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Scheme 40. Reactions to observe any differences in peak area conversion over a range of equivalents of 

DIPEA. 

The lower limits originally planned for the DoE were then tested, specifically the 

combination of one equivalent of arylboronic ester, 1 mol% rhodium and ligand, 

0.5 equivalents of DIPEA, 50 volumes of ethanol with no water, and a temperature of 1 °C. 

This reaction proceeded adequately, with around 8% peak area conversion (210 nm) of 

enoate to 1,4-addition product observed in 19 hours (Scheme 41). However, it was 

subsequently noticed that complete solubility was not achieved when the low temperature 

condition was combined with the high concentration (4 volumes) originally intended to be 

the upper limit. As such, the low temperature was revised to 10 °C and the most concentrated 

condition revised to 10 volumes, which enabled complete dissolution with up to 20% of the 

total solvent volumes being water. 

 

Scheme 41. Trial reaction to determine the suitability of potential lower limits of the reaction for the 

Design of Experiment. 

The combined lower and upper limits of the DoE (the ñleast forcingò and ñmost forcingò 

conditions respectively) were then tested along with two centre-point experiments in the 

STEM Integrity 10 Reaction Station to be used in the DoE and prepared in the manner 

intended for the DoE (Table 13). The enantiopurity was determined after achiral purification 

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

enabled baseline separation of the enantiomers of the product to be achieved at the expense 
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of baseline separation between the later-running minor enantiomer, the enoate and the 

ligand. 

 

 

Entry  

Catalyst 

Loading / 

mol% Rh 

ArBpin 17 

Equivalents 

DIPEA 

Equivalents 

Total 

Volumes / 

vol 

Water Content / 

% of Total 

Volumes 

Temp. / 

°C 

ee / 

% 

1 1.0 1.0 0.5 50 0 10 n.d. 

2 4.5 1.25 1.5 30 10 30 n.d. 

3 4.5 1.25 1.5 30 10 30 97 

4 8.0 1.5 2.5 10 20 50 96 
Table 13. Testing of the lower and upper limits of the planned DoE with two centre-points. Note that the 

catalyst precursor and ligand were added in 1:1 Rh/ligand stoichiometry. Peak area conversions 

determined as for Table 12. Enantiomeric excesses determined using the same chiral method as used 

previously, but installed on a different instrument. Time = 0 when reaction mixtures placed in Integrity 10 

Reaction Station. 

The results showed that the planned ranges were suitable for the DoE, although significant 

variability was indicated by the large discrepancy between the conversions of enoate 16 to 

bisaryl 18 in the two centre-point reactions. A number of possible aspects of the preparation 

may have contributed to this. Firstly, all of the solids, including the small amounts of the 

rhodium complex, were weighed directly into the much heavier and awkwardly shaped 

reaction tubes, potentially giving errors in the masses dispensed. Secondly, after dispensing 

the solids into the tubes, the tubes were sparged with a nitrogen flow before addition of 
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solvent to try to ensure an inert atmosphere; however there would have been a risk that the 

solids may have been displaced from 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 by nitrogen/vacuum cycles. 

Each of these aspects of the preparation was revised for the DoE: (1) all of the solids were 

weighed into appropriate weighing boats and the boats re-weighed after transferring the 

contents to the reaction vessels, (2) the tubes were not sparged with nitrogen when 

containing solids and instead the tubes were cycled through three nitrogen/vacuum cycles on 

the Integrity 10 Reaction Station immediately 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 would be suitable, the conditions from Entry 4 (Table 13) were 

repeated, but with the base added after the rest of the reaction mixture had been at 50 °C for 

1 hour. Sampling the mixture after 1 hour at 50 °C and before addition of base revealed no 

conversion to the product and no observable deterioration of the substrates. Within 5 minutes 

of adding the base, the reaction 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 every combination would require.173,174 In the case of varying six factors in a 

factor-screening DoE, the complete set of experiments (the full factorial ñwhite designò) 

would be 26, i.e. 64 experiments not including centre-points to validate the data. In principle 

however, the statistical analysis could enable this number to be decreased to as few as 8 

experiments (a ñred designò). The danger of decreasing to 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 response. In this case, factors can be aliased 

with two-factor interactions, which are not uncommon. For example, it could be that either 

temperature or a combination of equivalents of arylboronic ester with percentage of water 

has a significant effect on the rate of the reaction, but which of these it is would not be able 

to be definitively extracted from the data. In certain circumstances, it might be that the two-

factor interaction aliased with a single-factor can be ruled out either on chemical grounds or 

if the factors contained in the two-factor interaction do not show an influence on their own. 
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Since it was intended to use an Integrity 10 Reaction Station for this DoE, the maximum 

number of experiments able to be run in one ñblockò would be 10.  Correspondingly, 

performing a red design would also require 10 experiments: eight combinations of the upper 

and lower limits of the six factors with two centre-point experiments. The next fewest 

number of experiments for a factor-screening DoE with seven factors would constitute a 

ñyellow designò involving 16 experiments. The advantage of the yellow design is that single-

factor interactions are only aliased with multi-factor interactions involving no fewer than 

three factors each, which are much more readily disregarded than two-factor interactions are. 

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

wells in an Integrity 10 Reaction Station, each block containing two centre-points, there was 

no advantage to starting with a yellow design. Instead, a red design was used with the 

knowledge that this could be augmented into a yellow design (ñfoldoverò) if aliasing was 

found to be a problem and a greater bank of data was required. Therefore, just 10 reactions 

were performed initially for this investigation. Analysis of the results revealed that a 

foldover to a yellow design was required, and so an additional ten experiments were 

subsequently performed. The results of the DoE, showing analysis from both the red and the 

yellow designs for comparison, are presented in Section 3.2.3.3. 

3.2.3.3 Results and Analysis of the Factorial Design of Experiment 

Table 14 summarises the conditions for the reactions run in the initial red design and in the 

foldover, and Table 15 presents an overview of the results. The reactions were run as two 

blocks in an Integrity 10 Reaction Station, with the reaction-well temperatures set in advance 

to those shown in Table 14. The reactions were prepared as described in Section 3.2.3.1, and 

sampled at 1 hour, 3 hours and 19 hours. For each reaction mixture, the volume sampled was 

such that it would contain 1 mg of enoate 16 for a scenario in which no reaction had 

occurred, and this sample was diluted with 1 mL of a 1.02 mg mLī1 solution of mesitylene in 

ethanol. The relative absorbances at 215 nm had been calculated for the enoate 16, the 

desired 1,4-addition product 18 and the deboronated side product 19 with respect to 

mesitylene. 
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Run 

A:  B: C: D: E: F:  

 

Total 

Volumes / 

vol 

Water / 

%v/v 

of Solvent 

Temp. / °C 
ArBpin  

Equivalents 

Base 

Equivalents 

Rhodium 

Loading / 

mol% 

 

 10ï50 0ï20 10ï50 1ï1.5 0.5ï2.5 1ï8  

R
e

d
 D

es
ig

n 

1 10 0 50 1.5 0.5 1  

2 30 10 30 1.25 1.5 4.5  

3 10 20 50 1 0.5 8  

4 10 0 10 1.5 2.5 8  

5 50 20 50 1.5 2.5 8  

6 50 20 10 1.5 0.5 1  

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  

F
o

ld
o

v
e

r 

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  

14 50 20 10 1 2.5 8  

15 50 0 50 1.5 0.5 8  

16 10 20 50 1.5 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 4.5  

Table 14. The conditions of the reaction mixtures run for the DoE experiment. The conditions are shown 

such that the lower limits are highlighted blue, the upper limits are highlighted red, and centre-points are 

highlighted green. 

To avoid errors caused by sampling and diluent volumes with the use of an external 

standard, the molar conversion of the enoate 16 to the desired 1,4-addition product 18 was 

calculated in each case, rather than the apparent solution yield. To provide a measure for the 

selectivity of the reaction, the relative molar amounts of undesired deboronated product 19 

and desired 1,4-addition product 18 were compared, and the data is presented in Table 15 as 

the percentage of these two products accounted for by the desired product. The relative 

molar amounts of species 16, 18 and 19 were determined using HPLC response factors 

(Equation 8, page 220). 
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The enantiopurity of the desired product was measured after 24 hours using a chiral HPLC 

that gave excellent baseline separation between the two enantiomers and very low noise, 

allowing the enantiomeric excesses to be determined to high precision. Before chiral 

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

Run 
Conversion / % Selectivity of Reaction / % 

ee / % 
 

1 h 3 h 19 h 1 h 3 h 19 h  

1 49.3 79.7 97.5 98.2 97.9 84.4 93.4  

2 98.5 100 100 90.7 83.4 82.8 94.4  

3 90.7 90.3 90.5 92.2 92.0 92.1 93.1  

4 11.2 29.6 74.3 89.1 94.9 97.7 96.6  

5 96.6 96.7 98.5 67.6 67.4 67.8 93.2  

6 2.9 6.2 13.4 77.4 79.6 85.8 95.1  

7 97.8 99.4 100 91.2 84.4 84.1 94.5  

8 11.9 24.7 50.4 90.1 93.0 94.4 96.4  

9 33.3 52.3 68.2 96.0 95.7 93.3 92.8  

10 7.2 18.4 70.1 85.7 91.2 94.3 94.7  

11 90.9 92.2 92.6 94.1 93.7 93.6 92.3  

12 2.6 6.4 18.6 100 87.0 95.2 96.3  

13 41.5 77.5 100 95.8 94.9 86.0 95.6  

14 56.1 87.5 88.5 92.0 91.9 91.3 95.2  

15 99.0 100 100 88.2 77.9 71.2 93.5  

16 98.3 98.6 98.6 85.8 77.4 70.1 92.3  

17 98.1 100 100 90.5 84.6 83.2 94.4  

18 2.3 4.7 14.8 62.3 74.7 89.8 96.1  

19 83.7 93.8 94.6 96.7 95.9 95.8 94.9  

20 98.5 100 100 90.1 83.4 82.2 94.3  

Table 15. Summary of results for the reaction mixtures used in the DoE experiment. The results are shown 

such that large values are highlighted green and low values are highlighted red. 

The data was analysed in Design-Expert 10 software. Where appropriate, mathematical 

transformations were applied to the responses, and half-normal plots were used to assess the 

significance of factors to include in the model. In general, terms with p-values < 0.05 in the 

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

significant and included in the models. 

3.2.3.3.1 Conversion of the Pharmaceutically-Relevant Enoate to the Bisaryl 

Product 

Takings samples of the reactions at 1 hour, 3 hours and 19 hours provided an understanding 

of factors that affect the rate of the reaction as well as those that affect the overall outcome. 

Table 16 presents an overview of the significant factors extracted by the statistical analysis 

used in Design-Expert 10. 
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 Timepoint 
Response 

Range 
Significant Factors (p-value) 

R
e

d 

1 h 2.9ï98.5% 

{ Temp or Water + Catalyst Loading} ŷ (< 0.0001) > 

{Catalyst Loading or Temp + Water} ŷ (0.0007) > 

{Water or Temp + Catalyst Loading} ŷ (0.0021) 

3 h 6.2ï100% Temp ŷ (0.0001) > Catalyst Loading ŷ (0.0215) 

19 h 13.4ï100% Temp ŷ (0.0387) 

Y
e

llo
w

 

1 h 2.3ï99.0% 
Temp ŷ (< 0.0001) > Catalyst Loading ŷ (< 0.0001) > 

Water ŷ (< 0.0001) 

3 h 4.7ï100% 
Temp ŷ (< 0.0001) > Catalyst Loading ŷ (< 0.0001) > 

Water ŷ (0.0007) > Temp + Catalyst Loading Ź (0.0075) 

19 h 13.4ï100% 
Temp ŷ (0.0001) > Catalyst Loading ŷ (0.0046) > 

Water ŷ (0.0296) > Temp + Catalyst Loading Ź (0.0500) 

Table 16. Significant factors affecting conversion as determined by statistical analysis. The conclusions 

from both the red and yellow designs are included for comparison. ŷ indicates a positive effect on the 

response, whilst Ź indicates a negative effect. 

These results demonstrate clearly the different quality of analysis enabled by the red and 

yellow DoE designs. Particularly looking at the red design at the 1-hour 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 content, or they could be an interaction between 

water content and catalyst loading, catalyst loading and water content, or they could be 

temperature, catalyst loading and water. The yellow design enables the last of these options 

to be identified unambiguously as the list of significant factors. The half-normal plot is 

shown in Figure 26, in which factors further to the right had a more significant effect. 
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Figure 26. Half-normal plot for the 1-hour conversion data. 

A further advantage of the yellow design is drawn out at the 19-hour timepoint, where there 

is an insufficient data set to extract the significant factors in the red design. On its own this 

could at first appear to be an encouraging result since it seems to indicate that none of the 

factors ultimately affect conversion significantly over the ranges studied. However, looking 

at the raw conversion data shows otherwise, and this is reflected in the data from the yellow 

design. 

From a sustainability perspective, looking 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 rhodium loading can be readily offset by a higher temperature. This is 

demonstrated in Runs 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 initial (1 hour-averaged) rate and the overall conversion 

is exemplified by comparing Runs 9 and 11, with the former (0% water) progressing slowly 

from 33% to 68% conversion between 1 hour and 19 hours, and the latter (20% water) 

virtually complete after 1 hour. This may reflect a requirement to form a hydroxorhodium 

species for generating an effective active catalyst. A published study of the importance of 

water in systems using 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 or even on the initial rate. 

This is not to say that the other factors definitely do not have any effect. For example, 

comparing Runs 1 and 9 suggests that solvent volumes or arylboronic ester equivalents could 

have some effect. Nevertheless, it provides a useful means to identify the factors that are 

most critical to control in 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 Selectivity for the Conjugate Arylation  over Deboronation 

To probe any effects on the selectivity for the desired conjugate arylation reaction over the 

competing deboronation reaction, the amount of 1,4-addition product 18 as a percentage of 

the total amount of the two known products (i.e. the desired 1,4-addition product 18 and the 

undesired deboronation product 19) was calculated. In this case, the analysis had to be 

interpreted carefully, since the equivalents of arylboronic ester was one of the factors in the 

DoE. If an excess of arylboronic ester is used and deboronation does not occur until after the 

enoate is fully consumed, the actual selectivity for the desired reaction is 100% in principle. 

However, the calculation used here will decrease the apparent selectivity, affecting the 

interpretation of the results. The true selectivity at the 1-hour timepoint should be reasonably 

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

case for the later timepoints. 

The significant factors extracted by the statistical analysis are presented in Table 17. The 

identification of the arylboronic ester equivalents as a significant factor at each timepoint 

should be largely ignored since this is an artefact of the calculation used to prepare the data. 

Also, for the 19-hour data, the limitations of the calculation are too significant since many of 

the reactions had reached completion by this point. This is evidenced by temperature and 

added water not being significant factors at the 1-hour timepoint but becoming significant at 

19 hours. These same factors were found to increase conversion of the enoate 16 to the 

desired product 18; temperature at least would increase the rates both of transmetalation and 

of any non-rhodium mediated deboronation. The fact that they become significant at 

19 hours only reflects the fact that in many cases the enoate has been fully or nearly fully 

consumed by this point. This timepoint is therefore not discussed here. 
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Timepoint 
Response 

Range 
Significant Factors (p-value) 

1 h 
62.3ï

100% 

ArBpin eq Ź (0.0004) > Total Volumes Ź (0.0008) > Volumes + 

ArBpin Ź (0.0014) > Base eq Ź (0.0041) > Base + ArBpin Ź (0.0159) 

3 h 
67.4ï

97.9% 

ArBpin eq Ź (0.0030) > Volumes + ArBpin Ź (0.0036) > Total 

Volumes Ź (0.0173) 

19 h 
67.8ï

97.7% 

ArBpin eq Ź (< 0.0001) > Temp Ź (0.0004) > Temp + ArBpin Ź 

(0.0004) > Added Water Ź (0.0114)xii 

Table 17. Significant factors affecting the calculated selectivity for the desired reaction over deboronation 

(yellow design only). 

The most informative results are provided by the 1-hour timepoint, when the limitations of 

the calculation have their smallest effect. Interestingly, the total solvent volumes and the 

base were identified as significant factors, along with their interactions with the equivalents 

of arylboronic ester. The half-normal plot is shown in Figure 27. Added water is ranked as 

the seventh factor, and is statistically insignificant. 

 

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 one non-solvent species 

(either the arylboron species or an arylrhodium species) whereas the desired reaction is 

dependent on two non-solvent species (an arylrhodium species and the enoate). Decreasing 

the concentration of the reaction mixture therefore slows the desired reaction by more than 

                                                      
xii Additional factors can also be found to have p < 0.05 at 19 h however they were much less 

significant than those tabulated. If they are all included, the factor list would be: ArBpin eq Ź 

(< 0.0001) > Temp Ź (< 0.0001) > Temp + ArBpin Ź (< 0.0001) > Added Water Ź (< 0.0001) > Total 

Volumes Ź (0.0006) > Added Water + ArBpin Ź (0.0012) > Volumes + Water ŷ (0.0049) > Volumes + 

ArBpin Ź (0.0073). 
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protodeboronation is slowed. The negative effect of base is interesting, not least because it 

was not a significant factor for conversion of the enoate to the 1,4-addition product. 

The two negative interactions of each of these factors with arylboronic ester equivalents 

point to the inherently good selectivity of this reaction. These interactions indicate that at 

lower equivalents of arylboronic ester, the negative effects of both the solvent volumes and 

the equivalents of base on the selectivity of the reaction are of little significance. Figure 28 

compares surface plots for the modelled effects of these factors on selectivity at the two 

extremes of arylboronic ester equivalents: (a) at 1 equivalent and (b) at 1.5 equivalents. 

(a)  

(b)  

Figure 28. A surface plot of the model predictions for the selectivity of the desired reaction over the 

deboronation at 1 h as total volumes and base equivalents vary at (a) 1 eq, (b) 1.5 eq ArBpin. 

With 1.5 equivalents of arylboronic 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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(Figure 28b). However, at the far more desirable operating condition of just 1 equivalent of 

arylboronic ester, the variation in selectivity is less than 2 percentage points (Figure 28a). It 

is likely that the low selectivity predicted to be achievable under the conditions in Figure 28b 

arises only because the limitations of the assumption begin to have an effect on the 1-hour 

data when an excess of arylboron reagent is employed. This affirms the notion that the 

discrete variables selected for the conjugate arylation reaction ensure a high actual selectivity 

for 1,4-addition over protodeboronation. Indeed, the statistical analysis of the 1-hour 

selectivity data was indicative of a data set that was reasonably normally-distributed. 

If the amount of deboronated substrate 19 at 1 hour is considered on 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 factors, all having a positive effect on increasing the amount of deboronation 

product 19. In particular, the fact that a model can be built in which the catalyst loading has a 

significant and positive effect on the extent of deboronation supports a rhodium-mediated 

deboronation mechanism dominating in this system. This is reinforced by the observation 

that the arylboron loading itself does not have a significant effect on the amount of 

deboronation product formed. The half-normal plot for this response is shown in Figure 29. 

 

Figure 29. Half -normal plot for the factors affecting the amount of deboronated product at 1 h, calculated 

using the external standard. 
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3.2.3.3.3 Enantiopurity  of the Pharmaceutically-Relevant Bisaryl Product 

Temperature 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 factor. The half-normal plot of the statistical analysis is given in 

Figure 30. 

Response Range Significant Factors (p-value) 

92.3ï96.6% Temp Ź (< 0.0001) > Water Ź (< 0.0001) > Catalyst Loading ŷ (0.0011) 

Table 18. Significant factors affecting the enantiopurity of the desired product (yellow DoE design). 

The effect of temperature on enantiomeric excess is readily explained, both by higher 

temperatures providing more thermal energy such that higher energy barriers (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 transfer of chirality is less effective as a result 

of lower energy differences between the two diastereomeric transition states. 

 

Figure 30. Half-normal plot of enantiomeric excess analysis for  the yellow DoE design. 

The role of water is less obvious, but its effect has been reported in the literature. A report 

from 2002 using a water-soluble chiral BINAP-derived ligand found water to have a 

negative impact on the enantioselectivity of reactions between phenylboronic acid and 

cyclohexenone using Rh(acac)(C2H4)2 as the achiral catalyst precursor (61% ee in 

dioxane/water 1:10, 84% ee in dioxane/water 10:1).96 The negative effect was even more 

significant using the COD-ligated precursor Rh(COD)2PF6 (4% ee and 66% ee respectively). 

Although the authors do not discuss the reasons for the effect, in their case it could be 
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reasonable for the differences in enantiomeric excess to be related to the rate of formation of 

an active catalyst over the rate of formation of an active chiral 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 maintaining 

a high enantiomeric excess. 

Another report in 2009 found a decrease in the water content of a dioxane/water solvent 

system to give both higher conversions and chiral purities for reactions involving substrates 

with large lipophilic groups, although they do not show the extent of the improvement or 

whether or not the improvement in conversion was due to competing deboronation.85 In this 

case, the chiral rhodium species was formed in situ from Rh(NBD)2BF4 and (S)-BINAP 

before addition of reagents or water. Again, the reasons for the effect of water were not 

discussed. 

One possibility in the pharmaceutically-relevant 1,4-addition reaction could be that the 

naphthyl ester ligand L11 is slowly hydrolysed under the reaction conditions, resulting in a 

much less sterically directing ligand (Scheme 42). This could explain both the negative 

effect of water on enantiomeric excess and the positive effect of increasing catalyst loading. 

The rate of conversion to the desired product would be higher relative to ligand hydrolysis in 

the case of higher catalyst loading than it would be in the case of lower catalyst loading. 

However, it should be noted that no two-factor interaction between the water content of the 

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

  

Scheme 42. A possible explanation for the effect of catalyst loading and water content on enantioselectivity. 

The statistical model predicted that adding no water to the reaction whilst keeping the 

reaction at 10 °C would enable enantiomeric excesses of up to 96.6% to be achieved, whilst 

increasing the water content to 20% with a temperature of 50 °C would decrease the 

enantiomeric excess to 92.3% (Figure 31). This is admittedly not an enormous variation 

(98.3:1.7 and 96.15:3.85 e.r. respectively), but is nevertheless something worth controlling 

and can make a large difference to the amount of drug product deliverable in large scale 

synthesis and 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 between ee and temperature and 

water content. The red dots are the data from the centre-point experiments. 

To explore the potential for transesterification or ester hydrolysis of ligand L11 to occur 

under the reaction conditions (Scheme 42), the ligand was treated according to Scheme 43. It 

had been hoped that any changes would be able to be monitored by 1H NMR, however 

solubility proved to be insufficient at the concentration required for certain stages of the 

experiment. Firstly, a 1H NMR experiment of the ligand itself in the deuterated ethanol/water 

mixture was performed before addition of the rhodium salt. Full dissolution was not 

achieved following addition of the rhodium salt, either overnight in ethanol only, or in the 

ethanol/water mixture over 24 hours. For this reason, an adequate NMR spectrum of the 

ligand ligated to rhodium could not be acquired. Addition of DIPEA gave full dissolution of 

the mixture within 72 hours and so a 1H NMR spectrum was recorded. The only protons 

which could be confidently assigned as relating to ligand L11, without overlapping with 

signals from other species, were those in the aromatic region. 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 also provided evidence for the presence of naphthol, 

although the possibility of this occurring under the HPLC conditions was not discounted. 

 

Scheme 43. Subjection of ligand L11 to conditions similar to 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 naphthol by 1H NMR was that the signals for the two aromatic 

protons ortho to the oxygen decreased in intensity over time. After the initial 72 hours, these 

signals were at approximately 70% and 90% of the expected intensity, and after a further 

3 days at 30 °C the signals had decreased to approximately 50% and 90%. Another 19 days 

at room temperature saw the integrations decrease to 30% and 90%. Suspecting 

hydrogen/deuterium exchange to be occurring (Figure 32), LCMS analysis was performed 

and compared with an authentic sample of naphthol. The mass spectrum acquired was 

consistent with mono-deuterium incorporation, and the relative mass ion intensities were in 

reasonable agreement with the 1H NMR spectrum. Whilst hydrogen/deuterium exchange 

with rhodium (I) complexes is known,175,176 the mechanism and active species in this case 

remain undetermined. 

 

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

the conditions in Scheme 43. 

3.2.3.4 Evaluation of the DoE Results 

Curvature was significant in each of the yellow models for conversion data, but since this 

was a factor-screening 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 also significant since the centre-point experiments were not well modelled (Figure 33). 

The centre-points were generally in excellent agreement with each other, giving the models 

very low noise. In this case therefore, the identification 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 1 h, showing the centre-points 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 centre-points marked as red dots in Figure 31 (page 107). 

3.2.3.5 Trial  Conditions for the Conjugate Arylation Reaction 

A series of trial experiments were then conducted to try to select appropriate and attractive 

conditions to demonstrate the reaction on a larger scale, considering the information 

extracted from the DoE study and remaining within its extremes. The centre-point 

experiments (Runs 2, 7, 17 and 20, Table 15, page 98) 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, desiring to increase further the enantiopurity whilst minimising the catalyst 

loading and arylboronic ester equivalents and maintaining the high conversion, further 

reactions were performed in the same manner as they had been for the DoE experiment. The 

results are presented in Table 19. 
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Entry  Water / 

% 

Catalyst loading / 

mol% Rh 

Temperature / 

°C 

Time / 

h 

Conversion / 

% 

ee / 

% 

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 an attractive set of successful conditions to demonstrate the 

process on multigram scale. Ambient temperature was between 15 and 20 °C. 

To avoid the negative effect of water and temperature on enantioselectivity, Entries 1 and 2 

in Table 19 and Figure 34 were performed with catalyst loadings of 1 mol% and 2 mol% at 

ambient temperature (15ï20 °C), however the conversion in each case was very low over 

21 hours. Repeating this at 30 °C gave only a slight improvement in conversion (Entry 3), 

although it was encouraging that there was no particular change in the enantiopurity. Using 

ethanol/water as the solvent system with 10% water provided a large increase in conversion 

(Entry 4) and it was found that adequate activity was possible with a catalyst loading of just 

1 mol% in this case (Entry 5). The addition of water did decrease the enantiopurity of the 

product, but only by approximately one percentage point. The improvement to the 

conversion that this afforded more than outweighed this disadvantage. 

 

Figure 34. Conversion over time for the reactions shown in Table 19, measured using HPLC response 

factors. 
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The low conversions observed for Entries 1 and 2 were reflected reasonably well in the DoE 

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

factor-screening DoE. Using the conditions from Table 19 with a catalyst loading of 2 mol%, 

the model predicts a particularly steep drop in conversion as the water content approaches 

0% and the temperature approaches 0 °C (Figure 35). 

 

Figure 35. Surface plots predicted by the DoE model at 19 h, with conditions set to the levels used in Table 

19, with catalyst loading at 2 mol% Rh. The rapid drop in conversion towards 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 aqueous co-solvent with an 

alcohol gave decreased levels of deboronation (Section 1.3.7).83 The success of their reaction 

may have been as a result of using elevated temperatures; if the effects in Figure 35 are 

generally true of other conjugate arylation reactions, then a higher temperature can 

compensate for a lack of water. In the reaction to form bisaryl 19, as explored by this Design 

of Experiment, water was not found to be a significant factor in determining the selectivity 

for conjugate arylation over protodeboronation, and higher temperatures had a more 

significant negative 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 

temperature further.  
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3.2.4 Multig ram-Scale Process Demonstration of the Conjugate 

Arylation using the Optimised Reaction Conditions 

To demonstrate the developed process on multigram scale, conditions based on Entry 5 of 

Table 19 (page 110) were applied to two grams of the enoate 16 (Scheme 44a). The reaction 

reached > 98% molar conversion within 24 hours and the product was purified by column 

chromatography in 94% isolated yield. Chiral HPLC revealed an enantiomeric excess of 

93.9% of the desired enantiomer (S)-18, consistent with the 150 mg scale result in Table 19. 

By comparison with the original process (Scheme 44b), the optimised reaction provides the 

required bisaryl product 18 in significantly higher enantioselectivity and yield, whilst 

employing a much smaller excess of the arylboron reagent 17 and a much lower loading of 

the rhodium catalyst. This is achieved in an ethanolic solvent system, using the inexpensive 

chiral diene ligand L11 derived from the chiral pool. 

 

Scheme 44. (a) A 2 g scale demonstration of the optimised conditions. (b) The original process used to 

prepare (S)-18. 

A previous attempt performed on the same scale and in the same manner had shown 

< 7% molar conversion of the enoate 16 to the desired 1,4-addition product 18 in 27 hours 

(Scheme 45). Notably, the reaction mixture had reddened upon addition of base but after 

27 hours the colour had reverted to its original appearance. Encouragingly, a second charge 

of rhodium salt and ligand was able to restart the reaction and within 25 hours of this second 

charge, 96% conversion had been achieved. 40 hours after the second charge, full 

consumption of the arylboronic ester had occurred, with > 97% conversion of the enoate to 

the 1,4-addition product. In this case, the product was isolated in 97% yield by column 

chromatography with an enantiopurity of 94.5% ee. At low catalyst loadings, the risk of 



113 

 

Confidential ï Do Not Copy 

 

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 issue is an important 

observation. 

 

Scheme 45. A previous 2 g scale reaction, which could be restarted with an additional catalyst charge after 

stalling. 

It is possible that the stalling of the reaction resulted from adventitious oxygen entering the 

vessel. Performing the reaction on 150 mg scale with no degassing of the solvents and with 

the headspace open to air gave no more than negligible conversion of either starting material.
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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 

enantiocontrol that they induce in rhodium-catalysed conjugate arylation reactions.59 In 

contrast, the effect that the ligands have on the product ratio of conjugate arylation product 

to protodeboronation product has been much less 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, especially when high value materials are being used and when the 

product is required in high purity. Use of excess reagents results not only in inefficient 

processes, but typically results in more difficult purifications and increases the amount of 

waste that must be appropriately disposed of. 

A comparison of the previously-employed process with the optimised process developed in 

Section 3.2 shows a striking selectivity difference when both are performed using 1:1 

stoichiometry of enoate 16 to arylboron reagent 17 (Scheme 46). The original conditions 

gave almost no selectivity in favour of either the desired or undesired product, whereas the 

optimised conditions showed virtually complete selectivity for the desired product. 

 

Scheme 46. Comparison of the product ratios afforded by the starting point conditions for this work, and 

the final developed conditions. Molar ratios calculated using HPLC response factors as for Section 3.2.3.3. 

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 afforded 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 enantiomeric excesses are 

generally not stated and not discussed in detailed. 
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The mechanisms involved in rhodium-catalysed conjugate arylation are not known to have 

been explored in significantly more depth than that laid out in Section 1.3.2 (Figure 36)68. In 

particular a detailed understanding of the individual processes involved in the catalytic cycle 

has not been established, despite this being of great importance for the rational design of 

ligands and processes. It has already been established in this work that base-mediated 

protodeboronation is negligible under the optimised conditions (page 91), and there has also 

been little evidence that the arylboronic acid pinacol ester 17 must first be hydrolysed to the 

boronic acid before transmetalation can occur. These findings question some assumptions 

made in the literature, perhaps due to analogies drawn from the Suzuki-Miyaura coupling 

reaction (Section 1.3.5). The question under primary consideration in this section is therefore 

what affects the relative extents of the two possible transformations that the arylrhodium 

intermediate undergoes (species 3 in Figure 36): protoderhodation and migratory insertion of 

the electrophile. 

 

Figure 36. The general mechanism accepted for rhodium-catalysed conjugate arylation, adapted from that 

shown in Section 1.3.2 to include a competitive protoderhodation process by hydrolysis of the arylrhodium 

intermediate 3. 

3.3.1 I nfluence of Structural Motifs of  the Substrates on 

Selectivity for Conjugate Arylation over Protodeboronation 

In order to understand the structural origins of the remarkable selectivity for the 1,4-addition 

product over the protodeboronation product in the optimised process, as opposed to the 

selectivity originating from the reaction conditions, a scoping exercise was performed using 

substrates with truncated and modulated functionality relative to that of the 

pharmaceutically-relevant substrates 16 and 17. The focus of the substrate scope was to 
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observe the importance of any structural motifs of the pharmaceutically-relevant substrates 

on the selectivity for conjugate arylation over protodeboronation. The role of structural 

motifs of the ligand are explored in Section 3.3.2. 

Most of the substrates were subjected to two sets of conditions: one employing 

[Rh(C2H4)2Cl]2 with the naphthyl ester ligand L11 (Conditions A) and one employing 

[Rh(NBD)Cl]2 with no additional ligand added (Conditions B), since a significant difference 

between ligand L11 and norbornadiene had already been observed (see, for example, Table 

8, page 64). The selectivity of the systems for 1,4-addition over deboronation was 

determined by measuring the consumption of the enoate at full consumption of the arylboron 

reagent by solution assay. This approach assumed that the arylboron reagent was consumed 

either in the formation of the 1,4-addition product or the protodeboronation product and that 

the enoate was consumed only in the formation of the 1,4-addition product. Inspection of the 

HPLC traces of the reaction mixtures defended this assumption within reasonable 

expectations. 

 

3.3.1.1 Effect of the Steric Bulk of the Ester Group on Reaction Selectivity 

for Conju gate Arylation over Protodeboronation 

The steric bulk of the ester group in an enoate is known to have an effect on the relative 

amounts of conjugate addition product and protodeboronation product in rhodium-catalysed 

arylations (Table 2, page 27).134 Presumably this is due to the increased bulk leading to a 

higher energy rhodium-enoate complex and a higher energy transition state towards that 

complex, resulting in a decreased ability of the enoate to intercept the arylrhodium complex 

before protoderhodation occurs. The methyl, iso-propyl and tert-butyl analogues of ethyl 

ester 16 were prepared according to Scheme 47, and their consumptions in the rhodium-

catalysed reactions are detailed in Table 20. 
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Scheme 47. Synthesis of (a) methyl, iso-propyl and (b) tert-butyl enoate analogues of enoate 16. ÀYield after 

crystallisation following column chromatography. 

Synthesis of the three enoates 28 (Me), 29 (iPr) and 30 (tBu) proceeded smoothly, and 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 crystallisation following 

chromatography. The Heck reaction (Scheme 47b) employed tri(o-tolyl)phosphine as the 

ligand rather than triphenylphosphine as for synthesis of enoate 16 (Scheme 28, page 40), 

anticipating that the increased steric demand of the o-tolyl groups would ensure high E/Z 

selectivity in the Heck reactions. 

The results in Table 20 demonstrate the expected relationship between the steric bulk of the 

ester motif and the selectivity of the reaction for 1,4-addition over protodeboronation, 

however the differences are much smaller than those implied for the system investigated by 

Hayashi (Section 1.3.6, page 27).134 In particular, there is no noticeable difference between 

the performance of the iso-propyl ester 29 and the tert-butyl ester 30 in the reaction 

conditions optimised for the ethyl ester 16. Impressively, the selectivity of the system 

remains high (9:1 1,4-addition/protodeboronation) even for the tert-butyl ester. Similarly, 

whilst the protodeboronation trend is still present using the norbornadiene ligand, the 

differences are barely noticeable with this catalyst system. This may be as a result of 

additional functionality of the enoates contributing to delivering high reaction selectivity, 

and also as a result of the ligands (especially norbornadiene) being relatively sterically 

undemanding. 
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Entry  Enoate 
Arylb oron 

Reagent 

Consumption of 

Enoate 

Conditions 

A 

Conditions 

B 

1 

  

> 96%i (87%)À n.d. 

2 

  

97%ii (83%) 24% (25%) 

3 

  

90%iii  (88%) 23% (21%) 

4 

  

90% (78%) 21% (25%) 

Table 20. Consumption of enoate at full consumption of arylboron reagent, determined by solution assay. 

Isolated yield of 1,4-addition product given in parentheses. ÀIsolated by MDAP rather than by column 

chromatography. 

The structure of L11 is such that it projects much less steric bulk than the BINAP ligand 

employed by Hayashi, which may account for the results using L11 being less affected by 

the bulk of the ester substrate (Figure 37). This draws attention to the importance of creating 

and using chiral ligands that do not just project large steric bulk, but which differentiate well 

                                                      
i 96% consumption of enoate with c. 96% consumption of aryl boron reagent. 
ii Selectivity for conjugate arylation product over protodeboronation product, taken from Scheme 46, 

in which the reaction was sampled at 87% consumption of enoate with incomplete consumption of 

aryl boron reagent. 
iii  Additional catalyst charge was required to give full consumption of aryl boron reagent. 
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between the spatially distinct directions. As long as there is a significant difference between 

the more sterically encumbered direction and the less sterically encumbered direction, large 

sterically directing groups should not be necessary. 

 

Figure 37. A schematic to demonstrate the different extent to which BINAP and L11 are sterically 

demanding. 

In a later publication, Hayashi noted that even the chiral dimethyl-substituted norbornadiene 

scaffold L34 provided sufficient steric differentiation to afford an enantiomeric excess of 

95% in the conjugate arylation of 2-cyclohexenone with phenylboroxine (Scheme 48).117 

 

Scheme 48. Conjugate arylation published by 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 Enoate on Reaction Selectivity for 

Conjugate Arylation over Protodeboronation 

The kinetics and thermodynamics of the enoate binding to the arylrhodium species must be 

an important factor in determining the selectivity for 1,4-addition over protoderhodation. As 

well as the bulk of the enoate, the electronics of the carbonïcarbon double bond would be 

expected to affect this. To observe any effect of the electronics of the enoate in the optimised 

system, the p-trifluoromethyl- and p-methoxy-substituted ethyl cinnamate derivatives were 

prepared along with the cyclohexyl analogue according to Scheme 49, and studied under the 

conjugate arylation conditions. 

 

Scheme 49. Synthesis of electronically varied enoates using the Horner-Wadsworth-Emmons reaction. 
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The Horner-Wadsworth-Emmons reactions performed very well in each case, giving good 

selectivity for the E-alkenes. The worst performing reaction was for the synthesis of the 

cyclohexyl enoate 33, with separation of the stereoisomers also proving difficult. 

Nevertheless, a sufficient amount of the E-isomer was isolated without contamination by the 

Z-isomer for investigation under the rhodium-catalysed reaction conditions (Table 21). 

 

Entry  Enoate 
Arylb oron 

Reagent 

Consumption of 

Enoate 

Conditions 

A 

Conditions 

B 

1 

 
 

95% (89%) 25% (21%) 

2 

 
 

92% (71%) 9% (5%) 

3 

 
 

89% (86%) 2% (< 5%) 

4 

 
 

92%iv (77%) 18%v (6%) 

Table 21. Consumption of enoate at full consumption of aryl boron reagent, determined by solution assay. 

Isolated yield of 1,4-addition product given in parentheses. 

The selectivity trend for the cinnamate derivatives was most obvious using norbornadiene, 

but the same trend remained evident under the optimised conditions using ligand L11. With 

norbornadiene, the consumption of the enoates fell from 25% for the electron-poor enoate 31 

                                                      
iv Experiment performed in duplicate, with the same consumption of enoate observed in both cases. 
v Average of two experiments. 
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to just 2% for the electron-rich enoate 32. A comparison of the HOMO and LUMO energies 

for the enoates calculated using a restricted Hartree-Fock method is given is Table 22, along 

with the energies for enoate 16. 

Entry  Enoate 
Orbital Energy / eV 

HOMO  LUMO  

1 

 

ī9.345 1.181 

2 

 

ī8.789 1.666 

3 

 

ī8.609 1.775 

4 

 

ī10.194 3.037 

5 

 

ī8.456 1.820 

Table 22. HOMO and LUMO energies for enoates 31ï34 and 16, calculated using a restricted Hartree-

Fock method. 

Entries 1ï3 show a trend in HOMO and LUMO energies across the ethyl cinnamate 

derivatives, with the trifluoromethyl-substituted enoate 31 possessing the lowest energy 

orbitals and delivering the highest selectivity for conjugate arylation. Alkenes are understood 

to bind to transition metals both by 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 Section 3.3.3.1). Whilst the ability of the enoate to donate electron 

density decreases from the methoxy-substituted substrate 32 to the trifluoromethyl-

substituted substrate 31, 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 

insertion into the rhodiumïaryl bond. A correlation between the reactivity of enoates and the 

stability of the resulting rhodiumïenoate 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)2BF4 to catalyse the addition of phenylboronic acid to unsaturated esters.124 
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The cyclohexyl substrate 33 does not fit this trend (Entry 4), with its selectivity for conjugate 

arylation using both L11 and norbornadiene much better than the HOMO and LUMO 

energies would predict. With the lowest energy HOMO and the highest energy LUMO, it 

would have the poorest energy match for both electron-donating and -accepting bonding 

modes with the rhodium centre. In this case, the lack of conjugation may provide an 

explanation. Whilst conjugation with the aromatic system lowers the orbital energies for the 

aromatic enoates, it also results in much more diffuse orbitals with the orbitals spread more 

evenly across the molecule (Figure 38). The less diffuse LUMO of cyclohexyl ethyl acrylate 

33 and its more narrowly defined dipole may enable a greater propensity for the migration of 

the aryl group into the enoate. 

Cyclohexyl Ethyl Acrylate 33  

(a)(i) HOMO  (a)(ii) LUMO   

 

 

 

 

 

Ethyl Cinnamate 34  

(b)(i) HOMO  (b)(ii) LUMO   

 

 

 

 

 

Figure 38. A comparison of the calculated (i) HOMO s and (ii) LUMO s of (a) cyclohexyl ethyl acrylate 33 

and (b) ethyl cinnamate 34. 

The fact that the cyclohexyl substrate 33 performs well demonstrates that aromaticity is not 

an important component of the enoate for high reaction selectivity to be achieved. In Section 

3.2.2 (page 84) it was noticed that aromatic solvents performed particularly badly in the 

1,4-addition reaction. One possible explanation could have been that a -́stacking interaction 

between the L11-ligated arylrhodium complex and the enoate helped to ensure good 

selectivity, but the high selectivity afforded by the cyclohexyl ethyl acrylate eliminates that 
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explanation. Instead, it may be that aromatic solvents disrupt an important -́stacking 

interaction between the aryl group of the arylrhodium complex and the naphthyl group of 

L11, unless more complex solvent effects are responsible for the drop in selectivity (see also 

Figure 52, page 153). 

The similarity between the selectivity results for the p-trifluoromethyl-substituted ethyl 

cinnamate derivative 31 and for the pharmaceutically-relevant enoate 16 seems surprising 

(Table 21). Computation suggests that the energies of the filled and unfilled orbitals at the 

alkene of enoate 16 are much more similar to the p-methoxy-substituted ethyl cinnamate 

derivative 32, suggesting that the net effect of the triazole is to donate electron density into 

the alkene (Table 22). Evidently the high selectivity observed with enoate 16 cannot be 

explained by the electronics of the enoate alone (see Section 3.3.1.3).  

The consumption of tert-butyl cinnamate 35 was also measured under the 1,4-addition 

reaction conditions (Scheme 50). Curiously, little difference was observed compared with 

ethyl cinnamate 34 (Table 21). In contrast, changing from the triazole-containing 

pharmaceutically-relevant enoate 16 to ethyl cinnamate saw the extent of deboronation triple 

using L11. The lack of difference between ethyl and tert-butyl cinnamate compared with that 

between triazole-containing 16 and ethyl cinnamate suggests that the increase in sterics from 

ethyl to tert-butyl has an insignificant impact on the selectivity relative to the loss of the 

triazole motif. 

 

Scheme 50. Consumption of tert-butyl cinnamate in the 1,4-addition reaction conditions. 

3.3.1.3 Effect of the Triazole on Conjugate Arylation and Deboronation 

As noted in the previous section, the triazole motif appears to have a positive impact on the 

selectivity of the rhodium-catalysed process for 1,4-addition over protodeboronation using 

both L11 and norbornadiene, which is not accounted for by the electronics of the enoate. 
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With an alkyltriazole analogue 37 of benzotriazole 30 (Scheme 47b, page 117) available, the 

effect of deleting only the phenyl portion of the enoate was explored (Scheme 51). 

 

Scheme 51. Alkyltriazole enoate 37 was found to prevent formation of both the 1,4-addition product 38 and 

the protodeboronation product, with no consumption of enoate 37 or arylboron reagent 17 observed over 

94 h. 

Using neither norbornadiene nor L11 as the ligand gave any consumption of either the 

enoate 37 or the arylboron reagent 17. Organic bases containing sp2-hybridised nitrogen 

atoms had been found to shut down the reactivity of the system in Section 3.2.2 (page 88), 

and so it was already surprising that enoate 16, for which the reaction was developed, was 

tolerated. To determine whether it was the triazole alone which shut down the reactivity in 

Scheme 51 or whether a more specific explanation needed to be invoked, such as the 

bidentate binding mode of enoate 37 suggested in Figure 39, a spiking experiment was 

performed (Scheme 52). 

 

Figure 39. A suggested bidentate binding mode of the enoate 37 to rhodium in a pseudo 6-membered ring. 

The spiking experiment involved addition of one equivalent of methyl triazole 39 to the ethyl 

cinnamate reaction using the optimised reaction conditions. As for the alkyltriazole enoate 

substrate 37, no reactivity was observed, demonstrating that a binding mode specific to the 

alkyltriazole substrate did not need to be invoked. Instead, a more general means of catalyst 

poisoning by the triazole appeared to be operating.  
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Scheme 52. A spiking experiment, which demonstrated that triazole functionality could shut down the 

reactivity of the 1,4-addition system. 

If both methyl triazole 39 and the alkyltriazole substrate 37 shut down the reactivity of the 

system by coordination to the metal centre whilst the benzotriazole substrates 16 and 30 

(Section 3.3.1.1) did not, then it had to be concluded that some property of the benzotriazole 

substrates decreased their propensity to coordinate to the metal centre via the triazole. The 

differences in reactivity could in principle arise either due to the electronics of a 

benzotriazole being sufficiently different from an alkyltriazole, or due to the methyl group 

positioned ortho to the most electron-rich nitrogen lone pair, only in the case of enoate 16 

and related substrates, acting to destabilise any binding of the triazole to the metal. The 

electronic difference was expected to be insignificant, and so an analogue of compound 16 

with a methyl deletion was prepared to test its steric effect (Scheme 53). 

N-Alkylation of benzotriazole 41 proceeded as expected, to give a mixture of three 

regioisomers in a ratio determined primarily by the HOMO distribution of the anion (Scheme 

53a). Attempts to maximise the proportion of alkylation product 42 by avoiding high 

temperatures were impeded by very low conversions below reflux, however sufficient 

material was nevertheless afforded by the refluxed reaction. The Heck reaction of 42 with 

ethyl acrylate performed well (Scheme 53b), as it had for similar substrates. A ROESY 

NMR experiment confirmed that the material corresponded to the desired isomer, with a 

correlation observed between the methylene of the N-ethyl group and an aromatic proton 

assigned as shown below on account of its appearance as a doublet with J = 8.6 Hz by 1H 

NMR spectroscopy. 
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Scheme 53. Synthesis of the benzotriazole enoate 45, with no methyl substitution on the phenyl ring. 

Under the optimised conjugate arylation reaction conditions, only 5% consumption of enoate 

45 was observed after 48 and 96 hours, with > 70% residual arylboron reagent 17 (Scheme 

54). Attempts to purify the small amount of 1,4-addition product 46 away from the enoate 45 

were unsuccessful, however the key structural features of the product were observable by 

NMR (see Section 5.4.2.2.3). 

 

Scheme 54. Reactivity of the developed system with benzotriazole substrate 45. 

The experiment demonstrated how enoate 16 was tolerated well by the catalyst system whilst 

sp2-containing organic bases were not. The presence of a methyl group ortho to the most 

electron-rich nitrogen lone pair of the benzotriazole is essential for transmetalation of the 

arylboron reagent. Presumably the methyl substituent provides a sufficiently sterically 

destabilising interaction in any hypothetical [RhïN] species for such species either not to 

form, or to form with sufficient reversibility. Whether or not this is true both of the enoate 
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and of the 1,4-addition product has not been definitively determined, but is largely 

unimportant given that one is formed by the other. Furthermore the electronic distinction 

between the highest energy lone pair of the enoate and of the 1,4-addition product is not 

expected to be significant. It is interesting that the central nitrogen atom of the triazole does 

not prevent the reactivity of the catalyst. This would either be due to its lone pair being less 

electron-rich, or due to the steric effect of the adjacent N-alkyl group (Figure 40). Since the 

N-alkyl group projects out in a different direction from the triazole to the primary direction 

of the lone pair, it may be that the electronic differences between the lone pairs of the 

nitrogen atoms is sufficient to account for this. A combination of these effects may be 

responsible. 

 

Figure 40. The calculated highest energy occupied orbital involving the sp2-nitrogen lone pairs for enoate 

16 (ī11.850 eV). 

The triazole motif of the enoate 16 plays an interesting role in the 1,4-addition reaction. On 

the one hand, it has been shown to be advantageous in enhancing the selectivity of the 

reaction for conjugate arylation over protodeboronation. An explanation based on the 

electronics of the alkene is insufficient to account for this (Section 3.3.1.2), but some extent 

of reversible binding to the rhodium complex (rather than a solvent molecule) may play a 

role (Figure 41). On the other hand, its ability to bind to rhodium via the most electron-rich 

nitrogen atom must be tempered for reactivity to be possible at all, such as by a sterically 

blocking methyl group ortho to the nitrogen atom. 

 

Figure 41. (a) Possible resting state of the aryl rhodium species, with the vacant site occupied by a solvent 

molecule potentially set up for intramolecular protoderhodation. (b) Suggested resting states with the 

vacant site occupied by the benzotriazole. The representations of diene ligands coordinated to rhodium 

omit the full structures of the scaffolds for clarity. 
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The rate of consumption of arylboron reagent 17 under the 1,4-addition reaction conditions 

at 5 mol% rhodium was compared with and without the benzotriazole-containing enoate 16 

present (Figure 42). The fact that the arylboron reagent is consumed more slowly in the 

presence of the enoate is compatible with the suggestion in Figure 41, suggesting that the 

enoate (or the bisaryl product) has an inhibitory effect on the consumption of arylboron 

reagent (see also Figure 48, page 147). 

 

 

Figure 42. The amount of arylboron reagent 17 over time with and without enoate 16 present, assuming no 

reactions occurred other than conjugate arylation and protodeboronation. Relative amounts determined 

by HPLC response factors. 

3.3.1.4 Effect of the Arylb oron Reagent on Reaction Selectivity for 

Conjugate Arylation over Protodeboronation 

The importance of the structure of the arylboron reagent on the reaction selectivity was 

probed in two ways. Firstly, modulations of the aryl portion were explored with a view to 
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examining electronic effects, and secondly the boron moiety was modulated to compare the 

results using the pinacol boronic ester with the boronic acid. 

The effect of modulating the aryl group could be determined using commercially available 

boronic esters (Table 23). The intention was to observe any electronic effects, however the 

steric effect of the para-substituents appeared to outweigh any electronic effect in the 

optimised system using L11. This was presumably because substitution on the phenyl ring of 

the arylrhodium complex disfavoured the approach or binding of the enoate. Removing 

substitution altogether (arylboron reagent 48) gave excellent selectivity using ethyl 

cinnamate  (Entry 2) and no evidence of any protodeboronation using enoate 16 (Entry 4). 

The results with enoate 16 are consistent with the observations already made regarding the 

positive effect of the triazole motif on the reaction selectivity. The substrates in Entry 4 

delivered the highest selectivity for conjugate arylation observed throughout the 

investigations in Section 3.3.1 for the optimised conditions, with no protodeboronation 

product observed throughout the experiment in this case. The electronic effects were 

noticeable using the less sterically demanding norbornadiene catalyst system, with higher 

levels of conjugate arylation correlating with a more electron-poor aryl group. 

 

Entry  Enoate 
Arylb oron 

Reagent 

Consumption of 

Enoate 

Conditions A Conditions B 

1 

  

n.d.vi (82%) n.d. (10%) 

2 

  

95% (86%) 11% (12%) 

3 

  

86% (79%) 1% (2%) 

                                                      
vi Trifluorotoluene co-eluted with ethyl cinnamate. 






















































































































































































































































































































































