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ABSTRACT: Asymmetric and diastereoselective conjugate addition reactions are discussed from an industrial perspective
including examples of (1) Lewis acid/Brønsted base catalysis, (2) phase transfer catalysis, (3) organocatalysis, and (4) transition
metal/ligand catalysis with organometallic reagents.

1. INTRODUCTION
In the field of asymmetric synthesis and indeed all areas of
synthetic organic chemistry, only a fraction of the available
literature procedures is ever demonstrated at industrially
significant (mole or kilogram) scale.1 Many literature methods
are unsuitable for scale-up due to a failure to satisfy one or
more of the following criteria:2

Safety considerations (avoidance of potentially hazardous
materials and processes)
Environmental concerns (e.g., solvent and waste-stream
or gas-emission restrictions)
Legal aspects (freedom to operate)
Economical constraints (cost of materials and process-
ing)
Control requirements (reproducibility, robustness, prod-
uct purity)
Throughput (amount of material generated per unit
time)

Another pertinent observation is that many of the available
asymmetric methodologies, whilst displaying fantastic selectiv-
ity and efficiency, generate products or structural motifs that are
not (currently) of industrial interest.
One area of asymmetric synthesis that has attracted particular

interest over the last 10−15 years is the stereocontrolled
addition of various nucleophiles to activated olefins (Scheme
1). This can be termed “Asymmetric Conjugate Addition”
(ACA) when new stereogenic centres are generated from
prochiral substrates or “Diastereoselective Conjugate Addition”
(DCA) where chiral, nonracemic substrates are used to control
new stereochemical information. Although perhaps not as well
developed as other areas of asymmetric synthesis (hydro-

genation, epoxidation, Aldol/Mannich-type reactions), an
impressive range of high-performing protocols can be found
to promote ACA or DCA between various carbon nucleophiles
(e.g., enolates, nitronates, organometallics) and α,β-unsaturated
electrophiles (e.g., α,β-unsaturated carbonyls, nitriles, sulfones,
and nitroalkenes). In these reactions, stereocontrol has been
demonstrated in a number of ways such as substrate or auxiliary
control (DCA) and varying forms of catalysis (ACA; transition
metal catalysis, organocatalysis, phase-transfer catalysis).
Depending on the substitution pattern of the α,β-unsaturated
electrophile (1, Scheme 1), it is possible to form one (typically
at the β-position) or two (α- and β-positions) new stereo-
centres; if the nucleophile is prochiral, it is possible to generate
a third stereocentre (γ), and if the intermediate enolate-type
species is intercepted with a suitable electrophile Q (carbon-
centred as opposed to a proton source), generation of a further
stereocentre is possible (β′). Despite the obvious power of this
type of reaction, the number of said ACA or DCA procedures
that have been demonstrated at kilogram or even multigram
scale remains limited. It should, however, be expected that, as
this area of synthetic chemistry evolves and matures in the
coming years, more of these inventive and novel procedures
will see industrial application.
Conjugate Addition is a very general topic for discussion and

this review will only cover the use of carbon nucleophiles (i.e.,
C−C bond formation); the topic of heteroatom nucleophiles
(e.g., C−N, C−O formation) will be covered in a subsequent
review. Two general subtopics are considered herein: i) the
addition of active C−H (“stabilised” or “soft”) nucleophiles,
commonly known as Michael addition,3 and ii) the addition of
organometallic (“non-stabilised” or “hard”) nucleophiles. Each
subtopic will include examples of substrate-control (diaster-
eoselective synthesis including auxiliary-based approaches) and
asymmetric catalysis.
This review will focus on large-scale ACA and DCA, typically

considering reactions of hundreds of grams or larger. Smaller-
scale examples will also be discussed where the potential for
scale-up is clear. Assessment of scale-up potential is obviously
very subjective, and the SELECT criteria are used as a
guideline. In broader terms, the requirements for, e.g., argon

Received: December 22, 2011
Published: February 4, 2012

Scheme 1. Conjugate addition
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atmospheres, highly complex catalysts, or explosive or highly
toxic reagents are likely to render a process nonscaleable.

2. ADDITION OF STABILISED, ACTIVE C−H
NUCLEOPHILES (MICHAEL ADDITION)

This type of reaction, where a stabilised, “soft” carbon
nucleophile is added to an α,β-unsaturated electrophile
(traditionally known as the Michael reaction)3 represents a
major subsection of the conjugate addition class of trans-
formations. The ability to construct carbon−carbon bonds (and
associated stereocentres) under often mild conditions makes
this reaction particularly amenable to all types (and scales) of
application. Within this class of reaction, stereocontrol has been
demonstrated using various techniques such as simple
(diastereoselective) substrate control, auxiliary-based ap-
proaches (also diastereoselective), transition metal catalysis,
organocatalysis, phase transfer catalysis, etc.
2.1. Diastereoselective Conjugate Addition (DCA).

The coupling of a lithium (or other metal) enolate with an
α,β-unsaturated enone under kinetic control represents one of
the earliest examples of large-scale Michael reaction. Seminal
studies in the 1980s by Heathcock et al. had already highlighted
the complexity and subtleties of stereocontrol in this type of
reaction.4 This series of papers on acyclic stereocontrol
highlighted the effects that parameters such as enolate
geometry, counterion, and sterics can have on regioselectivity
(1,2- versus 1,4-selectivity) and stereoselectivity (diastereose-
lectivity). Many of these observations proved pertinent to the
following example from 2001. Scientists from Banyu and Merck
described the synthesis of M3 muscarinic antagonist 3 (Scheme
2), a drug candidate for the treatment of chronic obstructive

pulmonary diseases and urinary incontinence.5 Acetal 5 was
synthesised at multikilo scale from mandelic acid and
pivaldehyde and subsequently reacted with cyclopentenone 4
under a range of Michael- and Mukaiyama−Michael-type
conditions (Table 1).
In all cases, the auxiliary efficiently promoted Re-facial

selectivity at the enolate terminus (less than 10% 9 in all cases);
stereocontrol at the adjacent tertiary centre was less impressive.
Simple alkali metal and zirconium enolates (entries 1−4)
favored the undesired diastereomer 8, whilst Mukaiyama−
Michael-type reactions (utilising silyl enol ethers, entries 8−11)
did favor the desired diastereomer 7, albeit with disappointing
levels of stereocontrol. The zinc enolate (entry 7) gave the
most promising results, reacting faster and more selectively
than the parent lithium enolate and crucially favoring the
desired stereoisomer 7. Significant optimisation studies showed

that solvent composition was critical and selectivity could be
dramatically increased through addition of the relatively cheap
1-(2-dimethylaminoethyl)-4-methylpiperazine ligand 10a. Ki-
netic studies showed that, in the presence of 10a, the zinc
enolate reacted 7−10 times faster than the parent lithium
enolate. This allowed for a substoichiometric loading of metal
(ZnCl2; 15 mol %), resulting in a 25-kg, catalytic process as
outlined in Scheme 3. Although requiring a complicated solvent
system and cryogenic temperatures, this example is impressive
in that two adjacent stereocentres are constructed (one of
which is quaternary) and a sterically congested tetra-substituted
enolate is reacted with complete conversion and little or no
competing 1,2-addition.
A similar, auxiliary-based approach was described by

scientists from Pfizer between 1993 and 2003.6 As part of
their hypertension drug programme, a pair of geminal-
cycloalkylglutaramide derivatives (candoxatrilat and sampatrilat,
Figure 1) were synthesised via Michael addition reaction of the
key Bayliss−Hillman adduct 11 with cyclopentanecarboxylic
acid 12 (Scheme 4). In both cases, a new stereocentre was
generated at the α-position in 13 via diastereoselective
protonation of the initial enolate products; stereocontrol was
exerted with the use of (S,S)-bis(α-methylbenzyl)amine
auxiliaries. As a point of interest, after preliminary modelling
experiments, it was postulated that diastereoselective enolate
protonation occurred from the front face of either of the two
preferred conformers (14 and 15; Scheme 4) which were both
predicted to be of low energy.
Scale-up synthesis of sampatrilat was described using a

seemingly robust and reliable process (Scheme 4). Reaction
volumes were kept relatively low, plant-friendly reaction
temperatures were found to be suitable, and provided the
input Michael substrate 11 was of high purity, yields and
stereoselectivities proved repeatable at 2-kg scale.
The use of chiral auxiliaries proved effective for large-scale

Michael addition reactions in the examples above, but this
approach suffers the inherent drawback of requiring stoichio-
metric levels of stereochemical information. More recently a
range of substoichiometric (asymmetric catalytic) methods
have also been demonstrated at large scale; these will be
discussed in the following section.

2.2. Michael Addition (ACA) using Lewis Acid/
Brønsted Base Catalysis. Metal catalysts have been utilised
in a number of large-scale Michael processes to good effect.
One approach that has proven successful is the reaction of
nitroolefins with chiral enolates which are generated catalyti-
cally from 1,3-dicarbonyls using chiral Lewis acids and Brønsted
bases (Scheme 5). The combination of readily enolisable 1,3-
dicarbonyls and strongly electron-deficient nitroolefins means
that relatively mild Lewis acids and Brønsted bases can be used
under ambient conditions which are particularly suited to
larger-scale processes.
The following example from Abbott gives a rigorous account

of a somewhat unusual magnesium-catalysed Michael reaction.7

In addition to completing general process development and
scale-up activities, particular attention was paid to the active
catalyst species, the reaction mechanism, and also the reaction
kinetics. The findings serve as clear examples of not only the
synthetic power but also the potential subtleties and difficulties
associated with metal-mediated asymmetric catalysis at large
scale.
ABT-546 (Scheme 6), an endothelin antagonist, was

highlighted as a possible treatment for cancer and congestive

Scheme 2. Muscarinic acid synthesis via Michael addition
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heart failure; the ensuing development programme resulted in a
novel example of magnesium catalysis for a 3-kg, asymmetric
Michael reaction between β-ketoester 16 and nitroolefin 17.
Initial screening of metal/ligand combinations as well as chiral
auxiliaries proved unsuccessful. Eventually, moderate (though
variable) stereoselectivity was obtained by combining Mg-
(OTf)2 with bisoxazoline (BOX) ligand 19 in ethanol/
chloroform. Further studies showed that addition of an external
Brønsted base (amine) cocatalyst greatly increased the rate of
reaction; N-methylmorpholine (NMM) was eventually selected
(1:1 loading w.r.t. metal catalyst). On the basis of this

dependency for amine bases, a soft-enolisation mechanism

was proposed as depicted earlier (Scheme 5). It should be

noted that the reaction was found to be essentially non-

diastereoselective in all cases (1:1 mixture of syn- and anti-18),

Table 1. Screening of Lewis acids for Michael addition

entrya metal (M) Lewis acid solvent 7:8b yield (%)b

1 Li − THF 1:1.5 89
2 Na − THF 1:2 92
3 K − THF/toluene 1:2.5 92
4 Li ZrCl4

c THF 1:3.2 90
5 Li Cp2ZrCl2 THF 2.8:1 88
6 Li Cp2TiCl2 THF 1.5:1 90
7 Li ZnCl2 THF 3:1 75
8 TBSd TiCl4

e DCM 2.1:1 93
9f TBS Cp2ZrCl2 DCM 1.9:1 21
10 TBS ZrCl4 THF 1.9:1 98
11 TBS ZrCl4 DCM 1.3:1 93

aAll reactions were carried out at −78 °C unless otherwise stated. bRatios and yields were determined by HPLC. cMetal enolates were prepared from
the lithium enolate by addition of 1.2 equiv of a suitable metal salt. dThe tert-butyl dimethylsilyl (TBS) derivatives were generated from the lithium
enolate in THF by addition of TBS-Cl; the corresponding TMS derivatives were also prepared and gave similar results. eThe enone and Lewis acid
were premixed in an appropriate solvent at the reaction temperature then added to a solution of preformed silyl enol ether. fThe reaction was carried
out at 25 °C.

Scheme 3. Muscarinic antagonist synthesisa

aReagents and conditions: i) LDA (1.2 equiv), 10a (4 equiv), 5 (1.0
equiv), 1,2-dimethoxyethane (15 vol), −15 °C, 15 min then 10b
(preformed; 15 mol %), toluene (16 vol), 0 °C, 1 h then 4 (1.2 equiv),
toluene (1.5 vol), −78 °C, 50 min before acid quench and aqueous
workup.

Figure 1. Neutral endopeptidase inhibitors.

Scheme 4. Michael addition with enantioselective
protonationa

aReagents and conditions: i) LDA (2.2 equiv; 28 wt % in heptane), 12
(1.1 equiv), THF −30 to 20 °C, 16 h then 11 (1.0 equiv) in hexane
(approx 4 vol), −10 °C, 80 min then citric acid (2 M, 4 vol), −15 °C
to RT.

Scheme 5. Lewis acid/Brønsted base activation
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but facile epimerization of the α-stereocentre was demonstrated
in the ensuing synthesis. Other reaction parameters were
optimised, such as solvent (toluene and chloroform gave the
best results but solubility issues arose with the former), metal
counterion (triflate proved optimal) and ligand structure (all
variations in the structure of 19 resulted in attenuation of
selectivity).
Perhaps the most interesting observation, and one that

epitomises the difficulties that can arise when using low-loading
asymmetric catalysis, was the sensitivity of the reaction towards
polar-protic contaminants. It was found that residual acetic acid
present in the nitroolefin substrate 17 greatly inhibited reaction
rate and the analogous β-ketocarboxylic acid of 16 (a trace
impurity) was a stoichiometric poison to the catalyst.
Moreover, sensitivity to water was even more pronounced; it
was found that the active catalytic species only formed
successfully in the presence of 4 equiv of water (w.r.t. Mg)
but that the water then had to be removed from the system
(using sieves) prior to reaction to promote the highest levels of
conversion and selectivity. A reason for this phenomenon is
suggested; water is required in the initial catalyst-forming step
to prevent aggregation, which results in formation of an inactive
catalyst.
The scope and generality were further studied, and it was

demonstrated that nitroolefin electrophiles 20 could be reacted
with other β-ketoester nucleophiles as well as synthetically
versatile malonates 21 under similar reaction conditions. This
was exemplified by the multigram synthesis of the anti-
depressant rolipram (Scheme 7).
Nitroolefin 20 was generated from commercially available

isovanillin 23, and the ensuing asymmetric Michael addition
with diethylmalonate 21 proceeded with excellent yield and
selectivity. Further derivatisation of the Michael adduct gave
rolipram in a total of six steps with excellent overall yield. The
use of magnesium in the example above is preferable to many
other metal catalysts since toxicity issues are negated;8 the
apparent dependence for solvents such as chloroform does,
however, raise toxicological and environmental issues.

Alternative metal-catalysed systems have been reported for
similar, gram-scale asymmetric Michael reactions between
malonates and nitroolefins. Evans et al. described a seemingly
scaleable nickel-catalysed protocol that required exceptionally
low catalyst loading and ambient temperatures (Scheme 8).9

Whilst the use of nickel catalyst 27a might cause difficulties for
pharmaceutical applications,10 the very low loading used makes
this protocol viable for larger-scale use.
Various β-ketoester and malonate substrates were tested, and

the observed yields and enantioselectivities were uniformly
high. Diastereoselectivity was typically low, but since the
stereocentre in question (25) is part of a 1,3-dicarbonyl system,
the opportunity to epimerise or decarboxylate (as in Scheme 8)
is important. The mechanistic pathway is postulated to be
similar to that in the previous example (Scheme 5).
Complexation of 24 to 27a causes partial decomplexation of
one diamine ligand which then deprotonates internally to give a
species such as 27b.
Other bifunctional Lewis acid/Brønsted base catalysts of the

type developed by Shibisaki have also been utilised for Michael
reactions. The aluminium−lithium-BINOL (ALB) catalyst 31
depicted in Scheme 9 was employed at very low loading to
effect the addition of dimethylmalonate 28 to cyclohexanone
29 at kilogram scale.11 The Michael adduct 30 was a key
starting material in the synthesis of (−)-strychnine, and the

Scheme 6. Asymmetric Michael addition under magnesium-
BOX Catalysisa

aConditions and reagents: i) Mg(OTf)2 (4 mol % hydrated with 16
mol % water), 19 (4.4 mol %), CHCl3 (ethanol stabilised, 22 vol), RT,
1 h then 4 Å MS until dry, then 16 (1.2 equiv), 17 (1.0 equiv), NMM
(5.5 mol %), 37 °C, 17 h.

Scheme 7. Synthesis of roliprama

aReagents and conditions: i) Mg(OTf)2 (5 mol % hydrated with 20
mol % water), ent-19 (5.5 mol %), CHCl3 (10 vol), RT, 30 min then 4
Å MS sieves, RT, 30 min then 20 (1.0 equiv), 21 (1.2 equiv), CHCl3
(15 vol), N-methylmorpholine (6 mol %), RT.

Scheme 8. Asymmetric Michael addition using nickel
catalysisa

aReagents and conditions: (i) 24 (1.2 equiv), nitrostyrene (1.0 equiv),
27a (0.01 mol %), toluene (2 vol), RT, 36 h; (ii) TsOH, benzene,
reflux, 2 h.

Organic Process Research & Development Review

dx.doi.org/10.1021/op200381w | Org. Process Res. Dev. 2012, 16, 1258−12721261



ability to access kilogram quantities was vital to the total
synthesis activity. This protocol is industrially amenable since
the catalyst loading is very low, the two metal centres (Al, Li)
are of minimal toxicity risk, and the reaction proceeds in a
benign solvent (THF) and at ambient temperature. Indeed,
application of this chemistry (28 + 29 → 30) was
demonstrated by scientists at Actelion Pharmaceuticals at 7-
kg scale during the synthesis of an undisclosed pharmaceutical
compound.12

2.3. Michael Addition (ACA) Using Phase Transfer
Catalysis. Phase transfer catalysis (PTC) has proven
particularly viable for large- and industrial-scale applications
over the last few decades, mainly due to the mild reaction
conditions that are typically employed. Examples of multikilo,
operationally simple PTC processes that employ simple,
environmentally benign solvents and relatively cheap catalysts
can be found in reasonable abundance.13 The desirable traits of
PTC are accompanied by some inherent scale-up issues,
however; the use of biphasic systems necessarily requires close
scrutiny of mixing effects (which can greatly affect reaction
kinetics and selectivity) and separation/disposal of two or more
immiscible waste streams.
As early as the mid 1980s, scientists from Merck

demonstrated that cinchona derivatives such as 36 (Scheme
10) could catalyse the Michael addition of ketone 33 with
methyl vinyl ketone (32, MVK) under mild conditions and,
crucially, at large scale.14 The ultimate goal of this study
programme was the synthesis of drug candidate 35 (and
analogues) for the treatment of brain edema and traumatic
head injury.15

This reaction was carried out under various conditions, and
the operationally simple liquid/solid system shown in Scheme
10 gave excellent isolated yield at 100-g scale albeit with modest
levels of enantioselectivity. This early example showed the
potential power of the asymmetric PTC reaction for industrial-
orientated synthesis; enantioselective synthesis of a quarternary
stereocentre under mild and benign conditions remains an
impressive achievement.
The learning generated in the previous example was

(presumably) of great benefit to the scientists at Merck when
further developing the Michael addition/Robinson annulation
approach to the structurally similar target 37 (Scheme 11).16 As

part of a research programme aimed at finding selective
modulators of estrogen receptor-β for the treatment of
menopausal symptoms, a multikilogram synthesis of 37 was
designed and developed.
For the key transformation (40 → 39, Table 2), a significant

amount of effort was directed towards the understanding and
optimisation of key reaction parameters. After optimisation of
catalyst structure (N-substituents and counterion), quarternary
salt 43 was selected for further scale-up on the basis of the
achieved enantioselectivity (50−54% ee) and commercial
availability of the catalyst components.
As mentioned earlier, PTC chemistry of this sort is

intrinsically sensitive to mixing and solution parameters, and
this was clearly exemplified in these studies. It was found that a
catalyst concentration of >8 mg/mL (organic phase) was
necessary to obtain acceptable levels of enantioselectivity (>50
% ee), and this could only be achieved by slurry treatment of 41
and 43 in toluene and sodium hydroxide for an extended period
prior to exposure to methylvinyl ketone 32. Moreover, catalyst
41 that had been prepared in THF displayed a larger mean
particle size (∼65 μm) than that prepared in toluene (∼44
μm); this resulted in decreased solubility in the organic phase,
poorer extraction, and diminished levels of stereoselectivity.
Another common observation for this type of PTC reaction
was made; efficient mixing was critical in extracting the catalyst
into the organic phase during the Michael reaction. The high

Scheme 9. Bimetallic catalysisa

aReagents and conditions: (i) 28 (1.0 equiv), 29 (1.0 equiv), 31 (0.1
mol %), tBuOK (0.09 mol %), 4 Å MS sieves (10 wt %), THF, RT, 24
h.

Scheme 10. Early examples of asymmetric PTCa

aReagents and conditions: i) 33 (1.0 equiv), 32 (1.0 equiv), 36 (5.5
mol %), KOH (2.0 equiv), toluene (25 vol), RT, 1.5 h.

Scheme 11. Michael addition/Robinson annulation at
kilogram scale
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density (1.52 g/mL) of 50% NaOH (aq) meant that overhead-
stirring with screw propellers at >500 rpm (tip speed 1.8 m/s)
was essential to obtain satisfactory results in the laboratory; at
pilot-plant scale (400 L), agitation rates of 220 rpm (tip speed 5
m/s) were more than adequate. Other observations included
the requirement to avoid the ingress of oxygen into the system
(via nitrogen sparging at large scale) which was found to lead to
oxidation byproduct.
The above two examples show that even after considerable

effort and cost directed toward process development it can be

extremely challenging to find high-performance systems that
satisfy the necessary criteria for scale-up.
Moving away from the Michael/Robinson approaches

discussed above, examples of other potentially scaleable,
Michael additions have been reported using PTC. As in the
prior examples, quaternary ammonium ions are typically used
as catalysts in solid/liquid systems. In 2005, Lygo et al.
published a brief study on the scope and optimisation of the
asymmetric Michael addition of glycine imines to α,β-
unsaturated systems (Table 3).17 As might be expected for
these biphasic reactions, the observed yields and enantiose-

Table 2. Solvent effects on catalyst performancea

entry time (min) catalyst concb (mg/mL) catalyst concc (mg/mL)

1 120 2.0 2.6
2 240 3.3 6.1
3 390 4.3 9.6
4 4080 14.6d 13.9d

aConditions and reagents: i) 43 (15 mol %), 40 (1.0 equiv), toluene (20 vol), NaOH (50% aq, 15 vol), RT, 14 h then 32 (1.0 equiv) in toluene (2.5
vol). bPhase transfer catalysts prepared in THF where particle size 95% < 65 μm. cPhase transfer catalysts prepared in toluene where particle size
95% < 44 μm. dTheoretical maximum catalyst concentration of 14.0 mg/mL based on charge.

Table 3. Potentially scaleable examples of PTCa

entry R R1 time (h) yield (%) % eeb

1 Ph2CH Me 2 84 94
2 tBu Me 2 94 91

3 Ph2CH Me 18 45 60
4 Ph2CH Et 18 74 92
5 Ph2CH

nC5H12 18 60 94

6 Ph2CH OtBu 18 <10 −
7 Ph2CH NMe2 18 <10 −

aReagents and conditions: i) 47 (1 mol %), 44 (1.0 equiv), 45 (2.0 equiv), Cs2CO3 (50 mol %) iPr2O (typically 0.3 M), 0 °C. bDetermined via
HPLC analysis of crude product.
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lectivities were found to be very sensitive to base and solvent
selection.
Using a low loading of catalyst 47, a range of protected

glycine imines were coupled with α,β-unsaturated ketones 45
using cesium carbonate in diisopropyl ether at 0 °C. This
protocol represents a simple route to substituted amino acids
which are crucial building blocks for a range of industrial
applications. It is likely that this methodology would also be
subject to the subtleties discussed previously (solution and
mixing effects, particularly when using high-density solids such
as Cs2CO3) and the safety aspects of diisopropyl ether18 would
likely lead to scale-up issues, but regardless, the potential for
larger-scale application is obvious due to the straightforward,
mild reaction conditions.
Similar reports by Maruoka et al. describe Michael addition

of β-keto-esters 48 to acetylinic ketones 49 under equally mild
and scaleable conditions (Table 4).19 As with the other PTC
examples already mentioned, the sensitivity to solvent was
pronounced.
Interestingly, the conditions outlined in entry 11 were

deemed optimal and subjected to further study. It could be
argued that, in the event of scale-up for further study, entries
1−3 would be more suitable since they contain a higher
absolute amount of the major stereoisomer [i.e., (S,E)-50];
also, the conditions employed in entry 11 are less favorable
based on temperature (−40 °C vs 0 °C) and solvent selection
(diethyl ether vs toluene, which requires specialist plant
facilities).
2.4. Michael Addition (ACA) Using Organocatalysis.

The rapid proliferation of literature concerning organocatalysis
since the year 2000 has been discussed in-depth in a range of
high-quality review papers.20 The potential power and utility of
this area of organic chemistry was apparent very early on in the
development of the topic, and there have been an impressive
number of new methodologies developed that either have, or
potentially could be, utilised at larger scales. This branch of
chemistry holds particular interest for process chemists since it

allows for asymmetric synthesis without the need for metals
and the associated problems (toxicity, air-sensitivity, etc.). The
realisation that organocatalysis was particularly applicable to
Michael addition chemistry resulted in much of the early
intellectual property being protected. The MacMillan group
filed a series of patents in 2002−2003 describing enantiose-
lective 1,4-addition of various aromatic nucleophiles to α,β-
unsaturated carbonyl compounds (Scheme 12).21 In the

example shown, Michael acceptor 53 is activated via
(LUMO-lowering) iminium ion formation with 54 towards
nucleophilic attack by 57. Although only demonstrated on
small scale, the power of this particular methodology lies in the
readily obtainable catalyst 54, and the operational simplicity of
the process.

Table 4. PTC addition of β-ketoesters

entry catalyst solvent conditionsa yieldb (%,E/Z)c % eed (E/Z)

1 (S)-51 toluene 0 °C, 2 h 75/24 69/51
2 (S)-51 m-xylene 0 °C, 1 h 72/27 76/57
3 (S)-51 o-xylene 0 °C, 1 h 73/21 72/57
4 (S)-51 CF3-Ph 0 °C, 1 h 70/29 55/33
5 (S)-51 THF 0 °C, 1 h 59/40 25/17
6 (S)-51 MTBE 0 °C, 1 h 68/31 77/67
7 (S)-51 CPME 0 °C, 1 h 66/33 76/65
8 (S)-51 Et2O 0 °C, 1 h 58/39 81/75
9 (S)-51 Et2O −40 °C, 2.5 h 62/37 87/79
10 (S)-52 Et2O −40 °C, 3 h 54/45 90/85
11 (S)-52 Et2O −40 °C, 8 h 54/45 91/84

aReagents and conditions: 1.5 equiv 3-butyne-2-one (49), 1 mol % catalyst, and 0.5 equiv K2CO3 used, unless stated otherwise. bIsolated yield.
cDetermined by 1H NMR. dDetermined by HPLC.

Scheme 12. LUMO-lowering activation via organocatalysisa

aReagents and conditions: i) 53 (1.0 equiv), 57 (1.2 equiv), 54 (10
mol %), CH3Cl (1 vol), HCl (10 mol %, 4 M in dioxane), −20 °C, 8 h.
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Although the majority of the organocatalytic Michael
addition methodologies (as exemplified above) have not been
demonstrated on any significant scale, the ability to β-
functionalise carbonyl compounds asymmetrically, without
using potentially toxic or expensive transition metal catalysts,
remains a desirable goal for industrial applications. In terms of
large-scale examples, the synthesis of warfarin (Coumadin; the
world’s most prescribed anticoagulant)22 has been demon-
strated. Publications from 2003 by Jørgensen et al.,23 document
very short and expedient routes to warfarin and its analogues
using simple, organocatalysed Michael-addition reactions
(Table 5). The approach is the same as the commercial
synthesis of Coumadin in a retrosynthetic sense, involving
conjugate addition of 4-hydroxycoumarin 58 to benzylidenea-
cetone 59, but crucially, the presence of imidazolidine catalyst
62 affords an enantioselective reaction whilst the commercial
synthesis is racemic. The origin of the enantioselectivity is
postulated as an iminium species analogous to that depicted
above (56, Scheme 12).
As seen in the data above, this reaction represents an

exceptionally expedient route to a commercial drug product
and has also been demonstrated at kilo scale with recycled
catalysts without loss of yield or selectivity. Although the
reaction times are somewhat lengthy, the simple and benign
conditions (entries 3 and 8 in particular) would make this an
attractive alternative to the current syntheses. This report also
demonstrates the synthesis of warfarin analogues such as
Coumachlor, a potent rodenticide.
The calcitonin gene-related peptide (CGRP) receptor

antagonist telcagepant (Scheme 13) has recently proven
effective for the treatment of migraine in phase III clinical

trials.24 This structure, which has been synthesised using
Hayashi−Miyaura coupling (see section 3.4) can also be
accessed using organocatalytic ACA. The combination of
aldehyde 63, nitromethane, and modified prolinol catalyst 72
afforded the desired adduct 64 with good yield and excellent
enantioselectivity. A unique, yet effective “cocktail” of
cocatalysts (pivalic/boric acid) and solvents (THF/water)
was required to maintain a balance between reactivity and
product stability; careful attention was also given to the
formation of various associated impurities.
Iminium ion organocatalysis has been utilised in the synthesis

of other pharmaceutical agents. A number of brief (formal)
syntheses of paroxetine (originally marketed by GlaxoSmithK-

Table 5. Organocatalytic synthesis of warfarina

entry catalyst [mol %] solvent time yield (%)b % eec

1 (S)-proline 50 DMSO 15 85 0
2 60 10 DCM 70 77 62 (S)
3 60 5 THF 70 85 70 (S)
4 60 10 EtOH 70 69 47 (S)
5 60 10 H2O 90 22 49 (S)
6 61 10 THF 130 83 56 (S)
7 (R,R)-62 10 DCM 150 96 82 (S)d

8 (S,S)-62 10 THF 130 90 80 (S)d

aConditions and reagents: 58 (1.0 equiv), 59 (1.05 equiv) and catalyst was stirred at ambient temperature for the indicated time. The crude mixture
was then purified by flash column chromatography. bYield after purification. cDetermined by HPLC. dEnantiomeric purity increased to 99.9 % ee by
recrystallisation from water/acetone.

Scheme 13. Organocatalytic synthesis of telcagepanta

aReagents and conditions: i) 63 (1.0 equiv), pivalic acid (5 mol %),
boric acid (0.5 equiv), 72 (5 mol %), nitromethane (6.0 equiv), THF
(14 vol), water (2 vol), RT, 30 h.
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line as Seroxat, a blockbuster selective serotonin reuptake
inhibitor [SSRI] for the treatment of depression and anxiety-
related disorders) have been described. Using simple building
blocks (Scheme 14; fluoro-cinnamaldehyde 66 and malonate
derivative 65) with a silylated prolinol 72 as catalyst, Michael
addition was shown to proceed in good yield and stereo-
selectivity.25 A previous example had also shown potentially
scaleable Michael addition (Scheme 14; 66 + 69 → 70).26

In both cases, the nature of the solvent was highlighted as a
key parameter, and polar-aprotics were required. Whilst the
latter example (66 + 69 → 70) utilised a much more
industrially friendly solvent (ethanol vs trifluoroethanol), the
required reaction times were greater, running into multiple
days. Regardless, the potential step-saving in these routes
(current industrial syntheses are typically 10−15 steps) is
significant, and the simplicity of the chemistry involved makes
for suitable candidates for further scale-up activities.

3. ADDITION OF NONSTABILISED ORGANOMETALLIC
NUCLEOPHILES

In the previous section, classical Michael additions were
considered where “soft” or stabilised C−H nucleophiles were
added to conjugated systems in order to form new C−C bonds
asymmetrically. An alternative approach is to use “hard” or
nonstabilised organometallic nucleophiles generated from
simple, nontransition metals such as zinc, magnesium
(Grignard), boron, aluminium, and lithium species.28 These
reagents tend to be significantly more reactive than the enolate-
types discussed previously, and in the absence of a suitable
additive or catalyst, selectivity for the desired 1,4-addition vs
competing 1,2-addition is seldom seen. The most common
mode of stereochemical induction is via the addition of
transition metal/ligand complexes (catalytic or stoichiometric),
and in order to achieve this, copper29 and rhodium30 are by far
the most studied.
In terms of the organometallics used, the challenges

associated with controllable reactivity and safe-handling mirror
the general trend in reactivity: RLi > R3Al > RMgX > R2Zn >
RBX2 (aryl boronic acids). In very loose terms, this means that,

when considering controllable and scaleable conjugate addition,
examples become more abundant as we move along the series
from RLi → RBX2.

3.1. Organo Lithium and -Aluminium Reagents for
ACA and DCA. Although organolithium nucleophiles (mainly
“soft” enolate-types) have been widely used for industrial
asymmetric synthesis,31 the challenges associated with alkyl- or
aryllithium reagents are such that examples of scaleable
asymmetric conjugate addition (ACA) could not be found for
this review. Diastereoselective conjugate addition (DCA) using
chiral, nonracemic substrates with organolithium species have
been reported at significant scales, however. Transmetalation of
highly reactive organolithium species to “softer”, more selective
(toward 1,4-addition) organocuprates is a common method for
DCA. As reported by Japan Tobacco Incorporated in 1991,
alkylation of levoglucosenone 74 (Scheme 15) with methyl-
lithium and copper(I) iodide proceeded smoothly as part of a
synthetic route to “whisky lactone” (and other trans-lactones
found in fragrances and pheromones).32 The same approach
has been employed in the synthesis of steroid analogues33 as
well as pharmaceuticals such as Travoprost.34 An interesting
series of papers by scientists at Merck and Banyu described
DCA with aryllithium 77.35 Interestingly, this procedure (which
is a variation of a method described by Alexakis)36 did not
require the addition of copper(I) salts; good selectivity for 1,4-
addition product 78 was achieved en route to endothelin A
receptor (ETA) antagonists.
As with organolithium compounds, large-scale examples of

ACA with organoaluminium compounds could not be found
for this review. In the last 5 years, however, literature examples
of ACA using trimethylaluminium (AlMe3) have been reported,
some of which show potential for larger-scale application. The
examples shown in Table 6 take advantage of the high-reactivity
of organoaluminium reagents to enable conjugate addition to β-
disubstituted cyclic enones 79; this is noteworthy since these
hindered electrophiles rarely undergo ACA, and the resulting
products 80 contain newly formed, quarternary stereocentres.
The two methods described (above) by Alexakis37 and

Hoveyda38 use complementary approaches to synthesise similar

Scheme 14. Formal synthesis of (−)-paroxetinea

aReagents and conditions: i) 65 (1.2 equiv), 66 (1.0 equiv), 72 (20 mol %), KOAc (1.2 equiv), CF3CH2OH (0.3 M), RT, 16 h; ii) BH3, THF, RT,
76%; iii) reference 27; iv) 66 (2.0 equiv), 69 (1.0 equiv), 73 (10 mol %), EtOH (0.5 M), 0 °C, 96 h; v) PhCH2NH2, NaBH(OAc)3, dioxane, 70%;
vi) LiAlH4, THF, reflux, 85%.
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structural motifs; the former approach utilises addition of
simple trimethylaluminium to more complex cyclic enones; the

latter approach utilises addition of more complex dimethylar-
ylaluminium reagents to simpler cyclic enones. Although both
protocols have only been demonstrated on milligram scale, the
experimental conditions described could be amenable to further
scale-up activities.

3.2. Grignard Reagents for Asymmetric Conjugate
Addition (ACA). Organozinc reagents have undoubtedly
attracted the most attention for ACA in the academic
community,29a−c but Grignard reagents are probably more
amenable for large-scale applications based on (i) availability
(there are more commercially available Grignard reagents than
organozincs); (ii) efficiency (half of the functionality in R2Zn is
typically wasted); (iii) economy (simple dialkylzinc solutions
are typically 5−10 times more expensive than the correspond-
ing Grignard),39 and (iv) toxicity (zinc has a permitted daily
exposure (PDE) of around 15 mg/day for adult males vs a
recommended daily allowance (RDA) of 400−500 mg/day for
magnesium).10 From a process safety perspective, although
both types of reagent are potentially hazardous, Grignard
species may be preferred due to lower flammability.
Although initially described in 1988,40 it was not until 2004

that ACA with simple Grignard reagents could be achieved with
high levels of enantioselectivity.41 Subsequently, a number of
procedures have been generated that allow for ACA of simple
Grignard reagents. As shown in Scheme 16, highly selective
ACA with MeMgBr has been utilised with α,β-unsaturated
esters (83)42 and thioesters (85)43 to achieve iterative
syntheses of extended polypropionate units such as those
found in the antibiotic TMC-151A and phthioceranic acid (a
heptamethyl-branched fatty acid isolated from the cell wall of

Scheme 15. DCA with organolithium reagentsa

aReagents and conditions: i) CuI (1.0 equiv), MeLi (1.4 M in Et2O,
2.0 equiv), 74 (1.0 equiv) in Et2O (1.1 vol), −60 to −20 °C, 30 min.;
ii) 77 (1.0 equiv), THF (5 vol), toluene (5.0 vol), nBuLi (1.6 M, 1.50
equiv), −70 °C, 20 min then 76 (1.0 equiv) in toluene (5 vol), −60
°C, 25 min.

Table 6. Copper-mediated ACA with organoaluminium reagentsa

entry n R R1 catalyst conditions yield (%) % eeb

1c 1 Et Me CuTC (2 mol %), 81 (4 mol %) Et2O, −30 °C, 18 h 78 94
2c 1 iBu Me CuTC (2 mol %), 81 (4 mol %) Et2O, −30 °C, 18 h 35d 93

3c 1 (CH2)2CHCH2 Me CuTC (2 mol %), 81 (4 mol %) Et2O, −30 °C, 18 h 95d 91
4c 1 (CH2)3CHCH2 Me CuTC (2 mol %), 81 (4 mol %) Et2O, −30 °C, 18 h 95d 93
5e 0 Me Ph Cu(OTf)2 (5 mol %), 82 (2.5 mol %) THF, −50 °C, 48 h 66 72
6e 0 Me o-MeC6H4 Cu(OTf)2 (5 mol %), 82 (2.5 mol %) THF, −15 °C, 48 h 85 98
7e 0 Me p-OMeC6H4 Cu(OTf)2 (5 mol %), 82 (2.5 mol %) THF, −50 °C, 48 h 67 71
8e 0 Me o-OMeC6H4 Cu(OTf)2 (5 mol %), 82 (2.5 mol %) THF, −15 °C, 48 h 55 95
9e 1 Me Ph Cu(OTf)2 (5 mol %), 82 (2.5 mol %) THF, −30 °C, 36 h 71 90
10e 1 Me o-MeC6H4 Cu(OTf)2 (5 mol %), 82 (2.5 mol %) THF, +4 °C, 42 h 49 96
11e 1 Me p-OMeC6H4 Cu(OTf)2 (5 mol %), 82 (2.5 mol %) THF, −50 °C, 36 h 61 84
12e 1 Me p-CF3C6H4 Cu(OTf)2 (5 mol %), 82 (2.5 mol %) THF, −30 °C, 36 h 52 86
13e 1 Me o-OMeC6H4 Cu(OTf)2 (5 mol %), 82 (2.5 mol %) THF, +4 °C, 48 h 60 83

aReagents and conditions: i) CuTC/81 or ii) Cu(OTf)2/82.
bDetermined by HPLC/GC. cReference 37. dConversion (not isolated). eReference 38.
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Mycobacterium tuberculosis). Both of the procedures shown
utilise commercially available copper-based catalysts and
standard solutions of methylmagnesium bromide. An industri-
ally amenable solvent (MTBE) is also used, and in the case of
the first example (83 → 84), plant-accessible temperatures are
used. These reactions have currently only been demonstrated
on gram scale, but there is potential for further scale-up.
Again, as with the organolithium and -aluminium ACA

procedures, the author has been unable to find any examples
which demonstrate the use of Grignard reagents at 100-gram
scale or greater. There are large-scale examples of diaster-

eoselective conjugate addition (DCA) using Grignard reagents,
however, and inspection of these gives an insight into the
associated subtleties and nuances that perhaps explain why
large-scale ACA processes are absent thus far. In a series of
publications, process scientists at AstraZeneca describe large-
scale copper-catalysed DCA as a route to synthesising the
established breast cancer drug fulvestrant (Faslodex; Scheme
17).44

Development of this protocol uncovered a number of critical
parameters that required close attention. First, dialkylcuprate
92 had to be preformed below −20 °C; higher temperatures led
to degradation. If 92 was not preformed and the process was
run ‘all-in’ (i.e., 87 + 89 + CuI → 90), almost exclusively 1,2-
addition was observed (87 + 89). Close scrutiny of the process
and its putative mechanism (Scheme 17) led to the hypothesis
that, under low catalytic loadings of copper, the formation of σ-
Cu(III) species 94 and subsequent reductive elimination to the
Cu(I) species 95 was being out-competed by enolate formation
(deprotonation of 87 with excess 89) and 1,2-addition (87 +
89). It was found that careful, portionwise addition of dienone
87 to cuprate 92 with colorimetric monitoring allowed for
successful optimisation of the various processes involved. If
addition of dienone 87 was too fast (portions too large or
added too rapidly), persistent red/orange colouration was
noted (attributed to π-complex 93) indicating enone saturation
which quickly led to enolisation and 1,2-addition. Optimum
addition rates of dienone 87 to cuprate 92 were indicated by
steady oscillations between red/orange (π-complex 93) and
yellow/green colouration (cuprate 92). Consideration of the
safety aspects of large-scale Grignard generation was also
necessary, and this is an aspect that is often overlooked on
smaller, laboratory scales. In the above example, the calculated
heat output for the transformation 88 → 89 was high (270 kJ
mol−1) and would result in an unacceptable adiabatic
temperature rise (∼65 °C). This required portionwise addition
of alkyl bromide 88 to a suspension of magnesium raspings in
THF (containing a small portion of 89 from a previous batch as
initiator) at 45 °C. Alternative processes for Grignard
formation at large scale have recently been reported45 and are
likely to make ACA (or DCA) with Grignard reagents a more
attractive option.

Scheme 16. ACA with MeMgBr for deoxypropionate
synthesisa

aReagents and conditions: i) (S)-T-BINAP (3 mol %), CuI (2 mol %),
MTBE (35 vol), −20 °C, 20 min, then MeMgBr (3.0 M in Et2O, 5.1
equiv), and then 83 (1.0 equiv) in MTBE (10 vol), −20 °C, 1 h; ii) 85
(1.0 equiv), MeMgBr (1.2 equiv), CuBr (1 mol %), (R,S)-Josiphos (1
mol %), MTBE (15 vol), −78 °C, 18 h.

Scheme 17. Synthesis of fulvestrant via DCAa

aReagents and conditions: i) 88 (0.20 equiv), magnesium rasping (1.15 equiv), I2 (0.1 mol %), THF (4.75 vol), 45 °C; then further 88 (0.80 equiv);
ii) 89 (1.35 equiv), THF (2.1 vol), −34 °C; then CuCl (7.8 mol %); then 87 (1.0 equiv) in THF (4.7 vol) over 3.5 h, −34 °C.
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3.3. Organozinc Reagents for Asymmetric Conjugate
Addition (ACA). Organozinc reagents have seen the most
widespread application in the academic community for
achieving asymmetric conjugate addition (ACA). Organozincs
are typically viewed as the most useful from an academic sense
due to their tempered reactivity;46 this allows for both better
functional group tolerance and control of racemic background
reactivity when utilising asymmetric catalysis. Examples of
potentially scaleable procedures have been known for over a
decade; in 1999 Feringa et al. described an expedient and
selective synthesis of bicyclic enone 98 under industrially
amenable conditions with a (now) commercially available
ligand 99 (Scheme 18).47 This procedure, whereby dialkylzinc

species 96 is converted to a chiral cuprate nucleophile, allows
for impressive levels of stereocontrol.
The overwhelming majority of methodologies for ACA with

organozincs are developed for diethylzinc addition. Unfortu-
nately, at least from a pharmaceutical viewpoint, there are scant
molecules of interest bearing ethyl-substituted stereocentres.
The inclusion of methyl-substituted stereocentres is of far
greater importance, and there are now a handful of protocols
for achieving dimethylzinc addition under mild and scaleable
conditions. Using chiral N-heterocyclic carbene (NHC) copper
complex 100, dimethylzinc can be added to β-substituted
alkenones 101 and 103, thus generating quarternary stereo-
genic centres bearing a synthetically useful ester functionality
(Scheme 19).48 Although these reactions have only been
carried out on milligram scale thus far, care has been taken to

use commercial, unpurified reagents and solvents under
“bench-top” conditions; there is definite scope for further
scale-up of these conditions.
Despite these impressive and seemingly scaleable examples,

no large-scale examples of ACA using organozinc reagents
could be found.

3.4. Organoboron Reagents for Asymmetric Con-
jugate Addition (ACA). Asymmetric conjugate addition using
organoboron nucleophiles is another area that has been
extensively studied over the last 10−15 years. Originally
described by Hayashi and Miyaura in 1997−1998,49 conjugate
addition of arylboronic acids using rhodium catalysis has
become a versatile tool for asymmetric synthesis. Arylboronic
acids are widely employed in industrial chemistry due to
availability, low reactivity, and ease of handling; these are strong
contributing factors in the proliferation of such methodologies.
A second-generation route to telcagepant (Table 7), a
calcitonin gene-related peptide (CGRP) receptor antagonist
for the treatment of migraine, was developed at Merck utilising
Hayashi−Miyaura coupling.50 The remote stereocentre in
nitroolefin 105 did not promote diastereoselectivity in the
1,4-addition reaction when achiral (or racemic, entry 3) ligands
were used. Commercially available chiral ligand ([S]-BINAP)
was employed to yield the desired (6S)-isomer of 107. Careful
attention to suppress degradation of arylboronic acid 106 was
successful, although 2.5 equiv of 106 was still required; this is a
continuing theme with much chemistry using arylboronic acids.
Regardless, isolated yields and observed selectivity were
impressive at 2-kg scale.
Availability and reliability of transition metal catalysts can be

a problem for scale-up studies, and this certainly applied in
early iterations of Hayashi−Miyaura coupling. As the research
area has matured, however, industrially applicable examples
have appeared where effort has been directed towards the
development of stable and easily handled catalyst systems. After
disappointing results following literature procedures, scientists
at Abbot described a simple method for the in situ formation of
“Miyaura catalyst” 108 (Table 8). It was noted that the
rhodium−norbornadiene (NBD) precursor gave intrinsically
slower (racemic) background reactivity than the more typical
cyclooctadiene (COD) analogue. In this way, highly stereo-
selective and, more importantly, repeatable ACA was demon-
strated with a range of substrates at 10-g scale (cinnamaldehyde
(entry 3) being the only exception). Moreover, careful
optimisation of conditions allowed the arylboronic acid
reagents to be employed in nearly equimolar amounts (w.r.t.
109) without significant losses to competing protodeborona-
tion or hydrolysis.
The procedure outlined above was subsequently scaled-up to

100 g in order to access both enantiomers of 112b (Scheme
20) and subsequently all four stereoisomers of VPC01091, an
S1P1 receptor agonist for the treatment of relapsing remitting
multiple sclerosis (RRMS).51

In 2008, process scientists at AstraZeneca reported a highly
developed example of transition-metal-mediated ACA using
organoboron reagents (Hayashi−Miyaura coupling).52 To the
best of the author’s knowledge, this is the largest example (at 20
kg) of asymmetric C−C bond formation using transition-metal-
catalysed conjugate addition of organometallic reagents
(Scheme 21).
This report gives an indication of the rigour and attention to

detail that is required to convert an academic scale reaction into
a viable multikilogram process. In its most simple guise, the

Scheme 18. ACA with dialkylzinc reagentsa

aReagents and conditions: i) Cu(OTf)2 (2 mol %), 99 (4 mol %),
toluene (∼0.1 M), RT, 1 h. then 29 (1.0 equiv), 96 (1.9 equiv), −30
°C to RT, 16 h.

Scheme 19. ACA with NHC−Cu Complexesa

aReagents and conditions: i) 101 or 103 (1.0 equiv), 100 (2.5 mol %),
(CuOTf)2·C6H6, Me2Zn (3.0 equiv), MTBE (0.1 M), −30 °C, 15−42
h.
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reaction depicted in Scheme 21 was successfully demonstrated
relatively quickly, but a much greater package of work was
required to develop a process that satisfied each of the SELECT
criteria2 introduced at the start of this review.
Considering the Safety aspects of SELECT,2 typical residual

rhodium levels in 115 (∼200 ppm) represented toxicological
risks (rhodium has a permitted daily exposure (PDE) of 2.6
μg/kg/day).10 Efficient removal of rhodium required careful
oxidation of the catalyst postreaction (Oxone) and subsequent
scavenging (Smopex 234). In this way, rhodium levels of below
30 ppm could be achieved at up to 20-kg scale. Arylboronic
ester 114a (then £5600 per kilogram) made the process
nonviable (Economy); modifications allowed the use of the

parent boronic acid 114b (then £750 per kilogram). The initial
solvent system (THF/water) led to unacceptable levels of
protodeboronation (conversion of 114b to difluorobenzene),
impacting on Economy and Throughput; exchange of water for
IPA greatly alleviated this problem (∼8% degradation with
iPrOH vs 30% with water in comparable timeframes as
determined by 19F NMR). The OiPr ester 113 was carefully
chosen to give an acceptable balance between stereoselectivity
(Control; bulkier esters → more selectivity) and reactivity
(Throughput; bulkier esters → long reaction times). The
combination of K3PO4 and THF/water resulted in agglomer-
ation of large lumps of material inside the reaction vessel.
Replacement with K2CO3 (325 mesh) and THF/IPA gave a

Table 7. Hayashi−Miyaura coupling for the synthesis of telcagepanta

entry BINAP T °C mol % cat. yield (%) 6S:6R

1 S 45 10−20 80 93:7b

2c S 35 2.5 96 @ 2 kg 93:7d

3c rac 35 3 50e 41:59d

4c R 35 3 76e 3:97d

aReagents and conditions: i) 105 (1.0 equiv), 106 (2.5 equiv), Rh(acac)(C2H4)2/BINAP, dioxane, H2O, 12 h.
bRatio determined by NMR. c50 mol

% NaHCO3 was added.
dRatio determined by HPLC. eNonoptimised conditions.

Table 8. ACA with rhodium catalysisa

entry product yield (%)b purified yield (%)c % ee

1 111a 99 79 93
2 111b 92 72 92
3 111c − n/a n/a
4 112a 90 78 95
5 112b 96 85 97
6 112c 93 75 96
7 112d 96 81 97
8 113a 94 80 99
9 113b 86 71 99

aReagents and conditions: i) [Rh(nbd)2]BF4 (1.5 mol %), (S)-BINAP (1.7 mol %), 110 (1.05 equiv), dioxane (6.5 vol), RT, 2 h then water (1 vol),
TEA (1 equiv), 4/29/109 (1.0 equiv), RT, 15 h. bSolution yield determined by HPLC. cIsolated yield postchromatographic purification.

Organic Process Research & Development Review

dx.doi.org/10.1021/op200381w | Org. Process Res. Dev. 2012, 16, 1258−12721270



more consistent mixture allowing for better Control. The final
process was demonstrated on multiple 20 kg batches generating
material in good yield and with almost complete stereo-
selectivity.

4. SUMMARY AND OUTLOOK
As stated in the opening section, the demanding constraints
applied to large-scale processes have meant that a limited
number of literature ACA and DCA methods have been
demonstrated outside of the research laboratory. Classical
methods of stereocontrol (substrate or auxiliary controlled)
have proven successful using both “soft” and “hard”
nucleophiles and multikilo syntheses have been described. In
terms of catalytic stereocontrol, many classes of asymmetric
catalysts have been utilised; organocatalysts, phase transfer
catalysts, transition metal/ligand complexes and bifunctional
bimetallic catalysts. Thus far, catalysis with organic molecules
has been more successful at achieving ACA on larger scales and
this is probably due to the (typically) plant-friendly conditions
that can be used and the nonrequirement for potentially toxic
or sensitive metal catalysts. We also should expect that, as the
general areas of asymmetric organocatalysis and PTC mature in
the coming years, further examples will be reported. Examples
of large-scale ACA using “hard” organometallic nucleophiles are
less prevalent; this is most likely due to the intrinsic nature of
these reagents (high reactivity) and the conditions they often
require (cryogenic temperatures and inert atmospheres).
Hayashi−Miyaura coupling using rhodium catalysts and
arylboronic acids has proven industrially useful, however, and
some highly developed chemical processes have been
communicated. For the remaining organometallic reagents
(lithium, aluminium, zinc, magnesium), there are still

challenges to be met in order to achieve large-scale ACA
with synthetically useful alkyl units (e.g., methyl, vinyl);
continued effort and enterprise from academic and process
chemists will likely achieve this goal in the near future.
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