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1. Introduction
High-throughput and parallel screening methods are being

used more and more extensively in various areas of
chemistry, including enantioselective synthesis.1 This due to
the extremely small energy differences determining such
critical factors as enantioselectivity. Yue and Nugent2

(Scheme 1) and Boulton et al.3 (Scheme 2) recently described
two examples, which illustrate this quite well.

In both cases, completely unexpected solutions were
identified for the problems studied. A conformationally

flexible ligand, 2,4-bis(diphenylphosphino)pentane3, was
found to be optimal in the enantioselective hydrogenation
of 3-alkylidenlactams.2 Phanephos10 was found to be
optimal in the hydrogenation of an (E)-4,4-diaryl-3-butenoate
ammonium salt8. This ligand had shown lower enantiose-
lectivities in comparison to phospholane-type ligands in
earlier hydrogenation studies within this group.3

In recent years, industrial applications of asymmetric
hydrogenation4 have increased considerably and many
examples have been summarized in the literature.5

Information, however, on catalyst identification proce-
dures, route selection, and scale-up is usually scattered and
sometimes not easily available. We have been especially
interested in understanding which strategies are used for route
selection and which for optimization and scale-up and why
(availability of equipment, sensitivities, reproducibility, size
of parameter space that can be tested, etc). We will focus
this review on these issues. We will also primarily focus on
work done in the last 2-3 years, because this has been a
particularly fruitful time in this area of research.

Due to the historical development of this field, many
descriptions of this type of work can be found using
keywords such as “combinatorial chemistry” or “high-
throughput screening”. A more detailed analysis, however,
shows that work done in such areas as enantioselective
hydrogenation, an area of particular interest in industrial as
well as academic laboratories, does not actually fit well in
the original definitions of these terms. For example, due to
the nature of the chemistry involved in this area, high-
throughput often involves relatively modest numbers of
reactions, in comparison to some of the biological screening
methods described in the literature. A large amount of work
has been done, as shown in the examples above, using only
a relatively limited number of parallel reactors.

In this review, we wish to discuss such strategies using
the example of enantioselective hydrogenation. We wish to
order them according to the stages of process development,
which have been discussed in more general terms for fine
chemical synthesis a number of times in the literature,6 and
to analyze their strengths and weaknesses based on the needs
of the different stages.

The methodologies of interest to us focus on route
selection and the first stages of scale-up. Constraints to be
considered included raw material costs, time pressure, and
the necessity for using existing equipment. Raw material
costs, such as ligand costs in enantioselective synthesis, can
be a significant factor in the decision to commercialize or
not. The time available for identifying and developing a route
for chiral intermediates has become considerably shorter in
the last years, as pharmaceutical companies attempt to reduce
their own development times. The fact that many optically
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active compounds tend to be needed in small quantities
makes the use of existing equipment necessary to achieve a
reasonable cost structure.

Another way of viewing the development process is to
see it as a change from a problem in chemistry (finding the
right route) to one of chemical engineering (getting it to work
economically at large scale). At the start of the process in
route selection, chemistry dominates, and one needs methods
for testing large numbers of options quickly. Key criteria
are diversity and speed. As scale-up proceeds, one is

confronted more and more with problems of process design.
These lead to a demand for much more precise knowledge
of parameters such as temperature, pressure, and catalyst
composition. One needs to understand the kinetics of catalyst
activation and deactivation and to quantify the observable
macroscopic kinetics of the system under the conditions
used.7 The need to use existing equipment can lead to
restrictions in the allowable process parameters (T, P, etc.),
which then can lead to massive changes in the reaction
kinetics.

The equipment and methodologies used in screening and
scale-up address such problems in different ways. They also
tend to be used differently depending on goals of the users
involved. A pharmaceutical company interested in route
definition or scale-up to low kilogram quantities to prepare
material for testing will often approach problems much
differently than a chemical company interested in scale-up
and the production of technical quantities (tons).

2. Fast Screening Methods: Generation of
Catalyst Diversity

The development of massive catalyst screening has been
hampered mainly by the fact that ligand synthesis and thus
structural ligand variation is often not easy. Accordingly,
only a few successful approaches have been described so
far. Combinatorial methods similar to those used in bio-
chemistry have been described in a number of recent
reviews.8

In general, the experience with ligand libraries built up
on supports for enantioselective hydrogenations has not been
very positive. In most cases, the goal was to generate families
of chiral, chelating bisphosphine ligands. This goal has often
been achieved. However, the results in catalysis were largely
disappointing. This has been due to a number of factors.
Among others, the optimization of individual heterogenized
systems to achieve activities and selectivities similar to those
of homogeneous systems has proven to be a nontrivial
problem. Such systems have to be optimized very carefully
to achieve high performance. Such optimizations have been
carried out successfully. For example, xyliphos was im-
mobilized on silica using a linker.9 These systems were tested
in Ir-catalyzed hydrogenation of the hinderedN-arylamine
precursor leading to (S)-metolachlor and yielded extremely
high turnover numbers and turnover frequencies. Doing this
amount of optimization for every catalyst in a high-
throughput study with a large amount of diversity, however,
would be very difficult.

Immobilization of monodentate phosphoramidites has also
been investigated. The enantioselectivities observed, how-
ever, have also not yet achieved useful levels.10

Augustine recently described an interesting alternative to
heterogenization using linkers.11 In this work, homogeneous
complexes were immobilized on solid supports using het-
eropolyacids as anchoring agents. This strategy has the
enormous advantage that no modification of the chiral ligands
is necessary. Extremely high turnover numbers (up to
150 000) were achieved in dimethyl itaconate hydrogenations
using ligands such as DuPhos, Skewphos, and BoPhoz.
Rhodium losses were very low. The use of such systems in
screening is, of course, easily conceivable. However, a study
of this sort has not yet to our knowledge been published.

Systems where the ligands have been cleaved from the
supports and tested as homogeneous enantioselective hy-
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drogenation catalysts have often suffered under the structural
limitations inherent to the linker and cleavage strategies used.

Gilbertson, for example, introduced helical peptides con-
taining phosphine side chains to allow coordination of
rhodium. In his initial study, he evaluated a library containing
63 different peptides having phosphine groups separated by
two or three amino acids.12 However, only 18% ee was
achieved in the asymmetric hydrogenation of the standard
substrate methyl 2-acetamidoacrylate. A second-generation
library developed on the basis of the first one led to ligands
with up to 38% ee.13 The libraries were synthesized in a 96-
pin format using solid-phase chemistry employing the FMOC
strategy, and catalyst preparations as well as hydrogenation
experiments were executed on the crowns. Comparison with
experiments under homogeneous conditions showed com-
parable results in water, but low and even inverted enantio-
selectivities in tetrahydrofuran or dichloromethane.

The experiences discussed briefly above have led to the
search for more easily synthesized systems. Hoveyda, for
example, developed a parallelized approach toward a dipep-
tide-based library of phosphine ligands for the copper-
catalyzed allylic alkylation reaction.14 In principle, these
libraries could also be used in screening for competent
catalysts for asymmetric hydrogenations.15

Monodentate phosphites,16 phosphonites,17 and phosphora-
midites18 have been developed in recent years as versatile
classes of ligands for asymmetric hydrogenations.19 The easy
and straightforward assembly of these monodentate ligands
allows for the preparation of large catalyst libraries. Mono-

dentate ligands can yield the same or even superior enantio-
selectivities in comparison to bidentate ligands for certain
substrates.20 A comparison of reactivities for bidentate ligands
vs monodentate phosphoramidites also yielded comparable
results.21 Mechanistic work on the Rh-catalyzed asymmetric
hydrogenation ultimately confirmed the suggestion that two
monodentate phosphite ligands coordinate to the rhodium
center.22

Recently, researchers at DSM elaborated these findings
further, striving for rapid assembly and screening of large
numbers of catalysts23 (Scheme 3).

Their concept utilizes a parallel synthesizer and readily
available chlorophosphites as ligand precursors and yields
an instant library of crude ligand solutions. Using a parallel
reactor in which the ligand solutions are combined with the
appropriate metal precursors and the prochiral substrate,
DSM can screen a large number of catalysts against a given
substrate without the need of having a large number of

Scheme 1. Screening Results from Ref 2

Scheme 2. Surprising Finding for the Selective Hydrogenation of a Sertraline Precursor

Scheme 3. Setup for Ligand Libraries of Mixtures of
Monodentate Phosphoramidites23
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ligands on stock, thus establishing a very effective virtual
ligand library. The protocol described allows for the prepara-
tion and screening of 96 different ligands within 2 days
(Scheme 4). New phosphoramidites based on the chiral 1,2-
diphenyl-diamine motif as introduced by Ding24 exhibit high
modularity and might help extend the combinatorial screen-
ing approach even further.

Reetz and co-workers25 and de Vries at DSM together with
Feringa26 independently described the most intriguing ob-
servation in this regard. These groups found an unexpected
enhancement in enantioselectivity forheterocombinations of
ligands in comparison with their homocombinations upon
mixing monodentate ligands such as phosphoramidites,
phosphonites, or phosphites. Reetz and co-workers achieved
enantioselectivities as high as 98% ee for the asymmetric
hydrogenation ofR-(acylamino)acrylates with such hetero-
combinations. The best homocombination in the earlier
studies achieved only 95.4% ee. The parent homocombina-
tions of the hetero-mixture yield only 93.3% ee and 76.6%
ee, respectively (Table 1).

Reetz tested this concept further in the asymmetric
hydrogenation of acyl-enamides and dimethylitaconate. In
the case of acylenamides, for example, the enantioselectivity
of the catalyst is optimal at a 1:1 ratio of both ligands.

The work of de Vries and Feringa focused on mixtures of
monodentate phosphoramidites. Here, for example, the
enantiomeric excess in the asymmetric hydrogenation ofZ-â-
(acylamino)acrylates with ligand18 was 54% and that for
ligand 16 was 80%. A 91% ee was achieved for the same
substrate by employing a 1:1 mixture of both ligands
(Scheme 5).

In a series of publications, Reetz and co-workers extended
the use of heterocombinations of monodentate ligands toward
different substrates,27 introduced the use of achiral ligands
as second monodentate ligands,28 and most recently, de-
scribed the use of structurally highly diverse monodentate
ligands in asymmetric hydrogenations.29 Experimentally, they
used a simple setup consisting of putting eight different vials
in one autoclave at a time.27

In a joint publication, Reetz, Feringa, and researchers at
DSM recently screened a library of 26 selected monodentate
phosphoramidites against a diverse set of substrates (Scheme
6). Testing 26 different ligands on 14 different substrates
would result in 364 single experiments. However, only a
Biotage (formerly Argonaut) Endeavor multireactor, allowing
eight single experiments in parallel, was available. The
problem of dealing with the large number of experiments
was solved by developing a multisubstrate screening proce-
dure for the chosen enamides.30 Only one GC trace is
necessary for separating up to eight different chiral amides
using this method, allowing 64 experiments within one single
run with the multireactor. In separate control experiments,
the same enantiomeric excess was obtained with five
different enamides and the catalyst employing ligand28a
as in the multisubstrate screening.

Two ligands in the tested library were identified as
privileged.31 PipPhos28aand MorfPhos30ashowed selec-
tivities between 96% and>99% ee for 8 out of the 11
enamide substrates.32

In an alternative approach, Gennari synthesized a library
of 16 monodentate chiral tropos33 phosphorus ligands having
a chiral alcohol or amine attached at the phosphorus atom34

(Scheme 7).
This ligand library yields 16 possible homocombinations

and 115 possible heterocombinations. No indications were
given on how this large number of experiments was
performed. The best result for the rhodium-catalyzed asym-
metric hydrogenation of methyl 2-acylamidoacrylate was
55% ee, while the heterocombinations give ee’s up to 87%.
Interestingly, heterocombinations of two phosphoramidites
resulted in lower selectivities as compared to the single
ligands. Synergistic effects are only observed upon combin-
ing phosphoramidites with phosphites within this ligand
library. Optimization of the best combinations resulted in
an increase of ee from 87% to 94% ee.

Xiao only found ee’s up to 75% and lower selectivities
using heterocombinations in the hydrogenation of dimeth-

Scheme 4. Screening with a Library of Monodentate Phosphoamidites
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ylitaconate employing a related but somewhat restricted
library.35

Wills36 developed a selective ruthenium-based catalyst for
the hydrogenation of ketones based on monodentate phos-
phinites17 together with researchers from Rhodia.37 They used

a MODDE 6-based statistical experimental design38 for
finding optimal conditions and varied substrate concentration,
base concentration, catalyst loading, solvent, and hydrogen
pressure. For example, 1′-naphthophenone was reduced to
the chiral naphthylethyl alcohol with 99% ee at a catalyst

Table 1. Combinatorial Screening of Mixed Monodentate Ligands

Scheme 5. Mixed Ligands for Asymmetric Hydrogenation ofâ-Aminoacrylates
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load of substrate-to-catalyst ratio (s/c)) 2000 at 0°C and
50 bar hydrogen pressure.

Screening of ligand libraries has not only been used to
identify new classes of ligands or ligand combinations.
Having large numbers of diverse ligands easily available has
made much work related to developing highly selective
transformations of novel substrates using asymmetric hy-
drogenation possible. Besides identifying the best catalysts
for known substrates, parallel screening enables one to
identify competent catalysts for new and unusual substrate
classes. Often enough, this does not occur by inventing new
catalyst systems but by finding the right catalyst composition
out of already known components.

For example, Goossen and Reetz reported on the asym-
metric hydrogenation of enol acetates with monodentate
phosphites.39 The asymmetric hydrogenation of enol acetates
results in the formation of chiral esters and constitutes an
alternative to the enantioselective reduction of the corre-
sponding ketones. Although some chiral bidentate phosphine
catalysts capable of hydrogenating enol acetates with high

selectivities have been developed, the substitution pattern at
the olefinic function in these cases was restricted to aryl,
vinyl, or trifluoromethyl.40 The hydrogenation of simple alkyl
substituted enol acetates remained a challenge. Goossen and
Reetz were able to identify a competent catalyst system
employing simple monodentate binol-based ligands using
sequential single experiments. In theory, 128 single experi-
ments are necessary when testing a ligand library of 16
different binol-derived monodentate ligands on 8 different
substrates. The authors, however, chose not to cover all com-
binations possible but to employ a common iterative strategy.
They tested the different ligands first on a single substrate
(3a), and then tested the two best ligands from this series
(7a and7b) on different substrates (Scheme 8, Table 2).

In related work, Feringa, Minnaard and de Vries tested
different monodentate phosphoramidites on different enol
acetates and enol carbamates utilizing a Biotage (formerly
Argonaut) Endeavor parallel synthesizer. They found excel-
lent selectivities for aryl substituted enol acetates, as well
as some enol carbamates.41

Scheme 6. Combining Ligand and Substrate Libraries

High-Throughput and Parallel Screening Methods Chemical Reviews, 2006, Vol. 106, No. 7 2917



A large amount of experimental data has been accumulated
suggesting that a cooperative interaction between the two
coordinated ligands is taking place in the systems described
above. This interaction might be caused by van der Waals
or by dipole-dipole interactions and is therefore intrinsically
weak in nature. On one hand, this results in the opportunity
to develop large virtual ligand libraries as exemplified above.
On the other, it also sometimes makes catalyst definition a
time-consuming process, even if massive screening capabili-
ties are at hand, since noteVery heterocombination leads to
an enhancement of ee.

A new approach uses stronger ligand-ligand interactions,
that is hydrogen-bonding, between the (in principle) mono-
dentate ligands.42 This allows for more rational design and
a more structured catalyst screening. Using this strategy, a
bidentate framework is built up at the metal center resulting
in a rigid and well-defined structure of the catalyst (Scheme
9).

Both homo- and heterodimers can be formed exclusively
depending on the nature of the hydrogen-bonding groups
used. The approach shown in Scheme 9 has been demon-
strated for rhodium-catalyzed hydroformylations.43 A first
application using chiral versions of this ligand type in
asymmetric hydrogenations has also been reported.44 The
concept is not limited to systems using hydrogen bonding.
Related ligand systems relying on coordinative interactions
have also been reported.45

3. Ligand Libraries
In recent years, the explosion in the development of highly

selective ligands for asymmetric hydrogenation has resulted
in large, still increasing numbers of highly structurally diverse
commercially available ligands.

There are now three main independent technology
companiessSolvias, JM Catalysts, and Chiral Quests
offering customers broad access to a diverse set of chiral
ligands for asymmetric hydrogenation. In addition to these,
there are also some smaller companies such as Synkem in
France or Stylacats (now part of Phoenix) in Great Britain
offering a more selected set of chiral ligands. Using the
criterion of commercial availability, five main classes of
ligands can be identified: Binap analogues,46 DuPhos
analogues,47 ferrocenyl-based ligands,48 P-chiral ligands,49

and monodentate ligands16-18,50 (Scheme 10).
Nearly every single company active in the field has

developed its own version of Binap.51 This means a wide
variety of Binap analogues is currently available from
multiple sources. One drawback in the field of Binap
analogues is the necessity of negotiating with many different
suppliers of these ligands concerning availability. Another
is being certain of freedom to use due to patents still active
in the field.

The situation in the area of ferrocenyl-based chiral ligands
such as Josiphos is more favorable. Here, one can obtain a
wide range of different ligands based on the ferrocene motif
from Solvias.

Scheme 7. Effect of Heterocombinations with Chiral Tropos Phosphorus Ligands
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P-Chiral ligands, especially electron-rich systems, have
been of great interest in recent years. Imamotos Miniphos
and BISP* were the first successful ligands in this class.52

Elegant mechanistic work by Gridnev and Imamoto53 has
led to much activity on the development of analogues. Access
to a diverse library of P-chiral ligands, however, is still
limited, with only Chiral Quest supplying some P-chiral
ligands for commercial projects.

One main obstacle has been to establish efficient routes
to both enantiomers of such chiral P-chiral ligands. One
solution to this problem, TrichickenfootPhosswith three

hindered quadrants, was developed by Hoge at Pfizer.54 This
ligand was employed in the asymmetric hydrogenation step
in the synthesis of the drug pregabalin. A different approach
was taken by Zhang during the development of DuanPhos.55

Phospholane-based ligands such as DuPhos, introduced by
Burk while he was with Dupont, are now available from
Dowpharma. However, Solvias,56 Degussa,57 and Chiral
Quest58 also supply phospholane-based ligands, which adds
diversity to this ligand class.

Monodentate ligands based on Feringa’s phosphoramid-
ites18 are available from DSM.

Scheme 8. Screening for Efficient Catalysts for the Asymmetric Hydrogenation of Alkyl-Substituted Vinyl Carboxylates

Table 2. Enantiomeric Excesses [% ee] for the Asymmetric Hydrogenation of 3a-ha

14a 14e 14c 14g 60 61 62 63 64a 64b 64c 64d 64e 64f 64g 64h

65a 21.8 25.2 31.6 20.8 39.4 43.8 64.8 37.4 86.4 12.8 39.2 23.0 68.0 17.2 51.2 4.2
65b 73.6 31.6
65c 74.4 6.2
65d 41.6 10.4
65e 94.0b 22.0
65f 80.4 10.8
65g 71.6 4.8
65h 88.6b,c 34.2

a General conditions: catalyst prepared in situ from Rh[cod]BF4 and 2 equiv of monodentate phosphites14 and 60-64 in CH2Cl2; substrate/
catalyst) 200; 60 bar H2; 30 °C; 20 h.b Reaction performed at-20 °C. c Substrate/catalyst) 500.

Scheme 9. A Concept for the Assembly of Bidentate Ligands via Hydrogen Bonding
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Besides these main classes of chiral ligands, many different
specialized ligands are available for commercial purposes.
For example, researchers at Degussa in cooperation with
Börner have developed some new classes of chiral ligands,
for example, bidentate ligands based on a terpene backbone.
Unfortunately, not much has been published on the perfor-
mance and benefits of these ligands.59

Ligand libraries for asymmetric hydrogenation employed
in screenings for optimal catalysts have, therefore, often
included various representatives of the above-mentioned
ligand classes. Profiting from the relatively easy accessibility
of these ligands on an industrially relevant scale and with
industrially relevant prices, researchers started focusing on
screenings for new substrate classes or even single molecules.

4. Industrially Relevant Screening Studies
Pagenkopf60 reported on screening for efficient catalysts

for the asymmetric hydrogenation ofo-alkoxy-substituted
arylenamides.61 The methodology developed gives access to
chiral aromatic amino alcohols, which constitutes an impor-
tant class with applications, for example, as ligands in
asymmetric catalysis,62 resolving agents,63 and auxiliaries64

in asymmetric synthesis and as versatile building blocks for
many biologically active compounds.65

A set of 11 different commercially available ligands
together with bis(1,5-cyclooctadiene)rhodium tetrafluorobor-
ate as catalyst precursor were tested in a first screening
against two different substrates (Scheme 11, Table 3).

It was observed that Rh complexes of Tangphos89, Me-
DuPhos75 and Me-BPE76 are excellent catalysts for this
type of transformation. In further investigations on the sub-
strate scope, different protected or substituted phenolic resi-
dues were tested with these catalysts. The enantiomeric ex-
cesses achieved employing Me-DuPhos75 or Me-BPE76

were relatively independent of the size of the protecting
group on theo-phenolic moiety (Scheme 12). Pagenkopf used
the methodology developed for synthesizing a new class of
oxazolines for copper-catalyzed Aldol additions to a dienol-
silane.66

Researchers at Merck in Rahway were interested in estab-
lishing an efficient approach towardR-aryloxy acids and their
derivatives.67 These compounds have important applications
in the agrochemical field as herbicides,68 plant hormones and
growth regulators,69 pesticides,70 and fungicides.71 In addition,
they exhibit valuable pharmacological properties72 and serve
as useful synthetic intermediates.73 Choosing104 as a first
simple substrate, they tested 13 structurally different ligands
in the presence of [(p-cymene)RuCl2] as catalyst precursor74

(Scheme 13).

Although 73 showed the highest selectivity, Maligres et
al. chose Binap67because of its excellent cost-effectiveness
for further exploration of the substrate scope. Halogen atoms
asortho-substituents on the aryl groups tend to decrease the
enantioselectivity, while methoxy or methyl substituents at
that position do not affect the ee. Strong electron-withdraw-
ing substituents such as -nitro at thepara-position of the
aryl groups lower the selectivity of the transformation.
Hydrogenation of a tetra-substituted double bond results in
low selectivity.

Merck developed an attractive procedure together with
Solvias for the preparation ofâ-amino acids by a direct
hydrogenation of unprotected enamides employing chiral
rhodium catalysts.75-77 An initial screening varying metal
source, ligands, and solvent was employed to identify
competent ligands for this transformation. It was observed
that an acidic solvent is crucial for a successful hydrogenation
with 2,2,2-trifluorethanol yielding the best results. Most

Scheme 10. Selected Ligands Used in Ligand Libraries
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catalyst systems resulted in low yields, low selectivities, or
both. Ligands of the Josiphos-type in combination with a
Rh source, however, showed exceptional selectivities (Scheme
14). Further investigation into this transformation identified
product inhibition, which was elegantly eliminated using in
situ Boc-protection of the amine.78

Researchers at Merck identified a promising synthetic
anthrax lethal factor inhibitor (LFI),79 as well as a promising
synthetic approach based on the successful asymmetric
hydrogenation of aN-sulfonyl, tetra-substitutedR-ami-
noacrylate (Scheme 15). Having accomplished this, they once
again employed the proven strategy of screening a diverse
set of commercially available chiral catalysts for this new
type of substrate.80

The successful asymmetric hydrogenation ofN-sulfonyl-
R-dehydro-amino acids had not reported up to that point.81

In addition, the hydrogenation of tetrasubstitutedR-ami-
noacrylates is less common due to diminished reactivity.82

Screening of commercially available ligands together with
[(cymene)RuCl2] as metal source identified the Josiphos-
type ligand5 as the most enantioselective with 97% ee.
Studies toward determination of the substrate scope estab-
lished broad applicability for variously substituted substrates.
This could be achieved by choosing the right ligand for the
specific substrate out of group of ligands5, 73, or 78. The
most crucial observation, however, was a strong dependence
of the ee on the solvent choice and the amount of added
base. A DOE (design of experiment) study was undertaken
to find the optimal reaction conditions in terms of reactivity
and selectivity, in which the effects of base concentration,
H2 pressure, and temperature on conversion and ee were
investigated. Optimization was accomplished by performing

18 single experiments. The use of this methodology showed
that conversion increases with H2 pressure but goes through
a maximum at 50°C, indicating some catalyst deactivation
at higher temperatures. Enantiomeric excess increases with
H2 pressure but decreases with increasing temperature.

Researchers from Chirotech (now Dowpharma) first
reported the use of DOE methods for investigating reaction
parameters in asymmetric hydrogenations. They employed
MODDE 6 software for data analysis of the results from
asymmetric hydrogenation experiments with acetophenone
using their Phanephos-modified Noyori catalysts.37,83 By
performing 11 different experiments (Table 4), they were
able to deduce the following by computer-based analysis:
The variation in selectivity is very slight. In general, lower
concentrations and higher pressures enhance reaction rate
and selectivity. Higher temperatures increase the rate of the
reaction but afford lower selectivities. The rather unusual
observation of lower rates resulting from higher concentration
was further examined with a different substrate by increasing
the ketone concentration gradually from 6% (v/v) to 100%
(v/v). It turned out that the observed rate had its maximum
at around 30% (v/v).

Yue and Nugent from Bristol-Myers Squibb studied
asymmetric hydrogenation as an entry to enantiopure 3-alkyl-
piperidines,2 which are potent pharmacophores with applica-
tions in several areas of medicinal chemistry.84

They screened 32 different chiral phosphine-based ligands
together with 8 different metal precursors resulting in 256
single experiments.85 As their experimental setup, they used
a simple 96-well plate, which was charged with substrate,
solvent, and catalysts in a glovebox, sealed, and pressurized
with 4.5 bar hydrogen atmosphere. Stirring was carried out
using a vortexing unit. Surprisingly, they identified a new
iridium-based catalyst system employing the rather flexible
BDPP (“skewphos”) ligand with sufficient enantioselectivity
and activity. Subsequent scale-up to 20 kg scale proved to
be unproblematic and proceeded with the same enantiose-
lectivity (Scheme 16).

Vinyl bis(boronates) can be considered as unfunctionalized
olefins because of the lack of a second anchor point which

Scheme 11. Initial Screening for Effective Catalysts foro-Alkoxy-Substituted Arylenamides

Table 3. Enantiomeric Excesses [% ee] for the Asymmetric
Hydrogenation of 77a,ba

ligand 93b 85b 94b,d 95b,d 84b 6b 81c,d 77b,d 75c 89b 76c

96a 3 7 28 32 39 74 80 89 94.2 94.7 97.8
96b 3 5 32 35 25 84 80 93.5 94.6 95.4 96.2

a Conditions: 25-40 °C, 1-14 bar H2, complete conversions after
24-36 h. b Catalyst prepared in situ (1 mol %).c Preformed complex
used (1 mol %).d Opposite enantiomer.
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could reduce conformational freedom upon binding to the
metal.86 Morken et al. identified a highly selective asym-
metric catalyst with enantiomeric excesses of up to 93% ee
in the course of experimentation with the Walphos8487/

Rh[nbd]2BF4 combination. They provided no details, how-
ever, on how they performed the actual screening to identify
this catalyst. It appears that they screened with two different
metals (Rh and Ir), eight different ligands, and at least three

Scheme 12. Dependence of Enantiomeric Excess on Substrate Structurea

Scheme 13. Results from Screening toward Optically Activer-Aryloxy Acids

Scheme 14. Identifying Catalysts for the Asymmetric Hydrogenation of Unprotected Enamides
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different solvents, toluene being identified as the superior
solvent (Scheme 17).

In addition to screening for competent catalysts for new
classes of substrates, screening for efficient catalysts for
single substrates has been carried out. For example, research-
ers at Dowpharma developed a new route toward enantio-
merically pure sertraline (Zoloft) incorporating asymmetric
hydrogenation of aâ,γ-unsaturated acid.3 After intensively
screening different ligands and catalyst precursors based on
ruthenium and rhodium, they found the Phanephos/Rh
combination to be most successful. In comparison, selectivi-
ties were disappointing with DuPhos- or BPE-type cationic
Rh complexes, with the highest selectivities found to be 20%

ee. This finding was rather unexpected, since ligands from
the DuPhos-family showed consistently higher selectivities
in earlier screenings. They screened 17 different ligands in
at least 3 different metal-based environments. In addition,
they tested two different ammonium salts as well as the free
acid as a substrate. However, they provided no further details
on how they performed the actual screening. It seems that
they conducted all their experiments in a serial, single manner
(Scheme 18).

In the course of the evaluation of options toward the
synthesis of a peroxime proliferator activated receptor
(PPAR)R,γ-agonist,88 Houpis and co-workers from Eli Lilly
developed a highly efficient approach via asymmetric
hydrogenation of anR-ethoxy cinnamic acid derivative120.89

They screened more than 250 different catalysts in the
hydrogenation, from which the results for 10 catalysts have
been disclosed. It was observed that the cationic Rh-
Walphos complex87 showed the highest selectivities with
up to 92% ee. The addition of 10% sodium methanolate was
essential to achieve complete conversion (Scheme 19).
Screens were typically performed in MeOH at 13.8 bar with
2 mol % catalyst precursor and 2 mol % ligand using a
Biotage (formerly Argonaut) Endeavor multireactor system.

Scheme 15. Proposed Route for the Synthesis of a Lethal Factor Inhibitor

Table 4. Defining Process Parameters Employing DOE

entry
pressure

[bar]
temp
[°C]

concn ketone
[g/mL] ee [%]

rate (50% conv.)
[10-6 mol/s]

1 12.7 30 0.4 98.1 6.2
2 2.9 30 0.4 97.5 2.1
3 2.9 30 0.2 97.5 3.0
4 12.7 30 0.2 98.4 11.1
5 2.9 10 0.2 98.8 0.8
6 12.7 10 0.2 98.8 2.9
7 2.9 10 0.4 98.4 0.7
8 12.7 10 0.4 98.7 3.2
9 7.8 20 0.3 98.3 2.9

10 7.8 20 0.3 98.3 4.0
11 7.8 20 0.3 98.7 3.4

Scheme 16. Asymmetric Hydrogenation of
3-(p-Fluorobenzylidene)valerolactam
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Legault and Charette90 discovered a solution for the
longstanding problem of asymmetric hydrogenation of
substituted pyridine derivatives to chiral piperidines.91,92

Although asymmetric hydrogenation of quinoline derivatives
is feasible,93 the asymmetric hydrogenation of pyridine
derivatives has lagged far behind.94 To find a solution to
this problem, they first tested different pyridine derivatives
and limited themselves to an iridium-based catalytic system.
They foundN-acyliminopyridinium ylides95 to be the only
useful substrates under the conditions they tested. Using
iodine for activating the iridium complexes proved to be
superior to using tetrabutylammonium iodide.96 Having
somewhat defined the conditions for asymmetric hydrogena-
tion, they tested 22 different ligands in the Ir-catalyzed
asymmetric hydrogenation ofN-acyliminopyridinium ylides.
They performed the screening by utilizing conventional serial
experimentation. Phosphinooxazolines97 were identified as
the most efficient ligands for this transformation (Table 5).
Electronic tuning of the ligand class identified resulted in
enantiomeric excesses of up to 90%.

5. Screening Examples from Single Substrate
Hydrogenations

5.1. Asymmetric Hydrogenation of Candoxatril
Precursors

Candoxatril is a potent orally active atrial natriuretic factor
(ANF) potentiator developed by Pfizer and is useful for the
treatment of hypertension and congestive heart failure.98

Candoxatril contains a single stereogenic center inR-position
to an ester functionality. Only the (S)-configured enantiomer
shows the desired activity. The essential intermediate of
candoxatril, the (S)-cyclopentaneglutarate126, has been made
available using two different enantioselective hydrogenations
starting from the unsaturated compound12599 (Scheme 20).

Initial work was devoted to identifying competent catalysts
for effecting the asymmetric hydrogenation of125.99a,b

Screening of different ruthenium or rhodium-based chiral
catalysts led to the finding that ruthenium catalysts having
Binap as a chiral ligand show enantioselectivities of up to
94% ee. Unfortunately, isomerization of the double bond was
found to be a serious side reaction, diminishing the yield of
the desired product (Table 6).

To summarize the initial screening results, ruthenium-
based catalysis gave high enantioselectivities but unfortu-
nately also a large amount of useless isomerized material.
Rhodium catalysis suffered from lower enantioselectivities
and, in addition, from low activities. A decrease in enantio-
selectivity was observed if the hydrogen pressure was
increased to circumvent the lower activity.

One can draw different conclusions from these results to
further improve the overall process. If the isomerization can
be suppressed by some judicious choice of reaction param-
eters or catalyst fine-tuning, the ruthenium-based process
would be viable. Alternatively, if the selectivity and activity
problem within the rhodium system can be solved, this
catalyst system would have no problems with isomerization

Scheme 17. Asymmetric Hydrogenation of Vinyl Bis(boronate)116 a
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whatsoever. Both approaches have been worked out to yield
viable processes.

Burk investigated cationic rhodium complexes with the
DuPhos and BPE-ligand family in a cooperation with Pfizer
to circumvent selectivity and activity issues related to the

rhodium-catalyzed hydrogenation of the candoxatril precursor
125. They developed a process with both advantages, very
high enantioselectivity and no trace of isomerization, thus
resulting in an effective procedure for the production of the
glutarate126 (Table 7).

Scheme 18. Screening Results from Ref 3

Scheme 19. Best System for Asymmetric Hydrogenation of 120, as Identified by Houpis et al.

Scheme 20. Synthesis of Candoxatril via Asymmetric Hydrogenation of Intermediate 125
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In a different approach, researchers at PPG-Sipsy opti-
mized the ruthenium-catalyzed process and solved a different
set of challenges.99d The original Pfizer process consisted of
hydrogenating the sodium salt of125with Binap67as ligand
and yielded only 35% of the desired candoxatril precursor
126 in 99% ee after recrystallization of the cyclohexylam-
monium salt. Faced with the task of producing at least 2
metric tons of the material, the whole process was reevalu-
ated to find a better economic fit. Due to patent issues, PPG-
Sipsy switched from Binap67as ligand to the related MeO-
Biphep71 ligand from Roche. The next task was to reduce
the isomerization to a reasonable amount so that the yield
of the overall process could be improved. Since the rate of
the isomerization reaction should not be pressure-dependent,
an obvious first approach to improving the126/127ratio was
to simply apply higher pressures. However, at higher

pressures, hydrogenation of the isomerization product also
occurred, giving the wrong enantiomer and seriously dimin-
ishing the optical purity of the product (Table 8).

A different approach for preventing isomerization would
be to try to slowâ-hydride elimination of the intermediate
ruthenium alkyl complex produced by migratory insertion
of the substrate into the ruthenium hydrogen bond by
employing a solvent with stronger donor properties. This idea
proved to be fruitful. In a 3:1 THF/water mixture, the ratio
of 126/127 rose from 78:22 (MeOH) to 92:8, yielding the
product with high enantiocontrol. With this protocol in hand,
PPG-Sipsy conducted a 14-batch campaign with batch sizes
of 231 kg. The yield after recrystallization of the cyclohexyl-
ammonium salt was improved from the original 35% to a
more favorable 69.5%.

5.2. Asymmetric Hydrogenation of a Precursor of
the MMP-3 Inhibitor UK-370,106

Researchers at Pfizer in collaboration with Chirotech (now
part of Dowpharma) investigated the asymmetric hydrogena-
tion of the itaconic acid substrate133 as an entry to the
enantiomerically pure succinic acid based building block of
UK-370,106.100 They screened different substrates such as
the free acid and various ammonium or alkali metal salts
employing both rhodium- and ruthenium-based catalysts
(Scheme 21).

They observed that rhodium catalysts, especially [(S,S)-
Et-ferroTANE)Rh(COD)]BF4 and [(S,S)-Et-DuPhos)Rh-
(COD)]BF4, showed good performance in the case of the
free acid precursor, whereas ruthenium catalysts were most
efficient in the case of the ammonium salts. Process
parameters such as temperature and pressure were optimized
during scale-up. Methanol was found to be the optimal
solvent. Catalyst activity improves at higher temperatures
and pressures. However, the enantioselectivity deteriorates.
Employing the cyclohexylammonium salt together with [(S)-
Binap-Ru(p-cymene)Cl]Cl as catalyst (s/c) 1000) on a
larger scale led to a rather moderate ee of 88%. But simple
recrystallization from ethyl acetate/methyl ethyl ketone
afforded the product in 65% overall yield and>98%
enantiomeric excess.

5.3. Asymmetric Synthesis of a Precursor of
Pfizer’s Pregabalin

(S)-(+)-3-Aminomethyl-5-methylhexanoic acid (pregaba-
lin) is a potent anticonvulsant related to the inhibitory
neurotransmitterγ-aminobutyric acid and can be used in the

Table 5. Asymmetric Hydrogenations of Substituted Pyridine
Derivatives with a Ir -Phosphinooxazoline Catalyst 123

entry R yield [%] ee [%]

1 2-Me (a) 98 90
2 2-Et (b) 96 83
3 2-nPr (c) 98 84
4 2-Bn (d) 97 58
5 2-CH2OBn (e) 85 76
6 2-(CH2)3OBn (f) 88 88
7 2,3-Me2 (g) 91a 54
8 2,5-Me2 (h) 92b 86c

a Single diastereomer (>95:5). b Mixture of diastereomers (57:43).
c Major diastereomer.

Table 6. Initial Catalyst Screen for the Hydrogenation of 125

entry catalyst ee [%] 2:3 (isom.)

1 [Rh(cod)Cl]2/DIOP (6) 24 100:0
2 [Rh(cod)Cl]2/Prophos (128) 8 100:0
3 [Rh(cod)Cl]2/BPPM (3) 22 100:0
4 [Rh(cod)Cl]2/Binap (67) 78 100:0
5 [Rh(cod)-Binap]ClO4 (129) 80 100:0
6 RuHCl[Binap]2 (130) 82 92:8
7 RuCl[Binap](p-cymene)]Cl (131) 94 75:25

Table 7. Optimization of the Rh-Catalyzed Hydrogenation of the
Candoxatril Precursor 125a

entry ligandb

substrate
to catalyst

ratio
pressure

[bar]
temp
[°C]

ee
[%]

1 Me-BPE (76) 100 20 20 80
2 Et-BPE (131) 100 20 20 97
3 Me-DuPhos (75) 100 20 20 >99
4 Et-DuPhos (132) 100 20 20 98
5 iPr-DuPhos (103) 100 20 20 92
6 Me-DuPhos (75) 2500 20 20 >99
7 Me-DuPhos (75) 2500 5 20 >99
8 Me-DuPhos (75) 2500 39 20 >99
9 Me-DuPhos (75) 3500 5 45 >99

10 Me-DuPhos (75) 10 000 20 20 >99

a Conditions: 0.2 M in MeOH.b [Rh(ligand)(cod)]BF4 as precatalyst
was used.

Table 8. Optimization of the Ru-Catalyzed Hydrogenation of the
Candoxatril Precursor 125

entry ligand solventc
pressure

[bar] 115/116
yield
[%]

ee
[%]

1 Binapa (67) MeOH 4 78:22 57 97
2 MeOBiphepb (71) MeOH 4 78:22 53 97
3 MeOBiphepb (71) MeOH 10 92:8 66 85
4 MeOBiphepb (71) acetone 4 87:13 nr 98
5 MeOBiphepb (71) dioxane 4 88:12 nr 99
6 MeOBiphepb (71) THF 4 92:8 nr 98
7d MeOBiphepb (71) DMF 4 96:4 nr 99
8 MeOBiphepb (71) NMP 4 nr
9e MeOBiphepb (71) THF 4 96:4 69.5 99

a As [BinapRuCl(p-cymene)]Cl.b As MeOBiphepRuBr2. c 3:1 solvent/
water mixtures.d No clean reaction, impurities from decarboxylation
of the substrate.e Production run (231 kg scale).
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treatment of psychotic disorders, seizure disorders, and
pain.101 Since the biological activity resides in the (S)-
enantiomer, enantioselective routes toward pregabalin were
developed early, and the initial preferred route relied on a
late stage diastereoselective crystallization of the mandalate
salt of pregabalin.102 This process was still economical.
However, problems concerning waste production and though-
put caused by the rather low yielding final separation
suggested that an even more economically feasible process
needed to be found.

Researchers from Pfizer in collaboration with researchers
from Chirotech (now part of Dowpharma) identified an
efficient process incorporating a catalytic asymmetric trans-
formation as being an attractive option (Scheme 22).103

Asymmetric hydrogenation of different derivatives of the
substituted acrylonitrile135 was undertaken to identify a
viable transformation in terms of selectivity and catalyst
activity (Table 9).

Although the selectivities found for the ester were disap-
pointingly low, the free acid and both the potassium and the
ammonium salts showed high levels of selectivity with some
of the ligands tested. In terms of activity, the salts135cand
135dwere superior to the free acid135b. Interestingly, the
sense of induction changes when changing from the ester
135a to the other substrates, even though the same ligand
was used. Scale-up was conducted by hydrogenating the
ammonium salt135dwith Me-DuPhos as ligand. A catalyst
load of up to s/c) 3200 was possible, rendering this new
process economically feasible on a technical scale, even
though this was a relatively high catalyst loading with a
licensed in catalyst.

Pfizer undertook further optimization of the rather sig-
nificant catalyst costs in this process in house. Research was
directed toward the development of new, more effective

ligands for the rhodium-catalyzed asymmetric hydrogenation
of 135 to 136. An additional benefit was the establishment
of a proprietary patent basis for chiral ligands, giving more
flexibility in commercial catalyst sourcing (Scheme 23). A
first generation of DuPhos-type ligands having only mono-
substituted phospholane rings82 was developed by Hoge,
resulting in a 96% ee in the asymmetric hydrogenation of
the ammonium salt135d.104 In a different approach, Hoge
et al. also developed a non-C2-symmetrical ligand87 related
to Imamoto’s BISP* and Miniphos ligands.52 The asymmetric

Scheme 21. Selected Screening Results from Ref 100a

Scheme 22. Pfizer/Chirotech Pregabalin Synthesis

Table 9. Catalyst Screening for Substituted Acrylonitrile 135a

entry substrate ligand
pressure

[bar]
temp
[°C]

ee
[%]

1 135a (R,R)-Me-DuPhos (75) 6 55 19 (R)
2 135a (R,R)-Et-DuPhos (132) 6 55 42 (R)
3 135a (R,R)-iPr-DuPhos (103) 6 55 44 (S)
4 135a (R,R)-Me-BPE (76) 6 55 13 (R)
5 135a (R,R)-Et-BPE (131) 6 55 13 (R)
6 135a (S,S)-iPr-BPE (137) 6 55 <2
7 135a (R,R)-Me-FerroTANE (138) 6 24 37 (S)
8 135a (R,R)-Et-FerroTANE (79) 6 24 7 (S)
9 135b (S,S)-Me-BPE (76) 3,3 24 95 (S)

10 135b (S,S)-Et-BPE (131) 3,3 24 91 (S)
11 135b (S,S)-Et-DuPhos (132) 3,3 24 56 (S)
12 135b (R,R)-DIPAMP (139) 3,3 24 72 (R)
13 135c (R,R)-Me-DuPhos (75) 4 45 97 (S)
14 135d (R,R)-Me-DuPhos (75) 6 24 95 (S)
15 135d (R,R)-Et-DuPhos (132) 6 24 97 (S)
16 135d (R,R)-iPr-DuPhos (103) 6 24 24 (R)
17 135d (R,R)-Me-BPE (76) 6 24 83 (S)
18 135d (R,R)-Et-BPE (131) 6 24 81 (S)
19 135d (S,S)-iPr-BPE (140) 6 24 8 (S)
20 135d (R,R)-Me-FerroTANE (138) 6 24 95 (S)
21 135d (R,R)-Et-FerroTANE (79) 6 24 85 (S)

a Conditions: MeOH as solvent, ligands used as either [Rh(ligand)-
(cod)]BF4 or [Rh(ligand)(cod)]OTf salts.
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hydrogenation of135dproceeds with this ligand at a catalyst
load as low as s/c) 27 000 with 98% ee.54

5.4. Asymmetric Production of Synthon A of
Novartis’ Aliskiren

Aliskiren (SPP100, Rasilez) is a novel nonpeptidic, highly
selective, and orally active inhibitor for human renin and is
in development as a new antihypertensive agent.105 The chiral
intermediate incorporating the aromatic residue has been
termed Synthon A142and can be accessed via asymmetric
hydrogenation of the unsaturated acid141106 (Scheme 24).

Researchers at Speedel Pharma evaluated different cata-
lysts for the asymmetric hydrogenation of141.87,106Only the
Walphos-system84, however, showed satisfactory selectivity
together with sufficient activity (Table 10). Scale-up to 12
kg batches with a s/c ratio of 6000 yielded the desired
saturated acid in 95% ee and quantitative yield after 21 h.

In a related effort, researchers at DSM developed a process
employing their phosphoramidite-based catalyst system for
the production of the saturated acid143.107 Initial experiments
with MonoPhos as a ligand gave only a disappointingly low
25% ee and low conversion in the rhodium-catalyzed
hydrogenation of141. Automated screening of different
monodentate ligands based on the Monophos motif together
with a screening of various additives led to a major
improvement in only 3 weeks time. Use of 3,3′-substituted
Binol-based phosphoramidites together with simple PPh3

resulted in 90% ee together with sufficient catalyst activity
(Scheme 25). Interestingly, the addition of PPh3 improves
both rate and enantioselectivity in this transformation,
increasing the cost-effectiveness of this process considerably.

5.5. Enantioselective Synthesis of the Vitronectin
Antagonist SB-273005

SB-273005 is a vitronectin antagonist and has shown
activity in an animal model of osteoporosis.108 Researchers
at GlaxoSmithKline developed a concise enantioselective
route consisting of a seven-step procedure incorporating an
asymmetric hydrogenation for setting the absolute stereo-
chemistry.109A limited screening of different catalysts against
an itaconic acid derivative provided two different catalysts
as possible solutions. Rhodium-based asymmetric hydroge-
nation with Et-DuPhos132as ligand gave 90% ee, whereas
a ruthenium-Binap-based catalyst gave 84% ee. The Ru
system was chosen because of the lower cost of this catalyst.
In addition, results employing the Rh-DuPhos catalyst were
not always reproducible. Scale-up was undertaken with a
different, but related, substrate. Here, enantiomeric excesses
with the Ru system were found to be between 90% and 95%.
Simple crystallization of the diacid149gave no increase in
ee. For that reason, a brief crystallization study was initiated.
It was found that recrystallization of the dicyclohexylamine
salt improved ee as well as chemical purity to>99%. Direct

asymmetric hydrogenation of the dicyclohexylamine salt
resulted in material after solvent change and precipitation
with >98% ee in 84% chemical yield (Scheme 26). Fifty
kilogram batches could be performed with this procedure
without difficulty.

5.6. Asymmetric Production of 2-Naphthylalanin
Derivatives with the BoPhoz Ligand

Asymmetric hydrogenation of dehydroamino acids was the
first commercial application of this technology and resulted
ultimately in the Nobel prize for Knowles in 2001.4e,110Many
different catalysts, both rhodium and ruthenium complexes,
have been developed in the meantime, and commercial
applications for different unnatural amino acid derivatives
have been found.111 For example, Boaz et al. developed a
viable route to Boc-protected 2-naphthylalanin149utilizing
the ferrocenyl-based ligand BoPhoz83, which has found
extensive use in the synthesis of pharmaceutically useful
agents.112 Although initial testing showed high enantiose-
lectivities for the N-acetyl, as well as for theN-Boc,
dehydroamino acid, the sensitivity of the downstream
products and cost of di-tert-butyl carbonate suggested using
a late stage transformation to the Boc-protected amino acid.
The process, therefore, started with an Erlenmeyer reaction
of 2-naphthaldehyde151 andN-acetyl glycine152. Subse-
quent methanolysis of the azlactone153furnished the desired
starting material154 for the asymmetric hydrogenation in
two steps in 42% overall yield on scale (Scheme 27).

One complication arising from this approach was the
presence of impurities in concentrations below the analytical
threshold capable of inhibiting the sensitive asymmetric
hydrogenation catalyst. For that reason, the initial product
was treated with charcoal in dilute acetone solution at
ambient temperatures. Process development of the asym-
metric hydrogenation step started with screening for the most
suitable solvent, since solubility of the starting material was
found to be an issue (Table 11).

The best conditions for hydrogenating on scale were found
to be at ambient temperature in a 0.37 M (9:1 w/w) toluene
solution at 1 bar hydrogen pressure and a catalyst load of
s/c) 2000. Boaz experienced mass transfer problems during
the production of the first batch in a 22 L vessel due to the
low hydrogen pressure employed and the high inherent
activity of the catalyst system. This problem was fixed by
simply modifying the hydrogen supply to a subsurface
addition mode. The acetyl protecting group was removed
after setting the stereogenic center by asymmetric hydroge-
nation. Hydrolysis of the methyl ester156 and installation
of the Boc-protecting group was carried out in a one-pot
procedure giving the desired final product. The overall six
step process, including a recrystallization step for upgrading
the enantiomeric purity, produces Boc-protected naphthyl-
alanin157 in 33% overall yield and in>99.5% ee.

5.7. Asymmetric Synthesis of
(2S)-5-Amino-2-(1- n-propyl-1 H-imidazol-4-
ylmethyl)-pentanoic Acid

The title compound is a potential target for developing
thrombin activable fibrinolysis inhibitors for use in the
treatment of conditions such as thrombosis, cancer, and
inflammatory diseases.113 The initial process relied on
diastereomeric salt formation use quinidine as chiral amine
(Scheme 28).

Scheme 23. New Ligand Developments for the Asymmetric
Hydrogenation of 135d
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While this method reliably gave high optical purity of 98%
ee, the overall yield of 38% in the resolution step was not
suitable for large scale production. In addition, throughput
was hampered by the high molecular mass of quinidine in
relation to the carboxylic acid158. Therefore, an enantiose-
lective transformation was sought to obviate these prob-
lems.114 A straightforward approach would be via asymmetric
hydrogenation, since the racemic acid was obtained from the
R,â-unsaturated acid161 by hydrogenation over Pd/C.
Several potential substrates for asymmetric hydrogenation
were defined and tested in screenings for a competent catalyst
(Scheme 29). Interestingly, slight modifications on the
substrates resulted in great differences in terms of catalyst
activity and selectivity (Table 12).

Process optimization was undertaken with substrate167.
Unfortunately, the most selective catalyst was not active
enough to render the overall process economically feasible.
Switching to [(R,R)iPr-5-FcRh(cod)]BF4 as the precatalyst
resulted in an initially lower selectivity of 62% ee but a much

higher activity. Most importantly, the enantiomeric excess
remained nearly constant on raising the temperature to 70
°C, increasing catalyst activity even further. Thus, the catalyst
load was reduced to an economically feasible s/c ratio of
5000. The product was obtained in 76% overall yield with
94% ee after simple recrystallization from EtOAc. The
improvement in yield improved the throughput significantly
in comparison with the original procedure via diastereomeric
salt formation.

5.8. Asymmetric Synthesis of ( R)-1-(3,5-Bis-
(trifluormethyl)-phenyl)ethan-1-ol

(R)-1-(3,5-Bis(trifluormethyl)-phenyl)ethan-1-ol169 is
used as a building block for NK-1 receptor antagonists, for
example, in projects at Merck115 and Schering-Plough.116

Different groups have reported syntheses of this compound.
In addition to reduction with the CBS reagent116,117 or via
enzymatic methodology,118 transfer hydrogenation115 and
hydrogenation119approaches have been developed120 (Scheme
30).

For example, Solvias has developed a simple method for
the hydrogenation of unfunctionalized carbonyl compounds,
which complements Noyori’s method37 based on chiral Ru-
diamine-bisphosphine complexes.119c,d Catalyst screening
was performed with 11 different catalysts against 7 different
substrates in 65 single experiments with the aid of a
multiparallel autoclave. Interestingly, no protic solvent is
needed for this transformation. Toluene was used as the
solvent of choice. The addition of base was found to be
necessary for activation of the catalyst.119d Three hundred
kilograms of 169 was produced at Rohner after process
optimization.119c

5.9. Asymmetric Hydrogenation of
2-Methylenesuccinamic Acid

Both enantiomers of 2-methylsuccinamic acid171 are
important building blocks for the synthesis of biologically
active compounds.121 The asymmetric hydrogenation of
2-methylenesuccinamic acid170would provide direct access
to both enantiomers starting from itaconic acid anhydride.122

Therefore, researchers from Dowpharma decided to develop
this route into an economically viable one.123 In a first step,
a ligand screening for the rhodium-catalyzed transformation
was performed with high catalyst load of s/c) 100
employing a Baskerville multiwell reactor. Candidates from
this screening were then tested at reduced loading. Et-DuPhos
132 not only turned out to have the highest selectivity but

Scheme 24. Aliskiren via Asymmetric Hydrogenation of the Unsaturated Acid 141

Table 10. Catalyst Screening for Asymmetric Hydrogenation of
14187,106
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also showed only an insignificant drop in ee at reduced
catalyst loading. The selectivity remained stable even at
increased pressure and temperature. After removal of the
chloride in the substrate by use of a different work up
procedure, catalyst activity in the asymmetric hydrogenation
was greatly increased, and the catalyst load could be reduced
to s/c) 100 000. At that catalyst load, full conversion was
achieved in∼8 h with an ee of 96% (Scheme 31).

5.10. Asymmetric Hydrogenation of Other
Substrates

The asymmetric synthesis of enantiomerically pure 1-aryl
or 1-heteroaryl-3-amino alcohols is a key step in the
production of many recent antidepressants, such as fluoxetine
or duloxetine.124 Three different catalyst systems have been
shown to give access to highly enriched, optically active

intermediate alcohols.125 Ruthenium-catalyzed hydrogenation
of â-ketoesters results inâ-hydroxy esters with 90-97% ee
depending on the substrate structure,126 which can be
subsequently manipulated to the desired amino alcohols.
Researchers at Degussa127have demonstrated that asymmetric
hydrogenation of an amino-protected ketone can be carried
out using Noyori’s Ru-bisphosphine-diamine system.37

Zhang and researchers at Lonza have described an attractive
direct route to the alcohol component of duloxetine.128 Here,
rhodium-catalyzed asymmetric hydrogenation of the hydro-
chloride or the carboxylic acid salt of an aminoketone
precursor employing a P-chiral phospholane-type ligand
produces the desired component in very high selectivity.

Sannicolo, together with researchers at Chemi S.p.A.,
developed alternative atropisomeric ligands based on the 3,3′-
bisthiophene motif.129 One application on process scale has

Scheme 25. DSM’s Results for the Asymmetric Hydrogenation of Acid 141

Scheme 26. Asymmetric Synthesis of SB-273005 via Asymmetric Hydrogenation

Scheme 27. Eastman’s Route toward (R)-N-Boc-2-naphthylalanine 157

Scheme 28. Initial Route to 152 via Diastereoselective Crystallization of 150
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been reported for the preparation of enantiomerically pure
γ-lactones having important applications in the flavors and
fragrances industry.130,131Some lactones, for example, whis-

key or cognac lactone, can be produced with s/c ratios of up
to 2000:1 and enantiomeric excesses of>97% employing
the Ru-BITIOP catalyst.

Researchers from Chirotech, together with Oril Industrie,
France, have reported an entry to enantiomerically pure S
18986, a chiral AMPA receptor modulator.132 They utilized
Noyori’s catalyst37 to catalyze the asymmetric hydrogenation
of a cyclic sulfonylated imine moiety. Process optimization
yielded a system capable of hydrogenating172 with 87%
ee at a catalyst loading of s/c) 2500 (Scheme 32).

Searching for more economically feasible diamine/bis-
phosphine combinations, researchers from Johnson Matthey
Catalysts screened a variety of chiral 1,4-diamines together
with Chan’s P-Phos ligands.133,134Their goal was to achieve
efficient asymmetric hydrogenation of isobutyrophenone.135

This substrate proved to be rather difficult for asymmetric
hydrogenation using Noyori’s catalysts,37 with only the
relatively expensive xylyl-Binap/DAIPEN combination giv-
ing 99% ee. It was observed that the combination of the

Table 11. Effect of Solvent on Enantioselectivitya

entry solvent
substrate

concn [M]
ee

[%]
conv.
[%]

1 MeOH 0.19b 97.2 99.6
2 MeOH 0.37 94.8 87.9
3 acetone 0.19b 97.0 99.3
4 acetone 0.37 97.0 100
5 toluene 0.19 97.8 100
6 toluene 0.37 97.4 100
7 EtOAc 0.19 97.2 100
8 EtOAc 0.37 97.2 100
9 TCEc 0.19 97.6 99.9

10 TCEc 0.37 97.4 99.7

a Conditions: s/c) 250, 1 h reaction time at ambient temperatures,
and 1 bar hydrogen pressure initially as slurries.b Initial reaction
mixture was homogeneous.c Tetrachlorethylene.

Scheme 29. Substrates for Asymmetric Hydrogenation
toward 160

Table 12. Catalyst Screening for Asymmetric Synthesis of 160

entry substrate precatalyst
ee

[%]

1 161 [(R,R)-iPr-FerroTANE Ru(methallyl)2] 40
2 162 [(R)-Binap RuCl]Cl 14
3 163 [(R,R)-iPr-DuPhos Ru(OCOCF3)2] 83
4 164 [(R)-Tol-Binap Ru(C6H6)Cl]Cl 77
5 165 [(S,S)-iPr-FerroTANE Ru(methallyl)2] 56
6 166 [(R,R)-iPr-DuPhos Ru(OCOCF3)2] 26
7 167 [(R,R)-tBu-FerroTANE Rh(cod)]BF4 82

Scheme 30. Various Catalysts for the Asymmetric
Hydrogenation of 168a

Scheme 31. Asymmetric Hydrogenation of
2-Methylenesuccinamic Acid 170

Scheme 32. Asymmetric Synthesis of S 18986 via
Asymmetric Hydrogenation
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unmodifiedP-Phosligandwith1,4-diamino-1,4-deoxy-2,3-isopropyl-
idene-threitol, a simple diamine derived from tartrate,136gives
95% ee. Surprisingly, the enantiomeric excess was found to
be 96% even with racemic amine.

Researchers at Roche were in need of a efficient route to
a prophylactic drug for the treatment of diabetes mellitus I
and II conditions.137 The only chiral center necessary was
an alkoxy-groupR to an ester. Screening for efficient
catalysts was performed using various derivatives of Roche’s
propriety ligand MeO-Biphep71,138 as well as a variety of
other ligands. The screening appears to have been performed
by placing multiple vials in a single pressure vessel.
Sannicolo’s tetraMe-Bitiop (TMBTP)73 was found to be
the best ligand for this ruthenium-catalyzed transformation.129

A process exhibiting both sufficient catalyst activity and
enantioselectivity was developed after extensive optimization
of pressure, temperature, base additive, concentration, and
solvent (Scheme 33).

6. Screening in Industrial Laboratories

6.1. Overview
A number of firms have been active in the area of

asymmetric hydrogenation. In general, they tend to describe
their work either in Internet presentations or in conference
presentations. The number publishing in the open literature
is much smaller. Broadly speaking, there are firms such as
DSM, Dowpharma, and Lonza, who are active as suppliers
of intermediates to the pharmaceutical industry, technology
firms such as Solvias and Johnson Matthey, whose business
is the sale of catalysts and catalyst know how, technology
firms such as Avantium or Phoenix, who are more specialized
in process development, and an ever larger number of
pharmaceutical companies such as Pfizer, Merck, Hoffmann
LaRoche, Bristol Meyer Squibb (BMS), and Lilly, whose
interests have often been directed toward early route defini-
tion.

An overview of the situation is made somewhat more
complicated by a number of acquisitions, such as that of
Chirotech, a technology provider with a considerable number
of publications, by Dow, a chemical company seeking to
expand in the area of fine chemicals. Chirotech then became
an integral part of Dowpharma, a supplier of intermediates
to the pharmaceutical industry. A further complication is the
increasing number of constructions such as the close col-
laboration of Pfizer with Chirotech/Dowpharma, but here
somewhat more in the old Chirotech role of technology
provider.

It is interesting to go through and look at the strategies of
the different firms, as manifested in their publications, and
to correlate these with the screening methods and equipment
used.

DSM has published a number of articles based initially
on work with Feringa and co-workers and more recently on
work with Reetz and co-workers. These publications concern
themselves to a large part with discussions of the scope of

reactions of monophosphoramidite or monophosphite cata-
lysts25,26 or with fast methods for generating and screening
such systems.23 In a related piece of work, they looked at
ketone hydrogenations using ruthenium catalysts based on
cyclometalated amine ligands.139

DSM has developed very elegant protocols for the genera-
tion of libraries of monophosphoramidite ligands, which very
nicely illustrate the advantages and disadvantages of the
technology used.23 It proved possible to automate the
synthesis of such ligands in 96-well oleophobic filter plates.
This allows removal by filtration of the trialkylammonium
chloride produced and precipitated during the reaction. The
array of ligands produced, as well as the appropriate metal
precursors and substrates, can then be automatically pipetted
into a 96-well Premex multireactor (Figure 1).

This type of reactor system allows screening at one
temperature and appears to have a common headspace
allowing one gas composition and pressure (up to ca. 1500
psi). Reactions are carried out in 5 mL glass ampules. Mixing
is achieved using individual stir bars and 96 magnetic stirrers.

A protocol of the type describe above allows the fast
generation of a large numbers of ligands. It is, however,
limited to systems accessible via a limited number of easily
automated, high-yield synthesis steps. For this reason, it
generates ligands with a high degree of structural similarity.
The necessary simplification of the workup, which leads to
somewhat higher values of known catalyst poisons such as
chloride, has been observed to lead to a reduction in activity
and selectivity. The trends observed, however, appear to be
the same as those seen with highly purified ligands. A fast
scale-up of the results obtained is only possible due to the
extremely high similarity of the systems and the relatively
low price of the ligands, which allows reasonable catalyst
costs to be achieved with less optimization than that
necessary for expensive bisphosphine catalysts.In another
DSM publication,32 a library of 20 monophosphoramidite
ligands was generated, and their utility as asymmetric
hydrogenation catalysts was investigated. A Biotage (for-
merly Argonaut) Endeavor multireactor (Figure 2) with eight
reactors was used to do the screening (75 psi, room

Scheme 33. Asymmetric Hydrogenation of anr-Alkoxy Acid

Figure 1. Premex multireactor. Reproduced with permission from
premex reactor gmbh.140
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temperature).R-Dehydroamino acid esters were found to be
effectively hydrogenated. An interesting one-pot, multisub-
strate procedure for the rapid screening of such esters was
developed to do this. This could be accomplished because it
was shown that up to eight racemicN-acylamines could be
analyzed in a single chiral GC run. As a cross check, five
enamides were separately hydrogenated to the appropriate
chiral amines, and it was shown that the individual data
corresponded to those from the parallel experiments.

This type of reactor system allows the reaction parameters
and data to be handled using a personal computer. Pressures
of up to 500 psi, temperature, and the rate of stirring can be
varied separately for each reactor (working volume 1-5 mL
liquid or solid, ca. 20 mL gas phase). It is possible to do
individual kinetic treatments for each autoclave based on
hydrogen uptake.

The growth and changes of Dowpharma provide an
interesting insight into the dynamic of this research area.
Here one needs to start with the results reported by Chirotech,
which was a very active technology provider before being
taken over by Dow. For example, the development of a
process for the hydrogenation of an unsaturated acid (target
molecule candoxatril) was described in a very typical
publication from the end of the 1990s.99c Screening of ligands
and metal precursors was done in at 1 mM scale in 50 mL
Parr autoclaves. This was followed by an optimization of
reactions parameters such as pressure, temperature, substrate-
to-catalyst ratio (s/c), and additives. The first stages of scale-
up were also described: to 1 kg in a 7 Lautoclave followed
by 12 kg in a 200 L reactor.

A more detailed workflow was described in 2003 for the
hydrogenation of acetophenone derivatives.83 Screening was
done in 50 mL pressure vessels (presumably from Parr, as
in other publications). An experimental design was carried
out to optimize reaction parameters such asT, P, and
concentration of substrate. The reaction was scaled up to
60-80 g in a 600 mL glass-lined reactor with an overhead
stirrer. Scale-up to 1 kg was done in a 10 L reactor at 100
psi. In a procedure typical for industrial laboratories,
calorimetric studies were carried out to understand the
kinetics of the heat flow and the exothermicity of the
reaction.

At this point, publications begin to appear under the
Dowpharma name. The workflow, for example, for the
hydrogenation of dihydropyrrolobenzothiadiazine,132 re-
mained unchanged. Screening was done in a “multiwell
vessel”, presumably a Baskerville multireactor as described
below, and the results were confirmed in “single-well vessel”,

presumably a glass-lined reactor as describe above, with
improved stirring capability. Factorially designed experiments
were used to optimize conditions. In another procedure
typical for industrial labs, the parameters were “manually
adjusted” to optimize the economics of the process.

The hydrogenation of 2-methylenesuccinamic acid was
described in another publication from this period.123 Here
screening was carried out under standard conditions (time,
T, P) in a Parr 50 mL reactor or a Baskerville multiwell
reactor (Figure 3). A precise description of the multiwell
reactor used in this study was not given. The systems consist
of 10 30-mL reactors, which can be pressured up to 1450
psi. It appears possible to individually charge and sample
the reactors in some of the equipment modifications. Use of
higher automation, for example, liquid handling systems,
appears difficult. They are designed for use with a magnetic
stirrer or stirrer/hotplate.

Joint publications from Dowpharma and Pfizer have
focused on route discovery. The hydrogenation ofâ-substi-
tuted itaconic acid derivatives was carried out at 100 psi in
50 mL glass-lined Parr microreactors.103bThe hydrogenation
of an imidazole-substituted acrylate was investigated in
another study.114 Possible substrate modifications (salt forma-
tion, esterification) were investigated in addition to a
screening of possible metal/ligand combinations in a process
typical for process definition.

Dow has published separate work where they have looked
at asymmetric hydroformylations using chiral chelating
phosphites.143 One point of particular interest in this study
was the use of multisubstrate screening. Selectivities for a
given catalyst were tested on three substrates (styrene, allyl
cyanide, and vinyl acetate) simultaneously. The appropriate
controls were carried out to make sure that the substrates do
not influence one another. This work was carried out in a
Symyx parallel polymerization reactor PPR-48 (Figure 4)
with 48 catalysts and 3 substrates (144 separate reactions).
The system is built into a drybox, allowing all operations to

Figure 2. Biotage (formerly Argonaut) multireactor. Reproduced
with permission from Biotage141

Figure 3. Baskerville multireactor. Reproduced with permission
from Baskerville Reactors and Autoclaves limited.142

Figure 4. Symyx parallel polymerization reactor. Reproduced with
permission from Symyx Technologies, Inc.144
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be carried out under inert atmosphere, and allows reactions
up to 500 psi. The reactors (3-5 mL working volume) can
be individually heated, mechanically stirred, and pressur-
ized,145 Reaction parameters and data are handled using a
personal computer. Reagent handling is done robotically.
According to patent descriptions, calorimetric data, as well
as gas uptake data, can be obtained.

Pfizer itself published a series of studies centered around
a new pregabalin synthesis.104b In addition, new P-chiral
catalysts were described, and their substrate scope was
investigated.54 In these screening studies, the hydrogenations
were carried out in Griffin-Worden pressure vessels (Figure
5), which depending on material (borosilicate or quartz) can
be used up to 250 psi. This is a typical example of glass
reactors often used in early phases of screening. They are
relatively inexpensive and easy to use. They tend to be stirred
using magnetic stirrers and stir bars and can have problems
with mass transfer, due to the relatively limited gas-liquid
exchange surface.

The Pfizer efforts seem typical of the trend among
pharmaceutical companies to establish their own groups in
this area. Eli Lilly, for example, has published exploratory
screening work (metals, ligands, and solvents) forR-alkoxy-
cinnamoyl derivatives using a Biotage (formerly Argonaut)
Endeavor multireactor system.89

Bristol-Myers Squibb (BMS) describes a screening pro-
tocol for the hydrogenation of a 3-alkyledenelactam2 using
various metals and 32 P-ligands. The catalysts were synthe-
sized in 1 mL vials in 96-well plates in a drybox using a
Gilson liquid handler. The hydrogenations were carried out
in a less complicated Symyx reactor system (as compared
to the PPR-48). This system consists of a 96-well plate with
an airtight cover. It has a common headspace (e.g., only one
gas composition and pressure are possible at a time) and
one common temperature. Screening over these variables has
to be carried out sequentially or by having more than one
apparatus, with the attendant infrastructure, available. Stirring
was carried out in this study using a locally modified
commercial vortexing unit. The reactions were carried out
at 65 psig at temperatures between RT and 40°C. A
subsequent scale-up in 20 kg scale in a 400 L reactor was
carried out.

Merck published work describing the hydrogenation of
unprotected enamines.75 Screening of metals and ligands was
carried out serially at 100 psi and 50°C using catalysts
provided by Solvias, a technology provider.147The equipment
used, however, was not clearly described in the supplemen-
tary material.

In another study, however, the Merck group described a
broad screening for catalysts effective in the hydrogenation

of R-aryloxy acids.67 Here, glass vials with pierced septum
caps were charged with the aryl enol ether substrates and
placed in a glass pressure vessel and hydrogenated at 25°C
and 90 psi. Parallel experiments are, in principle, possible,
because multiple vials can be put into one glass reactor.
However, the mass transfer problems in such systems are
considerable. Selectivity screening is possible, but only in
systems that do not depend strongly on the partial pressure
of hydrogen in the reaction mixture.148 In a very recent
publication,149 the Merck group published a study describing
the route definition for aâ-amino acid pharmacophore. Here,
the scale-up to 24 L scale (2× 12 L, 150 psi, 60°C) was
briefly described as part of the synthetic efforts. This group
has been very productive, and it is to be expected that a
description of a scale-up to commercial quantities will appear
soon.

To round out the picture, it is useful to look at the efforts
of some less active groups (in the sense of publication) in
the area. For example, Johnson Matthey, a technology
provider,150 published a study describing catalyst develop-
ment for ketone hydrogenation. The reactions were carried
out in a 50 mL Parr autoclave at 150 psi and 25-30 °C.135

PPG-Sipsy described studies done for a chiral succinate
intermediate for candoxatril.99d Limited studies were carried
out to find an appropriate ruthenium precursor to generate a
catalyst using an available ligand. Solvent and pressure were
optimized as part of scale-up. To commercialize, a com-
mercial supplier of the appropriate metal precursor had to
be found. Scale-up to a 4 m2 reactor was described. Two
tons of product were made in 14 231-kg batches. The s/c
ratio was held low to minimize the risk of a failed batch.
The final purity was achieved via recrystallization.

Lonza published an interesting overview containing a
number of studies where commercial scale-up was carried
out.151 Typical for industrial publications, the studies are
focused on technically successful projects, which were
canceled due to cost or marketing reasons. Nonetheless, the
workflows described and problems considered are quite
instructive. The article discusses the main commercial
constraints, process cost and implementation time, in a very
compact way. Factors such as catalyst selectivity and
availability (both in the sense of quantities needed and in
the sense of right to use) are crucial here. As is rightly
pointed out, it is sometimes better to achieve a lower ee with
a commercially available catalyst and bring up the ee in a
later step, than to try to develop the “perfect” catalyst in the
limited amount of time available for development. Other
constraints, such as the use of existing equipment to minimize
investment and accelerate implementation, are also logical
consequences of the commercial constraints but are also
sometimes paid for in reduced ee or yield.

Lonza described a straightforward ligand screening for
their biotin process, as well as the parameter screening and
optimization (where they drop pressure to use existing
equipment). They did a large number of pilot plant runs in
a 630 L reactor and then scaled up once again in a 10 m3

vessel (1500 kg batches). Here they reduced the s/c ratio to
minimize the risk of a failed batch. The problems in obtaining
the necessary quantities of ligand for commercial production
are also addressed. In this case, the problem was solved by
in house development. This option is unfortunately usually
not available in projects with very tight time constraints.

In the same account, Lonza described a similar workflow
for their dextrometorphan process. Here they emphasized the

Figure 5. Griffin-Worden pressure vessel. Reproduced with
permission from Kimble/Kontes.146
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process optimization and its effects on the catalyst activity
and selectivity. A number of compromises, such as a change
in the substrate salt used, were made to achieve good results.
Stable process conditions could be found for runs in a 100
L BUSS reactor. This is a type of loop reactor, which uses
a gas-liquid ejector to achieve good mixing and mass
transfer. Technically, it is an alternative for the stirred tank
reactors used in most of the other studies mentioned here.
A product with ee’s in the lower 80s was obtained, which
could recrystallized up to ca. 98% ee.

6.2. Screening at BASF
As one can see above, it is difficult to give a good

description of the work being done in industrial labs
concerning screening and scale-up. Information is often only
to be found in websites or to be heard in nonpublic lectures
by the firms involved. As one would expect, these types of
presentations also tend to focus on commercial aspects of
the work being done. We would like to help broaden the
knowledge base in this area by describing our own efforts
and their motivation.

In the BASF Chemical Research and Technology Labora-
tory, there are a number of specialized groups, including ones
dedicated to homogeneous catalysis. The authors are mem-
bers of a group specialized in the development and use of
homogeneous catalysts in technical processes.

One example of such homogeneously catalyzed processes
is the hydroformylation of olefins, where the BASF has more
than a million tons of production. The resultant aldehydes
and alcohols are the basis for value-added chains leading to
a variety of products. Due to its importance, hydroformyl-
ation has been intensively researched for decades. The cost
pressure for such commodity chemicals has led to the
development of extremely efficient catalysts and processes.
It has also allowed us to build up a considerable amount of
know-how and infrastructure.

How does a company with this type of background deal
with a complex technology such as enantioselective hydro-
genation, where there are literally thousands of options in
the literature? We started by trying to structure the available
ligands according to criteria of interest to us, that is,
according to the patent situation and their availability in
technical quantities. It quickly became clear to us that a large
number of relatively good solutions were already available
and could be accessed via technology suppliers. In the short
term, it made more sense to license in the ligands needed
rather than develop them in house.152 Another factor critical
for success in such reactions is the availability of technical
quantities of metal precursor complexes in the appropriate
purity and with the appropriate batch-to-batch reproducibility.
Finding appropriately specialized suppliers also solved this
problem.

We decided to concentrate on methods for fast screening
and scale-up. This, of course, meant optimizing our equip-
ment and workflows for this type of problem. In approaching
such problems, one has to have a relatively good idea of
what to test first, as one rapidly comes into a regime where
too many options must be tested. One needs to be able to
test under conditions suitable for available reactors to help
optimize the economics. And, occasionally, one has to
understand exactly what went wrong the first time to find a
good solution quickly. An important component for success
is a highly trained staff, because the equipment and work-
flows are relatively complex and need a fair amount of

attention. All of these factors played to our traditional
strengths in organometallic chemistry, catalysis, and process
technology.

On the equipment side, we decided to work with Chem-
speed. After intensive discussion and testing, they were able
to supply us with an instrument capable of running 96 parallel
reactions at pressures up to 100 bar (1450 psi).

Among the commercially available parallel synthesis
machines, the Chemspeed Accelerator (Figures 6 and 7) is,
in our opinion, one of the ones with the highest flexibility
with respect to variation of variables in a large number of
individual reactors. Complex experimental designs are made
possible by a robotic dosing system. This allows the
screening of a relatively large reaction space in a relatively
short amount of time and using a relatively small amount of
material. Up to 96 experiments can be carried out with as
little as 1.5 mL reaction volume per reactor. Two tempera-
tures, six pressures or gas mixtures, and variables such as
metal, ligand, and solvent can be varied. We have done
comparisons of reactions done with the vortex mixing in the
Accelerator and reactions done in mechanically stirred 100
mL autoclaves and not found any mixing or mass transfer
problems.153

To achieve fast turnaround times, we had to debottleneck
our analytical methods. One example of what can be done
involves the use of GC-methods such as column switching
in isothermal mode, allowing the determination of 96 ee’s

Figure 6. Chemspeed Accelerator.

Figure 7. Reactor block with 16 reactors.
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overnight. In general, we have found that dedicated GCs and
HPLCs are necessary to handle the output of such screening
machines. Other factors are also of importance. It is usually
necessary, for example, to develop an analytical solution that
is amenable to parallel screening. This must usually be done
in a very short period of time for the types of problems that
we are interested in. Here, it is extremely useful to have a
specialized analytical department, who do the method
development and then transfer the method to our screening
group.

Once one has a hit in the screening runs, a scale-up into
small, well-understood stirred reactors (Figure 8) is carried
out to quickly do kinetic experiments and generate the data
for scale-up into technical reactors. Somewhat more material
is of course necessary for these types of experiments.
However, such reactors are theoretically well understood,
and the data can be modeled easily, as long as all of the
appropriate precautions concerning mass transport limitations,
mixing energy, etc. have been taken care of.

A few more practical factors also have to be considered
at this stage. We have found, for example, that the technical
runs are sometimes very dependent on the exact equipment
available. This leads to questions of material compatibility,
catalyst initiation times, restrictions in dosage rates, etc.,

which usually have to be addressed before the technical runs
can be carried out.

Depending on the progress of the project, the scale-up from
kilogram to ton scale in available reactors is then carried
out in stages. The kilogram quantities usually are used for
certification of the product, and the data from the runs are
used to optimize the models for the technical runs.

To scale-up quickly and safely, the support of specialized
safety and analytical departments is necessary. Experience
with handling highly air-sensitive and expensive homoge-
neous catalysts is advantageous. Our experience is, that the
larger the scale, the easier this isswhen one has the
appropriate infrastructure and equipment in place.

Irrespective of whether a sample comes out of a batch or
continuous process, we have to prepare samples representa-
tive of the product quality achievable in the technical process.
To do this, we need the support of specialized groups for
unit operations such as distillation or crystallization. Distil-
lations are done, for example, in a distillation laboratory
under conditions that can be scaled up. The same holds for
preparation of solids.

We would like to discuss some representative projects to
illustrate the points made above. Unfortunately, it is not
possible to give a large amount of chemical or technical detail
due to commercial confidentiality. However, we believe that
the workflows as well as the scope and nature of the projects
will still be evident.

The first project involved the synthesis of optically active
2-methylpentan-1-ol (“R-methylpentanol”)171.155 A number
of alternative syntheses of this material have previously been
described.156 Unfortunately, these processes are not well
suited for industrial use, due to high costs caused by
expensive starting materials, too many synthesis steps, poor
yields, or very high purification effort.

A route based on asymmetric hydrogenation therefore
appeared attractive to us. Among other things, 2-methylpent-
2-enal176, a possible starting material based on propional-
dehyde, was available within the BASF. Such small mol-
ecules, without aromatic groups or a large amount of steric
differentiation are not particularly “preferred” substrates. Two
different routes were considered. One involved the enantio-

Figure 8. Premex miniautoclave. Reproduced with permission from
premex reactor gmbh.154

Figure 9. Simple laboratory plant for continuous processing.
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selective hydrogenation of the unsaturated aldehyde176 to
the chiral, saturated aldehyde177, which could then be
further hydrogenated to the desired saturated alcohol179.
Another involved the chemoselective reduction of the
unsaturated aldehyde176 to the allyl alcohol178, followed
by an enantioselective hydrogenation to the end product179
(Scheme 34).

Catalyst identification involved the following steps: set
up of high-throughput GC analysis for conversion and ee
determination and parallel screening in the Accelerator,
involving (i) 16 preselected ligands, two different metals,
and two alternative substrates studied in 352 independent
reactions (double and control experiments not included) and
(ii) variation of reaction parameters with respect to solvent,
H2 pressure, and temperature.

The data indicated that the route via the allylic alcohol
using a ruthenium catalyst and a class of privileged ligands
had a higher chance of success. The value seen in the first
screens, ca. 40% ee, was not very impressive. However, we
were able to quickly make the allylic alcohol in large
quantities using a heterogeneous catalyst and know-how from
another specialized group in our research department. We
were then able to optimize the selectivity up to ca. 75% ee
in metal autoclaves using pressures not usually considered
in this type of chemistry (200 bar, ca. 3000 psi).

At this point, the strength of the BASF research “Verbund”
becomes even more apparent. Because of it, we were able
to use this product as the feed for an enzymatic resolution
using a lipase. The direct resolution of the racemate is not
economically feasible. With the enriched feed, however, high
optical purity (98% ee) could be achieved at a reasonable
price (Scheme 35). The decision was made to scale-up to
the technical level. The first runs (asym. hydrogenation stage)
in a 3 m3 reactor at 200 bar ran without any difficulties.

The second project involved a more straightforward
problem for the enantioselective hydrogenation, as we wished
to synthesize a succinic acid derivative181 based on an

itaconate precursor180157 (Scheme 36). The hydrogenation

of itaconic acid derivatives has often been looked at in the
literature, and many catalysts have been reported that yield
the desired products with excellent enantioselectivities.
However, among those catalysts, we had to find one that
would be able to hydrogenate our specific substrate with the
desired selectivity. Other important factors for us included
patent issues, catalyst cost, and catalyst activity. Despite the
large amount of literature for itaconates in general, many of
the processes reported for specific derivatives do not deliver
ee’s sufficient to meet the standards for active pharmaceutical
ingredients, usually 98%.158 Additional steps to enrich the
ee would be necessary, with a concomitant increase in costs.
Processes capable of yielding higher ee’s with such deriva-
tives159 have often required high catalyst loadings (economi-
cally unfeasible) or called for undesirable reaction conditions.
The use of the wrong types of solvents, in particular, can
cause environmental difficulties or problems concerning
worker safety.

For these reasons, we thought that there would still be a
benefit in developing a single-step process for optically active
succinic acid derivatives, starting from cheap, easily available
materials. The workflow was carried out in a manner similar
to that discussed previously. Catalyst identification involved
the following steps: set up of high-throughput GC analysis
for conversion and ee determination and parallel screening
in the Accelerator involving (i) 17 preselected ligands studied
in 368 independent reactions (five runs, double and control
experiments not included) and (ii) variation of reaction
parameters with respect to solvent (MeOH, CH2Cl2, toluene),
H2 pressure (3, 5, 10, 20 bar), and temperature (25, 35, 45
°C). We were able to identify a privileged ligand capable of
working optimally in our technical reactors.

In the next phase, we optimized the reaction protocol. We
transferred to 50 mL-glass autoclaves and achieved full
conversion andg98% ee at s/c) 100 000/1). We then
entered the scale-up phase and started probing the robustness
of the reaction protocol under technical conditions in metal
autoclaves to guarantee reproducibility. At this stage, we
achieved full conversion andg98% ee at s/c) 200 000/1).

We then scaled up into a technical reactor without any
difficulties. The production runs in a 1 m3 reactor at 5 bar
(75 psi), however, were not done at extremely low catalyst
loadings. Very high substrate-to-catalyst ratios may be
attractive from a catalyst cost point of view; however, they
lead to very long reaction times and production runs of
prohibitive length.

The reactions carried out above were both batch reactions.
One advantage to having existing equipment and know how

Scheme 34. Alternative Routes to R-2-Methylpentanol

Scheme 35. Final Route to R-2-Methylpentanol

Scheme 36. Synthesis of Itaconic Acid Derivatives
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is that one can also test options that are often not considered
for pharma projects. For example, we have a small laboratory
scale pilot plant, where products can be vacuum distilled
away from a catalyst containing high boiler stream (Figure
9). This stream is then returned to the reactor with fresh
substrate. This process concept can be easily scaled up for
catalyst systems with the necessary thermal stability. Every
recycle increases the number of turnovers and reduces the
catalyst cost contribution in the product correspondingly.

This type of equipment can be used to look at catalytic
cycles quite carefully. And, if the catalyst recycle concept
shown works, we have miniplants available where we can
make representative 100 kg samples. These are basically
scaled up versions of the laboratory unit shown above, which
are run by shift workers 24 hours a day, 7 days a week. The
scale-up to a small production plant (1-2 t/d) is also possible.
Once again, the use of existing equipment offers the
opportunity to significantly reduce costs.

7. Summary
Asymmetric hydrogenation has been the subject of interest

for many researchers in academia and industry. In fact,
directly from the start, this technology was developed to
maturity “on both sides of the border” and has triggered the
development of many other enantioselective catalytic trans-
formations. From this point of view, asymmetric hydrogena-
tion has always been special. From an industrial point of
view, this will remain so in the future. In the last few years,
we have seen the deep implementation of asymmetric
hydrogenation in the chemical and pharmaceutical industry,
with many companies building screening resources and
developing their own proprietary catalysts. However, even
if companies do not invest heavily in the development of
proprietary chiral ligands, one has access today to large
ligand libraries deliverable in commercial quantities from
technology companies andsfor research purposessfrom the
catalog firms. In this environment, having access to the ligand
yielding the highest selectivity is not necessarily decisive
anymore. Issues such as development time, catalyst activity,
or process intensification are now at least as important as
selectivity and determine the cost-effectiveness of a given
process. In this regard, process chemists have started to see
asymmetric hydrogenation as not being that exotic and strive
to design the best process solution for the given commercial
environment. Having this in mind, one has to expect much
in this field in the coming years.
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