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ABSTRACT
This Account outlines our efforts in ligand development for
asymmetric hydrogenation. The successful development of three
classes of ligands is presented, including (1) ligands with phos-
phocyclic motifs, (2) ligands with atropisomeric backbones, and
(3) bisphosphine ligands inspired by the structure of 2,3-O-
isopropylidene-2,3-dihydroxyl-1,4-bis(diphenylphosphino)bu-
tane (DIOP). With this large ligand toolbox, we have prepared many
pharmaceutically valuable chiral products efficiently.


Introduction
Transition-metal-mediated asymmetric hydrogenation is an
efficient method for the catalytic reduction of prochiral
alkenes, ketones, and imines into the corresponding chiral
products with hydrogen gas.1 Several salient advantages,
such as broad substrate scope, high reactivity and selectivity,
as well as minimum generation of by-products and wastes,
render this transformation highly desirable for both aca-
demia and industry. The success of hydrogenation relies
primarily on the proper combination of a metal and a ligand.
Whereas the choice of transition metals is limited within the
periodic table, a myriad of organic backbones may be
employed as ligand structures. In fact, exploring new effec-


tive chiral ligands has played a fundamental role in the
history of asymmetric hydrogenation.


Since Knowles2a and Horner2b reported the first chiral
versions of Wilkinson’s catalyst [Rh(PPh3)3]Cl for homo-
geneous hydrogenation, several historically important
ligands3–9 (Figure 1) have been developed over the past
decades, providing extremely valuable insights into ligand
design. In the early 1970s, Kagan developed C2-symmetric
chelating bisphosphine DIOP 1 and showed the impor-
tance of backbone chirality in the ligand structure.3 In a
landmark work, Knowles demonstrated the equal impor-
tanceofPchiralitybyapplying1,2-bis(phenyl-o-anisoylphos-
phino)ethane (DIPAMP) 2 in the first industrial-scale
synthesis of L-DOPA.4 To illustrate the spatial distribution
of steric hindrance around the catalytic metal–ligand
complex, Knowles also introduced the widely accepted
“quadrant diagram” concept.4b Then, a major break-
through came in 1980 when Noyori et al. initiated
pioneering studies on axially chiral 2,2′-bis(diphenylphos-
phino)-1,1′-binaphthyl (BINAP) 3.5a Operating through a
novel metal–ligand bifunctional mechanism, the combi-
nation of ruthenium and this atropisomeric biaryl ligand
has greatly expanded the substrate scope from olefins to
not only functional ketones but also simple ketones.5b,c


Because of their milestone contributions to this important
area, Knowles4c and Noyori5c were awarded the 2001
Nobel Prize. In 1991, Burk designed rigid strongly electron-
donating bis(phospholane) DuPhos 4 and BPE 5 as
versatile ligands for Rh-catalyzed hydrogenation of various
functional olefins.6 The modular nature of 4 and 5 allows
their steric environment to be optimized through struc-
tural modification. The significance of modularity in
ligand design was also embodied in the C1-symmetric
planar chiral ferrocene-based JosiPhos 6 ligand family.7a


Because its two chelating donors can be easily changed,
a large ligand series has been prepared to fit the steric
and electronic requirements of various catalytic
reactions.7b Meanwhile, Pfaltz and others developed
modular P,N-ligand PHOX 7 with two sterically and
electronically unequivalent donors, attaining unprec-
edented Ir-catalyzed asymmetric hydrogenation of imines
and unfunctionalized olefines.8 Recently, the discovery of
modular monodentate phosphorous ligands 8 made an-
other conceptual breakthrough, showing that not only
bidentate but also monodentate ligands are viable can-
didates for hydrogenation reactions.9


As Knowles pointed out,4b “Since achieving 95% ee only
involves energy differences of about 2 kcal, which is no
more than the barrier encountered in a simple rotation
of ethane, it is unlikely that before the fact one can predict
what kind of ligand structures will be effective.” Indeed,
thus far, ligand design remains an empirical rather than
rational approach, where a useful ligand can only be
discovered through extensive trial and error. Fortunately,
the success of these seminal ligands 1–8 have served as
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inspiring prototypes based on which further modification
can often lead to improved catalytic efficiency. Hence,
thousands of effective chiral ligands have been reported
today, via either de novo design or structural modification
of the proven motifs.


Dedicated to the advancement of asymmetric hydro-
genation, our group has developed a large variety of chiral
ligands in the past decade. Behind their diverse structures
are some strategic considerations that proved extremely
important during the course of our research. Herein, we


will share our experience in ligand development, together
with the application of our ligand toolbox for the prepara-
tion of pharmaceutically valuable products.


Phosphocyclic Motif
A summary of phosphocyclic ligands 9–18 developed in
our lab is given in Figure 2.10–20 It is noted that the merit
of rigid electron-rich phosphocyclic motif was first ap-
preciated in Burk’s DuPhos 4 and BPE 5.6 Their modular


FIGURE 1. Historically important ligands for asymmetric hydrogenation.


FIGURE 2. Phosphocyclic ligands.
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structures inspired us to develop analogous hydroxyl(bis-
phospholane) 1314a,b,15 and its related KetalPhos,14c fer-
rocene-based f-KetalPhos 14,16 and the six-membered
bis(azaphosphorinane) 15.17 Moreover, attaching seven-
membered phosphepine moieties21 onto the benzene or
ferrocene backbone led to BINAPHANE 1618 and f-
BINAPHANE 17,19 respectively.


Because our earlier results22 showed the beneficial
effect of conformational rigidity in asymmetric catalysis,
we introduced a fused phosphabicyclic motif to eliminate
conformational flexibility of five-membered rings in the
design of PennPhos 12,13 which maintains desirable


electron-donating and air-stable properties but gives a
more hindered chiral environment. While asymmetric
hydrogenation of unfunctionalized aryl alkyl and alkyl
alkyl ketones remains a considerable challenge, we found
that the combination of [Rh(COD)Cl]2 and 12 in the
presence of KBr and 2,6-lutidine reduced this type of
substrate with excellent enantioselectivity.13a Moreover,
12 gave superior results for the challenging cyclic
enamides13b and cyclic enol acetates13c (Figure 3).


FIGURE 3. Selected hydrogenation results by the Rh/12 system.


FIGURE 4. Substrate scope of 9.


FIGURE 5. Hydrogenation of (Z)-�-aryl-�-(acylamino)acrylates by the
Rh/18 system.


Scheme 1. Synthesis of 10 as Both Enantiomers
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With stereogenic centers located closest to the
coordination site, P-chiral ligands are preferred for the
formation of a definite chiral environment. As shown
by the work of Imamoto et al. on BisP* 19 and MiniPhos
20,23 the size difference in the two P substitutes is a
key factor for chiral induction. Having witnessed the
importance of conformational rigidity in 12, we de-
signed TangPhos 9 by incorporating P chirality within
the cyclic motif.10a In combination with suitable transi-
tion metals, 9 exhibits excellent enantioselectivity and
reactivity toward a broad range of substrates, including
functional olefins, 10a–e �-keto esters,10f and imines10g,h


(Figure 4). In addition, 9 was reported to give excellent
results in asymmetric hydroformylation reactions.24


The synergic combination of P chirality and the cyclic
motif, as seen in the success of 9, encouraged us to explore
BINAPINE 18 through further integration of axial chiral-
ity.20 Comparative hydrogenation of isomeric methyl
3-acetylamino-2-butenoates 21 revealed a superior selec-
tivity of 18 toward the Z isomer. In contrast, although 9
tolerates both E and Z isomers of most aliphatic sub-
strates, unsatisfactory results were observed for aromatic
substrates bearing ortho functionality.10b Because (Z)-�-
aryl-�-(acylamino)acrylates can be prepared from the
corresponding �-keto esters, many pharmaceutically im-
portant �-aryl-�-amino acids, regardless of the substitu-
tion mode on the aryl moiety, can be prepared via the
Rh/18-catalyzed hydrogenation route (Figure 5).20 For
example, extensive screening of many well-known chiral
ligands determined 18 as the most selective ligand [98%
enantiomeric excess (ee), at 500 turnover number (TON)
for (R,Z)-ethyl 3-acetamido-5-methylnon-2-enoate 22,
affording the key precursor to a chiral drug for the
treatment of various disorders.25


Because rigid structures are subject to minimum con-
formational distortion during transition states, the MM2


FIGURE 6. MM2 calculations of Rh/9 and Rh/18 complexes and comparative hydrogenation results for (E)-21 and (Z)-21.


FIGURE 7. Development of ligands with an atropisomeric back-
bone.
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calculation of such metal–ligand complexes at the ground
state may provide valuable information on the origin of
chiral induction. The unique Z selectivity of 18 prompted
us to investigate its chiral environment in terms of a


quadrant diagram (Figure 6). Similar to the P-chiral 9, two
nonadjacent quadrants are blocked by the sterically
hindered tert-butyl P substituents; a distinct feature of 18,
however, is the presence of two bulky naphthyl moieties
extending beyond the original quadrants and shielding the
coordination plane from the top and the bottom. Before
more detailed studies come out, we currently attribute its
unusual Z selectivity to these secondary blocking groups.


Because the chirality of 9 originates from (–)-sparteine-
mediated asymmetric protonation, it exists as only one
enantiomer.10a To address this issue, we developed
DuanPhos 10 that can be synthesized as both enanti-
omers via a convenient route (Scheme 1).11a It turned
out that the appended benzene rings of 10 enhance its
reactivity, selectivity, and air-stability compared with
9. Our recent study revealed that hydrogenation of
�-methylcinnamic acids by the Rh/10 system gave


Chart 1. Defined Bite Angle of 23 with a Tunable Bridge from C1 to C6


Chart 2. Bite Angle Effect of 23 in Ru-Catalyzed Hydrogenation
Reactions


Chart 3. Chiral Enhancement of the BINAPO Ligand through ortho
Substitution


Chiral Ligands for Asymmetric Hydrogenation Zhang et al.


1282 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 12, 2007







excellent results even at reduced catalyst loading
(97% ee, TON ) 5000).11c


Atropisomeric Backbone
The great success of BINAP in asymmetric hydro-
genation5b,c inspired us to develop effective ligands with
an atropisomeric backbone (Figure 7). Although replacing
P substitutes is an obvious strategy, profound effects will
be observed via the modification of the axially chiral
backbone. The fact that the two naphthyl moieties of
BINAP can rotate around the connecting sp2–sp2 bond
with little restriction raised the questions (1) whether this
rotational freedom, instead of a restricted conformation,
is a prerequisite for the observed high enantioselectivity
and, (2) if not, whether a bite angle or a certain bite-angle
range exists that is optimal for each individual substrate.
To answer these questions, we designed modular Tune-
Phos 23 by connecting the two aryl moieties with a
tunable bridge (Figure 7a).26a The additional linkage not
only minimizes the conformational rotation but also
defines the dihedral angle and further the bite angle with


improved precision. Moreover, optimization of the bite
angle can be accomplished by adjusting the length of the
linking bridge, for example, from C1 to C6. MM2 calcula-
tions indicated that the whole series of Cn–TunePhos
23a–f covers a wide range of the bite angle (from 60° to
106°); to each ligand, a discrete value is assigned by the
restrictive tether (Chart 1). Thus, hydrogenation with 23a–f
allowed us to study the effect of the bite angle on
enantioselectivity in a systematic way.26 Thus far, a
number of different substrates have been tested, giving
excellent results comparable or superior to those obtained
with BINAP. For each substrate, there is an optimal bite
angle or an angle range for maximum selectivity (Chart
2): 23c (n ) 3) gives the best results for R-phthalimide
ketone,26d allylphthalimides,26e and R-keto esters;26f 23a
(n ) 1) and 23b (n ) 2) give the best results for enol
acetates;26b 23a gives the best results for �-keto esters;26a


and 23b–e (n ) 2–5) give the best results for cyclic
�-dehydroamino esters.26c Our results showed that no
single ligand gives consistently superior results for all of


Table 1. ortho Enhancement of Chiral Induction in the Atropisomeric Ligands 25–29
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those substrates. Therefore, optimization of the bite angle
is necessary for biaryl-type ligands.


Because structural analysis of BINAP has shown the
crucial role of equatorial P substitutes for chiral induc-
tion,32 we envisioned that enantiodifferentiation orig-
inating from the biaryl backbone can be strengthened
through implementation of hindered groups on the
proximate 3,3′ positions (Figure 7b). Consistent with this
postulation, a significant chiral enhancement was ob-
served in the flexible BINAPO ligand when it was


modified with various ortho substitutes (Chart 3).27 Of
particular importance is the planar phenyl group in our
development of o-NAPHOS 25,27b o-Ph-HexaMeO-
BIPHEP 26,28 o-BINAPHOS 27,29 o-BIPNITE 28,29 and
o-Ph-BIPHEP 29,30 all of which gave much better
enantioselectivity than the parent ligands (Table 1). To
understand the remarkable “ortho effect”, we have
preformed computational studies to compare 26 with
the corresponding unsubstituted HexaMeO-BIPHEP
31.28 In contrast to the unrestrained equatorial P-phenyl
groups of 31, those of 26 are compressed and acccord-
ingly oriented parallel to the ortho substituents, pro-
truding more forward with a decreased conformational
mobility (Figure 8).


The discovery of monophosphorous ligands 89 has
become a recent highlight in hydrogenation research.33


From a practical viewpoint, their highly modular struc-
ture and short synthesis from cheap starting materials
are indispensable advantages for high throughput syn-
thesis and screening. Inspired by the success of Feringa
et al. in combining phosphoramidite 8 (X ) NR2) and
achiral PPh3,34 we designed a modular pseudo-C2-
symmetric phosphine–phosphoramidite 30 via double
ortho phosphination of the chiral BINOL backbone.31a


As evidenced by 31P nuclear magnetic resonance (NMR)


FIGURE 8. MM2 calculations of Rh/31 and Rh/26 complexes (methoxy groups and non-3,3′-hydrogen atoms are omitted for clarity).


FIGURE 9. Single-crystal structure of PdCl2·30a (R ) CH3) (hydrogen
and the solvent are omitted for clarity).
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and X-ray diffraction experiments, among the three
potential donors, only two properly oriented phosphines
form effective chelation with metal, leaving a third
spectator phosphine. The single-crystal structure of
PdCl2·30a (R ) CH3) indicated that its chiral induction


relies on the quasi-equatorial phenyl of the peripheral
phosphine P(1) and the dimethylamino group of the
central phosphoramidite P(2) (Figure 9).31b Character-
ized by a stepwise-assembly synthesis, the overall steric


FIGURE 10. Mechanism of stereoselection in the Rh/19-catalyzed hydrogenation of enamides.36b


FIGURE 11. Hydrogenation of ortho-substituted arylenamides and
1-naphthylenamide by the Rh/30a system.


FIGURE 12. Interplay of dual stereogenic centers in the backbones
of 32 and 33 is critical for chiral induction.
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and electronic environment of 30 can be tailored for
different substrates by individual optimization of the
two distinct modules.35


Although enantioselective hydrogenation of R-aryl-
enamides has been fulfilled with many ligands available
today, those bearing ortho functionalities remained un-
solved. Imamoto and coworkers have conducted thorough
mechanistic studies on the Rh/19 system, leading to the
“dihydride mechanism” that involves migratory insertion
as the key enantiodifferentiating step.36 In the hydrogena-
tion of enamides,36b they identified two competing hy-
dride insertion pathways A and B (Figure 10): for a
common arylenamide, minimization of the steric interac-
tion between the substrate-made chelation ring and the
P substitutes of 19 favors the formation of the R product
via intermediate A1; on the other hand, a hindered R
substituent, such as the tert-butyl group, on the substrate
will switch the pathway for a less congested dihydride
intermediate B1, thus affording the opposite S selectivity.
In the case of ortho-substituted enamides, the efficiency
of hydrogenation through pathway A is partially compro-
mised because of the increased steric hindrance of the R
substituent, so that remarkably low ee values are observed
compared with otherwise substituted enamides. This
rationale is in agreement with our preliminary experi-
ments using C2-symmetric TangPhos 9, DuPhos 4 (R )
Et), and BINAPHANE 16. In particular, the Rh/9 system


gave reversed enantioselectivity for ortho-methyl-substi-
tuted arylenamide, which further confirms the proposed
role of pathway B.


Interestingly, we found that the unsymmetrical ligand
30 gave superior selectivity toward these challenging
substrates, including 1-naphthylenamide (Figure 11).31a


If we suppose that the Rh/30 system works via a similar
dihydride mechanism, it is obvious that the undesired
hydrogenation pathway B has been suppressed ef-
fectively. Practically, the hydrogenation of 1-naphthyl-
enamide may be applied for the synthesis of (R)-1-(1-
naphthyl)ethylamine, a key precursor to Cinacalcet
hydrochloride for the treatment of hyperparathyroidism
and hypercalcemia.37 Recently, a series of 30 with a
varying phosphoramidite donor has been applied in the
highly enantioselective hydrogenation of R-dehydroam-
ino esters and itaconates.31b An interesting phenom-
enon associated with the Rh/30 system is the strong
solvent effect: during the hydrogenation of itaconates,
the switch of product chirality was observed simply by
the use of different solvents.31b


DIOP-Inspired Ligands
Kagan’s creative work on DIOP 13 has launched intensive
studies for C2-symmetric chelating bisphosphine ligands.
However, its flexible methylene linkage has reduced the


FIGURE 13. Development of a chiral ligand toolbox for asymmetric hydrogenation.
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efficiency of transferring chirality from the backbone. One
solution to this problem is the introduction of additional
stereogenic centers close enough to eliminate conforma-
tional ambiguity. Thus, an extra methyl group was placed
near the donor site to form a modified ligand (S,S,S,S)-
DIOP 32, albeit with eroded selectivity.38 Because the
deteriorative result suggested a mismatching between the
backbone chirality and the axially oriented methyl group,
we devised a diastereomeric (S,R,R,S)-DIOP* 33 by invert-
ing the methyl chirality (Figure 12). In this way, all
substituents on the metal–ligand chelate ring are located
in an equatorial position, giving much better results than
1 and 32 in the hydrogenation of enamides.39


Alternatively, the removal of conformational flexibility
inherent to 1 can be realized with the help of a rigid cyclic
structure, such as a five-membered cyclopentane ring.
Thus, we designed rigid bisphosphine BICP 34 and
successfully applied it in Rh-, Ru-, and Ir-catalyzed
hydrogenation reactions.40


Development of a Ligand Toolbox for
Asymmetric Hydrogenation
No universal ligands exist. However, given a ligand library
with sufficient structural diversity, it is still possible to find
out the desired catalytic system for a specific substrate (a
ligand toolbox approach).41 Thus far, we have developed
a large variety of ligands with different structural motifs.
As shown in the tabular survey (Figure 13), the combina-
tion of these ligands with suitable transition metals
enabled the hydrogenation of various substrates with
excellent enantioselectivity. When new ligands and their
combination with transition metals are explored, this
ligand toolbox can be expanded to a broader substrate
scope.


In practice, asymmetric hydrogenation offers an eco-
nomical method for the large-scale preparation of chiral
products, such as the famous Monsanto’s L-DOPA
synthesis,4c Takasago’s carbapenem synthesis,5b,c and
Syngenta’s (S)-Metolachlor synthesis.42 Thus far, we have
been able to synthesize many pharmaceutically important
chiral building blocks, including amino acids, amines,
alcohols, esters, acids, and amino alcohols, in a highly
efficient way (Figure 14). For example, chiral γ-amino
alcohols 36 are key intermediates to the antidepressants
35a–d, which can be prepared by asymmetric hydrogena-


FIGURE 14. Chiral building blocks prepared via asymmetric hydrogenation.
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tion of amino ketones. We found that the Rh/10 system
showed excellent results for this transformation: up to
6000 turnovers and 98% ee have been achieved (Figure
15a).11b As the most wanted drug (>10 billion dollar sales
per year) for the treatment of hypercholesterolemia,
atorvastatin calcium (Lipitor) 37 functions as a single
enantiomer. In the convergent synthesis of 37,43 enan-
tiomerically pure (S)-ethyl 4-chloro-3-hydroxybutanoate
39 is the key chiral intermediate, which can be prepared
via Ru-catalyzed asymmetric hydrogenation of ethyl 4-chlo-
roacetoacetate 38. Using the Ru/23c system, excellent
enantioselectivity (>98% ee) has been achieved at 45 000
turnovers in complete conversion (Figure 15b).


Conclusion
In this Account, we have reviewed our works on ligand
development, from which some insightful experiences can
be learned for future research. With few exceptions,
ligands listed in Figure 13 benefit from conformational
rigidity or reduced conformational flexibility. Their success
has undoubtedly demonstrated the value of rigid struc-


tures in ligand design. Nevertheless, overemphasis on this
principle will cause inevitable neglect of several other key
factors, including accessibility (whether the designed
ligand can be prepared easily), stability (whether it is
stable under various conditions), reactivity and scope
(whether and how it will form reactive catalytic species
with transition metals, and what type of substrates it will
be good for), and modularity (whether the structural motif
can be evolved into a broad ligand series for fine-tuning
its steric and/or electronic properties). The past has
witnessed tremendous progress in asymmetric hydroge-
nation because of the development of many powerful
chiral ligands. As more useful ligands and their applica-
tions are discovered, our knowledge of ligand design will
continue to grow.


We thank all of our past and present students and postdoctoral
fellows for their great contributions, both intellectually and
experimentally, to our hydrogenation research. Financial support
from National Institutes of Health (GM58832) is gratefully
appreciated.


FIGURE 15. Practical applications of asymmetric hydrogenation for pharmaceutical products.
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ABSTRACT
[(Bisphosphine) RuCl2 (1,2-diamine)] complexes are powerful
catalysts in the asymmetric hydrogenation of unfunctionalized
ketones. We sought to expand the scope and applicability of these
complexes by exploring changes to the diamine structural motif.
Via introduction of 1,3- and 1,4-diamines, the catalytic activity was
significantly altered such that new classes of ketones could be
considered for [(bisphosphine) RuCl2 (diamine)] asymmetric
hydrogenation.


Introduction
The asymmetric catalytic hydrogenation of CdO bonds
is now widely accepted in industry as one of the most cost-
effective approaches to the synthesis of enantiomerically
pure secondary alcohols.1 Prof. Noyori pioneered this
research in the 1980s with the application of BINAP–ru-
thenium catalysts for the hydrogenation of ketones with
an ancilliary binding group.2 However, by the mid-1990s,
Noyori made a subsequent breakthrough in the catalytic


asymmetric hydrogenation of unfunctionalized ketones by
the combination of a ruthenium metal center bearing a
chiral bisphosphine and a chiral diamine ligand (Scheme
1).3


Such catalysts in 2-propanol in the presence of a base
prove to be remarkably efficient in the asymmetric
hydrogenation of a wide range of ketones. The efficiency
of this catalyst system stems from the correct matching
of the electronic and steric effects of the two moieties,
the bisphosphine and the diamine ligands. These ligands
craft the space around the ruthenium metal center and
determine both reaction rates and selectivity. The source
of the diamine effect was proposed to be the easy transfer
of a proton from the amine to the carbonyl oxygen and a
hydride from the ruthenium to the carbonyl carbon of the
ketone.4 This results in a unique second-coordination
sphere reaction which Noyori has termed metal–ligand
bifunctional catalysis. The replacement of the original
BINAP ligands with other biaryl phosphines was the most
obvious development of these catalysts, and this research
was driven by a combination of scientific and intellectual
property issues.5 An increasingly large array of chiral
bisphosphine ligands, many of them from commercial
sources, has been available to researchers for many years.6


Testing such ligands in combination with 1,2-diamine
ligands for ketone asymmetric hydrogenation has been a
natural consequence of Noyori’s findings. Most of the new
bisphosphines that have found success in these catalysts
were based on a biaryl backbone. One noteworthy excep-
tion was the PhanePhos ligand, derived from a paracy-
clophane framework, which has proven to be remarkably
efficient in combination with 1,2-diamines.7 We have
further developed the PhanePhos system to ParaPhos by
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increasing the electronic differential between the two
rings.8 The stereoselective formation of 3-hydroxy-(2-
thienyl)propanamines using PhanePhos-RuCl2-DPEN is a
key step in the synthesis of Duloxetine (Scheme 2).9


Until recently, much less effort had been dedicated to
the modification of the diamine ligand. Most phosphines
have exclusively been used in conjunction with 1,2-
diamines, with DPEN and DAIPEN10 being favored.3 We
undertook a program of research to investigate the effect
of other diamines in this catalyst system. The ultimate
prize of this research is the development of catalysts with
characteristics that depart more radically from those of
the now well-established [(bisphosphine) Ru (1,2-di-
amine)] template and that expand the scope of the Noyori-
type hydrogenation to include new classes of substrates.
Our working hypothesis for this was that changing the ring
size of the chelate between the diamine and metal center
would alter the orientation of the NH group, thus poten-
tially changing the hydrogen bond interaction with the
ketone that is believed to occur in the catalytic cycle.4 In
this Account, we describe our efforts to develop ketone
hydrogenation catalysts by combining ruthenium metal
centers with 1,3- and 1,4-diamines with both P-Phos11 and
BINAP as the bisphosphine “partner ligand”.


Development of the Diamine Ligand
While there has been a plethora of new mono- and
bisphosphine ligands developed for the Ru catalysts,6


surprisingly, there has been much less research focused
on the development of new diamine partner ligands.
Nevertheless, when the diamine component is altered, a
significant difference in catalytic activity is observed.
Research into the diamine moiety has taken three
approaches.


(i) Changing the Nature of the Diamine Ligand.
Replacement of one amino group with a pyridine has
proven to be very successful.12 In fact, the combination
of aminomethylpyridine13 (AMPY) with BINAP allows the
asymmetric hydrogenation of tert-alkyl ketones with
excellent activity and enantioselectivity (Scheme 3). This
was the first example of the successful asymmetric hy-


drogenation of tert-alkyl ketones. Notably, the achiral
aminopyridine does not result in an erosion of enantio-
meric excess, and the stereochemical result is due to the
chirality of the bisphosphine ligand.


This class of catalysts not only has overcome the
notoriously poor reactivity of tert-alkyl ketones but also
allows their use as catalysts under transfer hydrogenation
conditions.14 This duality of purpose is highly novel for
[(biphosphine) RuCl2 (diamine)] catalysts.


A thiol group has also successfully replaced one of the
amino components.15 Thus, the combination of an achiral
amino thiol ligand (e.g., 2-ethylthioaniline) with the 1,4-
bisphosphine ligand, BICP,16 facilitates the asymmetric
hydrogenation of ketones with excellent enantioselectivity
and activity.


(ii) Increasing the Chain Length of the Diamine
Ligand from 1,2 to the 1,3- and 1,4-Homologues. Inde-
pendently of our research described below, Ikariya pub-
lished the application of the bisphosphine (S,S)-Xyl-
Skewphos in combination with the chiral 1,3-diamine
(R,R)-1,3-diphenylpropanediamine (DPPN) in the asym-
metric hydrogenation of propiophenone (Scheme 4).17


Noyori has exploited the combination of 1,4-diamines
derived from tartaric acid and mannitol with BINAP to
facilitate the Ru-catalyzed asymmetric hydrogenation of
tetralones (Scheme 5) with excellent activity and selectiv-
ity.18 Thus, the application of 1,4-diamine ligands has
expanded the scope of the catalytic system to the hitherto
less successful class of cyclic ketones.


(iii) Application of Nonracemic Diamine Ligands To
Control the Stereochemical Outcome of the Asymmetric
Hydrogenation. The extent to which the stereochemistry
of one of the two moieties controls the conformation of
the partner ligand is the object of intense research.
Mikami’s group has demonstrated that the chirality of the
diamine ligands can determine the conformation of an
achiral, flexible, biaryl-bisphosphine ligand.19 Thus, when
a pro-atropisomeric ligand such as BIPHEP20 is applied
with an enantiomerically pure diamine ligand, diastere-
omeric complexes may be formed in unequal amounts.
Then, the major diastereoisomer may display a higher
chiral efficiency than the minor isomer, resulting in
moderate to excellent ee’s (enantiomeric excesses). Ding’s


Scheme 2


Scheme 3


Scheme 4


Scheme 5
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group has shown that very bulky achiral monophosphines
can replace chiral bisphosphines, while the chirality of the
catalysts is defined by the sole diamine ligand.21 This
somewhat unprecedented result achieved enantiomeric
excesses higher than 90%.


1,3-Diamine Ligands
1,3-Diphenylpropanediamine (DPPN). The attention


of our research group was initially focused on the devel-
opment of the 1,3-analogue of DPEN.22 The synthesis of
1,3-diphenylpropanediamine (DPPN) was accomplished
by standard transformations (Scheme 6).23


Both P-Phos and BINAP were chosen as the bisphos-
phine partner ligands for the preparation of the Noyori-
type ruthenium catalysts, due to both the excellent
enantioselectivities achieved with DPEN11 and the experi-
ence developed in our group on the use of such phosphine
ligands (Figure 1).


Single-crystal X-ray analysis of [(R)-Xyl-P-Phos RuCl2


(S,S)-DPPN]-1b showed that when coordinated to ruthe-
nium, the DPPN assumes a six-membered ring with a λ
conformation with the phenyl substituents oriented in the
equatorial direction.22 This is not dissimilar to the con-
formation assumed by the DPEN ligand in the analogous
complex [(S)-Xyl-P-Phos RuCl2 (S,S)-DPEN] (the reversal
of stereochemical descriptors from DPPN to DPEN makes
the two complexes quasi-enantiomers).24 The Xyl-P-Phos
ligand also adopts a λ seven-membered chelate with the
xylyl moieties adopting axial and equatorial arrangements.


Preliminary experimental results revealed that rapid
and highly enantioselective catalytic hydrogenation of
acetophenone was achieved using catalyst 1b. In fact, this
new class of complexes exhibited characteristics similar
to those of the analogous DPEN complexes: high activity
and stereoselectivity were associated with the use of Xyl-
P-Phos. Moreover, the similar behavior of the 1,2- and 1,3-
diamine catalysts is in agreement with the very similar


crystallographic properties of the two catalysts.24 The
hydrogenation of acetophenone using (R,SS)-1b at a molar
substrate to catalyst (S/C) ratio of 1000 under 10 bar of
H2 in 2-propanol with t-BuOK gave greater than 99%
conversion in less than 2 h with 95% ee of the S alcohol.


The importance of the correct combination of bisphos-
phine and diamine ligands was demonstrated as the
(S,SS)-1b catalyst gave only 69% ee in the hydrogenation
of acetophenone under identical conditions. The practical
utility of catalyst 1b was demonstrated with the hydro-
genation of acetophenone at a S/C ratio of 10 000, using
catalyst (S,RR)-1b (Scheme 7). Acetophenone was smoothly
converted to the R alcohol in 95% ee with an average TOF
of 1400 h-1. A brief survey of ring-substituted aromatic
ketones using catalyst 1b also gave excellent selectivities
irrespective of the presence of electron donating or
withdrawing substituents at the para or meta positions
(Table 1). The use of catalyst (S,RR)-1b resulted in the
asymmetric hydrogenation of the highly electron deficient


Scheme 6


FIGURE 1. Bisphosphine RuCl2 DPPN complexes.


Scheme 7


Table 1. Hydrogenation of Aromatic Ketones Using
Catalysts 1a–ba


ketone catalyst S/Cc ee (%)d


R ) H (R,SS)-1a 1000 36(S)
R ) H (R,SS)-1b 1000 95(S)
R ) H (S,SS)-1b 1000 69(R)
R ) H (S,RR)-1b 2500 95(R)
R ) H (S,RR)-1b 10000 95(R)
R ) p-F (S,RR)-1b 2500 95(R)
R ) p-OMe (S,RR)-1b 2500 97(R)
R ) m-Me (S,RR)-1b 2500 96(R)
R ) o-Me (R,SS)-1b 1000 86(S)
R ) o-OMe (R,SS)-1b 1000 84(S)
R ) 3,5-CF3 (S,RR)-1b 1000 95(R)


a Reaction conditions: 2–5 mmol of substrate, 25 °C. Reaction
times of 2–24 h to obtain 100% conversion. b Molar ratio of base
to catalyst. c Molar ratio of substrate to catalyst. d The conversion
and ee were determined by chiral gas chromatography (Chrompack
Chirasil-DEX CB column). The absolute configuration was deter-
mined by comparison of the retention time with literature data.
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3,5-bis(trifluoromethyl)acetophenone to give the corre-
sponding R alcohol in 95% ee, which is a precursor for
the synthesis of potent NK1 receptor antagonists.25


Substituents in the ortho position, however, were not
tolerated so well and resulted in a lower ee. The impor-
tance of the Xyl-P-Phos ligand was also outlined as a
significantly lower enantiomeric excess was obtained
using the parent P-Phos catalyst 1a.


This class of catalysts was then tested in the hydroge-
nation of pinacolone. [(Bisphosphine) RuCl2 (1,2-di-
amines)] catalysts are generally found to be poorly active
in the asymmetric hydrogenation of pinacolone. This was
assumed to be due to the steric bulk about the ketone.
The application of [(R)-Xyl-BINAP RuCl2 (R,R)-DPEN] for
this ketone hydrogenation gave only 30% conversion with
just 11% ee. Much better results, in terms of both activity
and enantioselectivity, were achieved when the DPPN
ligand was applied, both with the P-Phos and with the
BINAP families of ligands (Table 2). Under otherwise
identical conditions, the catalyst derived from Xyl-BINAP
and DPPN, (R,SS)-2b, gave a moderate conversion of 48%
but with a dramatically enhanced enantiomeric excess of
60%. Full conversions could be achieved by tailoring the
reaction conditions, but the enantioselectivity of the
reaction was limited to ca. 74%. These results have only
been surpassed by the introduction of AMPY ligands with
RuCl2 (bisphosphine) catalysts.12,26


1,4-Diamines
Noyori’s research group18 and our research group27


independently focused on the use of 1,4-diamines derived
from the tartaric acid backbone. 1,4-Diamine ligands
would form a seven-membered chelate with the metal
center. This is directly analogous to many phosphine
ligands that, upon coordination, also exist as seven-
membered chelates. Three such phosphorus ligands suc-
cessfully used in Rh-catalyzed hydrogenations have been
DIOP,28 SK-PHOS,29 and BPPM.30 It was with this in mind
that we sought to prepare structurally similar diamines.


2,3-O-Isopropylidenebutane-1,4-diamine (IPBAN).
The diamine IPBAN was synthesized via a literature
procedure from tartaric acid (Scheme 8).31


The IPBAN was then reacted with the Ru (bisphos-
phine) complexes of the P-Phos and BINAP families
(Figure 2).


The complex [(S)-BINAP RuCl2 (R,R)-IPBAN] [(S,RR)-
4a] was analyzed by X-ray crystallography.26 As expected,
the diamine forms a seven-membered chelate with a λ
configuration. The BINAP ligand adopts a δ seven-
membered chelate, and the phenyl moieties adopt axial
and equatorial arrangements. A comparison of the bond
angles around the Ru center of (S,RR)-4a and the [(R)-
TolBINAP RuCl2 (DPEN)]32 complex shows that while
P–Ru–P angles are similar, the N–Ru–N bite angle is much
larger in the case of (S,RR)-4a (92° vs 78°). These new
complexes were then tested for their efficacy in catalysis.
Application with acetophenone under standard hydroge-
nation conditions gave rather disappointing results in
terms of enantioselectivity (Table 3). Nevertheless, there
were some interesting observations made.


Surprisingly, for the hydrogenation of acetophenone,
the catalysts bearing the less sterically demanding P-Phos
ligand gave better results than the catalysts bearing the
Xyl-P-Phos ligand. Moreover, a very limited bisphosphine/
diamine matching/mismatching effect was detected, with
both diastereoisomers of the catalyst (S,RR)-3a and (R,RR)-
3a providing very similar levels of enantioselectivity (75%
ee vs 81% ee). The finding that the same catalysts gave
higher selectivity in the hydrogenation of a hindered
substrate o-methoxyacetophenone (93% ee) prompted us
to study the use of this class of catalysts in the hydrogena-
tion of bulky substrates such as isobutyrophenone (Table
4).


We were surprised that a far superior stereoselectivity
was observed in the hydrogenation of the more sterically
demanding isobutyrophenone as compared with ace-
tophenone with catalysts 3a and 4b. Moreover, these


Table 2. Asymmetric Hydrogenation of Pinacolone
Using Catalysts Containing DPPNa


catalyst S/Cb B/Cc conversion (%) ee (%)d


(R)Xyl-BINAP-RuCl2-
(R,R)Dpen


1000 25 30 11


(R,SS)-1b 1000 25 46 65
(R,SS)-1b 500 500 100 62
(R,SS)-1b 500 10 75 71
(R,SS)-2b 1000 25 48 60
(R,SS)-2b 500 25 39 55
(R,SS)-2b 500 10 100 74
(R,SS)-2a 500 25 40 64
(R,SS)-2a 500 10 100 68


a Reaction conditions: 2–5 mmol of substrate, 25 °C. Reaction
times of 6–24 h. b Molar ratio of substrate to catalyst. c Molar ratio
of base to catalyst. d The conversion and ee were determined by
chiral gas chromatography (Chrompack Chirasil-DEX CB column).


Scheme 8


FIGURE 2. [(Bisphosphine) RuCl2 (IPBAN)] complexes.
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results also exceeded those obtained when DPEN-con-
taining catalysts were applied. Regardless of the stereo-
chemistry of the diamine ligand, high selectivity was
obtained (95–97% ee) for catalyst 3a. The catalyst bearing
the racemic diamine (S,rac)-3a produced the same activity
and selectivity (96% ee). Very similar results were obtained
using the Tol-BINAP-based catalyst 4b. In stark contrast,
the Xyl-P-Phos derivative 3b gave disappointing selectivi-
ties. Moreover, it would appear that with catalyst 3b there
isabisphosphine/diaminematching/mismatchinginteraction.


The experimental results for the hydrogenation reac-
tions with complexes 3a and 4b suggest that the chiral
bisphosphine dictates the stereochemical outcome of the
hydrogenation reaction and that the 1,4-diamine is im-
plicated in the increased activity observed for isobuty-
rophenone. The fact that the different diastereoisomers
of the catalysts showed very similar reaction rates com-
bined with NMR analysis of the synthesis of the ruthenium
precatalysts tends to exclude a mechanism of selective


activation of one of the two diastereoisomers. At this point,
we postulate that the 1,4-diamine, being more flexible
than the analogous 1,2- and 1,3-diamines, assumes a
conformation dictated by the chirality of the phosphine
ligand while still remaining capable of participating in a
bifunctional hydrogenation mechanism. Moreover, when
a catalyst prepared using racemic P-Phos and the chiral
IPBAN was tested, virtually no stereoinduction was ob-
served. The reduced stereoselectivity observed with 3b can
also be rationalised in that the increased steric bulk of
the xylyl groups for Xyl-P-Phos impacts on the potential
conformation that can be adopted by the IPBAN ligand.
This then influences the stereocontrol of the hydrogena-
tion reaction.


Around the time of this research, Noyori reported the
IPBAN and IPHAN (derived from mannitol) diamine
ligands and their application in the asymmetric hydroge-
nation of substituted tetralones.18 Noyori found that
whereas the less sterically congested IPBAN was more
active in the hydrogenation reaction, the stereoselectivity
was lower than that found for the IPHAN (90% ee vs 99%
ee). We have examined the same reaction replacing the
BINAP bisphosphines with the Xyl-P-Phos ligand and
found that in combination with IPBAN, (S,RR)-3b gave an
enhanced ee for the asymmetric hydrogenation of tetra-
lone (96% ee) (Scheme 9).


In Noyori’s research, the absolute stereochemistry of
the diamine was relatively unimportant. However, he
found that 1,4-diaminobutane gave a very poor conversion
(11% yield, 52% ee, S/C 1000) and suggested that the
rigidity of the acetonide ring on the backbone of the
diamine ligand confers a degree of stability to the catalyti-
cally active species. It may be possible to draw a correla-
tion between this result and recent work carried out by
Morris et al.4d In their investigation of the catalytic
pathway, they observed that the application of ethylene
diamine resulted in complex decomposition via dehydro-
genation of the diamine ligand. In fact, a 1,4-diazabuta-
diene-ligated RuH complex was isolated and analyzed. The
crystal structure of the complex indicated that the diimine
(HNdCHCHdNH) forms a bridging η2;η4 ligand between
two RuH(PPh)3 fragments.


We explored the possibility of replacing the acetonide
group with a dioxane acetal protecting group. (2R,3R,5S,6S)-
2,3-Dimethoxy-2,3-dimethyl-5,6-diaminomethyl-1,4-diox-
ane [(R,R,S,S)-DAMDO] was prepared via a procedure
published by Ley et al.33 The corresponding complex [(S)-
TolBINAP-RuCl2 (R,R,S,S)-DAMDO] was synthesised and
tested in the asymmetric hydrogenation of tetralone
(Scheme 10).


Results from the catalysis experiments indicated that
the hydrogenation started rapidly but then appeared to


Table 3. Hydrogenation of Acetophenone with
(Bisphosphine) Ru (IPBAN) Catalystsa


R catalyst conversion (%)c ee (%)c


R ) H (R,RR)-3a 100 75(R)
R ) H (S,RR)-3a 100 81(S)
R ) H (R,RR)-3b 100 55(S)
R ) H (S,RR)-3b 100 51(R)
R ) H (S,RR)-4b 100 70(R)
R ) H (S,RR)-4b 100 85(S)
R ) H (R,RR)-4c 100 34(S)
R ) H (S,RR)-4c 100 64(R)
R ) OMe (S,RR)-4a 100 93


a Reaction conditions: 2–5 mmol of substrate, 25 °C. b Molar
ratio of substrate to catalyst. c The conversion and ee were
determined by chiral gas chromatography (Chrompack Chirasil-
DEX CB column). The absolute configuration was determined by
comparison of the retention time with literature data.


Table 4. Hydrogenation of Isobutyrophenone with
(Bisphosphine) Ru (IPBAN) Catalystsa


catalyst conversion (%)c ee (%)c


(S,RR)-3a 100 97(S)
(S,SS)-3a 100 95(S)
(S,rac)-3a 100 96(S)
(rac,SS)-3a 100 9
(S,SS)-4b 100 94(S)
(S,RR)-4b 100 97(S)
(S,rac)-4b 100 95(R)
(R,RR)-3b 100 46(R)
(S,RR)-3b 100 75(S)


a Reaction conditions: 2–5 mmol of substrate, 25–30 °C, 3 h.
b Molar ratio of substrate to catalyst. c The conversion and ee were
determined by chiral gas chromatography (Chrompack Chirasil-
DEX CB column). The absolute configuration was determined by
comparison of the retention time with literature data.


Scheme 9
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stop. This suggests that the active Ru hydride species
decomposed under the reaction conditions. Although the
actual mode of decomposition is not known, it must be
related to the electronic and steric properties of the
dioxane acetal and further underlines the correlation
between the diamine backbone and catalytic activity.


3-Amino-5-aminomethyl-Boc-pyrrolidine AABPY. The
degree to which a 1,4-diamine ligand will influence the
activity and selectivity of a [(bisphosphine) RuCl2 (di-
amine)] catalyst is inexorably linked to the structure of
the diamine. Whereas the tartrate-derived ligands (IPBAN
and DAMDO) are reminiscent of the DIOP bisphosphine,28


we were also attracted to diamines analogous to BPPM
bisphosphines.30 The synthesis of (R,R)-AABPY was based
on the commercially available trans-diol (Scheme 11).
Ganesh34 has reported the synthesis of these diamines for
use as analogues that stabilize DNA duplexes and triplexes.


The preparation of [(bisphosphine) RuCl2 (diamine)]
complexes by reaction of (R,R)-AABPY with (P-Phos) RuCl2
and (BINAP) RuCl2 was carried out (Figure 3).


It was anticipated that the pyrrolidine framework would
increase the rigidity of the ligand, and we were interested
in determining how this might affect the catalysis. Ace-
tophenone and its derivatives were initially examined for
activity and selectivity. Table 5 outlines the results ob-
tained from the hydrogenation experiments.


While this class of catalysts is certainly active under
the hydrogenation conditions, the observed enantiose-
lectivity was modest. A comparison between the stereo-
selectivities attained for the P-Phos complexes with IPBAN
and AABPY does highlight some notable aspects. The
hydrogenation of acetophenone with the IPBAN complex
3b gave the corresponding alcohol in 51–55% ee, whereas
the analogous complex with AABPY, (R,SS)-5, gave an
enhanced enantioselectivity of 84%. It would also appear


that for this catalyst, there is an observed bisphosphine/
diamine matching/mismatching effect with the (S,SS)-5,
resulting in the formation of the opposite enantiomer in
only 57% ee. The more sterically demanding o-methoxy-
acetophenone, however, gave only a moderate enantiose-
lectivity. Nevertheless, we were pleased to find that the
electron deficient bis(trifluoromethyl)acetophenone was
efficiently and stereoselectively hydrogenated to the cor-
responding alcohol in 91% ee. This compares very favor-
ably with the analogous reaction with 1,2-diamine ligand
[(R)-Xyl-P-Phos RuCl2 (R,R)-DPEN], which achieved an
enantiomeric excess of only 60% for the same substrate
under identical reaction conditions.


Considering the superior enantioselectivites that were
achieved for the hydrogenation of isobutyrophenone with
the IPBAN-ligated ruthenium complexes, we were inter-
ested in exploring the effect of the AABPY diamine ligand
(Table 6). The commercial availability of the trans-4-
hydroxy-L-proline in only one diastereomeric form un-
fortunately meant that for this diamine ligand we could
not fully assess the influence of the chirality of the diamine
on the stereochemical output of the reaction.


The [Xyl-P-Phos RuCl2 AABPY] complex 5 gave a
disappointing enantioselectivity (40% ee). This is much


Scheme 10


Scheme 11


FIGURE 3. [(Bisphosphine) RuCl2 (AABPY)] complexes.


Table 5. Asymmetric Hydrogenation of
Acetophenone with (Bisphosphine) RuCl2 (AABPY)a


ketone catalyst S/Cb conversion (%)c ee (%)c


R1 ) R2 ) R3 ) H (R,SS)-5 2500 100 84(S)
R1 ) R2 ) R3 ) H (S,SS)-5 2500 100 57(R)
R1 ) R2 ) R3 ) H (S,SS)-6 2500 100 64(S)
R1 ) R2 ) R3 ) H (R,SS)-6 1000 100 20
R1 ) OMe; R2 ) R3 ) H (S,SS)-5 1000 100 42(S)
R1 ) OMe; R2 ) R3 ) H (R,SS)-5 1000 100 76(S)
R1 ) Me; R2 ) R3 ) H (R,SS)-5 1000 100 74(R)
R1 ) H; R2 ) R3 ) CF3 (R,SS)-5 1000 98 91


a Reaction conditions: 2–5 mmol of substrate, 25–30 °C, 0.5–24
h. b Molar ratio of substrate to catalyst. c The conversion and ee
were determined by chiral gas chromatography (Chrompack
Chirasil-DEX CB column). The absolute configuration was deter-
mined by comparison of the retention time with literature data.


Table 6. Asymmetric Hydrogenation of
Isobutyrophenone with (Bisphosphine) RuCl2


(AABPY)a


catalyst S/Cb conversion (%)c ee (%)c


(R,SS)-5 1000 98 40
(S,SS)-5 1000 98 19
(S,SS)-6 1000 98 80


a Reaction conditions: 2–5 mmol of substrate, 25–30 °C, 0.5–24
h. b Molar ratio of substrate to catalyst. c The conversion and ee
were determined by chiral gas chromatography (Chrompack
Chirasil-DEX CB column).
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lower than the result obtained with the IPBAN-containing
complex 3b (75% ee). However, while the TolBINAP
complex 6 gave a much better enantioselectivity (80%), it
still did not match that achieved by the analogous
complex with IPBAN (94–97% ee).


Catalysts 5 and 6 were further examined in the hydro-
genation of tetralone. For this substrate, these catalysts
displayed very poor activity with conversions of only
5–15% being observed at a S/C ratio of 500.


Conclusions
When we commenced this research, little work had been
published on developing the scope of the diamine in
catalysts of the type [(bisphosphine) RuCl2 (diamine)]. The
parent 1,2-diamino structural motif can be extended to
include a range of chiral 1,2-diamines, from DPEN to
DAIPEN to DACH, in tailoring the reactivity and selectivity
of the catalyst, and in many cases, the diamines can be
used interchangeably. The 1,3-diamine, DPPN, displayed
a reactivity and selectivity similar to those of the 1,2-
diamines except in the case of pinacolone reduction where
vastly improved activities and selectivities were observed.
The DPPN ligand can now be considered as a viable
alternative to the 1,2-systems, expanding the catalyst
toolbox. When the diamines were extended to the 1,4-
homologue, a more complex catalytic system evolved
where the structural properties of this class of diamines
played a profound role in the activity and selectivity of
the catalyst. The application of IPBAN ligands with RuCl2


(P-Phos) has allowed for new classes of ketones to be
readily reduced, namely, cyclic ketones such as tetralones
and hindered aromatic ketones such as isobutyrophenone.


Research into the diamine component of Noyori-type
catalysts is still in its infancy. The nature and role of
diamines other than those of the 1,2-class have not yet
been well defined. Nevertheless, the significance of these
catalysts in the formation of enantiopure secondary
alcohols will ensure that further research into the devel-
opment of both the bisphosphine and diamine will
continue for some time to come.


We thank Fred Hancock for encouragement with this research
and Dr. Jonathan Medlock for assistance in the IPBAN synthesis.
The support of the CCT team is gratefully acknowledged.
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Asymmetric Hydrogenation†


Received April 3, 2007
Asymmetric hydrogenation (AH)1,2 has become such a


mature field that present workers have almost forgotten
its modest beginnings. It was all made possible by
Wilkinson’s discovery that triphenylphosphine/Rh com-
plexes catalyzed hydrogenation of olefins in solution.3


Now, we are no longer dealing with catalysis on a metal
surface but with a coordination compound in molecular
dispersion. Thus, one could use the power of the synthetic
chemist to vary structures without limit to optimize results
in a more or less rational manner. Asymmetric catalysis,
using chiral ligands, presented a particularly demanding
challenge, and in retrospect, it was quite surprising that
simple small ligand molecules could achieve efficiencies
and rates rivaling enzymes. This success in achieving
asymmetric bias has even changed our terminology. We
seldom say “optically active” any more, and the term
“asymmetric induction”, implying action at a distance, has
become obsolete. Indeed, the chemist has entered the
domain usually reserved for enzymes, and we have yet
another instance in the annals of chemistry where the
monopoly of nature has been broken.


Historically, things began in 1968 with the chiral
phosphine/Rh-catalyzed AH of simple prochiral olefins,
albeit with low enantioselectivity.4 Within a relatively short
period, the first efficient chiral ligand, CAMP, was discov-
ered, giving an 80% enantiomeric excess (ee) on dehy-
droamino acids.5 This modest result, fortunately coupled
with easy separations, enabled the commercial production
of the anti-Parkinsonian drug L-DOPA at Monsanto, where
AH was the key step.1 The field really got underway with
the discovery of C2-chiral DIOP by Dang and Kagan,6


followed by Monsanto’s improved C2 bisphosphine Di-
PAMP.1 This success generated a lot of interest, and for
the next decade, a considerable number of efficient
bisphosphine ligands of wildly different structures were
discovered, useful only on enamide precursors of R-amino
acids and closely related substrates and little else. Notably,
the important R-arylacrylic acids went poorly. This is quite
typical of progress in science. Once a thing is shown to
work, then others come in and show it can be done in a
lot of different ways.


By the early 1980s, progress in AH had seemed stalled,
until the advent of BINAP.2 This axially dis-symmetric C2


bisphosphine ligand worked well with RhI but offered no
advantage over other candidates. The first breakthrough
came when RhI was replaced with RuII. Both metals gave
high ee values in AH of enamides but with an opposite
sense of asymmetric bias. This is due to the operation of
different catalytic cycles, namely, an unsaturate/dihydride


mechanism for RhI versus a monohydride/unsaturate
pathway for RuII. This new BINAP/Ru system greatly
extended the reaction scope to allow for the AH of a wide
range of functionalized olefins. The list includes R-ary-
lacrylic acids and a lot of other R,�- and �,γ-unsaturated
carboxylic acids, as well as allylic and homo-allylic alco-
hols and many other things. Strategic application of Ru
chemistry allowed extension into all kinds of ketones and
many other substrates still using BINAP as the chiral
ligand. None of the previous phosphines offered anything
like this kind of generality. Thus, BINAP, coupled with RuII


in a variety of ways, comes about as close as we are going
to get to a universal ligand.2


In the 1990s, the discovery of DuPhos with Rh showed
that fast catalysis for amino acids could be achieved at
99–100% bias.7 Now, the near quantitative efficiency of
enzymes has been accomplished. An ee of 90% only
requires an energy difference comparable with the rota-
tion barrier in ethane, but as we approach 100%, these
differences become quite significant. It is truly remarkable
that these small molecule catalysts, which cannot have
the capability of a lock and key fit like enzymes, can
achieve such high efficiency. ee values of 99% are a trivial
advance for laboratory preps, but for a large scale, where
separations from residual racemate are frequently inef-
ficient, they are very important. Again, it was soon found
that a lot of other structures can give the same fast rates
and high ee values.


The mechanism of the AHs has been studied in detail
and fairly well worked out.8–10 However, finding efficient
catalysts still remains pretty much guesswork. Notably,
asymmetric catalysis is different from stoichiometric
asymmetric synthesis. The shape of the catalyst is not
sufficient to achieve a practical AH, which requires not
only a high ee but also a high turnover number (TON)
and turnover frequency (TOF). Asymmetric catalysis is
four-dimensional (4D) chemistry. High efficiency can be
achieved only by combining an ideal 3D structure (x, y,
z) and suitable kinetics (t).9 Although H–H bonds are
readily cleaved by transition-metal complexes, the cata-
lytic efficiency is highly dependent upon the substrate
structure, the properties of the metal, the auxiliary ligand
(either anionic or neutral), and the reaction parameters,
such as pressure, temperature, solvent, additive, etc. It is
a global endeavor that continues to offer an exciting
challenge for today’s chemists.


Commercial applications of asymmetric catalysis started
early on at Monsanto with L-DOPA,1 followed 10 years
later with Takasago’s menthol process.2 Since then, the
technology has been used for a number of small applica-
tions. An exception is the chiral herbicide, Metolachlor,
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at Novartis, which is made by Ir-catalyzed AH in multi-
tonnage quantities.11 For large-scale use, these soluble
catalysts have presented a major problem because of their
high cost and difficult separations. It appears that this
problem has been solved by choosing ligand/metal sys-
tems that give very high TONs. Typically, laboratory AH
preps use a TON of 2000. For a pharmaceutical process,
like the L-DOPA process, a TON of 20 000 results in
acceptable catalyst costs without any recovery. Larger
volume products have achieved a TON approaching 1 ×
106. Thus, with these very expensive catalysts, high TON
is just about as important as high ee values. It turns out
to be much easier not to use much catalyst in the first
place rather than rely on quantitative recoveries. In the
laboratory, molecular catalysis using a BINAP/diamine/
Ru complex has yielded a TON of 2.4 × 106, which will
beat many enzymes.10 In industry, 4D chemistry is much
more important than in laboratory preps.11


Maybe the greatest use of AH will turn out to be as a
labor-saving device in the laboratory to prepare chiral
compounds used in testing and in synthesis in the growing
field of life sciences. The availability of a variety of chiral
ligands in the laboratory supply houses has made the job
easy. It is remarkable that since the turn of the century
new efficient ligand structures continue to appear. The
vast majority of work has been with chelating bisphos-
phines with chirality in the carbon backbone. A rigid
chelating structure is very attractive to chemists, but the
facts show that it is not at all necessary. Monophosphines,
like CAMP, as well as bisphosphines with chirality on the
phosphorus have been neglected and are only now getting
a relook, despite their original success.1


It is not possible to predict the future of AH and the
related asymmetric transfer hydrogenation (ATH).12 Hy-
drogenation is a core process in chemistry. AH and ATH
are widely practiced in research laboratories, especially
in the pharmaceutical industry. The progress in AH has
totally changed the way that we synthesize fine chemicals.
In this present era of green chemistry, where environ-
mentally benign reactions are a “must”, AH with its high
yields, no byproducts, and very low catalyst usage will
always play an important role.


The discovery of AH in 19685 was the “big bang” that
created this significant field.1,2 Recalling the past 4 de-
cades, we have seen AH grow from a single bright point
of light (Rh) to a long broad line (Rh to Ru, Ir, and others).
This new dedicated special issue of Accounts of Chemical
Research covering AH and ATH as well as the more
complicated hydrogen-mediated C–C coupling indicates
that the field may well be at another takeoff point, forming
a wide plane or even a 3D space, just as in the 1980s. The
possibilities of asymmetric catalysis are limitless.


Admittedly, the early pioneers are overwhelmed and
unable to keep up with all of this activity, but instead of


being dismayed, they should take pride in having started
something so important and useful.
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ABSTRACT
This Account records work carried out in our laboratories during
the last 2 decades in the field of enantioselective heterogeneous
hydrogenation. Of particular interest was Orito’s catalytic system,
platinum catalysts modified with cinchona alkaloids for the
hydrogenation of activated ketones. Described are the development
of the optimal platinum catalyst and modifier and the expansion
of the scope of the catalyst. Kinetic studies aimed at understanding
the mode of action of the catalyst revealed that the cinchona
modifier not only renders the catalyst enantioselective but strongly
accelerates the hydrogenation. This was the first case of ligand
acceleration with a heterogeneous catalytic system. Finally, a
number of industrial processes are summarized with the enantio-
selective hydrogenation of various R-keto esters as a key step.


Introduction
Heterogeneous hydrogenation catalysis at Solvias1 has its
roots in the “Hydrierlabor” of Geigy, founded in the 1940s
to support research chemists. This was a specialized
laboratory equipped first with simple glass reactors and
later also with steel autoclaves to carry out hydrogenations
on a preparative scale. Over the years, a large know how
for the hydrogenation of all kinds of substrates was
accumulated, and at the moment, around 33 000 proce-
dures are documented. In the 1970s, environmental
protection legislature led to the gradual replacement of
many classical stoichiometric reduction processes, such
as the Béchamp reduction of nitro arenes by catalytic
hydrogenation. The growing experience with technical
hydrogenations and the availability of suitable commercial


hydrogenation catalysts lowered true and perceived bar-
riers facing the application of catalytic technologies in the
company (then Ciba-Geigy, after the merger of Ciba and
Geigy).


In the early 1980s, it became clear that racemic
pharmaceuticals and agrochemicals would often be unac-
ceptable to regulatory bodies and that enantioselective
synthesis would become more and more important. With
our background in heterogeneous hydrogenation, we
noticed with interest the results on hydrogenation cata-
lysts modified with chiral auxiliaries reported by several
Japanese groups. Of particular significance to us were the
tartrate-modified nickel catalysts2 and the amazing results
described by Orito3 for the enantioselective hydrogenation
of R-keto esters using Pt catalysts modified with cinchona
alkaloids (Scheme 1). Both catalytic systems achieved
enantioselectivities of almost 90%, at the time very
encouraging values, and we decided to start a small
research program in this area. While we also tried to
reproduce and improve on the modified nickel system,
we quickly focused on the Pt–cinchona catalysts for two
reasons: First, the catalysts could be modified in situ, i.e.,
did not require a difficult catalyst preparation as was the
case for the Ni catalysts. Secondly, a few month after the
start of the program, our colleagues of pharma develop-
ment asked our help to find an enantioselective catalyst
to make methyl (R)-2-hydroxy-4-phenyl butyrate (HPB
ester, Scheme 1). In this Account, we will describe our
efforts to adapt the Orito catalyst to industrial application
as well as our attempts to unravel its mode of action.
Pertinent reviews describing various aspects of the enan-
tioselective hydrogenation of ketones have recently been
published by various authors.4


Finding Suitable Catalysts
When we started our investigations and tried to reproduce
some of Orito’s results, we noticed immediately that this
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might become more cumbersome than anticipated. We
were of course familiar with the problem that heteroge-
neous catalysts can not be characterized on a molecular
level and that reproducibility is often an issue for catalytic
processes. For this reason, we have learned to rely on the
expertise and quality control of the major suppliers of
hydrogenation catalysts. In this case, two facts made the
situation more difficult. First, most of Orito’s publications
were in Japanese; therefore, it took some time to under-
stand them, and secondly, the catalysts he used were
neither available in Europe nor well-characterized. In this
situation, we decided to turn to a catalyst expert and
started a joint project with Alfons Baiker (ETH Zürich).
Under the guidance of Daniel Monti (a former Baiker
student), Jürg Wehrli5 prepared and characterized around
100 different Pt/alumina catalysts and tested them for the
hydrogenation of ethyl pyruvate (Scheme 1). The results
can be summarized as follows:6 (i) We could reproduce
and in some cases surpass the results described by Orito
achieving ee values up to 91%. (ii) The platinum dispersion
and the method of catalyst preparation had a decisive
influence on the catalytic performance. To get high
enantioselectivites, the platinum dispersion should be
lower than 0.2–0.3. There also were some indications that
flat surfaces are favorable. (iii) Two commercial 5% Pt/
Al2O3 catalysts showed superior performance: E 4759 from
Engelhard and JMC 94 from Johnson Matthey. While both
catalysts have dispersions around 0.2–0.3, E 4759 has
rather small pores and a low pore volume, while JMC 94
is a wide-pore catalyst with a large pore volume. E 4759
from Engelhard has emerged as “standard” catalysts for
many groups working with the Pt–cinchona system and
was used in process development of the HPB ester (see
below).


Monti’s own investigations also confirmed that a
reductive pretreatment in flowing hydrogen at 400 °C just
before catalyst use significantly increases enantioselec-
tivity and the reaction rate.7 While this was not much of
a problem on a small scale, it complicated process
applications and, many years later, an alternative catalyst,
catASium F214, which does not need a pretreatment for
optimal performance, was developed in collaboration with
Degussa.8 The reason for the better performance of the
catASium F214 catalyst was attributed to a lower reducible
residue level and a narrower Pt crystal size distribution.


As summarized in a recent review,4a several groups
tried to improve catalyst performance by using different
supports or catalyst pretreatments but with limited suc-
cess. In many cases, measures that had a positive effect
did not work under slightly different conditions or were
not reproducible by other groups. Special mention is due
to colloidal catalysts, which are of interest for two reasons:
First, support effects can be eliminated, and secondly,
there is hope that the morphology (size and shape) of the
metal particles can be controlled better than for classical
supported catalysts. Our own attempts confirmed that
colloids behave in many respects similar to supported Pt
catalysts, but because of our inexperience, we failed to
get reproducible results.9 Other groups were more suc-


cessful and, especially the work by Liu and co-workers,10


showed that clusters with diameters as low as 1 nm can
give very high enantioselectivities. Indeed, a Pt colloid
stabilized with polyvinyl pyrrolidine and modified with
cinchonidine hydrogenated methyl pyruvate with up to
98% enantiomeric excess (ee). Even though colloids are
not well-suited for technical applications, these results of
course reopen the debate about the optimal size of the
Pt crystallites.


Kinetic Studies and the Ligand Acceleration
Hypothesis
As already mentioned, we had great difficulties in getting
reproducible results, not only concerning enantioselec-
tivity but also the reaction rates (easily measured via
hydrogen uptake) varied more than usual. Nevertheless,
we had the impression that a fast reaction often indicated
good enantioselectivity. This was a bit surprising, because
it is quite common that a modified heterogeneous catalyst
is less active; i.e., an increase in selectivity has to be “paid
for” with a decrease in activity. For this reason, we decided
to have a closer look at the kinetics of the modified
catalyst. We were lucky that at this point Marc Garland, a
chemical engineer, joined our group as a postdoc and got
interested in the problem. He started a systematic inves-
tigation of the effect of various reaction parameters,
especially the modifier concentration. He very quickly
found that already rather small modifier concentrations
are effective and that ee and rate increased with an
increasing cinchona concentration and that the two effects
are somehow linked to each other as illustrated by Figure
1. However, the different shape of the ee and rate curves
was puzzling. By an interesting coincidence, Sharpless and
co-workers11 reported similar behavior for the Os-
catalyzed dihydroxylation of olefins with a cinchona
alkaloid as a chiral ligand just at this time. They coined
the term “ligand acceleration” for this phenomenon,
where a nonchiral but catalytically active catalytic species
can be rendered enantioselective and faster by reversible
coordination of a chiral ligand. Marc very quickly devel-
oped the appropriate kinetic models for the Pt–cinchona
system, assuming that the cinchona modifier reversibly
adsorbs on the surface of the Pt catalyst, thereby creating
highly active chiral sites.12 In this model, the resulting ee


FIGURE 1. Hydrogenation of ethyl pyruvate. Rate and ee versus
the modifier concentration (Pt/Al2O3, dihydrocinchonidine, 20 bar in
EtOH).
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will depend upon the ratio of modified/unmodified sites
and the relative turnover frequencies of the three cycles
schematically depicted in Figure 2. This simple kinetic
model with a slow, racemic reaction on the unmodified
catalyst and an about 10 times faster reaction with an ee
around 80% on the modified sites gave a very good fit to
the measured data in ethanol. In contrast to a homoge-
neous catalyst, neither the exact nature nor the number
of active sites on a metal surface can be determined. This
could be a single Pt atom or (more likely) ensembles of
atoms. Furthermore, it is not sure that all catalytically
active sites can be modified by the relative large cinchona
molecule, and as a consequence, it is not possible to
determine the absolute values of the rate and adsorption
constants. Interestingly, many years later Jenkins et al.13


came to the conclusion that the rate acceleration might
be due to the creation of additional active sites and not
to enhanced activity because of the modification of
existing sites.


In toluene and AcOH, the situation was even more
complicated. In toluene, the maximum ee was reached
at a lower HCd concentration than in EtOH, and both the
ee and rate decreased when the modifier concentration
was increased further. This dependence on the rate and
ee can also be modeled assuming that, at a higher
modifier concentration, a third type of active site with
lower enantioselectivity and lower activity replaces Mmod,
and an example of such a rate versus ee curve is depicted
in Figure 3.14 Later, we found that this phenomenon is
quite general and can be observed with a variety of
different substrates, solvents, modifiers, and catalyst
types.15


Encouraged by these results, we decided to carry out a
full kinetic investigation for the hydrogenation of methyl
pyruvate with and without dihydrocinchonidine.16 The
effects of catalyst loading, modifier and substrate con-
centrations, hydrogen pressure, and temperature on the
rate of the unmodified and rate and ee of the modified
systems were studied. All results were compatible with a
Langmuir–Hinshelwood (LH) description, where the basic
catalytic cycle consists of a fast adsorption of ketone and


hydrogen on the Pt surface, the stepwise addition of the
two adsorbed hydrogen atoms to the CdO bond with a
half-hydrogenated intermediate, and finally, the fast de-
sorption of the alcohol. Our results indicated that the
observed rate acceleration can be explained by a shift of
the rate-determining step for one of the two possible
adsorbed forms of ethyl pyruvate as depicted schemati-
cally in Figure 4.


We can summarize our major conclusions from these
investigations as follows: (i) We had observed the first case
of ligand acceleration for a heterogeneous catalyst; i.e.,
the modified catalyst is not only enantioselective but also
much more active than the unmodified one. However,
there exists no correlation between the size of the ac-
celeration and the enantioselectivity, and the groups of
Bartók17 as well as of Murzin18 have shown that even
negligible acceleration can lead to high ee values. (ii) The
shape of the curves of ee and rate versus the modifier
concentration show that the reversible adsorption of one
modifier molecule forms a modified active site. Maximum
ee and rate, i.e., complete modification, are reached at
rather low modifier concentrations. This means that the
product-determining interactions between the modifier
and substrate for enantiodifferentiation must occur on the
surface and not in solution. (iii) The optimal modifier
concentration depends upon the type of catalyst, solvent,


FIGURE 2. Schematic catalytic cycles for the hydrogenation of
ketones on a partially modified catalyst (for clarity, the hydrogen
activation and addition steps and the corresponding intermediates
as discussed below are omitted).


FIGURE 3. Hydrogenation of ethyl pyruvate. Rate and ee versus the
modifier concentration (Pt/Al2O3, dihydrocinchonidine, 20 bar in
toluene). Note that the log of the modifier concentration is used
here.


FIGURE 4. Schematic energy diagram for the hydrogenation of an
R-keto ester with and without a cinchona modifier.
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and modifier. At higher modifier concentrations, both ee
and rate decrease. Recently, Kubota and Zaera19 have
shown that this decrease correlates with a change from a
flat to a tilted adsorption of the cinchona molecule. (iv)
The kinetic results are in agreement with a classical two-
step addition of the adsorbed hydrogen to the adsorbed
CdO bond, where the addition of the first hydrogen is
facilitated by the modifier.


A first qualitative model involving a cinchona modifier
π-bound to the Pt surface via the quinoline ring and
attractive interactions between the quinuclidine nitrogen
and the adsorbed ketone was put forward after modified
cinchona molecules were prepared and tested (see the
next section).6 This basic model was able to explain many
of the most important experimental facts. It was refined
and supported by a variety of very elegant and sophisti-
cated surface science, spectroscopic, as well as compu-
tational investigations, especially by the groups of Baiker,20


Bartók,4d and McBreen.21 Nevertheless, the specific (at-
tractive and repulsive) interactions between the adsorbed
substrate and modifier, which lead to the observed stereo
differentiation, is still under hot debate, and two compet-
ing but plausible models are depicted in Figure 5. It has
to be pointed out that fundamentally different models
have been put forward, such as the “shielding hypothetis”
by Margitfalvi4a or the formation of a zwitterionic adduct
by Vayner et al.,22 which are also able to explain many of
the experimentally observed effects.


The Quest for the Perfect Modifier
There is no doubt that the cinchona alkaloids selected by
Orito are very effective modifiers for the Pt-catalyzed
hydrogenation of R-keto esters. Nevertheless, there were
a few drawbacks, and we had a lot of questions concerning
their mode of action. As a consequence, we started a
screening program to find alternative modifiers, and we
synthetically altered the parent alkaloids depicted in
Scheme 1. The screening for alternative modifiers failed
miserably; even though we tested about 100 different
chiral auxiliaries, we never found any meaningful enan-
tioselectivity. The modification of the cinchona derivatives
was carried out by Willi Lottenbach and was much more
fruitful. After a detailed study of the hydrogenation of ethyl
pyruvate with a variety of different cinchona derivatives,
we concluded6,23 that three structural elements in the


cinchona molecule were crucial: (i) an extended aromatic
moiety, (ii) the substitution pattern of the quinuclidine
(the absolute configuration at C8 controls the sense of
induction), and (iii) the substituents at C9 (OH or MeO is
optimal; larger groups reduce enantioselectivity and, in
some cases, even lead to inversed induction).


The groups of Bartók4d and Baiker24 also investigated
modified cinchona derivatives. While Bartók tested a series
of derivatives with conformational constraints, Baiker
concentrated on modifiers with large groups at C9. While
the general conclusions were confirmed, these studies give
a much more detailed picture of the stereochemical
requirements for good enantioselectivity. Interestingly,
both modifications led to instances were the “wrong”
product enantiomer was formed preferentially; i.e., the
absolute configuration at C8 no longer controlled the sense
of induction. These effects are very sensitive to the nature
of the solvent and were explained with different adsorp-
tion geometries.


A different approach to understand the importance of
various structural elements was the synthesis of cinchona
mimics. First studies by Pfaltz and Baiker indicated that
good enantioselectivities can be reached with relatively
simple amino alcohols having just one stereogenic center
(for the best modifiers, see Figure 6).25 Because synthetic
modifiers would allow for the preparation of both product
enantiomers with equal enantioselectivity, we undertook
a joint research project with Andreas Pfaltz (University of
Basel). In an in-depth study, Christian Exner26 synthesized
various cinchona analogues with a systematic variation
of the aromatic part and the chiral amino group as
depicted in Figure 6 and carried out tests with a set of
different substrates.


From his data, the following conclusions were
drawn:27 (i) It was confirmed that the presence of an


FIGURE 5. Schematic presentation of the activated surface com-
plex.


FIGURE 6. Structures of cinchona derivatives and mimics.
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extended aromatic system with a chiral group carrying
an amino function is necessary but not a sufficient
prerequisite for high enantioselectivity. (ii) For every
substrate, the highest ee values were obtained with
quinuclidine-derived modifiers in combination with
naphthalene or quinoline rings. (iii) The substituent R′
at the quinuclidine system has a more important
influence than previously thought and can significantly
affect the ee compared to the unsubstituted derivatives
(positive and negative effects). (iv) Both bi- and tricyclic
aromatic system rings can lead to high enantioselec-
tivity. The sterically more demanding and more rigid
quinuclidine, quinoline, and to some lesser extent
naphthalene were a better match, while the smaller
pyrrolidinylmethyl group anthracene was superior. (v)
HCd and HCn derivatives usually gave higher ee values
than the corresponding Qn and Qd, which carry a
methoxy substituent at the quinoline system. (vi) Meth-
ylation of the OH group often had a positive effect for
hydrogenations in AcOH but not in toluene.


Some of the new modifier–substrate combinations give
significantly higher enantioselectivity than previously
reported, especially for the (S) products. These results will
be a useful basis for further optimization of the modifier
structure as well as the development of modifiers for other
substrates. Indeed, Baiker et al.28 recently reported that a
naphthylethylamine derivative gave higher ee values for
the hydrogenation of fluorinated ketones than cinchona
derivatives.


Expanding the Substrate Scope
It is well-recognized that most enantioselective catalysts
are rather substrate-specific. Once we had found an
effective catalyst for the hydrogenation of R-keto esters,
we wanted to find other suitable substrates with broad
applicability. Because R-keto esters tend toward side
reactions, Hans-Peter Jalett29 prepared and reduced a
number of the more stable R-keto acids. However, even
this small variation led to decreased enantioselectivities
(usually below 80% ee), despite an extensive optimization
of the reaction parameters. The corresponding Na or K
salts even gave racemic products! On the other hand,
satisfactory enantio- and very high chemoselectivities were
achieved for the hydrogenation of R,γ-diketo esters30 (also
see industrial applications below). As already described
by Niwa et al.,31 R-keto lactones are also suitable sub-
strates. This was confirmed by the Baiker group,32 who
developed a process for the hydrogenation of keto pan-
tolactone and expanded the substrate range to R-keto
imides.


Because R-hydroxy acetals and ethers are valuable
building blocks, we started to investigate the hydrogena-
tion of the corresponding ketones. To our delight, enan-
tioselectivities >90% were obtained for R-keto acetals33


as well as R-keto ethers,34 where dynamic kinetic resolu-
tion yielded high ee and diastereomeric excess (de) values
with racemic starting materials. Independently, Bartók35


reported similar results for R-keto acetals. As observed for
R-keto esters, bulky substituents on both parts of the
molecule had a negative effect on the rate and ee in the


FIGURE 7. Structures of “good”, “medium”, and “bad” ketone substrates for cinchona-modified Pt catalysts.


Scheme 2


FIGURE 8. Different phases of HPB ester process development.
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case of R-keto acetals. The hydrogenation of 1,2-butane-
dione36 to the hydroxy ketone occurred with significantly
lower enantioselectivities, which increased during the
reaction because the minor enantiomer reacted signifi-
cantly faster to the corresponding diol (kinetic resolution).
Independently, Wells37 and Salmi and co-workers38 re-
ported similar results for R-diketones. Baiker39 and later
also Bartók40 showed that R-fluorination, especially the
trifluoromethyl group, has an activating effect comparable
to an ester group. Indeed, the hydrogenation of trifluoro
acetoacetate as well as of various trifluoro acetophenones
was reported with up to 93% ee.


Despite significant progress in the last years, the
synthetically useful substrate scope of the cinchona-
modified platinum catalysts is still relatively narrow (see
Figure 7). As reviewed by Studer et al.,4a various attempts
were made to modify other metals with cinchona alkaloids
and to extend the scope to the hydrogenation of CdC
bonds. However, with few exceptions, enantioselectivities
and often catalytic activities were too low to be of practical
interest.


Technical Processes
As described in the Introduction, a few month after we
started to investigate the Orito system, our colleagues of
pharma development asked for our help to find an
enantioselective catalyst to make methyl (R)-2-hydroxy-
4-phenyl butyrate (HPB ester), a key intermediate for the
synthesis of benazepril, an angiotensin-converting enzyme
(ACE) inhibitor then under development (Scheme 2).
Because at the time homogeneous hydrogenation as well
as biocatalytic reductions were not established for R-keto
acid derivatives, the results described by Orito looked very
promising.


Because the reproduction of Orito’s results turned out
to be more difficult than expected, the development of a
viable process for the HPB ester took more than a year,
even though Hans-Peter Jalett, a very experienced chief


technician, took care of the experiments. Even before the
age of high-throughput screening, the obvious strategy
was first, to screen for the best catalyst, modifier, and
solvent, secondly, to optimize relevant reaction param-
eters (p, T, concentrations, etc.), and finally, to scale up
and solve relevant technical questions. Indeed, in the
course of process development, Jalett carried out more
than 200 hydrogenation reactions. The most important
results of this development work can be summarized as
follows: (i) Catalyst: 5% Pt/Al2O3 catalysts gave the best
overall performance, and the E 4759 from Engelhard was
the final choice. (ii) Modifier: About 20 modifiers were
tested; HCd (in toluene) and MeOHCd (in AcOH) gave the
best results and were chosen for further development. (iii)
Solvent: Jalett found that acetic acid was far superior to
all classical solvents, allowing up to 92% ee for the HPB
ester and 95% ee for ethyl pyruvate (then a new world
record).41 For technical reasons, toluene was chosen as a
solvent for the production process. (iv) Reaction condi-
tions: Best results (full conversion after 3–5 h, high yield,
80% ee) were obtained at 70 bar and room temperature
with 0.5% (w/w) 5% Pt/Al2O3 (pretreated in H2 at 400 °C)
and 0.03% (w/w) modifier. (v) Substrate quality: Enantio-
selective hydrogenation of R-keto esters proved to be
exceptionally sensitive to the origin of the substrate.42


After about 2 years, the production process was devel-
oped, patented,43 and scaled up, and in 1987, a few
hundred kilograms were successfully produced in a 500
L autoclave. The progress of the optimization can best be
demonstrated by the variations in ee versus the experi-
ment number in the different development phases (Figure
8). The effect of various measures can be seen that led to
improved enantioselectivities and a stabile process. De-
spite this success, pharma production eventually decided
to buy (R)-HPB ester from an external supplier.


A few years later, a new process for the (R)-HPB ester
was developed in collaboration with Ciba SC Life Science
Molecules. After assessing a variety of synthetic routes,
we focused on the one depicted in Scheme 3: Claisen
condensation of cheap acetophenone and diethyl oxalate,
followed by chemo- and enantioselective hydrogenation
of the resulting diketo ester and hydrogenolysis to the HPB
ester.44 Even though the 2,4-dioxo ester was a new
substrate type, it took only a few months to develop, scale
up, and implement the new process. Key steps in the new
process are undoubtedly the hydrogenation of the 2,4-


Scheme 3


Scheme 4
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dioxo ester with excellent chemo- and satisfactory enan-
tioselectivities and the successful enrichment to >99% ee
via crystallization.


We also tried to develop an enantioselective process
for the benzazepinone building block of benazepril by
selective dehalogenation of the dichloro precursor de-
picted in Scheme 4. However, despite an extensive screen-
ing of various modifiers, catalysts, and bases, we never
achieved more that 50% ee, and therefore, the project was
stopped.45


In parallel to our work, two biocatalytic routes were
developed to the pilot stage by colleagues at Ciba-Geigy,
namely, the enantioselective reduction of the correspond-
ing R-keto acid with immobilized Proteus vulgaris (route
A in Scheme 5) and with D-lactate dehydrogenase (LDH)
in a membrane reactor (route B), respectively. It was
therefore of interest to compare the four approaches. In
a collaboration with Konrad Hungerbühler (ETH Zürich),
we used the Environmental Assessment Tool for Organic
Syntheses (EATOS) program to compare the mass con-
sumption (kilogram input of raw materials for 1 kg of
product) as well as other parameters.46


As shown in Figure 9, the new route D has the lowest
overall mass consumption, even though the ee and yield
for the reduction step are the lowest. This is compensated
by fewer steps, higher atom efficiency, and lower solvent
consumption for synthesis and extraction.


Finally, in a collaboration with Syngenta, a bench-scale
process was developed for the enantioselective hydroge-
nation p-chlorophenylglyoxylic acid derivatives (Scheme
6).47 A modified Pt catalyst achieved 93% ee for the (R)-
and 86% ee for the (S)-methyl p-chloromandelate using
HCd and iso-Cn as the modifier, respectively. For the
HCd–Pt system, a scale-up from 100 mg to 15 g presented
no problems, indicating that the Pt–cinchona system
might be a viable alternative for the production of the (R)
enantiomer.


Conclusions and Outlook
In the last 2 decades, significant progress has been made
in the area of enantioselective hydrogenation using chiral-
ly modified heterogeneous catalysts. This is true with
respect to understanding the mode of action of the
catalytic systems as well as from a synthetic and industrial
point of view. Obviously, our focus was more on synthetic
applications, but to develop reproducible processes, we
also benefited from kinetic studies. Our work has shown
that selected modified catalysts are indeed industrially
viable and that, in favorable cases, they can compete with
homogeneous as well as biocatalytic alternatives. How-
ever, the scope of this technology is still restricted to the


Scheme 5


FIGURE 9. Pilot processes for (R)-HPB ester: mass consumption
(without water) for routes A–D.


Scheme 6


Cinchona-Modified Platinum Catalysts Blaser and Studer


1354 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 12, 2007







hydrogenation of ketones activated in the R or � position,
and furthermore, the mechanistic understanding of even
the best characterized catalysts is still relatively poor
compared to homogeneous catalysts. For this reason, we
do not expect a fast progress or a breakthrough in the near
future.


We are indebted to all of our colleagues mentioned in the
references but in particular to Marc Garland, Hans-Peter Jalett,
Willi Lottenbach, and Daniel Monti for their invaluable experi-
mental and intellectual contributions and to Andreas Pfaltz for
an outstanding collaboration.
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ABSTRACT
Asymmetric hydrogenation of heteroaromatic compounds has
emerged as a promising new route to saturated or partially
saturated chiral heterocyclic compounds. In this Account, we
outline recent advances in asymmetric hydrogenation of het-
eroaromatic compounds, including indole, quinoline, isoquinoline,
furan, and pyridine derivatives, using chiral organometallic catalysts
and organocatalysts.


Introduction
Catalytic asymmetric hydrogenations of prochiral unsat-
urated compounds, such as olefins, ketones, and imines,
have been intensively studied and are considered a
versatile method for access to chiral compounds.1 On the
other hand, asymmetric hydrogenation of aromatic/
heteroaromatic compounds is much less explored, pre-
sumably because of the following reasons: (1) The high
stability of aromatic compounds usually requires elevated
temperatures and pressures and thereby adversely affect-
ing the enantioselective reduction.2 (2) Deactivation and/
or poisoning of catalysts by heteroaromatic compounds
containing nitrogen and sulfur atoms may occur. (3) The
lack of a secondary coordinating group in simple aromatic
compounds, as contrast to functionalized alkenes and
ketones, to interact with the central metal atom, must
account for the difficulty in achieving enantioselective
reactions.1 Despite the difficulties cited above, the search
for catalysts enabling efficient asymmetric hydrogenation
of aromatic/heteroaromatic compounds continues and is
driven by the prospect of straightforward and efficient
routes to optically active saturated or partially saturated
chiral heterocyclic compounds.3


The first example of homogeneous asymmetric hydro-
genation of aromatic compounds is the 1987 report by
Murata and co-workers, who subjected 2-methylquinoxa-
line under hydrogen in ethanol using Rh[(S,S)-DIOP]H as
the catalyst. A dismal 3% enantiomeric excess (ee) was
obtained (Scheme 1).4 A great improvement (50% ee) was
achieved by Takaya and co-workers in 1995, in the
hydrogenation of 2-methylfuran5 in the presence of [Ru-


Cl(R-BINAP)(µ-Cl3)][NH2Et2]. The patent literature con-
tains the filing6 by Lonza AG in 1996 on asymmetric
hydrogenation of pyrazinecarboxylic acid derivatives, with
an ee up to 78% using homogeneous [Rh(COD)Cl]2/
diphosphine/MeOH at 50 atm. In 1998, Bianchini devel-
oped an orthometalated dihydride iridium complex for
hydrogenation of 2-methylquinoxaline to 1,2,3,4-tetrahy-
dro-2-methylquinoxaline with up to 90% ee (Scheme 1),7


although conversion is not satisfactory. These pioneering
works served to demonstrate the feasibility of synthesizing
chiral heterocyclic compounds from the corresponding
aromatic congeners by asymmetric hydrogenation.


To date, some important advances in homogeneous
asymmetric hydrogenation of aromatic/heteroaromatic
compounds were achieved using chiral organometallic
catalysts and organocatalysts. In this Account, we sum-
marize our efforts in asymmetric hydrogenation of quino-
lines and isoquinolines and highlight the recent develop-
ments in this challenging field by other groups.


A successful asymmetric hydrogenation of aromatic
compounds mainly depends upon substrate activation,
catalyst activation, and dual activation (Scheme 2). Sub-
strate activation includes the introduction of a secondary
coordinating group, activators, and selection of bicyclic
aromatic compounds (the aromatic stabilization of the
heteroaromatic ring is reduced, thus increasing the reac-
tivity of these substrates toward hydrogenation). Catalyst
activation may be achieved by the introduction of certain
additives and by the fine tuning of steric and electronic
effects of the chiral ligands.
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Heteroaromatic Compounds


Acc. Chem. Res. 2007, 40, 1357–1366


10.1021/ar700094b CCC: $37.00  2007 American Chemical Society VOL. 40, NO. 12, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1357
Published on Web 09/27/2007







Asymmetric Hydrogenation of Quinoline and
Isoquinoline Derivatives
Direct hydrogenation of easily available quinoline and
isoquinoline derivatives is the most convenient route to
synthesize the corresponding tetrahydro derivatives, which
are important organic synthetic intermediates. Many
alkaloids and biologically active compounds contain such
structural units.8 Surprisingly, no report on homogeneous
asymmetric hydrogenation of quinolines and isoqunio-
lines was documented in the literature before we started
this program. In our program, two kinds of strategies were
considered and implemented for asymmetric hydrogena-
tion of quinolines and isoquinolines: one of which is to
develop highly reactive and enantioselective catalysts, and
the other concentrates on substrate activation, e.g., by
chloroformates (Scheme 3).


Recently, it has been revealed that iridium successfully
mediates asymmetric hydrogenation of imines and simple
alkenes.1 We first examined [Ir(COD)Cl]2/MeO-Biphep,
which is the common iridium hydrogenation catalyst, for
hydrogenation of 2-methylquinoline. Unfortunately, it was
found that the catalytic activity is very low, and only a
trace amount of product with low ee was obtained when
the reaction was carried out in methylene chloride at room
temperature under 700 psi of hydrogen. Although the
enantioseletivity and conversion are low, it is demon-
strated that asymmetric hydrogenation of quinolines is


feasible. The next step is how to improve the activity and
enantioselectivity. A dramatic impact of additives on
catalytic turnover and enantioselectivity was also noted.9


For example, iodine increased the reactivity of iridium-
catalyzed asymmetric hydrogenation of imines,10 presum-
ably via oxidation of IrI to a more catalytically active IrIII


state. Following this observation, we explored the highly
active Ir/(R)-MeO-BiPhep/I2 system for asymmetric hy-
drogenation of quinolines. Using 2-methylquinoline as a
model substrate, the reaction proceeded smoothly, af-
fording 2-methyl-1,2,3,4-tetrahydroquinoline with 94% ee
(Scheme 4).11 After screening several other additives, we
concluded that only iodine and halogen analogues give
excellent conversions and enantioselectivity.


Further studies showed a strong solvent dependence
in that aprotic solvents, such as toluene, gave the best
enantioselectivity (94%). Other commercially available
chiral bidentate phosphine ligands were also examined
for the hydrogenation of 2-methylquinoline, and we found
that enantioselectivities decreased when (R)-BINAP (87%),
(S)-SynPhos (87%), (S,S)-DIOP (53%), or (R,R)-Me-DuPhos
(51%) was used instead of MeO-BiPhep (94% ee) or (S)-
SegPhos (94%). Thus, the optimal conditions that we
established involve [Ir(COD)Cl]2/MeO-BiPhep/I2 in tolu-
ene at 700 psi of H2 (Figure 1).


A variety of substituted quinoline derivatives were
hydrogenated using Ir/MeO-Biphep/I2 as the catalyst
system. Several 2-alkyl-substituted quinolines were hy-
drogenated with high enantioselctivities (>92% ee), re-
gardless of the length of the side chain (entries 1–6 in
Table 1). 2-Arenethyl-substituted quinolines also gave
excellent asymmetric induction (entries 8–10). 2-Aryl- and
2-hydroxymethyl quinolines showed lower enantioselec-
tivities (entries 14 and 18). While this catalytic system can
tolerate hydroxyl and ester groups (entries 15–19 and 24),
a CdC double bond in the side chain of the substrate
(entries 5 and 21) was saturated. From the fact that three-
and four-substituted quinolines gave essentially racemic
products (0 and 1% ee for 3- and 4-methylquinoline,
respectively) strongly indicates an intimate involvement
of the heterocyclic nitrogen atom in forming intermediates


Scheme 2. Strategies for Asymmetric Hydrogenation of Aromatic
Compounds


Scheme 3. Strategies for Hydrogenation of Quinolines and
Isoquinolines


Scheme 4. Effect of Additives on Activity and Enantioselectivity


Asymmetric Hydrogenation Zhou


1358 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 12, 2007







prior to hydrogen transfer; therefore, only a prochiral C-2
would have stereochemical consequences.


Ir complexes with ferrocene-based N–P and S–P ligands
also promote asymmetric hydrogenation of quinolines
(Scheme 5).12a,b Using the one with a N–P ligand, tetrahy-
droquinolines of up to 90% ee were obtained. Central
chirality determined the absolute configuration of the prod-
ucts in iridium–ferrocenyloxazoline catalytic systems with
planar chirality. For S–P ligands, S–P-1 and S–P-2 with the
same central chirality and opposite planar chirality gave a
product with the same absolute configuration. Interestingly,
if a bulky trimethylsilyl (TMS) group (S–P-3 and S–P-4) was
introduced to the Cp ring of S–P-1 and S–P-2 ligands,
hydrogenation products with opposite absolute configura-
tion were obtained in high enantioselectivity. It is noted that
hydrogenation of quinolines can also proceed smoothly in
air using [Ru(p-cymene)Cl2]2/I2/tetrahydrofuran (THF) as the


catalytic system with high catalytic activity [turnover number
of the reaction (TON) of up to 20 000],12c but the asymmetric
version gave very low enantioselectivity using the chiral
diphosphine ligands or diamine ligands.


Iridium-catalyzed asymmetric hydrogenation of quino-
lines provides a convenient and economical route to
synthesize optically active tetrahydroquinolines. This
methodology can be successfully applied to the asym-
metric synthesis of tetrahydroquinoline alkaloids and
chiral drugs (Scheme 6).11,13 For example, the hydrogena-
tion product of 6-fluoro-2-methylquinoline is the key
intermediate of the antibacterial agent of Flumequine.
N-Methylation of hydrogenation products completed the
synthesis of angustrureine, galipinine, and cuspareine in
high total yields. A seven-step synthesis of (-)-galipeine
that contains a free phenol hydroxyl group was ac-
complished from isovanillin with a 54% overall yield, and
the work enabled an assignment of its absolute configu-
ration.13 Similarly, absolute configurations of (+)-angus-
tureine, (-)-galipinine, and (-)-galipeine were assigned
through our synthesis.


Intense research activities are evident in metal-free
enantioselective transfer hydrogenation of R,�-unsaturated
carbonyl compounds and imines using organocatalysts
with Hantzsch esters as the hydrogen source.14 In 2006,
Rueping extended this strategy to reduce quinolines,15


employing sterically congested chiral BINOL-phosphoric
acids. This reaction was found to be highly solvent-
dependent, in which nonpolar (e.g., benzene) gave the
best enantioselectivity. Under optimal conditions, excel-
lent enantioselectivities (87–99% ee) were obtained for
2-substituted quinolines (Scheme 7). A possible reaction
mechanism indicates the protonation of the quinolines
by the chiral phosphoric acid, which allows for a 1,4-
dihydride addition, isomerization, and 1,2-hydride addi-
tion to give the desirable tetrahydroquinolines.


Our recent discovery that Hantzsch esters could be
dehydrogenated using the [Ir(COD)Cl]2/phosphine/I2 sys-
tem16 led to an exploration of quinoline reduction. We
were glad to observe that hydrogenation can proceed
smoothly using [Ir(COD)Cl]2/(S)-SegPhos/I2 with 10–88%
ee (Scheme 8).17


FIGURE 1. Effect of ligands on conversion and ee.


Table 1. Ir-Catalyzed Asymmetric Hydrogenation of
Quinolines


entry R/R′ yield (%) ee (%)


1 H/Me 94 94 (R)
2 H/Et 88 96 (R)
3 H/n-Pr 92 93 (R)
4 H/n-Bu 86 92 (R)
5 H/3-butenyl 91a 92 (R)
6 H/n-pentyl 92 94 (R)
7 H/i-Pr 92 94 (S)
8 H/phenethyl 94 93 (R)
9 H/3,4-methylenedioxyphenethyl 88 93 (R)
10 H/3,4-(MeO)2C6H3(CH2)2– 86 96 (R)
11 F/Me 88 96 (R)
12 Me/Me 91 91 (R)
13 MeO/Me 89 84 (R)
14 H/Ph 95 72 (S)
15 H/Me2CH(OH)CH2– 87 94 (S)
16 H/c-C6H11(OH)CH2– 89 92 (S)
17 H/Ph2CH(OH)CH2– 94 91 (S)
18 H/CH2OHb 83 75 (S)
19 H/CH2OCOCH3 90 87 (S)
20 H/CH2OPh 90 93 (S)
21 H/4-MeOC6H4CHdCH 80a 95 (R)
22 H/(CH2)3OBn 62 94 (R)
23 H/(CH2)4OBn 84 93 (R)
24 H/CH2CO2Me 90 92 (S)


a CdC of the side chain was hydrogenated. b i-PrOH was used
as the solvent.


Scheme 5. Asymmetric Hydrogenation of Quinolines using Ferrocene
Derived N–P and S–P Ligands
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A natural extension of our work is to hydrogenate
isoquinolines, but unfortunately the results were disap-
pointing. We attribute the lack of reactivity to a high
affinity of the hydrogenation products of isoquinolines,
so that the chiral metal catalyst was not released. Accord-
ingly, substrate modification should overcome the turn-
over problem. The selection of alkyl chloroformates as the
modifiers is based on the following reasons (Scheme 9):
(1) Aromaticity was destroyed partially by the formation
of quinolinium and isoquinolinium salts. (2) Removing the


lone-pair electrons from the N atom avoids strong binding
to the metal center. (3) Attached CO2R is probably important
for the coordination between the substrate and catalyst.


The mechanism analysis indicated that 1 equiv of
hydrogen chloride was produced during hydrogenation
of quinolines and isoquinolines activated by chlorofor-
mates, which might block the reaction by the formation
of the HCl salt of quinolines or isoquinolines. Therefore,
the addition of a base to neutralize hydrogen chloride is
necessary for substrate use. A survey of the base/solvent
profile revealed that the combination of Li2CO3 and THF
could give complete conversion. Besides alkyl chlorofor-
mates, we examined benzoyl chloride, acetyl chloride, and
acetic anhydride as alternatives, but they were inefficient.
Our studies also included the screening of other com-
mercially available chiral ligands; among them, (S)-SegPhos
gave the best enantioselectivity. A variety of 2-substituted
quinolines were hydrogenated using Ir/(S)-SegPhos/
ClCO2Bn/Li2CO3/THF with 80–90% ee (Table 2),18 among
which only 2-phenylquinoline gave lower conversion and
enantioselectivity (41% yield and 80% ee).


Extension of the work to asymmetric hydrogenation of
isoquinolines resulted in only partially hydrogenated 1,2-
dihydroisoquinoline. In the case of 1-methylisoquinoline,


Scheme 6. Asymmetric Synthesis of Tetrahydroquinoline Alkaloids and Drugs


Scheme 7. First Organocatalytic Hydrogenation of Quinolines


Scheme 8. Asymmetric Transfer Hydrogenation of Quinolines


Scheme 9. Hydrogenation of Quinolines and Isoquinolines Activated
by Chloroformates
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the partially hydrogenated product was obtained in 87%
yield with 76% ee under the above conditions, using (S)-
SegPhos as the ligand (Scheme 10). The reaction did not
occur in the absence of benzyl chloroformate.


Because an equivalent of LiCl was produced during this
reaction, the effect of lithium salt with different counter-
ions on the enantioselectivity was investigated. The results
showed that the ee slightly increased (76–83% ee) in the
presence of LiBF4 or LiOTf. Ligand screening indicated
that (S)-SegPhos gave the best enantioselectivity (83% ee).


Results from the hydrogenation of isoquinolines are
collected in Table 3. 1-Alkylisoquinolines were hydroge-
nated with moderate to good enantioselectivities regard-
less of the length of the alkyl chain (entries 1–4 and 7–8).
As for 1-phenylisoquinoline, excellent enantioselectivity
was obtained but the conversion was moderate, which
might be due to the steric effect of the bulky phenyl group.
Low enantioselectivity was obtained for 1-benzylisoquino-


line (10% ee, entry 9). It is noted that this is the first
example for the asymmetric hydrogenation of isoquinoline
derivatives.


Thus, asymmetric hydrogenation of quinolines and
isoquinolines activated by chloroformates provides a
convenient route to synthesize optically active quinoline
and isoquinoline alkaloids (Scheme 10).18 For instance,
the reduction of hydrogenation products with LiAlH4 in
Et2O afforded the N-methylation products in high yield,
which are the naturally occurring tetrahydroquinoline
alkaloids. Similarly, naturally occurring tetrahydroiso-
quinoline alkaloids were synthesized in three steps starting
from isoquinolines (Scheme 11). For example, (S)-(-)-
carnegine can be synthesized by asymmetric hydrogena-
tion, Pd–C hydrogenation, and LiAlH4 reduction.


Since we reported our initial work on iridium-catalyzed
enantioselective hydrogenation of quinoline derivatives in
the presence of I2,11 several other groups have com-
municated their results in this area.19–24 Chiral bisphos-
phine ligands have been designed and tested. Some
representative examples are shown in Figure 2.


Fan, Chan, and co-workers have developed a highly
effective and air-stable catalyst system Ir/P-Phos/I2 for the
asymmetric hydrogenation of quinoline derivatives with
90–92% ee.19 Moreover, this catalyst can be efficiently
immobilized in poly(ethylene glycol) dimethyl ether
(DMPEG), which retained reactivity and enantioselectivity
in eight runs. Xu, Fan, Chan, and co-workers found that
the Ir-H8-BINAPO catalyst and Ir complexes with chiral
diphosphinite ligands based on a 1,1′-spirobiindane back-
bone were highly effective.20 Using DMPEG/hexane as the
reaction medium, up to 97% ee was obtained, but those
catalysts are difficult to recycle. In 2006, Chan and co-
workers reported the asymmetric hydrogenation of quino-
lines in 92% ee with their Ir/PQ-Phos.21 Reetz and co-
workers found that chiral BINOL-derived diphosphonites
further linked to an achiral diphenyl ether unit were also
effective ligands (73–96% ee).22 Iridium-catalyzed asym-
metric hydrogenation of quinolines in the presence of
iodine required high catalyst loading, which may be due
to the catalyst deactivation during the reaction. It was
reported that the Ir complexes could form an inactive
dimer irreversibly. This notion finds some support in that
encapsulation of the iridium complex in a dendrimer
framework reduced dimerization [(S)-GnDenBINAP], en-
suing high enantioselectivities and significantly high
catalytic activities [turnover frequency (TOF) of up to 3450
h-1] and productivities (TON of up to 43 000).23 Such a
catalyst could be recovered simply by precipitation and
filtration for reuse at least 6 times while maintaining
comparable enantioselectivity. These exciting develop-
ments demonstrate perfectly that Ir/phosphine/I2 is an
excellent catalytic system for asymmetric hydrogenation
of quinolines.


Table 2. Hydrogenation of Quinolines Activated by
ClCO2Bn


entry R′/R yield (%) ee (%)


1 H/Me 90 90 (S)
2 H/Et 85 90 (S)
3 H/n-Pr 80 90 (S)
4 H/n-Bu 88 89 (S)
5 H/n-pentyl 91 89 (S)
6 F/Me 83 89 (S)
7 Me/Me 90 89 (S)
8 MeO/Mea 92 90 (S)
9 H/Ph 41 80 (R)
10 H/phenethyl 86 90 (S)
11 H/3,4-(MeO)2C6H3(CH2)2 80 90 (S)
12 H/3-MeO-4-BnOC6H3(CH2)2 88 88 (S)


a Reaction at 50 °C.


Scheme 10. Asymmetric Hydrogenation of Isoquinolines


Table 3. Asymmetric Hydrogenation of Isoquinolines


entry R′/R R″ yield (%) ee (%)


1 H/Me Me 85 80 (S)
2 H/Me Bn 87 83 (S)
3 H/Ph Me 57 82 (S)
4 H/Ph Bn 49 83 (S)
5 MeO/Me Me 44 63 (S)
6a MeO/Me Bn 46 65 (S)
7 ethyl Me 85 62 (S)
8 n-butyl Me 87 60 (S)
9 benzyl Me 83 10 (S)


a Without LiBF4.


Asymmetric Hydrogenation Zhou


VOL. 40, NO. 12, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1361







Asymmetric Hydrogenation of Indole
Derivatives
In 2000, Ito and co-workers reported a breakthrough in
asymmetric hydrogenation of aromatic compounds in that
the hydrogenation of N-Boc or Ac-substituted indoles with
the use of a Rh/Ph-TRAP/Cs2CO3 catalyst in isopropanol
at 60 °C is highly effective, and up to 95% ee was obtained
(Scheme 12).25 It is noteworthy that both activity and
enantioselectivity are significantly dependent upon the
use of base. The addition of 10 mol % of Cs2CO3 or Et3N
improved enantioselectivity and catalytic activity remark-
ably. The chiral ligand is crucial for enantioselectivity. Only
trans chelating bisphosphine ligand PhTRAP gave a high


ee, and other commercially available bisphosphine ligands
gave almost racemic products. The protecting group (e.g.,
Ac and Boc) on the nitrogen atom of indole is also
important for enantioselecivity, because it acts as a
secondary coordinating group. For 3-substituted N-acetyl-
indoles, undesirable alcoholysis intervened. Using Ts as
the protecting group, the indole derivatives underwent
hydrogenation satisfactorily (high conversion and 95–98%
ee).26


Ru-catalyzed asymmetric hydrogenation of N-Boc in-
doles using a readily prepared catalyst, [RuCl(p-cymene)-
RhTRAP]Cl, was developed by the same group in 2006 with
90–95% ee (Scheme 13).27 2,3-Disubstituted indoles only
furnished moderate enantioselectivity (72% ee).


For the above hydrogenation of indole derivatives,
successful factors include (1) the introduction of protect-
ing groups, Ac, Boc, or Ts, which may act as a secondary


Scheme 11. Asymmetric Synthesis of Quinoline and Isoquinoline Alkaloids


FIGURE 2. Representative chiral bisphosphine ligands used by other
research groups.


Scheme 12. Rh-Catalyzed Asymmetric Hydrogenation of Indoles


Scheme 13. Ru-Catalyzed Asymmetric Hydrogenation of Indoles
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coordinating group or activator of indoles and (2) the
addition of a base, which may activate the chiral catalyst,
although the reason is not clear.


Asymmetric Hydrogenation of Pyridine
Derivatives
Thousands of pyridine derivatives are commercially avail-
able, and numerous others can be prepared by existing
methods. In addition, chiral piperidine derivatives are
important synthetic intermediates and the structural unit
of many biologically active compounds. Therefore, a
general method for asymmetric hydrogenation of pyridine
derivatives would be highly desirable.


At present, the best results obtained for asymmetric
homogeneous hydrogenation of pyridine derivatives is
25% ee using 5 mol % of Rh(nbd)2BF4/BINAP as the
catalyst. High temperature and pressure are crucial for full
conversion.28 A cinchona-modified heterogeneous catalyst
(up to 19% ee) was found inefficient (Scheme 14).29


Recently, two successful examples on the asymmetric
hydrogenation of auxiliary-substituted pyridines30,31 and
a two-step asymmetric hydrogenation process of 3-sub-
stituted pyridines derivatives using a homogeneous rhod-
ium catalyst were reported.32


In 2004, Glorius and co-workers reported a highly
efficient asymmetric hydrogenation of chiral N-(2-pyridyl)-
oxazolidinones with up to 98% ee in acetic acid using
commercially available heterogeneous catalysts (Scheme
15).30 The substrate is easy to synthesize from 2-bromopy-
ridines and chiral oxazolidinone; the purification proce-
dure is simple; and chiral auxiliary can be conveniently
recovered and reused. Products with multiple stereo-
centers can be prepared in high yield with excellent
optically purity. The high diastereoselectivity was ascribed


to strong hydrogen bonding between the pyridinium and
oxazolidinone moiety in acetic acid.


Charette and co-workers developed an asymmetric
hydrogenation of pyridine derivatives with an activating
achiral auxiliary and N-benzoyliminopyridinium ylides,
with 54–90% ee (Scheme 16).31 N-Benzoyliminopyridinium
ylide acts as the role of the activator of the substrate and
secondary coordinating group. The highest enantioselec-
tivities were obtained with cationic iridium complexes of
phosphinooxazoline, with tetrakis(3,5-bis(trifluorometh-
yl)phenyl)borate (BArF) as the counterion. The use of a
catalytic amount of iodine is vital to achieve high yields,
which may play an activator role for the Ir catalyst. This
is a successful example based on the principle of simul-
taneous activation of the substrate and catalyst. It is
well-suited for the asymmetric hydrogenation of 2-sub-
stituted N-benzoyliminopyridinium ylides. The hydro-
genation adducts obtained can be converted to the
corresponding piperidine derivatives using Raney nickel
or lithium in ammonia to cleave the N–N bond.


Zhang, Lei, and co-workers reported a highly enanti-
oselective hydrogenation process of ethyl nicotinate,32


which consists of an efficient partial hydrogenation of
nicotinate with Pd/C and a subsequent highly enantiose-
lective homogeneous hydrogenation using Rh(NBD)(Tang-
Phos)SbF6 as the catalyst, with >99% ee (Scheme 17).


Asymmetric Hydrogenation of Furan Derivatives
Hydrogenation of furan derivatives is also less explored.5,28


In 2006, two groups reported the efficient asymmetric
hydrogenation of furan derivatives (Scheme 18). According
to Pfaltz and co-workers, Ir catalysts derived from the
pyridine–phosphinite ligand delivered tetrahydrofuran
derivatives with 78–99% ee,33 and this is the best result
for the asymmetric hydrogenation of furan derivatives to
date. The P substituent in the bidentate pyridine–phos-
phinite ligand is crucial for the enantioselectivity, and the


Scheme 14. Former Asymmetric Hydrogenation of Pyridines


Scheme 15. Asymmetric Hydrogenation of
2-Oxazolidinone-Substituted Pyridines


Scheme 16. Asymmetric Hydrogenation of N-Benzoyliminopyridinium
Ylides


Scheme 17. Hydrogenation Process of 3-Substituted Pyridines


Asymmetric Hydrogenation Zhou


VOL. 40, NO. 12, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1363







t-butyl group was identified as the best. Albert and co-
workers developed a homogeneous asymmetric hydroge-
nation of 2,5-disubstituted furans, using cationic rhodium
bisphosphine complexes,34 and up to 72% ee was obtained.


Studies have shown that a few other heteroaromatic
compounds underwent hydrogenation with moderate
enantioselectivity. For example, 2-methylquinoxaline can
be hydrogenated using Noyori’s RuCl2(bisphosphine) (1,2-
diamine) catalyst (73% ee)35 and the [Ir(COD)Cl]2/PQ-
Phos/I2 system (72% ee).21


Miscellaneous Work on Pd-Catalyzed
Hydrogenation of Activated Imines
In the course of exploring the asymmetric hydrogenation
of aromatic compounds using the activation strategy, we
developed the Pd-catalyzed hydrogenation of activated
imines to acquire chiral heterocycles using the Pd(O-
COCF3)2/diphosphine complex in trifluoroethanol (Scheme
19).36 Two kinds of cyclic N-p-toluenesulfonyl imines can
also be hydrogenated with high enantioselectivity using
Pd(OCOCF3)2/(S)-SegPhos.36b To our delight, this meth-
odology provides a new access to chiral heterocycle sultam
derivatives, which are important synthetic intermediates
and structural units for agricultural and pharmaceutical
agents. For N-p-toluenesulfonyl and N-diphenylphospinyl
acyclic ketimines, up to 99% ee can also be obtained using
the Pd(OCOCF3)2/(S)-SynPhos or (S)-SegPhos complex as
the catalyst. The exclusive E configuration of the imines
and the strong electron-withdrawing character likely
contributedtothesuccessoftheasymmetrichydrogenation.


Summary and Outlook
This Account focused on recent advances in homogeneous
asymmetric hydrogenations of heteroaromatic com-
pounds. Two different systems were developed for the
hydrogenation of quinolines. One is the highly active
iridium catalyst Ir/diphosphine/I2, in which iodine is a
crucial additive for activity and enantioselctvity. The other
was Ir/diphosphine/Li2CO3 and involves derivatization to
form quinolinium salts with chloroformates. The latter
protocol can be applied to the asymmetric hydrogenation
of isoquinolines. A highly enantioselective organocatalytic
asymmetric transfer hydrogenation of quinolines is to use
a chiral BINOL-derived Brønsted acid as the catalyst.
Protected indoles can be hydrogenated efficiently using
Rh or Ru complexes with trans chelating bisphosphines
ligands. Pyridine derivatives with chiral and achiral aux-
iliaries can be efficiently hydrogenated using heteroge-
neous catalysts and homogeneous Ir/N–P catalysts in the
presence of iodine, respectively. Furan derivatives can be
hydrogenated with high enantioselectivity using Ir cata-
lysts derived from pyridine–phosphinite.


Although some promising results have been obtained
in the asymmetric hydrogenation of aromatic compounds,
it should be emphasized that a great deal of effort is
required to work out satisfactory protocols for various
situations. All of the above examples are confined to
bicyclic heteroaromatic compounds possessing quinoline,
isoquinoline, quinoxaline, or indole skeletons, in which
aromatic stabilization of the heteroaromatic ring is re-
duced, thus rendering their susceptibility to hydrogena-
tion. For the monocyclic heteroaromatic compounds, only
furan derivatives gave the excellent enantioselectivity. Low
enantioselectivity was obtained for the direct hydrogena-
tion of pyridine derivatives. The asymmetric hydrogena-
tion of common phenols, anilines, and arenes is largely
unsuccessful. Future work may then focus on the follow-
ing: (1) The development of a new activation strategy for
arenes and heteroaromtic compounds; perhaps superacids
and Lewis acids deserve a closer look. (2) Exploration of
new homogeneous catalysts, containing new combina-
tions of metal precursors, chiral ligands, and additives.
(3) Rueping’s organcatalytic hydrogenation of quinolines
opened a new access to the asymmetric hydrogenation
of heteroaromatic compounds; therefore, the design and
development of a new organocatalyst type are a good
direction because of the compatibility of the functional
group and simple operation of the organocatalytic pro-
cess.37 (4) Heterogeneous catalysts capable of asymmetric
hydrogenation should also be explored, because their
recyclability should be simpler. (5) A fuller understanding
of the mechanistic details of these successful reactions
might eventually lead to the next generation of general
asymmetric hydrogenation methods for aromatic com-
pounds.
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Scheme 18. Asymmetric Hydrogenation of Furan Derivatives


Scheme 19. Pd-Catalyzed Asymmetric Hydrogenation of Activated
Imines
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ABSTRACT
This Account gives an overview of the homogeneously catalyzed
asymmetric hydrogenation of prochiral amino ketones. The prepa-
ration of enantiopure arylalkanolamines, which are potent and
economically very important pharmaceuticals, is described. Clas-
sical routes of synthesis are compared with the new asymmetric
hydrogenation route for a number of compounds from the
viewpoint of an industrial pharmaceutical chemist.


Introduction
Optically active amino alcohols are a very important class
of compounds, both in nature and in the pharmaceutical
world. A very large number of active pharmaceutical
substances contain the amino alcohol moiety and exhibit
chirality.


There are many industrially applicable routes by which
enantiopure amino alcohols can be obtained. Some are
available from a chiral pool via reduction of the corre-
sponding amino acid, while others may be obtained from
natural hydroxyacids or, in rare cases, from sugars.


Currently, however, resolution remains the most widely
used technology for obtaining enantiomerically pure
amino alcohols and, in many cases, it is the most
economical.1,2


Biotechnology represents another option for the pro-
duction of optically active amino alcohols, and in recent
years, a number of well-established biotechnological
methods have been developed for specific targets. These
include enzymatic kinetic resolution,3 asymmetric reduc-
tive amination of hydroxyketones4 and enzymatic reduc-
tion of amino ketones.5


In addition to biotechnological methods, a wide variety
of chemical processes have been developed for the asym-
metric reduction of prochiral amino ketones. The hydro-
gen equivalent can be transferred to the carbonyl group
using a number of different methods. Complex metal
hydride reagents or boranes modified with chiral ligands
have been used extensively in asymmetric reductions.


Prominent examples include R. Noyori’s BINAL-H,6 a
chiral modified aluminum hydride, M. M. Midland’s
alpine-borane,7 and H. C. Brown’s DIP-chloride,8 both of
which are chiral borane reagents based on R-pinene.
Enantiomerically pure amino alcohols are usually ob-
tained indirectly by this methodology, either via amine
substitution of enantiopure halohydrins9 or via the open-
ing of the corresponding epoxide.10 These technologies
require stoichiometric amounts of chiral reducing agent,
however, and they are therefore uneconomical from an
industrial point of view.


In the Corey–Bakshi–Shibata (CBS) reduction,11 chiral
boranes synthesized from borane and, usually, another
enantiopure amino alcohol are used. This technique can be
carried out using catalytic amounts of chiral ligands, but
again, amino alcohols are obtained only indirectly because
of ligand competition with substrate, intermediate, or prod-
uct. In order to achieve useful productivities on an industrial
scale, the ratio of chiral ligand to substrate, the turnover
number (TON) is usually in the range of 5–100 (1–20 mol%).
Also, the hydrogen source is borane, which is associated with
serious hazards and which is relatively expensive compared
with the value of the product.


In principle, the most economic source of reduction
equivalent is hydrogen itself. Therefore, the most eco-
nomical way of performing asymmetric reductions of
either amino ketones or hydroxyimines leading to amino
alcohols is via catalytic hydrogenation.


Although heterogeneous asymmetric hydrogenations,12


which historically were the first examples of catalytic
hydrogenation,13 are currently undergoing a revival (cf.
recent work on the immobilization of metal–phosphine
complexes14), homogeneous catalytic hydrogenations are
the most economical way of performing enantioselective
reductions on an industrial scale.15–17


The first paper in the special field of enantioselective
homogeneously catalyzed hydrogenations of prochiral
amino ketones, which is the main topic of this Account,
was published by T. Hayashi et al.18 in 1979. The studies
described in this paper employed the rhodium complex
of BPPFOH ((R)-R-[(S)-1′,2-bis(diphenylphosphino)ferro-
cenyl]ethanol) as ligand. Subsequent studies carried out
by K. Achiwa et al.19 used BPPM ((2S,4S)-N-tert-butoxy-
carbonyl-4-diphenylphosphino-2-diphenylphosphinom-
ethylpyrrolidine), which became the lead structure for an
entire class of ligands.20 These two classical phosphine
ligands are very useful for the reduction of many different
prochiral substrates and especially for prochiral amino
ketones, which lead to the arylalkanolamines.


Enantioselective Homogeneously Catalyzed
Hydrogenation of Arylalkanolamines
Arylalkanolamines in general are a very important class
of pharmaceuticals and represent a major share of the
world drug market. Most continue to be marketed as
racemates despite the fact that, in the majority of cases,
the D- and L-enantiomers have different pharmacological
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properties.21 In the case of adrenaline (epinephrine), the
comparative effect of the racemate and the two enanti-
omers on blood pressure was investigated as early as
1908.22 By the middle of the 20th century, many ary-
lalkanolamines had been resolved, their absolute configu-
rations had been established and their pharmacological
properties investigated.23 A large number of these com-
pounds came onto the market at around this time, and
they continue to find application as antiarrhythmics,
antihypotonics, antiasthmatics, rhinologics, ophthalmics,
and vasoconstrictors.


The early work on the asymmetric synthesis of aryl-
ethanolamines of the adrenaline type by Hayashi and
Achiwa triggered the development of new industrial
processes for these well-established active pharmaceutical
ingredients.


Etilefrine
The (R)-enantiomer of the sympathomimetic agent etile-
frine is about 20 times more pharmacologically active than
the (S)-enantiomer. In 1984, scientists at Boehringer
Ingelheim synthesized both enantiomers via enantiose-
lective hydrogenation.24 Originally, the rhodium complex
of BPPFOH was used as the catalyst, with a low TON, low
activity (turnover frequency, TOF), and relatively low
enantiomeric excess (ee) (Scheme 1).


Optical purity was enhanced by recrystallization. Much
better reactivity, as well as better enantioselectivity, was
achieved with MCCPM than with BPPM or BPPFOH (Table
1, Figure 1). The substrate/catalyst (S/C) ratio in this case
was 10 000. Using the corresponding N-benzylamino
ketone, we obtained 90% ee under the same conditions.


Phenylephrine
A structurally similar molecule that has been well
established in the pharmaceutical market for many


years is the R-adrenergic agonist phenylephrine (Figure
2)25.


Worldwide, there are over 100 trademarked prepara-
tions of phenylephrine.25c In addition to its main use as
a nasal decongestant, it is also a mydriatic, a cardiotonic,
and a vasoconstrictor. It was first marketed in 1936 by
Boehringer Ingelheim, as the hydrochloride salt, under the
name Adrianol. Today, the world market for phenyleph-
rine is over 100 tons per annum. The classical industrial
synthetic route was developed in the late 1920s and early
1930s and published in a series of patents by H. Leger-
lotz.26 These describe the synthesis of racemic phenyle-
phrine and give details of the resolution procedure using
tartaric acid and the Walden inversion by which the undes-
ired isomer is transformed into the desired isomer. This
route was subsequently investigated further and refined.27–29


A number of alternative methods of synthesis, which are not
of industrial interest, were subsequently developed,30 but it
was Takeda et al. who published the first asymmetric route
to phenylephrine in 1989 (Scheme 2)31.


In principle, this route can be used industrially, but it
has several disadvantages. More than 50% of the molec-
ular weight of the substrate for the asymmetric hydroge-
nation consists of protecting groups, which have to be
removed in a later step. The TON (ca. 2000) and the TOF
(ca. 100 h–1) of the hydrogenation step are relatively low.
In addition, the optical purity of the crude product is only
88% ee, and the final product cannot be efficiently purified
by recrystallization.


In our studies, we used N-benzylphenylephrone, which
is an intermediate in the classical industrial synthesis, as the
starting material. Surprisingly, this substrate gave much
better results in terms of TON, TOF, and enantiomeric excess
for the asymmetric hydrogenation (Scheme 3).


A number of bisphosphine ligands (Figure 3) have
been tested for this substrate. Some results are given
in Table 2.


The classical Noyori ruthenium-BINAP32 system gave
86% ee but a very low reactivity. The best enantiomeric
excess was achieved with the Cy,Cy-oxoProNOP ligand33


(92% ee), but the reactivity was much lower than with the
MCCPM or even the BCPM system.


These results showed that the 2,4-disubstituted pyrro-
lidine ligands are the most promising candidates for an
industrial process. Most importantly, the two phosphorus
atoms have two different substituents. When both the


Scheme 1


Table 1


ligand
reaction


conditions
yield
(%) ee configuration


(R,S)-BPPFOH 25 °C, 48 h 84 78 R
(S,S)-BPPM 25 °C, 24 h 80 68 R
(R,R)-MCCPM 50 °C, 1 h 80 80 S


FIGURE 1. Structure of ligands described in Table 1.


FIGURE 2. Structure of phenylephrine hydrochloride.


Scheme 2
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phosphorus atoms are phenyl-substituted, as is the case
with BPPM, reactivity and enantioselectivity are lower.


Catalyst Optimization and Mechanistic
Considerations
Because of the very good reactivity and reasonable enan-
tioselectivity of the substitution pattern in BCPM and
MCCPM, the easily tunable functionality at the nitrogen
in the pyrrolidine ring was modified (Figure 4). Some
results are given in Table 3.


This investigation clearly showed that the best enan-
tioselectivity coupled with the best reactivity was achieved
with the alkyl-substituted urea functionalities. There were
no major differences between the methyl, ethyl, propyl,
or phenyl substituents at the nitrogen. However, the
benzyl substitution exhibited lower enantioselectivity and
slightly lower reactivity.


The catalysis is obviously most effective when there is
a carbonyl group next to the ring nitrogen and when this


carbonyl group is connected with a relatively electron-
rich functionality such as NH-alkyl. Sterically, the residue
at the carbonyl function should be small. The results
indicate that a small, electron-rich substituent at the urea
nitrogen leads to good reactivity and reasonably good
enantioselectivity for the substrate investigated. How can
the substituents at the ring nitrogen influence the cataly-
sis? Clearly, the electronic influences on the complexing
phosphorus atoms are minimal, and the steric effects
cannot be the reason for the differences in reactivity and
enantioselectivity since both small and large substituents
gave low selectivities. The results further suggest that the
functionality at the nitrogen somehow participates directly
in the catalysis. In both the “unsaturated” and the
“dihydride mechanism”34 pathways, there is an insertion
step, the transfer of the first hydrogen atom, followed by
a reductive elimination to the catalyst–product complex.
After one hydrogen atom has been transferred, the free
binding site, which is usually occupied by a solvent
molecule, could be coordinated intramolecularly to the
carbonyl oxygen of the urea functionality, which acts as
a third binding site in the ligand (Scheme 4). A mechanism
of this type could explain the strongly enhanced reactivity
of this ligand system.


The reaction conditions for the asymmetric hydrogena-
tion of benzylphenylephrone were optimized to give an
ee value of about 92%.35 The ee value depends principally
on the reaction temperature, the amount of catalyst, and
the solvent used; the hydrogen pressure has relatively little
influence. The preferred solvent is methanol, among other
reasons because of the solubility characteristics of the
starting material. The amount of catalyst used, which is a
compromise between economic and scientific factors, is


Scheme 3


Table 2


ligand metal ee (%) S/C ratio reaction conditions


BPPFOH Rh 16 1000 20 bar, 50 °C, 20 h
BINAP Rh 20 1000 20 bar, 50 °C, 20 h
BINAP Ru 86 125 100 bar, 25 °C, 24 h
BPPM Rh 68 1000 20 bar, 50 °C, 14 h
BCPM Rh 88 10000 20 bar, 50 °C, 10 h
MCCPM Rh 90 10000 20 bar, 50 °C, 3 h
Duphos Rh no reaction
Josiphos Rh 4 1000 20 bar, 50 °C, 20 h
Cy,Cy-oxoProNOP Rh 92 10000 20 bar, 50 °C, 32 h
Deguphos Rh No reaction


FIGURE 3. Structure of bisphosphine ligands in Table 2 (see also
Figure 1).


FIGURE 4. General structure of the modified pyrrolidine ligand
R-CCPM as in Table 3.


Table 3


R ee (%) S/C ratio reaction time (h)a


1 H 28 1000 70
2 CHO 78 850 3.5
3 COMe 84 850 3.5
4 COCF3 30 850 24 (50% conversion)
5 COtBu 76 850 3.3
6 COOMe 88 850 3.3
7 COOnPr 87 850 2.3
8 COOiPr 86 850 4
9 COOPh 82 850 2.5
10 COOtBu 88 1000 10
11 COSMe 850 24 (<50% conversion)
12 POPh2 52 1000 3.3
13 CONMe2 66 850 3.5
14 CONHMe 90 1000 <1
15 CONHEt 86 850 2
16 CONHnPr 85 850 2
17 CONHPh 88 1000 2.5
18 CONHBn 82 1000 3


a Reaction conditions: solvent MeOH; 20 bar H2; 50 °C; Et3N;
(RhCODCl)2.
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usually around a TON of 40 000; however, in this case it
can be increased to ca. 100 000 without substantially
reducing enantioselectivity. The reaction temperature,
which is a compromise between good selectivity and a
short reaction time (typically ca. 3 h), is usually between
50 and 60 °C; the geometry of the autoclave and the
configuration of the stirrer also play an important role.


Benzylphenylephrine can easily be obtained in enan-
tiopure form by crystallization of the free base. Deben-
zylation is performed in the usual way by hydrogenation
in the presence of a palladium catalyst. This allows
phenylephrine to be generated in good yield and in an
efficient and industrially applicable manner.


Adrenaline
A substance that is chemically very similar to phenyl-
ephrine is adrenaline (epinephrine), which is of consider-
able value in the treatment of anaphylactic shock and as
an adjunct to local anesthetics. It has a well-documented
and wide range of activities.36 Industrially, adrenaline is
usually manufactured by nonselective hydrogenation of
3′,4′-dihydroxy-2-N-methylaminoacetophenone, or a pro-
tected derivative thereof, and subsequent chiral resolu-
tion37 (Scheme 5).


As mentioned previously, the first example of an
enantioselective hydrogenation of an amino ketone of this
type (RdR′dH) was reported by T. Hayashi et al.18 The


catalyst used was the rhodium complex of BPPFOH, at a
S/C molar ratio of 100. The hydrogenation, which was
carried out at a hydrogen pressure of ca. 50 bar, was
complete in 2–4 days resulting in L-adrenaline of 90% ee.


We used benzyladrenalone hydrochloride as substrate
and the rhodium complex of MCCPM as catalyst under
conditions similar to those described for phenylephrine.
Hydrogenation, which was carried out using a S/C molar
ratio of 10 000, a hydrogen pressure of 20 bar, and a
temperature of ca. 50 °C, was followed by precipitation
with aqueous ammonia. This resulted in benzyladrenaline
free base with a very high optical purity (>98% ee).38


Adrenaline sulfate, the commercial form of adrenaline,
is obtained via debenzylation by hydrogenation in the
presence of palladium in diluted sulfuric acid (Scheme 6).


MCCPM and closely related derivatives, which were
introduced by K. Achiwa in the mid-1980s,39 have not
commonly been used in asymmetric catalysis except by
the originator. However, the rhodium complex of alkyl-
CCPM appears to be of particular value in the asymmetric
hydrogenation of prochiral amino ketones. A literature
review of R-amino arylketones shows that, in comparison
with other phosphine ligands, the MCCPM family is the
most reactive and selective.40 In addition to the industrial
syntheses of phenylephrine and adrenaline described
above, the synthesis of other R-amino ketones has been
investigated.


Scheme 4


Scheme 5
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Asymmetric Hydrogenation of Other r-Amino
Ketones
R-Amino acetophenone, a primary amine, has been suc-
cessfully asymmetrically hydrogenated as its hydrochloride
salt (Scheme 7).


The rhodium complexes of (S)-Cy,Cy-oxoProNOP and
(R)-MOC-BIMOP41 (Figure 5) gave an ee value of 93%,
albeit with a relatively low reactivity.


Various N-substituted R-amino acetophenones have
been hydrogenated using a number of catalysts. By far
the most reactive is the rhodium complex of MCCPM,
which can catalyze the hydrogenation of N,N-diethyl-R-
amino acetophenone with a TON of ca. 100 000 to give
an ee value of 96% (Scheme 8)19.


N,N-Dialkyl-substituted aminopropanone-2 was hy-
drogenated enantioselectively using a variety of catalysts
(Scheme 9). When the BINAP-Ru system42 was used, the
N,N-dimethyl derivative (R1dR2dMe) had an ee value of
99%, but reactivity was relatively low (TON ca. 1000) and
a high hydrogen pressure (>100 bar) was required.


When Cy,Cy-oxoProNOP-Rh was used, an ee value of
97% was achieved at a hydrogen pressure of ca. 50 bar
and an even lower reactivity (TON ca. 200).43 The ruthe-


nium-xylyl-BINAP/DAIPEN complex (Figure 6), which was
developed by Noyori originally for the asymmetric hydro-
genation of unfunctionalized ketones, is also an efficient
catalyst for these types of substrates. With a TON of ca.
2000 and under mild reaction conditions (8 atm H2, 25
°C), an ee value of 92% was achieved.44 The enantiose-
lectivity achieved with this system is the opposite of the
classical Ru-BINAP system, which demonstrates the dif-
ferent mechanisms of hydrogen transfer to the carbonyl
group.


N,N-Dibenzyl-1-aminopropanone was enantioselec-
tively hydrogenated using Rh-MCCPM as catalyst to give
a product with an ee value of 90% (Scheme 10). Optical
purity was increased to >98% ee, with high yield, by a
single recrystallization of the hydrochloride salt45.


A compound of great commercial interest is the �2-
adrenergic agonist (R)-salbutamol, which is used as a
bronchodilator. This molecule can be obtained in 70% ee
by the asymmetric hydrogenation of salbutamone. The
crude product can be purified by recrystallizing the
hydrochloride salt and precipitating the free base with
aqueous ammonia (Scheme 11)46.


Scheme 6


Scheme 7


FIGURE 5. Structure of (R)-MOC-BIMOP.


Scheme 8


Scheme 9


FIGURE 6. trans-RuCl2[(R)-xylBINAP)][(R)-DAIPEN].


Scheme 10


Scheme 11
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A further secondary R-amino ketone leading to (R)-
levoprotiline, a noradrenaline uptake inhibitor developed
by Novartis for use as an antidepressant, was considered
for synthesis by asymmetric hydrogenation.47 Eight dif-
ferent metal–bisphosphine ligand complexes were studied
as potential catalysts (Scheme 12). The BPPFOH ligand
gave the best enantioselectivity (98%) but, as with all the
other ligands tested, the TONs and TOFs were low. An
alternative route of synthesis was eventually chosen.


A secondary R-amino ketone substituted with a chlo-
roethyl group at the nitrogen, a precursor for the immu-
noregulating drug levamisole, has been asymmetrically
hydrogenated using the Rh-MCCPM system, yielding an
impressive ee value and TON (Scheme 13)48.


A scientifically interesting reaction is the asymmetric
hydrogenation of quinuclidinone. The two “sides” of the
carbonyl group are relatively similar, so the enantiodif-
ferentiation in a catalytic hydrogenation is expected to be
low.


Indeed, with many of the ligands tested, the enanti-
oselectivity was below 5% ee. Interestingly, however, ee
values of ca. 50% were achieved using (R,R)-MCCPM.
Differentiation of the two enantiotopic faces through
quaternization at the nitrogen with the diphenyl methyl
group increased the enantiomeric excess to 70% (Scheme
14),49 and this value was increased further by crystalliza-
tion. An ee value of 60% was reported for the same
substrate when the Josiphos ligand was used50.


The rhodium–MCCPM system is not only suitable for
the asymmetric hydrogenation of arylamino ketones; it has
also been used for the enantioselective hydrogenation of
aryloxyamino ketones, which are compounds used in the
synthesis of �-adrenergic blocking drugs (Scheme 15)51.


The amino ketone structure used as the substrate for
the asymmetric hydrogenation can obviously be varied in
many different ways. R1 can be an alkyl, aryl, or aryloxy
substituent (Figure 7). In addition, the amino functional
group can be primary, secondary, or tertiary, and the
distance between the keto and amino groups can be
varied.


Asymmetric Hydrogenation of �- and Higher
Amino Ketones
The asymmetric hydrogenation of �- and higher amino
ketones has not featured so widely in the literature as that
of the R-amino ketones. In principle, however, the same
catalysts are active, and there have been numerous reports
of their successful use. Reactivity and enantioselectivity
are in general slightly lower for the more flexible �- and
higher amino ketones.


Using the same reaction conditions as for the R-amino
ketones, the benzylmethyl amino ketone of Scheme 16 has
been hydrogenated with high enantioselectivity using
rhodium-MCCPM52.


The resulting amino alcohol is a precursor for the
antidepressant (R)-fluoxetine (Prozac) and for atomoxet-
ine, the first drug approved for the treatment of attention


Scheme 12


Scheme 13


Scheme 14


Scheme 15


FIGURE 7. General structure of prochiral amino ketones.


Scheme 16


Hydrogenation of Prochiral Amino Ketones to Amino Alcohols Klingler


1372 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 12, 2007







deficit hyperactivity disorder (ADHD). The corresponding
N,N-dimethyl compound has been asymmetrically hydro-
genated with (S)-xylBINAP/(S)-DAIPEN-ruthenium with
an ee value of 97.5% ee and a S/C ratio of 10 000.44 It has
also been converted to (R)-fluoxetine.


The same ruthenium catalyst has also been used for
hydrogenation of the γ-amino ketone shown in Scheme
17, leading to the production of the antipsychotic com-
pound BMS 181100.


In this case, the catalyst was used in an S/C ratio of
2000 and gave an impressive 99% ee.


A number of precursors for the antidepressant dulox-
etine, which contains a thiophene ring, have been asym-
metrically hydrogenated (Scheme 18).


The rhodium-duanphos (Figure 8) system gave the
highest yield (93%) and turnover (ca. 4500) with an
excellent ee value (Table 4).55 In their paper, Liu et al.
report the enantioselective hydrogenation of a series of
�-secondary amino ketones, which they call the unsolved
class of substrates in asymmetric hydrogenation. In
considering these substrates, a distinction must be made
between primary, secondary, and tertiary amines. The
rhodium-duanphos system functions best for the second-
ary amines. However, the efficiency of the catalysis is
probably highly dependent on the substitution pattern
around the amino ketone unit.


With the Rh-MCCPM system, however we experienced
no general scheme for enantioselectivity and reactivity
depending on the substituents at the amino group.


Lobeline
An enantiopure amino alcohol that is of considerable
commercial interest is the natural product (–)-lobeline. It


is one of the alkaloids of Lobelia inflata (Indian tobacco),
which is native to the U.S.A. and Canada.


Lobeline is the main alkaloid of the 20 or so known
lobelia alkaloids. It is a respiratory analeptic used to treat
asthma, collapse, and anesthetic accidents.56 It has also
been developed clinically as a sustained-release antismok-
ing agent,57 for the treatment of eating disorders,58 and
for the treatment of central nervous system diseases.59


Since isolation from plants is laborious and time-consum-
ing and therefore uneconomical, many different routes
of synthesis have been considered. A phenomenon that
complicates the situation is the fact that lobeline exhibits
mutarotation.60 It epimerizes to a mixture of cis- and
trans-lobeline in solution (Scheme 19), especially in
hydrophilic solvents, and this epimerization occurs rela-
tively fast in the presence of a base. On the other hand,
the crystalline free base is configurationally stable, and
the hydrochloride and sulfuric acid salts are also stable
in solution.


The fundamental work done by H. Wieland, who
elucidated the chemical structure of (–)-lobeline61 and
who, together with C. Schöpf, laid down the basis for the
first industrially useful synthesis,62 was the starting point
for extensive research activities. This research has recently
been the subject of a comprehensive review.63 The clas-
sical industrial process, developed in the early 1950s at
Boehringer Ingelheim, is shown in Scheme 20.64


The first step, a Robinson–Schöpf condensation, pro-
duces lobelanine under “physiological conditions” in
citrate buffer (pH 4) at room temperature in relatively high
yield (ca. 80%). Lobelanine is the ideal starting material
for a lobeline synthesis. However, on an industrial scale,
lobelanine could not be selectively reduced to rac-lobeline
by a direct route. It first had to be completely reduced to
lobelanidine, then selectively oxidized with activated
manganese oxide to rac-lobeline, and finally resolved with
dibenzoyltartaric acid to (–)-lobeline.


All other known syntheses are much longer and are
only of academic interest.


Having developed the asymmetric hydrogenation of
structurally similar prochiral amino ketones, we were able
to identify conditions under which we could enantiose-
lectively hydrogenate just one of the two keto groups in
lobelanine (Scheme 21).65


Again, the rhodium complex of (R,R)-MCCPM was the
most reactive and selective catalyst for this asymmetric
hydrogenation. Lobelanine hydrochloride is hydrogenated
in methanol at ca. 50 °C and 20 bar hydrogen pressure in
the presence of Rh-MCCPM. The S/C ratio can be varied
and is usually 10 000 on the technical scale. Following
hydrogen uptake of 100% of theory and simple workup,


Scheme 17


Scheme 18


FIGURE 8. Structure of (SC,RP)-duanphos.


Table 4


R1 R2 catalyst ee (%) ref


Me Me Ru-(R)-xylBINAP/(R)-DAIPEN 92 44
Me Bn Rh-MCCPM 95 53
Me H Rh-ketalphos 99 54
Me H Rh-duanphos 99 55
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crystalline (–)-lobeline is isolated in chemically (>99%)
and optically (>99% ee) pure form in 35–45% yield.
Considering the yields obtained with the old technical
process and the other methods of synthesis reported in
the literature, this is a respectable and technically useful
result.


Availability of R-CCPM Ligands
As described above, the different substitution patterns of
the two phosphorus atoms in the R-CCPM ligands are very
important for the reactivity of rhodium complexes in the
asymmetric hydrogenation of amino ketones. These types
of ligands are available from chiral pool.


The starting material is the natural amino acid L-
hydroxyproline, which can be transformed into the (S,S)-
as well as the (R,R)-R-CCPM ligands (Scheme 22)66.


This relatively lengthy synthesis could be simplified
considerably by changing the protecting group strategy
and combining steps. The high reactivity and selectivity
for many different prochiral amino ketones of the indus-
trially very useful R-CCPM ligands justify a longer synthesis.


Conclusion and General Aspects
Currently, there are relatively few industrially useful
catalytic systems for the asymmetric hydrogenation of
prochiral amino ketones to amino alcohols. This is prob-
ably because amino ketones and amino alcohols them-
selves are strong binding ligands that interfere in the
equilibria of the different intermediates of the catalytic
cycle.


Two factors that are very important for the industrial
relevance of a catalytic system are enantioselectivity (ee)
and reactivity (TON, TOF). Personal experience suggests
that reactivity is the most important factor, because the
technical parameters that influence the reactivity of a
catalyst can usually only be varied within a relatively
narrow range. The range of the reaction temperature is
limited by the solubility of substrates and products and
the physical properties of the chosen solvent and is usually
somewhere in the range 20–80 °C. The choice of hydrogen
pressure is highly dependent on the equipment available;
investment costs and safety considerations are the pre-
dominant factors determining the range for this parameter.


Another important factor is the cost of the catalyst,
which includes costs for the ligand and the metal precur-


Scheme 19


Scheme 20


Scheme 21


Scheme 22
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sor and, sometimes, license fees. If the reactivity of a
catalyst is very high (TON > 10 000; TOF > 5000 h-1), its
cost usually plays a minor role. Another advantage of a
highly reactive catalyst is that there is no need to worry
about the heavy metal content of the product, which is
an important point in the pharmaceutical industry.


Considering all of these factors, the pyrrolidine ligands
currently remain the best ligands for the asymmetric
hydrogenation of amino ketones.


The oft-heard argument that pyrrolidine ligands of the
R-CCPM type are too complicated to synthesize, making
them too expensive for technical use, is in my opinion
incorrect because these systems are highly reactive for
certain substrates, which more than compensates for the
relatively high production costs. Furthermore, these sys-
tems are “tunable”, both at the substituents of the
phosphorus atoms and at the ring nitrogen of the pyrro-
lidine ring.


Industrially speaking, homogeneously catalyzed asym-
metric hydrogenation is still in the early stages of develop-
ment. As always in chemistry (mirroring life itself), there
are no general solutions; in other words, there is no
universal catalyst that is suitable for every problem. Every
single substrate needs a process development and an
optimization of its own.


In general, homogeneously catalyzed asymmetric hy-
drogenation is a very versatile and useful tool for produc-
ing enantiopure amino alcohols from amino ketones, and
it should always be considered by chemists when they are
developing new processes.
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ABSTRACT
Examples of developments in asymmetric hydrogenation from
various perspectives, in an effort to improve efficiency, are reported.
Discussed in this Account are (1) the improved synthesis of BINAP
ligands, (2) the design of SEGPHOS ligands for higher enantiose-
lectivity, (3) a new protocol with fewer reaction steps to synthesize
�-aminoesters, and (4) a novel asymmetric hydrogenation mediated
by a copper catalyst.


Introduction
Asymmetric hydrogenation is one of the most valuable
reactions, investigated in innumerable studies.1 Since its
early years, the reaction has been used for industrial
applications, thanks to its prominent catalytic activity and
chiral recognition ability.2 In general, asymmetric hydro-
genation is mediated by a complex bearing Rh, Ru, or Ir,
among which our focus has been Ru. One reason was that


the Ru catalysts have excellent performances, especially
when associated with the BINAP ligand,3,4 which Takasago
was already using in the Rh-catalyzed asymmetric isomer-
ization for a L-menthol process.5 Another reason was that
Ru enjoyed a cost advantage relative to other asymmetric
hydrogenation metals, such as Rh.6


A representative example of the industrial processes is
the synthesis of a key intermediate for carbapenem
(Scheme 1).2a,e One of the key reactions is asymmetric
hydrogenation of an R-substituted-�-ketoester accompa-
nied by dynamic kinetic resolution.7 This process currently
yields more than 100 tons of the product annually.


Numerous efforts have been made so as to improve
the efficiency of asymmetric hydrogenations. However,
different circumstances affect the goals of development.
At Takasago, trends observed in the developments have
changed chronologically as follows: (1) In the early stages
when the potential usefulness of BINAP was discovered,
easier access to the landmark ligand was addressed.
Naturally, efforts were made to synthesize BINAP in a
more practical fashion. (2) When asymmetric hydrogena-
tions became more frequently investigated, BINAP oc-
casionally failed to afford adequate results. Accordingly,
demand for chiral ligands with superior performance
increased, which motivated us to develop new ones. (3)
When the reaction was regarded as a promising system,
an increasing number of processes came to require several
additional steps other than asymmetric hydrogenation.
Because more effective approaches to a particular target
were desired, a new protocol of asymmetric hydrogenation
that could offer shorter processes was pursued. (4) Re-
cently, prices for platinum group metals employed for
conventional catalyst systems, including Ru, have drasti-
cally increased, which brought about cost efficiency
uncertainty. The development of an alternative catalyst
system for asymmetric hydrogenation using an inexpen-
sive base metal is being pursued.


Outlined in this Account is how we refined asymmetric
hydrogenation accordingly. Examples of developments
dealt with herein include quests for (1) a practical
synthetic route to BINAP using easy-to-handle diphos-
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Scheme 1. Synthetic Route to a Key Intermediate of Carbapenem
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phine oxide, (2) a new biaryl diphosphine ligand line,
SEGPHOS series, that offers higher performance in enan-
tioselectivity and catalytic activity, (3) an efficient protocol
en route to �-aminoesters by reductive amination that
reduce the number of reaction steps, and (4) a new
catalyst system containing copper, an inexpensive base
metal.


Development of Synthetic Route to BINAP
When BINAP was first reported in 1980, the ligand was
synthesized according to the route shown in Scheme 2.3


Dilithiated binaphthyl, generated from dibromide and
butyllithium, was exposed to chlorodiphenylphosphine to
afford racemic BINAP. The racemate was then treated with
a chiral Pd complex. The resultant diastereomeric mixture
was subjected to fractional recrystallization, followed by
decomplexation, to afford enantiomerically pure BINAP.


Several years later, a more practical method, which
adopted a diphosphine oxide of the ligand as an inter-
mediate, was developed (Scheme 3).8 The racemic diphos-
phine oxide, prepared from the corresponding Grignard
reagent and diphenylphosphinyl chloride, was treated with
dibenzoyltartaric acid (DBTA) to form diastereomeric
complexes. Fractional recrystallization of the complexes
followed by exposure to a base afforded an enantiomeri-
cally pure diphosphine oxide. The diphosphine oxide was
then reduced to give the target. This process, which
utilizes weak basicity of phosphine oxide moieties, is still


a standard method in the synthesis of various biaryl
diphosphine ligands.


When BINAP started to be used in large-scale pro-
duction, one problem arose out of the conventional
procedure involving a racemic BINAP derivative; one
enantiomer of the ligand was partially used, whereas
the other remained unused. This situation was undesir-
able in terms of inventory control, thereby impacting
the total cost. A breakthrough was made by Cai,
introducing a route starting from an optically active
binaphthol, which was relatively easily available.9 The
ditriflate of the optically active binaphthol was coupled
with diphenylphosphine in the presence of a Ni catalyst,
giving the optically active BINAP. With this protocol,
only the desired enantiomer is synthesized. On the basis
of a similar concept, we developed a synthetic route
employing diphenylphosphine oxide (Scheme 4).10 The
coupling reaction gave a mixture of BINAP, its monoxide
and dioxide, which was then reduced by a silane,
leading to BINAP. Use of diphenylphosphine oxide as
a coupling partner is advantageous because it is easy
to handle compared to diphenylphosphine9 or chlo-
rodiphenylphosphine,11 although it does require ad-
ditional reduction of the phosphine oxide moieties. This
protocol is particularly effective in the synthesis of
related ligands with various phosphine appendages,
avoiding tedious optical resolution studies for each
derivative.


Scheme 2. Synthesis of BINAP (1980)


Scheme 3. Synthesis of BINAP (1986)
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Taking advantage of these protocols, BINAP derivatives
with a variety of phosphine appendages were synthesized,
expanding the utility of the ligand type (Figure 1).8,12


Development of New Biaryl Diphosphine Ligand
The most important parameter that governs enantiose-
lectivity, as well as catalytic activity, is the choice of chiral
ligand. Although BINAP provides compounds with rea-
sonably high optical purities in many cases, higher
performances are sometimes required. In the late 1990s,
we needed to improve the enantioselectivity of the asym-
metric hydrogenation of hydroxyacetone, which by BINAP
was 89% ee. In order to determine trends that could assist
in our further developments, we screened the ligands that
were analogous to BINAP. We discovered a close relation-
ship between the dihedral angle of the biaryl backbones
(θ) and observed enantioselectivities: BINAP (θ 73.49°):
89.0% ee; BIPHEMP13 (θ 72.07°): 92.5% ee; MeO-BIPHEP14


(θ 68.56): 96.0% ee (Figure 2). These observations afforded
a working hypothesis that a narrower dihedral angle
should make a stronger interaction between the ligand
and a substrate, enhancing enantioselectivity. On the basis
of this hypothesis, we envisioned that ultimate enanti-
oselectivity could be achieved with ligands having a
narrower dihedral angle than that of MeO-BIPHEP. We
presumed that the bi-1,3-benzodioxole framework would
be a good candidate, which was supported by the calcu-
lated dihedral angle of 64.99°.


Synthesis of the ligand SEGPHOS15 is shown in Scheme
5. In the synthesis, we developed a new method for
oxidative homoaryl coupling; exposure of an aryllithium
to FeCl3 afforded the corresponding biaryl compound in
high yield. This method enjoys advantages in terms of cost
and waste relative to the conventional iodination/Ullmann
coupling using stoichiometric Cu.


As expected, SEGPHOS achieved the highest level of
chiral recognition in the asymmetric hydrogenation of
hydroxyacetone, affording 98.5% ee. Fortunately, catalytic
activity was enhanced as well, realizing turnover numbers
(TON) up to 10 000 (cf. BINAP: 3000). Additionally, with
other functionalized ketones, SEGPHOS generally gives
higher enantioselectivities and catalytic activities than
those with BINAP (Scheme 6).15


Various modifications of SEGPHOS were also pursued
(Figure 3). DM-SEGPHOS and DTBM-SEGPHOS fre-
quently excel in Ru-catalyzed asymmetric hydrogena-
tions,15 whereas Cy-SEGPHOS and IPR-SEGPHOS are
good ligands for the Rh-catalyzed reactions.16 Ligands with
various appendages such as phosphetane,16 phos-
pholane,16 and phosphole17 were also synthesized.


Scheme 4. Synthesis of BINAP (1997)


FIGURE 1. BINAP series.
FIGURE 2. Dihedral angle and enantioselectivity in the asymmetric
hydrogenation of hydroxyacetone.


Scheme 5. Synthesis of SEGPHOS
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The effect of the ligand modification in the appendages
would be best described using the example of a process
that afforded a key intermediate for carbapenem antibiotic
by asymmetric hydrogenation with dynamic kinetic reso-
lution (Table 1).7,15 With BINAP or SEGPHOS, diastereo-
selectivity was not satisfactory although enantioselectivity
is high. In the reaction, diastereoselectivity is as important
as enantioselectivity. Studies revealed that substitution at
the 3,5-position of the phenyl appendages on the ligand
was effective in enhancing diastereoselectivity. Ultimately,
when DTBM-SEGPHOS was adopted as a chiral ligand,
essentially only one stereoisomer out of the four possible
isomers was obtained.


The SEGPHOS family of ligands was also used in other
asymmetric reactions (more than 50 applications), in
many cases becoming the ligand of choice.6,18 A repre-
sentative example is Cu-catalyzed asymmetric hydrosily-
lations. In the reaction with isophorone, for instance,
DTBM-SEGPHOS realized unprecedented high catalytic
activity (substrate-to-ligand molar ratio (S/L) 275 000),
keeping high enantioselectivity (Scheme 7).19


Development of an Efficient Process
In process development, efficiency in the overall process
must be pursued rather than in individual reactions. Even
if the key reaction per se is excellent, the process cannot
be regarded as a good protocol if it has fatal defects (i.e.,
too long steps, hazardous operation, etc.). Reported in this
section is our effort to develop more efficient processes
to create �-aminoesters.


�-amino acid derivatives have been attracting attention
in the pharmaceutical industry as chiral building blocks.20


Our conventional protocol to access the compounds
consisted of (1) asymmetric hydrogenation of the corre-
sponding �-ketoester, (2) tosylation of the hydroxyl group,


(3) introduction of an azide group with sodium azide, and
(4) hydrogenolysis of the azide group into amino group
(Scheme 8). Although the asymmetric hydrogenation was
excellent, the process suffered from some defects. One
such defect is the requirement for hazardous azide
chemistry. More critically, the process was too long,
requiring long lead times and high cost.


An alternative route known at the time involved the
asymmetric hydrogenation of a �-enamidoester (Scheme
9). Although this approach avoided azide chemistry and
effective asymmetric hydrogenation of the enamidoester
was known,21 in our eyes, this process was still too long
because intrinsically it was accompanied by protection (or
enamide formation)/deprotection steps.


We envisioned that if an unprotected enaminoester
could be used as a substrate for asymmetric hydrogena-
tion, it would provide an effective protocol to access a
�-aminoester. This idea challenged us to develop a system
that could hydrogenate “unprotected” substrates in order
to achieve drastic improvements.


After considerable struggles, we found that a Ru
complex was able to hydrogenate the methyl 3-amino-
crotonate in the presence of an acid, completing the
reaction with moderate ee (Table 2, entry 1). Further study
revealed that 2,2,2-trifluoroethanol was effective in en-
hancing enantioselectivity. When 2,2,2-trifluoroethanol
was adopted as a solvent, enantioselectivity was 94% ee
(entry 2). Use of the fluorinated alcohol as an additive (1
equiv to substrate) was also effective, although slightly
lower enantioselectivity was observed than in the case
where it was used as a solvent (entry 3).22


Almost at the same time, the Merck group reported a
similar protocol employing Rh–ferrocenophosphine (L1)
complexes that gives excellent enantioselectivity (Scheme
10).23


Further investigation in an effort to develop a more
effective process led to another breakthrough: a one-pot
reductive amination.24 Asymmetric hydrogenation of a
�-ketoester in the presence of a nitrogen source, such as
ammonium acetate, afforded the �-aminoester with high
enantioselectivity (Table 3, entry 1). A Ru–diacetate com-
plex25 ligated by Tol-BINAP selectively gave the desired
compound 1. When we carried out the same procedure
with a Rh catalyst, a considerable amount of hydroxyester
3 was also produced as a result of competing ketone
reduction (entry 2).


Ligand screening at this stage showed that DM-SEG-
PHOS was the ligand of choice in terms of enantioselec-
tivity, although with slightly lower chemoselectivity (Table
4, entry 5). The low selectivity with DM-SEGPHOS was
subsequently overcome with the addition of acetic acid
(2 equiv) to the reaction system (entry 6). Choice of acid
as additive was particularly important. Use of stronger acid
(such as methanesulfonyl acid and trifluoroacetic acid)
in place of acetic acid gave a complex mixture, where
considerable formation of the hydroxyester was observed.
The amount of acetic acid had also impact on selectivity.


Scheme 6. Asymmetric Hydrogenations with SEGPHOS


FIGURE 3. SEGPHOS series.
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When more acetic acid (4 equiv) was added, population
of the hydroxyester was increased to 4% (cf. ca. 1% with
2 equiv).


The optical purity of the resultant �-aminoester was
improved by recrystallization after derivation to the tosyl
salt. By the recrystallization, nearly enantiomerically pure
salt of methyl 3-aminobutyrate (98% ee) was obtained in
acceptable yield (66% yield from methyl acetoacetate)
(Scheme 11).


With the new protocol in hand, access to a �-ami-
noester, which previously required four steps, has ulti-
mately been reduced to one step. The scope of the
protocol was expanded to produce a variety of �-ami-
noesters with high optical purities (Figure 4).


Development of a Catalytic System Containing
an Inexpensive Base Metal
For more than a quarter century, we have employed Ru
complexes as catalysts for asymmetric hydrogenation. One
of the reasons was that Ru is relatively inexpensive
compared to Rh. Recently, however, the price of Ru has
increased by more than 20 times compared with that in
2003, reaching US $800 per ounce.26 Although this situ-
ation will not necessarily continue in the future, this
radical fluctuation is not desirable from an industrial point
of view, as it brings about a considerable impact on the
cost stability of the catalysis.


One possible countermeasure is to develop a new
catalyst system employing an inexpensive base metal.
Requirements necessary for the new system include (1)
the metal should be inexpensive and easily available, (2)
the metal must have the ability to hydrogenate, (3) the
metal should have chiral recognition ability when bearing
a chiral ligand, and (4) asymmetric hydrogenation using
the metal should be novel. Taking these requirements into
consideration, we focused on Cu as a strong candidate
because (1) copper is one of the most abundant and least
expensive metals; (2) copper is a useful catalyst in het-


Table 1. Effect of Ligand Modification on a Dynamic Kinetic Resolution


a CH2Cl2/MeOH was used as a solvent.


Scheme 7. Cu-Catalyzed Asymmetric Hydrosilylation Accelerated by
DTBM-SEGPHOS


Scheme 8. Conventional Synthetic Route to �-Aminoesters


Scheme 9. �-Aminoester Synthesis via Asymmetric Hydrogenation
of Enamides


Table 2. Asymmetric Hydrogenation of an
Enaminoester


entry S/Ca solvent
additive


A
(equiv)


additive
B


(equiv)


selectivity
(%)


%
ee


1 200 MeOH AcOH (1) 97 54
2 100 CF3CH2OH 96 94
3 200 MeOH AcOH (1) CF3CH2OH (1) 98 83


a Substrate-to-catalyst molar ratio.
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erogeneous27 and homogeneous28 hydrogenation; (3)
excellent enantioselectivities with copper catalysts were
proved in asymmetric reductions such as hydrosilylation,29


hydroboration,30 and transfer hydrogenation;31 and (4) no


homogeneous asymmetric hydrogenation mediated by a
copper catalyst has been reported to date.32


As for the ability of homogeneous hydrogenation with
Cu, a landmark study by Stryker’s group showed its
potential usefulness. They proved that a hexamer of CuH
([CuH(PPh3)]6)33 can catalyze the hydrogenation of ke-
tones and enones with turnover numbers of up to 50
based on the Cu atom (Scheme 12).28d


On the other hand, excellent chiral recognition ability
with Cu has been frequently documented by groups
worldwide, specifically in asymmetric hydrosilylation.
Buchwald first reported a Cu-catalyzed asymmetric hy-
drosilylation, reducing R,�-unsaturated carbonyl com-
pounds in high enantioselectivity (Scheme 13).34 The
scope was then expanded to ketones35 and imines36 as
well as variously activated olefins.19,37


At the start of the Cu-catalyzed asymmetric hydro-
genation project, our first priority was a reasonable
turnover numbers (TON) (i.e., 1000), an indispensable
requirement for industrial use. The initial investigation
was carried out using a catalyst system similar to that


Scheme 10. Merck’s Method


Table 3. Asymmetric “One-Pot” Reductive Amination


selectivity


entry cat. 1 (% ee) 2 3 4


1 Ru(OAc)2((R)-tol-binap) 83 (82) 3 <1 14
2 [RhCl(cod)]2 + L2 65 (73) 1 29 5


Table 4. Ligand Screening in the Reductive
Amination


entry L selectivity (%) % ee


1 BINAP 45 47
2 Tol-BINAP 55 84
3 DM-BINAP 75 84
4 SEGPHOS 52 61
5 DM-SEGPHOS 36 94
6a DM-SEGPHOS 93 93


a The reaction was carried out at S/C ) 1000 at 90 °C with the
addition of AcOH (2 equiv).


Scheme 11. Improvement of Optical Purity


FIGURE 4. Scope of the reductive amination.


Scheme 12. Homogeneous Cu-Catalyzed Hydrogenation
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used by Buchwald for hydrosilylation34a (Table 5, entry
1). A catalyst system consisting of CuCl, NaO-t-Bu, and
(S,S)-BDPP38 (S/C ) 300) hydrogenated acetophenone
in moderate enantioselectivity albeit with only 21%
conversion. We used BDPP as the chiral ligand because
a preliminary screening showed that BDPP gave the
highest conversion among those tested. In addition, use
of BDPP was desirable because it could be synthesized
at low cost (two steps from easily available chiral 2,4-
pentanediol), which is an important element in the
development of an inexpensive system. As was sug-
gested by Stryker,28b conversion improved with the
addition of PPh3, giving complete conversion with 48%
ee (entry 2). Use of [CuH(PPh3)]6 also led to the
reaction’s completion even without NaO-t-Bu, with
additional PPh3 (entry 3). We settled on the catalyst
precursor Cu(NO3)(PPh3)2,39 a Cu complex bearing
PPh3, that improved the catalytic activity up to the
targeted TON of 1000 (entry 4). The reaction at S/C )
3000 also led to near completion of the reaction with
additional PPh3 and an extended reaction time (entry
5). Further study showed that use of Cu(NO3)(P(3,5-
xylyl)3)2 slightly improved the enantioselectivity (entry
6).40


As catalytic activity reached an acceptable level, we
extensively screened chiral ligands again so as to improve
enantioselectivity (Figure 5). However, the screening
indicated that BDPP was still the ligand of choice in terms
of enantioselectivity and catalytic activity. A structurally
similar CHIRAPHOS41 ligand resulted in almost no reac-
tion, whereas ligands with a flexible C3–C4 linker, such
as DIOP,42 BPPM,43 and Josiphos,44 afforded completion
of the reaction, albeit with lower enantioselectivities


relative to BDPP. A biaryldiphosphine ligand (e.g., BINAP),
an excellent type of ligand for the hydrosilylation, resulted
in lower conversion and ee.


This protocol was effective for the acetophenone-type
substrate with various substituents (Scheme 14). Particu-
larly when the catalyst system was applied to the reaction
with 2′-substituted acetophenones, high enantioselectivi-
ties up to 91% ee were observed.40 Although catalytic
activity and enantioselectivity are still modest compared
to Noyori’s Ru system,45 the copper catalysis may offer a
more effective and economical protocol. Further expan-
sion of the scope is under investigation.


Conclusions
Some examples of our efforts to improve asymmetric
hydrogenation have been outlined in this paper. As the
environment surrounding asymmetric hydrogenation has
been changing drastically in recent years, it is very
important to carry out developments in a timely manner.
On-demand development should further popularize the
reaction. Increasing demand for “green chemistry”46


should be a favorable wind for asymmetric hydrogenation.
In the future, it may also be important to create an
environment where chemists in the industry feel free to
employ catalysis (e.g., easier availability of catalysts and
ligands,47 etc.). It is of great interest to see how this
reaction will contribute to society.


Scheme 13. Cu-Catalyzed Asymmetric Hydrosilylation of an
r,�-Unsaturated Ester


Table 5. Cu-Catalyzed Asymmetric Hydrogenation of
Acetophenone


entry Cu cat. S/C
PPh3
(equiv
to Cu)


conversion
(%)


ee
(%)


1 CuCl 300 21 40
2 CuCl 300 3 >99 48
3a [CuH(PPh3)]6 500 1 >99 47
4 [Cu(NO3)(PPh3)2] 1000 >99 47
5b [Cu(NO3)(PPh3)2] 3000 3 97 (94)c 48
6 [Cu(NO3)(P(3,5-xylyl)3)2] 500 >99 56


a Without NaO-t-Bu. b Reaction time was 96 h. c Isolated yield.


FIGURE 5. Ligand screening with the conditions from Table 5, entry
4 (S/C ) 500).


Scheme 14. Asymmetric Hydrogenation of Substituted
Acetophenones
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ABSTRACT
This Account describes the design and development of a scalable
synthesis for the drug molecule AR-A2 (1) starting from the
discovery route originating in medicinal chemistry. Special em-
phasis is placed on the introduction of the correct (R) stereochem-
istry on C2, which was ultimately achieved in a diastereoselective
imine-reducing step applying NaBH4. After optimization, this
transformation was operated on a large pilot-plant scale (2000 L),
offering the desired product (11) in 55% yield and 96% diastereo-
meric excess at a 100 kg batch size. From a synthesis strategy point
of view, the choice of (S)-1-phenylethylamine (9) was crucial not
only for its role as a provider of the NH2 functionality and the
stereo-directing abilities but also as an excellent protecting group
in the subsequent N-arylation reaction, according to the Buch-
wald–Hartwig protocol. As one of the very first examples in its kind,
the latter step was scaled up to pilot manufacturing (125 kg in 2500
L vessel size), delivering an outstanding isolated yield of 95%. This
consecutive series of chemical transformations was completed with
an environmentally friendly removal of the phenethyl appendage.
In addition, an elegant method to synthesize the tetralone substrate
6, as well as a novel and robust procedure to use imidazole as a
buffer for the selective formation of the mono-HBr salt of AR-A2,
will be briefly described.


Introduction
There is an ongoing search for better medical treatment
of diseases affecting the central nervous system (CNS). The
breadth and multitude of illnesses in this area, coupled
with their complexity and our still rather limited under-
standing of their etiology, makes this task an extremely
challenging one. More specifically, relief of psychiatric
disorders, including such mental defects as depression
and anxiety, is seen as highly prioritized in light of
shortcomings in existing therapies because of side effects
and poor efficacy. Addressing this opportunity for im-
provement of a new candidate drug, AR-A2 (1) constitut-
ing a substituted chiral aminotetralin, was generated in
the second half of the 1990s, displaying a pronounced
antagonistic activity toward the 5-HT1B receptor1–3 (see
Figure 1).


The Strategy in Medicinal Chemistry
At the outset, the chemistry-directed work on this class
of compounds focused on a synthetic strategy based on
the availability of certain 2-aminotetralin building blocks
in high enantiomeric puirty. Thus, around 1990, tangible
quantities of a small but growing family of various
aminotetralins became accessible via a proprietary trans-
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aminase technology that managed to transform a parent
tetralone to the corresponding amino-substituted moiety
in high enantiomeric excess.4 From a medicinal chemistry
point of view, this was an excellent entry into an exciting
field for further exploring the wider potential of a struc-
tural class that had demonstrated interesting clinical
properties as CNS agents.5 However, tempting this “short-
cut” approach might have appeared, its value was limited
by some rather serious drawbacks when considering large-
scale synthesis of the target molecule.6 The cost of the
aminotetralin starting material was one prohibitive factor
because the relatively premature state of the art for their
preparation drove the price for bulk amounts up to
astronomic levels ($50 000–100 000/kg).7 Second, at the
time, the underdeveloped technology did not offer access
to a sufficiently large number of mutated enzymes that
could be successfully applied to a wider range of sub-
strates. This led to a situation where some aminotetralins
were made easily and others were not made at all. Finally,
a third restriction was the fact that in some cases only
one of the enantiomers was obtained and not their
antipodes.


For discovery research, this meant that access to (R)-
2-amino-8-bromotetralin (2) opened up avenues to a
whole raft of modified target compounds that could be
screened for receptor affinity and other crucial properties.
Hence, the synthetic sequence designed on the basis of
this concept was more of a generic one rather than
focused on a specific target molecule, and this resulted
in a route8 of eight linear stages leading to 1 (see Scheme
1). The major disadvantage with this synthesis was
undoubtedly the need to install the methyl group on the
5 position of the tetralin nucleus. This was executed
according to a multistage procedure requiring aromatic
bromination, amine protection, metallation/alkylation,
and deprotection. These unattractive features coupled
with the findings that in the lithiation/methylation step
formation of the 5-H analogue was sensitive to the
reaction temperature. Thus, already at -78 °C, sufficiently
large amounts of this byproduct were formed to leave
behind residual levels in the low percentage range even
after chromatographic purification alongside a similar
order of magnitude of the n-butyl derivative, traceable to
the use of n-BuLi. Running at higher temperatures clearly
supported this reaction outcome, which led to a more
complicated chromatography and, concomitantly, a de-
crease in yield. From a technical feasibility point of view,
this was seen as a considerable drawback given the
difficulty to, first, ensure that a sufficiently low temper-


ature is maintained during large-scale conditions and,
second, the hard task to chromatographically separate
these closely related analogues from the desired product.
When these challenges were disregarded, a saviour of this
route to making 1 could have been commercial acces-
sibility to the 5-methyl analogue of 2. However, the
transaminase methodology of the supplier7 failed to
deliver the wanted (R) isomer 3 even after rigorous testing
of numerous enzyme strains [although the (S) form could
be obtained; see Scheme 2]. Another factor that had to
be taken into consideration was the substantially lower
water solubility of the 5-methyltetralone substrate, which,
most likely, would have provided a negative impact on
the productivity obtained from an enzymatic process
operating in aqueous medium. With this analysis at hand,
it was decided that the entire strategy based on purchasing
the required aminotetralin stereoisomer as an advanced
building block had to be abandoned. Notwithstanding this
decision, a few hundred grams of AR-A2 were produced
following the synthesis outlined in Scheme 1, inasmuch
as the overall yield was in an indeed acceptable range of
21–38%. Fortuitously, this allowed for a positive response
to the needs for a few hundred grams necessary to start
further development work.


A Redesigned Route with Enhanced Synthetic
Efficiency
When the synthesis adopted in early discovery was not
used (Scheme 1), the task of making the desired product
(1) had to undergo a de novo analysis from a retrosynthetic
perspective. Thus, slight alterations in the bond discon-
nections of 1 compared to previously led to the identifica-
tion of 3-methylphenylacetic acid (4) as a suitable starting
point (Scheme 3). This approach addressed one of the
most significant shortcomings of the first route, namely,
that the methyl substituent would already be in place from
the start, making the metallation–methylation protocol
redundant. Similar to before, this new sequence made use
of a tetralone (6) as a key intermediate and its formation
was easily conceived in 2 steps from 4: bromination
followed by a Friedel–Crafts ring-closing alkylation with
ethene as a reactant. The amino functionality was intro-
duced using standard synthetic chemistry methods (as
opposed to the use of an enzyme) via a reductive amina-
tion, and the racemic product obtained was subjected to
a diastereomer resolution with D-tartaric acid. From there
on, the remainder of the synthesis resembles the corre-
sponding steps in the route described in the previous
section. The layout of this novel sequence is shown in
Scheme 3.


Some important features observed when developing
this route warrant further discussion. In the first stage,
acid 4, commercially available in bulk amounts, is bro-
minated using Br2 in an aqueous system under basic
conditions (K2CO3).9 This procedure produces a mixture
of mono-bromo regioisomers in a typical ratio between
the 2-bromo-5-methyl (desired isomer, 5)/4-bromo-3-
methyl/2-bromo-3-methyl derivatives, respectively, of 4:2:


FIGURE 1. Structure of a novel CNS-active 5-HT1B receptor
antagonist.
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1. Fortunately, the structural similarity of these compo-
nents did not prevent an effective purification method to
be developed, and therefore, two consecutive recrystalli-
zations from water-based systems containing i-PrOH and
HOAc managed to generate material (5)10 in high purity
(98%) at yields in the range of 30–35%. For process
economy reasons, the loss of the bromo impurities resid-
ing in the mother liquor had to be investigated, and
therefore, a recycling loop was devised that used a
catalytic hydrogenation to regenerate starting material 4.
The second step is responsible for the formation of the
tetralone core (6), and this was achieved in a rather
straightforward manner via the acid chloride, which is
then subjected to Friedel–Crafts conditions (AlCl3) and
ethene as the required C2-alkylation equivalent.11 Even
when extensive efforts to optimize this reaction were


allocated, the yields were always moderate and never
exceeded 60–70%.


Proceeding with a smooth reductive amination,12 where
benzyl amine was used as a reactant, the racemic N-ben-
zyl-2-aminotetralin was obtained in good yield, which,
when subjected to diastereomer resolution, gave the (R)
enantiomer isolated as the D-tartrate (7) in only 25%
overall yield (50% of theory). This “classical” way of
introducing the right stereochemistry into molecules has
been the dominating technology when considering manu-
facture on large scale. A recent study13 has again recon-
firmed this picture, and thus, if those cases are ignored
where the chirality is purchased from external sources (for
example, chiral pool origin), then resolutions outweigh
asymmetric methods by almost 3:1. Contrary to the
situation when applying the Buchwald–Hartwig protocol14


in the medicinal chemistry synthesis (Scheme 1), where
the substrate was constituted by a tertiary amine (the
dibenzyl derivative), the novel route contained a second-
ary amine functionality. The obvious reason for choosing
this intermediary structure was the considerably improved
atom economy offered by the elimination of a benzyl
substituent (reduction in atomic “ballast” by ∼21%), which


Scheme 1. First-Generation Route to AR-A2 (1) Applied by Medicinal Chemistry


a Abbreviations: dba, 1,3-benzylideneacetone; CDI, 1,1′-carbonyl-di-imidazole; DMF, N,N-dimethylformamide.


Scheme 2. Failed Approach To Produce the Desired Starting
Material 3 Using an Enzymatic Method
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would notably reduce the weight of the material that
needed to be processed. However, there was a fear that
when using 7 as the free base this would risk generating
a byproduct through intermolecular coupling (2-amino
group of 7 attached to the aromatic ring of another
molecule of 7). Surprisingly, this side reaction did not
occur, and therefore, the isolated product was exclusively
composed of the wanted N-piperazinyl moiety 8 together
with small amounts (<2%) of the 8-H analogue. Our
interpretation of this finding is that the Pd-catalyzed
aromatic amination reaction is chemoselective because
it discriminates between amines featuring different steric
bias, giving preference to the least hindered moiety (N-
methylpiperazine in this instance). As was the case in the
first-generation route, the sequence is completed with a
standard catalytic hydrogenation (Pd/C) followed by an
amide formation to produce AR-A2 (1) using an overall
shorter sequence. Scaling up the process based on the
chemistry in Scheme 3 performed rather well, even if the
total yield was only about 3%, and thus, it was possible
to obtain 26 kg of product (1), which meant that, for
example, the bromination step (4f 5) was conducted as
a single batch starting from 400 kg of phenylacetic acid 4
in a 6 m3 reactor volume.


En Route to a Stereoselective Synthesis
In light of the experience gained from performing the
sequence outlined in Scheme 3, it became apparent that,
notwithstanding the technical operability and conciseness,
the attributes with respect to capacity and cost were not
sufficiently good. Thus, as the preliminary dose-finding
studies, resulting in a projected daily intake of 100 mg/
patient, indicated that in the event that AR-A2 made it to
market, the annual volume of active compound would be
in the range of multitons. The low efficiency obtained in
the process from a yield point of view (∼3%), especially
in the late stage resolution where 75% of valuable material
was lost, and without obvious opportunities for substantial
improvements realized that yet another synthetic se-
quence would be needed. Arguably, the best way to


respond to the shortcomings was to devise a method that
allowed for the desired stereochemistry to be introduced
via an asymmetric transformation. A re-evaluation of the
current synthesis did not reveal new options that would
dramatically improve the overall way that the target
molecule was assembled. However, one opportunity was
identified that would lead to a significant change in the
efficiency of making AR-A2, namely, by introducing the
N functionality by virtue of a chiral amine reactant as
opposed to using an achiral alternative (benzylamine).
When these ideas were translated into practice and the
feasibility of this approach was confirmed with experi-
mental studies, a third-generation process emerged. This
turned out to be the optimum manufacturing procedure
under the given circumstances, offering an entirely suf-
ficient capability to deliver the product (1) in requested
amounts and quality throughout the remaining lifetime
of the project until its closure (see Scheme 4). A previously
reported procedure15 based on catalytic asymmetric hy-
drogenation of enamide substrates belonging to the
bromo-2-aminotetralin family was actually evaluated in
our case. The outcome was rather disappointing because
application of the literature protocol, in line with the
reported results,15 generated 10 as a 1:1 mixture of
diastereoisomers, rendering this methodology of little
value for our purpose. Furthermore, in the event that this
step had performed well, operating an amide-based
strategy would most likely have led to complications later
on in the sequence because the Buchwald–Hartwig step
might suffer from the presence of an acidic proton on the
amide nitrogen. Also, the removal of the acyl moiety on
the 2-amino substituent poses a considerably tougher
challenge, compared to running a catalytic hydrogenation
used in the current process.


When benzylamine was changed to (S)-1-phenylethyl-
amine (9) as the amino-group donator in conjunction with
switching to somewhat modified reaction conditions
(different reducing agent and solvent system), the crucial
reductive amination step could be performed at a signifi-
cantly better yield. Thus, in comparison to the poor


Scheme 3. Second-Generation Route to AR-A2: An Improved, Scale-up Friendly Synthesis of 1 That Requires Resolution of a Racemic
Intermediate
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outcome in the previous, resolution-demanding method,
the new process offered more than twice the yield based
on achieving a diastereomeric composition in the product
mixture (10) after hydride reduction of (R,S)/(S,S) ) 4:1.16


Interestingly, the successful outcome relied to a large
extent on performing the reaction in two stages: first, the
formation of imine in a discrete transformation, followed
by a separate reduction. If a one-pot procedure was
applied, a 3:2 diastereoisomeric ratio was obtained, in
favor of the desired product. Moreover, a literature report
from the early 1990s17 indicates that applying this syn-
thetic methodology on a bromo-tetralone closely related
to 6 using NaBH3CN in a mixture of MeOH and tetrahy-
drofuran (THF) (1:1) gave a completely racemic product
in the form of a 1:1 ratio of diastereomers (no induction
on C2). When this experimental protocol was tested on
our substrate, a confirmative result was obtained, and it
was only after modifying the solvent system and switching
to NaBH4 that a significant improvement in stereochem-
ical purity was observed.


Despite investing considerable efforts optimizing the
two-stage protocol, it was not possible to drive the
outcome beyond a 4:1 ratio. It is not unlikely that this
could, in fact, have been achieved, for example, by using
chiral amines that display a higher degree of steric bias
(e.g., 2-naphthylethylamine) or by screening for alternative
reducing agents. At the time, however, the choice of (S)-
1-phenylethylamine as a reactant/auxiliary was seen as
an excellent compromise by virtue of its availability on
large scale at an acceptable price, its compatibility with
the conditions applied in the succeeding step (Buch-
wald–Hartwig coupling), and finally, its easy removal at
the end of the three consecutive stages. After this novel
method was introduced, the capacity of the process for


making AR-A2 underwent a step change and, overall, >600
kg of the HCl salt 11 was manufactured in a highly
reproducible way at a consistent quality level [∼96%
diastereomeric excess (de)].


Focusing on how to best conduct the attachment of
the piperazine moiety to the aromatic ring, the obvious
starting point was to revert to the method that had been
successfully used in the previous approach (Scheme 3).
Surprisingly, a mere translation of this protocol to the
current substrate (11 as a free base) resulted in an
increased formation of the 8-H analogue (12, R ) H). On
the pilot-plant scale, the amount rose to as much as 11%
in the worst case, and alongside, generating this highly
undesirable byproduct, the Pd catalyst precipitated out
of the reaction mixture as a brown solid material (Scheme
4). It was obvious that the way of running this step would
have to undergo a profound re-assessment and redevel-
opment to obtain optimum conditions. Numerous experi-
ments were carried out to reach the goal, and this meant
evaluating several parameters, foremost of which was
finding the best combination of catalyst and ligand for
this particular system. As it turned out, Pd(OAc)2 was
confirmed as the better choice for performing the desired
reaction compared to the dba complex initially applied.
Furthermore, this switch was judged to be convenient also
from a large-scale perspective, as witnessed by lower cost
and easier handling of Pd(OAc)2.


The crucial task of identifying the most effective ligand
for this particular transformation was addressed from the
basis of the known state of the art.14a–c Thus, at the time
of conducting this investigation around the year 2000, the
“gold standard” used in these types of aromatic amina-
tions was the renown [1,1′-binaphthalene]-2,2′-diylbis-
[diphenylphosphine] (BINAP), either in enantiomerically
pure form or as the racemate. In our screening studies,
this chelating ligand was compared to others that had
been designed more recently but the results were unam-
biguous in pointing out BINAP as being superior. It was
also shown that the form in which BINAP was applied,
enantiopure versus racemic, had no effect on the perfor-
mance of the reaction. The final conclusion was that (R)-
BINAP constituted the optimal alternative under the
current circumstances by virtue of its availability in bulk
quantities. One of the key findings made during the course
of our experiments was the pronounced influence exerted
by the BINAP/Pd(OAc)2 ratio on the formation of the 8-H
analogue (12, R ) H). With <2 mol equiv of ligand over
the Pd catalyst, this byproduct was produced in 11%,
whereas an increase of BINAP to 4 mol equiv or more
drastically reduced the amount to 0.5% or below (see
Table 1 for examples of how different experimental setups
influenced the result). The conclusions drawn from these
data are (i) BINAP constitutes the best ligand (entries 2
and 3); (ii) racemic versus enantiopure BINAP is of no
importance (entries 1 and 10); (iii) the choice of base is
crucial (entries 4 and 5); (iv) the reaction tolerates up to
0.06% H2O (entry 7); and (v) changing of solvent from


Scheme 4. Third-Generation Route: A Diastereoselective Synthesis
of AR-A2 (1) Using (S)-1-Phenylethylamine (9) as a Crucial,


Multitasking Component
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toluene to xylene has only a marginal effect on the yield
but significantly accelerates the rate of the reaction (entry
6).


Furthermore, when different protocols were scrutinized
for the best practical way of running this step, it became
clear that the premixing of Pd(OAc)2, BINAP, and meth-
ylpiperazine was critical to achieve a successful outcome.
The rationale for this observation was that adhering to
such a procedure enabled a stable form of the active
catalyst to be generated prior to initiating the reaction.
Once this catalytic complex was formed, the behavior was
very user-friendly as displayed by its high degree of
stability in air alongside an insensitivity to water at levels
up to almost 0.1% (v/v). On a scale-up to the pilot plant
(2500 L), the process thus developed was robust and
reproducible as confirmed by consistently achieving a
quantitative conversion of the starting material (11) within
4 h at 100 °C. After workup (aqueous acidic extraction),
product 12 was obtained in quantitative yield (as mea-
sured in the process stream taken forward to the next step
without isolation) with superb quality (<0.5% 8-H byprod-
uct) at a maximum batch size of 125 kg.


The final stage of the three consecutive steps required
to prepare 13, the final intermediate in the total synthesis,
was the deprotection of the amino functionality by cleav-
ing off the chiral auxiliary. This seemingly trivial trans-
formation widely applied in organic chemistry is fre-
quently conducted under reductive conditions using a
metal catalyst, notably Pd on charcoal.18 To define the best
mode of operation suitable for substrate 12 (Scheme 4),
a set of about 10 different grades of Pd catalysts were
screened together with a range of solvents. Initially, it was
found that the reaction worked well using “standard” Pd/C
(of type 87L19 with 10% Pd content) at a H2 pressure of 5
× 105 Pa (5 bar) in toluene. However, when this approach
was tested on a larger scale (20 kg of 12 in 600 L), it was
noticed that the product (13 as the free base) had a
tendency to precipitate out of solution in the form of a
thick syrupy oil, which complicated the sampling proce-
dure and reduced the reaction rate. Moreover, impurities
accumulated from previous steps led to cross-contamina-
tion and caused poisoning of the catalytic species, and
this had to be counteracted by adding the catalyst in two
or three aliquots. Switching from toluene to an entirely
aqueous system in the presence of some acetic acid was


shown to offer considerable advantages. Thus, when the
reaction under these circumstances was run in combina-
tion with using a different Pd/C catalyst (type 3719 with
5% Pd), the H2 pressure could be significantly reduced
(from 5 × 105 to 3 × 105 Pa) and full conversion was
reached within 3–5 h compared to 12–36 h when applying
the previous protocol. In this case, precipitation of an oily
material did not occur, and instead, the desired product
(13) could be isolated as a crystalline, easily filtrated salt
after extraction into an organic phase (toluene) followed
by the addition of benzoic acid in iso-propanol. Important
in this context was the fact that the catalyst could be
effectively separated off via filtration, thereby guaranteeing
that hardly any residual amounts of heavy metal would
be left in the mother liquor. Further scale-up of this one-
pot deprotection method demonstrated a good robustness
and reproducibility, eventually leading to the successful
manufacture of 110 kg of 13 corresponding to a yield of
88%.


The End-Game: Completion of the Synthesis
Succeeding in developing a synthesis whose core part, the
installment of the required stereochemistry, outperformed
the first-generation method (Scheme 3) by at least a factor
of 2, it remained to complete the sequence via the
formation of an amide bond and, subsequently, precipi-
tating the target molecule in its final form as the mono-
HBr salt. Initially, the method applied for the amide
coupling originated from medicinal chemistry, where
DMF had been used as a solvent in the reaction in
combination with CDI as a condensing agent. This
procedure, unfortunately, resulted in a poor yield (50%)
because of the loss of material in various process streams
(notably in the DMF-containing H2O phase) during the
complex workup that, among other things, required a
slurry wash (in MeOH) of AR-A2 base as a means of
improving the purity. A further poignant weakness was
the inability to perform the salt precipitation in an
integrated fashion without prior isolation of the free base
(as a MeOH solvate). Evaluation of different options
showed that shifting to toluene was ideal because the yield
in the amide-forming step was not only higher but it also
allowed for the crystallization of the AR-A2 × HBr product


Table 1. Key Experiments for the Buchwald–Hartwig Coupling


entry altered conditionsa product 12 after
3 h (% GC)


8-H analogue after
3 h (% GC) remarks


1 rac-BINAP as the ligand 99 0.3
2 Xantphos as the ligand 62 7
3 (o-tol)3P as the ligand 18 14 xylene at 130 °C
4 NaOMe as the base 10 6
5 NaOEt as the base 0 0
6 xylene at 130 °C 99 0.7 <30 min to full conversion
7 0.1 equiv ()0.06%, v/v) of H2O 99 0.7
8 1.4 equiv of BINAP to Pd(OAc)2 88 11
9 2 equiv of BINAP to Pd(OAc)2 96 3.1
10 5 equiv of BINAP to Pd(OAc)2 99 0.3


a Normal conditions are 1.0 equiv of 11 free base, 2.0 equiv of N-methylpiperazine, 0.0047 equiv of Pd(OAc)2, 0.02 equiv of (R)-BINAP,
1.4 equiv of NaO-t-Bu, in toluene at 110 °C. The crucial BINAP/Pd(OAc)2 ratio is, thus, set at 4.25:1. Listed in the table are deviations
from this experimental protocol.
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in a one-pot scenario. Thus, activation of the 4-morpholi-
nobenzoic acid20 (14) side chain (prepared as depicted
in Scheme 1 with yields g96% in the pilot-plant scale) by
using CDI at slightly elevated temperatures (∼50 °C) and
subsequently adding aminotetralin 13 (after conversion
to the base form) generated the desired product (1) in a
crude state, which immediately could be transformed into
the final hydrobromide. A spin-off achieved when operat-
ing the process along these lines was the elegant reuse of
the imidazole moiety released as a byproduct from the
CDI reagent, which is in stark contrast to previous
methods (Schemes 1 and 3), where imidazole had to be
added separately. This imidazole amount (2 equiv formed
during the course of the reaction) constituted an ideal and
perfectly suited buffer system in the present case, as
demonstrated by the ability to selectively generate the
wanted mono-HBr compound (1 × HBr) as the sole
product obtained after crystallization (see Scheme 5). The
three basic nitrogen atoms in the parent molecule 1
(located in the piperazine and morpholine rings, respec-
tively) spanning a pKa range of roughly 2–8, are sufficiently
similar to allow for at least the formation of a di-HBr salt
under nonbuffered conditions. In the presence of imid-
azole, however, only the most basic nitrogen, the N4


position of piperazine, is protonated. Upon scale-up, the
overall performance of this step was excellent, offering a
yield of about 76% at a batch size of 72 kg. The active
pharmaceutical ingredient AR-A2 × HBr thus produced
met the stringent quality requirements, for example, an
enantiomeric purity of g99 % (R), to gain approval for
clinical studies in humans.


Conclusions
In this case story, the entire chain from the earliest
attempts to synthesize the target compound AR-A2 via a
first-generation process to the finish where a manufactur-
ing method of commercial quality was at hand has been
covered. The various scales at which these different
syntheses were operated (hundreds of grams, tens of
kilograms, and hundreds of kilograms) give good evidence
of the capacity inherent in each of the procedures and
what steps are required to take a method from laboratory
to plant. Although, when the route devised by medicinal
chemistry is performed at an acceptable overall yield of
>20%, it (Scheme 1) was quickly abandoned because the
cost of the aminotetralin starting material made AR-A2
unsustainably expensive. Two commercially viable routes
were taken forward, and the improvements obtained in
the synthesis of AR-A2 is substantiated by the overall yield
delivered by the final process (Schemes 4 and 5), which
was about twice as high as in the version initially scaled
up (Scheme 3), 7% compared to 3–4%. A key feature in
all of synthetic organic chemistry is the number of steps
required to make a given molecule and for AR-A2, with
its rather complex architecture, this translates to not more
than 10 (which includes the making of the side chain).
From a processing point of view, however, the number of
isolations that need to be carried out along the route of
synthesis is of even higher importance, and therefore, the
total number of only four truly isolated stages [5, 11, 13,
and 1 (excluding the final product AR-A2 × HBr)] gives a
clear indication of the excellent efficiency that was
achieved. Finally, with a large portion of drug compounds
being chiral, efficient methods for their preparation in


Scheme 5. Final Steps in the Synthesis of AR-A2 × HBr, where the Use of CDI as Condensing Agent Enables the Precipitation of the HBr Salt
from a Suitably Buffered System
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high enantiomeric purity are essential.13,21 For AR-A2, this
meant using (S)-1-phenylethylamine as a crucial compo-
nent in the construction work, where the stereogenic
center was installed using a diastereoselective hydride
reduction protocol running at 96% de.


The AR-A2 project has been supported by numerous co-workers
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Lindgren (Process Engineering), Katarina Lundgren and Dietmar
Wagner (Analytical Chemistry), and Peter Lindeman (Development
Manufacture), whereas at the Macclesfield site, U.K., our thankful-
ness goes to Dr. Frank Montgomery and his entire Process
Chemistry group, as well as Frank Harkness, Campaign Manager
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ABSTRACT
A series of bis-phosphite and bis-phosphine ligands for asymmetric
hydroformylation reactions has been evaluated. Bis-phosphite
ligands lead, in general, to high regioselectivities across a range of
substrates while good enantioselectivities are limited to only a few
examples. We found that bis-phospholane-type ligands, such as
bis-diazaphospholanes and bis-phospholanes, can lead to very high
regio- and enantioselectivities for several different substrates.


1. Introduction
There is a growing need to efficiently produce chemicals
in their enantiopure form as more and more pharmaceu-
tical drugs are required to be marketed as a single
enantiomer.1 This need has led to greater interest in
asymmetric catalysis and development of new chiral
ligands for metal-catalyzed reactions. Asymmetric hydro-
formylation (AHF) is among very promising but under-
developed catalytic reactions.2 Asymmetric hydroformy-
lation is a catalytical, atom-economic, one-carbon ho-
mologation reaction that produces chiral aldehydes from
inexpensive feedstock (olefins, syngas) in a single step
under essentially neutral reaction conditions (eq 1). Since
the aldehyde group is one of the most versatile functional
groups, a variety of useful chiral chemicals such as amines,
imines, alcohols, and acids can be easily prepared from
chiral aldehydes. Even though AHF offers great promise
to the fine chemical industry, this reaction has not yet
been utilized on a commercial scale due to several
technical challenges. Among the most significant are (a)
low reaction rates at low temperature where good selec-
tivities are usually observed, (b) difficulty in controlling


regio- and enantioselectivities concurrently, and (c) lim-
ited substrate scope for any single ligand.


(1)


Reaction rates in Rh-catalyzed hydroformylation are
commonly slower than those of asymmetric hydrogenation
reactions3 when conducted near ambient temperature.
Commercially practicable rates of several thousand turnovers
per hour can be achieved in AHF at temperatures higher
than 60 °C. However, at higher temperatures, lower regio-
and enantioselectivities are usually observed. Thus, to be
commercially viable for less reactive substrates, ligands
may be required to operate at higher temperature without
compromising selectivity. Unlike in asymmetric hydro-
genation where a single product is produced upon double
bond reduction, the additional challenge in AHF is control
of reaction regioselectivity. The ability of a ligand to give
high regioselectivities in AHF (high branched (b) to linear
(l) ratio) is a very important attribute since any amount
of achiral linear isomer can be regarded as an impurity
that requires separation from the desired chiral product.
For example, a reaction mixture with b/l of 9 represents
a 90% pure product (10% linear isomer impurity), whereas
b/l of 99 represents a 99% pure product. Although
regioselectivity can be controlled to some extent by
reaction conditions (temperature and syngas pressure),
it is mainly controlled by the nature of the chelating
ligand.


Considerable research effort has been devoted to
identifying effective chiral ligands for AHF; however,
success has been limited to only a few examples. The
initial success in rhodium-catalyzed hydroformylation
came from Union Carbide with the discovery of the bis-
phosphite ligand (2R,4R)-chiraphite (1).4 This ligand was
designed to develop an AHF route to anti-inflammatory
2-aryl-propionic acid drugs, such as (S)-naproxen. Good
enantioselectivities can be obtained with (2R,4R)-chiraph-
ite in AHF of styrene but only when the reaction is
performed at around room temperature. (2R,4R)-chiraph-
ite analogs with different length of the diolate bridge and
different bridge substitution, reported by van Leeuwen et
al.,5 led to significantly lower regio- and enantioselectivi-
ties. Somewhat improved enantioselectivity was observed
with (2R,4R)-chiraphite analog 2, where (R,R)-pentane-
2,4-diol was substituted with a sugar-derived bridge.6 It
is worth pointing out that the bridge in 2 represents a
three-carbon linker between oxygen atoms similar to that
found in (2R,4R)-chiraphite. A breakthrough in AHF came
from Takaya’s laboratory with the synthesis of (R,S)-
binaphos (3)7 and its analogs. These ligands were found
to lead to high enantioselectivities for a variety of olefins;2c


however, regioselectivities are typically quite low. Wills et
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al.8 reported the first phospholane-type ligand (4) that was
found to be effective for AHF of vinyl acetate but,
interestingly, quite unselective toward hydroformylation
of styrene. These advances, although impressive, have not
led to the application of the asymmetric hydroformylation
reaction on a commercial scale. A new generation of
ligands is needed to realize its commercial potential. New
AHF ligands must have the ability to produce optically
active aldehydes at high reaction rates (turnover rates of
several thousand per hour) and operate at high temper-
ature where necessary, while maintaining very high
product regio- and enantioselectivity. Our research goal
has been to find such ligands.


2. Ligand Evaluation
At the outset of our research we decided to develop a
screening method that would allow us to evaluate rapidly
and reliably many new ligands in AHF. For this purpose,
we utilized an Argonaut Endeavor reactor system consist-
ing of eight parallel stirred autoclaves. To increase the
ligand screening throughput further, we developed one-
pot screening of multiple olefinic substrates.9 In this
screening, three substrates (styrene, allyl cyanide, and
vinyl acetate) are combined together in a 1:1:1 molar ratio
and are simultaneously hydroformylated under the same
reaction conditions. Our choice of styrene, allyl cyanide,


and vinyl acetate was dictated by the recent interest in
applying these substrates in the synthesis of fine chemicals
via AHF. Additionally, these three substrates represent
different types of terminal olefins with their unique
reactivity and selectivity in hydroformylation reactions.
Our hope was that screening against all three of these
substrates in a single run would allow us to identify ligands
applicable to a broad range of olefins. An additional
benefit of multisubstrate screening is that relative reaction
rates of different substrates can be ascertained in a single
experiment. A series of control experiments using a few
different ligands and toluene as a solvent showed that the
products’ regio- and enantioselectivities as well as relative
reaction rates were very similar regardless of whether the
reactions were conducted on the pooled substrates or on
individual components. To rapidly quantify the products
of these reactions (ten possible components per individual
reactor—three substrates, three branched products, three
linear products, and dodecane as internal standard), we
utilized two different GCs equipped with two different
chiral columns. The first GC column (Supelco Beta Dex
225), based on �-cyclodextrin, allowed complete separa-
tion of both enantiomers of branched aldehyde and the
achiral linear aldehyde derived from both styrene and
vinyl acetate, thus allowing for direct measurements of
regio- and enantioselectivity. The second GC column
(Astec Chiraldex A-TA), based on R-cyclodextrin, yielded
good separation of all products derived from allyl cyanide
hydroformylation. We found that this column was also
capable of resolving all vinyl acetate products although
we did not use this column for this purpose. It was our
practice to prepare two sets of GC vials and perform GC
analyses on both instruments at the same time. It is
important to prepare samples for GC analysis immediately
after the reaction is complete because products’ enanti-
oselectivities (especially those derived from styrene and
allyl cyanide hydroformylation) decrease noticeably when
the reaction mixture is left standing even for 24 h at
ambient temperature. In the absence of syngas, rhodium
species present in the solution can serve as racemization
catalysts for aldehyde products.10 We also found that
frequent replacement of GC liners is necessary because
accumulated rhodium particles can lead to a decrease in
enantiopurity of hydroformylation products. During every
Endeavor run, one out of eight pressure vessels was
devoted to a high selectivity ligand for which enantio- and
regioselectivity were well known. This type of control
experiment was essential to monitor the quality of the
asymmetric hydroformylation screen and allowed us to
detect problems due to equipment contamination (e.g.,
GC liners) or any changes to the screen, such as introduc-
tion of new batches of gases, solvents, or reagents. Since
commercially viable ligands in rhodium-catalyzed AHF
may be required to operate at higher temperature to
maintain acceptable reaction rates, our new ligands were
evaluated at temperatures >70 °C.


Ligands for Practical Rh-Catalyzed Asymmetric Hydroformylation Klosin and Landis


1252 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 12, 2007







3. Phosphite Ligands
Since chiraphite-type ligands contain epimerizable biaryl
fragments linked by an optically active diolate moiety,
access to a structurally diverse set of such ligands is
limited. To eliminate the requirement of optically active
bridging diols, we set out to prepare a new family of bis-
phosphite ligands that contain a conformationally rigid,
optically active fragment bridged by achiral diols.11 The
advantage of this ligand design is that a large library of
ligands can be easily assembled from readily available
achiral diols. Commercially available (S)-3,3′-di-tert-butyl-


5,5′,6,6′-tetramethyl-biphenyl-2,2′-diol (biphen-H2) was
selected as a chiral auxiliary. The general synthesis of
phosphites derived from biphen-H2 is presented in Scheme
1. We found that preparation of phosphites (especially
sterically hindered ones) can be best accomplished with
the use of phosphorobromidites or phosphoroiodidites
instead of more traditional phosphorochloridite reagents.
Phosphoroiodidite derivatives can be conveniently pre-
pared quantitatively by reaction of the corresponding
phosphorochloriditeswithexcessTMS-Iatroomtemperature.


Of all the new bisphosphite ligands prepared (subset
is shown in Figure 1, ligands 5–8 and 12), the 2,2′-
biphenol-bridged ligand, (S,S)-kelliphite (8), was found to
exhibit the highest regio- and enantioselectivity for the
asymmetric hydroformylation of both allyl cyanide11 and
vinyl acetate9 (Table 1). This situation resembles that of
the (2R,4R)-chiraphite ligand family where only a very
limited subset of ligands leads to good enantioselectivity
in AHF. For AHF of neat allyl cyanide, (S,S)-kelliphite gave
79% ee and a b/l ratio of 17–18 at 35 °C and low catalyst


Scheme 1. General Method for Synthesis of Phosphite Ligands


FIGURE 1. Phosphite ligands with (S,S)-biphen chiral moiety.


Table 1. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Phosphite Ligands
Shown in Figure 1


styrene allyl cyanide vinyl acetate


entry L T (°C) convc b/ld % ee convc b/ld % ee convc b/ld % ee


1a (2R,4R)-chiraphite (1) 35 54 47 76 (R) 67 6.7 13 (R) 22 109 58 (R)
70 98 13 56 (R) 100 6.1 15 (R) 95 100 47 (R)


2a (R,S)-binaphos (3) 70 100 5.3 85 (R) 100 2.2 69 (R) 94 6.5 62 (S)
3a (S,S)-5 70 100 12 7 (S) 100 10.5 18 (S) 99 16.4 30 (R)
4a (S,S)-6 70 99 7.6 7 (R) 100 5.3 1 (R) 81 11.3 12 (R)
5a (S,S)-7 70 100 12.6 21 (S) 100 7.1 5.7 (R) 99 180 7 (R)
6a (S,S)-kelliphite (8) 35 40 68 18 (S) 95 16 75 (S) 19 125 88 (R)


70 100 17 1 (R) 100 11 70 (S) 99 56 77 (R)
7b (S,S)-kelliphite (8) 70 95 16.9 1 (R) 100 10.6 70 (S) 88 63.5 77 (R)
8b (S,R,S)-9 70 90 10.9 24 (R) 100 8.5 59 (S) 85 48.1 74 (R)
9b (S,S,S)-10 70 84 1.7 5 (R) 100 2.5 12 (R) 81 47.3 3 (S)
10b (S,R,S)-11 70 84 12.9 13 (R) 100 7.0 58 (S) 71 37.5 60 (R)
11a (S)-12 70 63 1.1 13 (S) 100 3.4 4 (R) 84 166 2 (S)


a Reaction conditions: 150 psi of 1:1 H2/CO; ligand/Rh ) 1.2:1 for bidentate and 2.2:1 for monodentate phosphites; molar ratio of olefin/Rh
) 300:1 (acetone as solvent) at 35 °C and 500:1 at 70 °C. b Reaction conditions: 150 psi of 1:1 H2/CO; ligand/Rh ) 1.2:1; molar ratio of
olefin/Rh )1000:1; solvent ) toluene. c Percentage conversion of olefins after 3 h. d b/l ) branched to linear ratio.
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loading (substrate to Rh ratio of 10 000:1). Under the same
reaction conditions (R,S)-binaphos gave similar enanti-
oselectivity for allyl cyanide (75–77% ee) but much lower
regioselectivity (b/l of 2.8). Interestingly, we found that
enantioselectivities achieved with (R,S)-binaphos exhibit
strong solvent dependence and were 25% higher when the
reaction was conducted neat or in acetone instead of
toluene. This effect appears to correlate with the polarity
of the reaction medium, although it is not well under-
stood. Analogous enantioselectivity enhancement was not
observed in the case of (S,S)-kelliphite.


To probe the factors that influence regio- and enanti-
oselectivity of (S,S)-kelliphite in AHF, a series of (S,S)-
kelliphite analogs was prepared where the bridging biaryl
group was systematically altered to vary its dihedral angle
(ligands 9, 10, and 11) (Figure 1).12 Single-crystal X-ray
analyses of five different rhodium complexes confirmed
that changes of substituents in the 6 and 6′ positions of
the bridging biaryl groups influence their dihedral angles.
The values of those dihedral angles fall in the range
between 60° and 80° with the smallest for biphenyl and
the largest for the octahydrobinaphthyl bridge. DFT
calculations performed on a five-coordinate model com-
plex LRh(CO)2H (L ) biaryl bridged bis-phosphite) suggest
that decreasing the dihedral angle of the biaryl bridging
group leads to smaller P–Rh–P bite angles. An AHF study
showed a correlation between regio- and enantioselec-
tivity for AHF of allyl cyanide and vinyl acetate and the
dihedral angle found in metal complexes derived from
ligands 8, 9, and 11. Ligands with smaller dihedral angles
between biaryl bridging fragments (smaller P–Rh–P bite
angle) lead to higher selectivities. The correlation between
bite angle and selectivities in linear selective (achiral)
hydroformylation was previously documented.13


The molecular structure of the (S,S)-kelliphite ligand
and its rhodium complex shows that the bridging biphenyl
adopts the R configuration.11 It was of interest to us to
determine whether the R configuration of the biphenyl
bridge is also maintained during hydroformylation reac-
tions. To probe this question, kelliphite analogs 7 and 9,
containing configurationally stable R- and S-binaphthol
fragments, respectively, have been synthesized and ex-
amined.12 The selectivities of AHF reactions (Table 1,
entries 7–9) obtained with (S,S)-kelliphite were much
closer to those obtained with 9 than 10, strongly suggest-
ing that the biphenyl moiety in (S,S)-kelliphite does indeed
maintain the R configuration during catalysis. Monoden-
tate phosphite ligands based on (S)-biphen (e.g., 12) lead
to very poor enantioselectivities, highlighting the necessity
of a multidentate ligand structure for optimum selectivity
control.


Within the group of bisphosphites examined, kelliphite
and chiraphite provide a complementary pair of easily
synthesized ligands. Kelliphite is highly effective for AHF
of allyl cyanide and vinyl acetate, whereas chiraphite
remains a good choice for screening against vinyl arene
substrates. Of all ligands in our initial study, only (R,S)-
binaphos exhibited enantioselectivities higher than 60%
for all three substrates, albeit with poor regioselectivities


(b/l below 10 for all three substrates). (R,S)-Binaphos
yields high enantioselectivities for a wide range of olefins
including R-olefins, vinylarylenes, butadienes, and cyclic
ethers.2c Recently, Zhang et al. reported the preparation
of phosphite-phosphoramidite (13), a ligand structurally
related to (R,S)-binaphos (3), where an oxygen atom was
replaced by an NEt fragment.14 Ligand 13 showed im-
provement in enantioselectivity over (R,S)-binaphos for
AHF of vinyl arenes and vinyl acetate. Very high enanti-
oselectivity (98%) was achieved for styrene hydroformy-
lation at 60 °C. Unfortunately, similarly to (R,S)-binaphos,
ligand 13 gave poor regioselectivities for both styrene (b/l
) 7.3) and vinyl acetate (b/l ) 13.3) hydroformylation
products.


4. Diazaphospholane Ligands
Recently, we reported a new, versatile synthesis of a novel
class of phosphines that are based on the diazaphos-
pholane framework.15,16 The synthesis of diazaphos-
pholanes, which involves simple condensation of primary
phosphines and azines, is tolerant of many functional
groups thus allowing access to diverse arrays of diaza-
phospholane ligands. In most cases, the synthesis is highly
rac selective giving pure rac phosphines after a single
crystallization. The ability to incorporate various frag-
ments into the diazaphospholane ligand framework gives
access to ligands with broadly tunable steric and electronic
features. The IR carbonyl stretching measurements of Rh
carbonyl complexes containing diazaphospholane ligands
indicate that this phosphine class is significantly more
electron-deficient than trialkyl phosphines.17 Since elec-
tron deficient phosphines are required for achieving high
reaction rates in Rh-catalyzed hydroformylation
reactions,2a chiral diazaphospholanes were a natural
choice for exploration in AHF. Optically active bis-diaza-
phospholanes are prepared in three steps starting from
commercially available materials (Scheme 2). The first step
involves preparation of azine 15, which is then reacted
with a mixture of diphosphinobenzene and diacid chloride
in THF to yield tetra-acid 16 as a single diastereoisomer
in about 35% yield. Tetra-acid 16 is subsequently deriva-
tized with enantiopure amines to yield a mixture of
diastereoisomers, which is then separated into individual
components. Using this general synthetic protocol, we
prepared a small library of bis-diazaphospholanes (Figure
2) and evaluated them in AHF (Table 2).18


We were pleased to discover that bis-3,4-diazaphos-
pholanes 17–20 exhibit even faster hydroformylation rates
than (R,S)-binaphos, (S,S)-kelliphite and (2R,4R)-chiraph-
ite ligands. At 80 °C and a substrate to Rh ratio of 5000:1,
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the bis-3,4-diazaphospholanes 17–20 led to quantitative
conversion of all three substrates after 3h. Syngas uptake


curves shown in Figure 3 clearly illustrate high reaction
rate capabilities of diazaphospholane ligands in hydro-


FIGURE 2. Structures of diazaphospholane ligands studied in asymmetric hydroformylation reactions.


Table 2. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Diazaphospholane
Ligands Shown in Figure 2a


styrene allyl cyanide vinyl acetate


entry L conv b/l % ee conv b/l % ee conv b/l % ee


1 17a 93 8.4 76 (S) 100 5.3 64 (S) 94 24 85 (R)
2 18a 100 8.1 75 (R) 100 4.1 75 (R) 100 22 92 (S)
3 19c 100 5.7 65 (S) 100 4.0 69 (S) 100 36 86 (R)
4 20c 100 5.3 73 (R) 100 3.5 82 (R) 100 41 96 (S)
5 19a 100 6.3 73 (S) 100 4.1 77 (S) 100 31 91 (R)
6 20a 100 6.6 82 (R) 100 4.1 87 (R) 100 37 96 (S)
7b 20a 42 30 89 (R) 73 4.8 87 (R) 31 40 95 (S)
8c 20a 85 13 82 (R) 100 4.0 86 (R) 86 37 96 (S)
9 21a 28 1.1 12 (R) 93 1.3 10 (R) 31 39 23 (S)
10 (2R,4R)-chiraphite (1) 90 9.0 49 (R) 100 5.5 13 (R) 75 190 50 (R)
11 (R,S)-binaphos (3) 96 4.5 82 (R) 98 2.1 72 (R) 72 8.2 48 (S)
12 (S,S)-kelliphite (8) 78 8.9 2 (R) 100 9.3 66 (S) 78 61 73 (R)


a All reactions performed at 80 °C in toluene with 150 psig of 1:1 CO/H2 with L/Rh ) 1.2 (2.1 for monophosphine 21a), total molar
substrate/Rh ) 5000, and 3 h reaction time. b 60 °C; 500 psi; total substrate/Rh ) 30 000. c 80 °C; 500 psi; total molar substrate/Rh )
30 000.


Scheme 2. General Synthesis of Bis-diazaphospholane Ligands
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formylation reactions. AHF with 20a at a substrate to
catalyst ratio of 30 000:1, 80 °C, and 500 psi syngas
pressure led to 85%, 100%, and 86% conversion in 3 h for
styrene, allyl cyanide, and vinyl acetate, respectively, giving
an average turnover frequency of 9000 h-1 (Table 2, entry
8). Bis-diazaphospholanes are the most active ligands, not
only among bis-phosphines, but among all phosphorus-
based ligands that we examined in our AHF screens.
Enantioselectivity values were dependent on the particular
ligand structure investigated. At 60 °C and 500 psi of
syngas pressure, 20a led to 89% ee and b/l ) 30 for
styrene, 87% ee and b/l ) 4.8 for allyl cyanide, and 95%
ee and b/l ) 40 for vinyl acetate (Table 2, entry 7).
Regioselectivities are sensitive to reaction conditions and
can be increased (especially for styrene) at higher syngas
pressure and lower temperature.


Monodentate 3,4-diazaphospholane 21a, on the other
hand, exhibited lower activity and significantly lower
regio- and enantioselectivities. These data clearly dem-
onstrate that the bidentate nature of the bis-diazaphos-
pholane ligands is a critical feature for achieving very high
selectivities and activities in AHF, at least for terminal
olefins. The results obtained with 19a (diastereoisomer of
20a having the opposite chirality at the 2 and 5 positions
of the phospholane rings and the same chirality of the
amine fragment) led to formation of the opposite enan-
tiomers in the products indicating that the chirality of the
phospholane ring rather than the amine chirality prevails
in determining product stereochemistry. Product enan-
tioselectivities obtained for diastereomeric pairs 17/18 and
19/20 were found to be within 10% ee, indicating a modest
match/mismatch effect.


AHF of neat vinyl acetate with 20a was also successfully
conducted at 80 °C with a substrate to catalyst ratio of
100 000:1 leading to 97% conversion within 5 h (95% ee, b/l
) 28.7), which translates into an average TOF of 19 400 h-1.19


Scale-up of this reaction was carried out on a 135 g scale
using both 19a and 20a in a 300 mL Parr reactor. The
enantiomers of 2-acetoxypropanaldehyde (product of AHF
of vinyl acetate), which were recovered by distillation,
showed very high selectivities ((R)-product, 93.8% ee and b/l
) 102 for 19a and (S)-product, 96.8% ee, and b/l ) 139 for
20a). Enhanced regioselectivities of recovered products are
due to the lower boiling points of branched isomers. Both
enantiomers of 2-acetoxypropanaldehyde were used as


starting materials in the synthesis of optically active iso-
xazoline and imidazole derivatives, which proceeded without
racemization of the chiral center (Scheme 3).19


5. Phospholane Ligands
High activity and selectivity achieved with bis-diazaphos-
pholane ligands prompted the evaluation of other bis-
phospholane ligands in AHF. We were particularly inter-
ested in screening 1,2-bis(2,5-dialkylphospholano)benzene
(duphos), 1,2-bis(2,5-dialkylphospholano)ethane (BPE)20


(22–24), (R,R)-1,2-bis(2,5-diphenylphospholano)ethane
((R,R)-Ph-BPE)21 (25), and (S,S,R,R)-tangphos22 because
all these ligands possess key structural features (phos-
pholane rings bridged by a two carbon linker) found in
bis-diazaphospholanes (Figure 4). The olefin conversion
data obtained with phospholane ligands pictured in Table
3 are in close agreement with syngas uptake curves (Figure
3) and demonstrate that (R,R)-Ph-BPE (25) exhibits the
fastest hydroformylation rates of all phospholanes stud-
ied.23 At 80 °C and 150 psi syngas pressure, (R,R)-Ph-BPE
(25) exhibits an average turnover frequency of 1139 h-1,
which is about 5 times more than values observed with
(S,S)-i-Pr-BPE (24). The most likely reason for the en-


FIGURE 3. Syngas uptake curves for AHF of styrene, allyl cyanide
and vinyl acetate (substrate/catalyst ) 5000 at 80 °C in toluene with
150 psi of 1:1 CO/H2 and L/Rh ) 1.2).


Scheme 3. Synthesis of Optically Active Isoxazoline and Imidazole
Derivatives


FIGURE 4. Structures of some of the phospholane ligands studied
in AHF.
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hanced activity of (R,R)-Ph-BPE (25) over other phos-
pholane ligands is the presence of the electron-withdraw-
ing phenyl rings, which reduce the electron density at the
phosphorous atoms. The IR data νCO obtained for a series
of molybdenum carbonyl complexes containing BPE
ligands (22–25) confirmed that (R,R)-Ph-BPE is the least
basic phosphine among the BPE ligands.23 At very low
catalyst loadings (molar ratio of substrate to Rh of 30 000:
1), the rate of hydroformylation with (R,R)-Ph-BPE (25)
(an average turnover frequency of 4467 h-1) was virtually
identical to those of (2R,4R)-chiraphite (1) and (R,S)-
binaphos (3) and only slower than (S,S)-kelliphite (8) and
bis-diazaphospholane (20a) (Table 4).


Enantioselectivity data show that BPE and duphos
ligands having larger substituents in the 2,5-positions of
phospholane rings (i-Pr or Ph vs. Me or Et) lead to
noticeably higher enantioselectivities. As in the case of bis-
diazaphospholanes, bis-phospholane ligands appear to be
equally effective toward all three olefins (styrene, allyl
cyanide, and vinyl acetate), suggesting potential broad
applicability of this ligand class across a wide range of
substrates. Under the standard screening conditions,
(R,R)-Ph-BPE (25) combines high enantioselectivity and
regioselectivity for styrene hydroformylation giving 94%
ee and an unprecedented branched to linear isomer ratio
of 45. The ligand (R,R)-Ph-BPE (25) also is very effective
in AHF of allyl cyanide (90% ee, b/l ) 7.1) and vinyl acetate
(82% ee, b/l ) 340). The very high regioselectivity achieved
in vinyl acetate hydroformylation (b/l ) 340) is quite
surprising because it is significantly higher than that
observed with any other ligand. As in the case of mono-
dentate phosphite and diazaphospholane ligands, the
monodentate phospholane (R,R)-i-Pr-phospholane (27)
was unremarkable in its performance toward all three
olefins. Ferrocene-based ligand (26) bearing 2,5-di-i-Pr-


phospholane moieties is significantly worse than i-Pr-BPE
(24) in terms of both regio- and enantioselectivity, sug-
gesting that a ferrocene backbone imparts a too large of
a bite angle for optimal ligand performance.


Our initial screening experiments with (S,S,R,R)-tang-
phos (28) were frustrated by a lack of reproducibility.10


After a series of control experiments, we discovered that
the enantioselectivity of styrene and allyl cyanide hydro-
formylation products varies substantially as a function of


Table 3. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Phospholane Ligands
Shown in Figure 4a


styrene allyl cyanide vinyl acetate


entry L conv b/l % ee conv b/l % ee conv b/l % ee


1 (R,R)-Me-BPE (22) 8 14 43 (S) 36 5.8 37 (S) 23 97 59 (R)
2 (S,S)-Et-BPE (23) 10 11.3 55 (R) 40 6.2 49 (R) 23 152 66 (S)
3 (S,S)-i-Pr-BPE (24) 11 9.5 82 (S) 48 6.7 83 (S) 28 142 70 (R)
4 (R,R)-Ph-BPE (25) 57 45.0 94 (R) 96 7.1 90 (R) 52 340 82 (S)
5 (R,R)-i-Pr-5-Fc (26) 9 3.2 15 (R) 28 3.9 49 (R) 22 94 29 (R)
6 (R,R)-i-Pr-phospholane (27) 11 4.4 11 (R) 30 3.5 7 (R) 17 21 8 (S)
7b (S,S,R,R)-tangphos (28) 10 14.9 13 (S) 49 7.5 6 (S) 26 138 81 (R)
8b [(S,S,R,R)-tangphos]Rh(acac) 12 14.8 90 (S) 61 7.5 93 (S) 17 30 83 (R)


a Reactions performed at 80 °C in toluene with 150 psig of 1:1 CO/H2 with L/Rh ) 1.2 (2.1 for 27), total molar substrate/Rh ) 5000,
catalyst concentration 0.037 mol %, 3 h reaction time. b Total molar substrate/Rh ) 3000, ligand/Rh ) 2 (entry 7).


Table 4. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Molar Substrate to
Catalyst Ratio of 30 000:1a


styrene allyl cyanide vinyl acetate


entry L conv b/l % ee conv b/l % ee conv b/l % ee


1 (2R,4R)-chiraphite (1) 32 10.8 51 (R) 74 5.8 13 (R) 34 204 50 (R)
2 (R,S)-binaphos (3) 35 4.6 81 (R) 58 2.1 68 (R) 23 7.1 58 (S)
3 (S,S)-kelliphite (8) 32 9.2 3 (S) 99 10.1 66 (S) 32 100 75 (R)
4 diazaphospholane (20a) 73 5.7 80 (R) 100 3.9 80 (R) 92 47 95 (S)
5 (R,R)-Ph-BPE (25) 33 45.0 92 (R) 67 7.6 90 (R) 34 263 82 (S)


a Reactions performed at 80 °C in toluene with 150 psi of 1:1 CO:H2 with L:Rh ) 1.2, total molar substrate:Rh ) 30,000, 4.43 mL of
styrene: allyl cyanide: vinyl acetate: dodecane (1:1:1:0.3 molar ratio), 3 hour reaction time.


FIGURE 5. Structures of the bis-phosphine ligands studied in AHF.
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(S,S,R,R)-tangphos/Rh ratio. The highest enantioselectivi-
ties were obtained with ratios close to 1 and they rapidly
decreased at ratios higher than 1.2 (excess of ligand).
This unusual behavior was eventually traced to the
in situ formation of the ionic complex [((S,S,R,R)-
tangphos)2Rh]+[acac]- when excess of ligand was used (eq
2). The acetylacetonate anion present in this complex was
found to be responsible for this sharp decrease of enan-
tioselectivity in hydroformylation products.


(2)


It is not clear whether enantioselectivity reduction
(formation of [RhP4][acac] species) with excess of ligand
is a common occurrence during AHF. We believe that this
behavior is limited to relatively small and electron-rich
phosphine ligands since (R,R)-Ph-BPE (6) and phosphite
ligands do not show this unusual behavior.10 These results
should, however, serve as a caution when screening new
ligands in AHF because low reaction enantioselectivity
might not necessarily reflect the ligands’ true capabilities.
One approach to eliminate this uncertainty would be to
premake rhodium complex LRh(acac), a procedure fre-
quently used in asymmetric hydrogenation studies. We
wonder whether AHF results obtained with Me- and Et-
BPE ligands (22, 23) (small and electron-rich phosphines)
were adversely affected by the excess of ligands we used
in our screens. Optimum enantioselectivities of 90%, 93%,
and 83% were obtained with premade complex [(S,S,R,R)-
tangphos)]Rh(acac) for hydroformylation of styrene, allyl
cyanide, and vinyl acetate, respectively. As expected based
on electronic characteristics of (S,S,R,R)-tangphos (28), the
AHF reaction rates are low even at 80 °C. (S,S,R,R)-
tangphos was recently used with high success in AHF of
bicyclic olefins.24


6. Other Bis-phosphine Ligands
Since several of the ligands traditionally used in asym-
metric hydrogenation also happened to be very selective


in AHF, we carried out AHF screening of a variety of
commercially available asymmetric hydrogenation
ligands.10 Structures of selected ligands together with
relevant AHF results are shown in Figure 5 and Table 5,
respectively. (R,R)-BDPP (37) exhibited the highest regi-
oselectivity for AHF of allyl cyanide at 80 °C (b/l ) 16,
70% ee) but only mediocre regioselectivities in the case
of styrene (b/l ) 12.4) and vinyl acetate (b/l ) 16.4)
hydroformylation. Josiphos (29–32) and walphos (33–35)
ligands lead to enantioselectivities up to 73% ee for vinyl
acetate, but in general these ligands are much less
selective than bis-phosphacycle ligands. In this set of
ligands, the most interesting was (S)-binapine (38)25


because it gave 94% ee (b/l ) 9.5), 94% ee (b/l ) 6.7),
and 87% ee (b/l )32.4) for hydroformylation products of
styrene, allyl cyanide, and vinyl acetate, respectively.10


Enantioselectivities obtained with (S,S,R,R)-tangphos (28)
and (S)-binapine (38) for AHF of allyl cyanide are the
highest ever reported for this substrate. Interestingly, (R)-
binaphane (36), structurally related to (S)-binapine (38),
exhibited relatively poor selectivities across all three
olefins.


Ligand structures such as (S,S,R,R)-tangphos (28) and
(S)-binaphine (38) are very promising, but their electronic
nature (electron-rich) prohibits them from achieving high
reaction rates. One approach to address this deficiency
would be to synthesize novel bis-phosphacycles with
electron-withdrawing substituents placed in close proxim-
ity to phosphorous atoms.


7. Conclusions
Bis-phosphites are one of the best classes of ligands for
controlling regioselectivities in AHF across a number of
substrates; however, high enantioselectivity has only been
observed for a limited number of ligands. Enantioselec-
tivities obtained with bis-phosphites are usually quite
temperature dependent with lower values being observed
at higher temperatures. This may indicate that bis-
phosphite ligands are configurationally less stable at
elevated temperatures, presumably due to the large size
of the linking group between phosphorus atoms. On the
other hand, bis-phosphacycle ligands such as bis-diaza-
phospholanes, bis-phospholanes, and (S)-binaphine con-


Table 5. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Bis-phosphine Ligands
Shown in Figure 5a


styrene allyl cyanide vinyl acetate


entry L conv b/l % ee conv b/l % ee conv b/l % ee


1 josiphos (29) 14 11.9 39 (R) 59 6.9 59 (R) 25 68.4 64 (S)
2 josiphos (30) 5 5.4 43 (R) 24 8.9 60 (R) 18 23.5 73 (S)
3 josiphos (31) 45 20.1 38 (S) 92 14.1 22 (S) 27 205.2 17 (S)
4 josiphos (32) 9 4.8 40 (R) 28 7.2 64 (R) 22 15.2 79 (S)
5 walphos (33) 98 2.4 44 (S) 99 0.9 6 (S) 93 6.1 57 (R)
6 walphos (34) 95 2.5 27 (S) 97 1.0 2 (R) 86 5.7 48 (R)
7 walphos (35) 26 2.7 2 (S) 47 3.5 53 (R) 42 73.1 73 (R)
8 (R)-binaphane (36) 17 8.2 34 (R) 62 5.2 50 (R) 21 34 24 (S)
9 (R,R)-BDPP (37) 22 12.4 48 (S) 82 16.1 70 (S) 22 16.4 31 (S)
10 (S)-binapine (38) 12 9.5 94 (S) 49 6.7 94 (S) 21 32.4 87 (R)


a Reactions performed at 80°C in toluene, 150 psi of 1:1 CO:H2, L:Rh ) 2, total substrate:Rh ) 3000, 1 mL of substrates, 3 hr. reaction
time.
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tain a two carbon bridge, which, when coupled with
rigidity of a phosphacycle ring, leads to outstanding
enantioselectivity control in AHF. Our data suggest that
the bis-phosphacycle ligand family is unique and most
promising for future advances in asymmetric hydroformy-
lation. The remarkable ability of bis-diazaphospholane
(20a) and (R,R)-Ph-BPE (25) to yield high enantioselec-
tivities at higher temperature with high reaction rates
renders these ligands candidates for commercial applica-
tion in AHF. The ease with which the diazaphospholane
ligand structure can be diversified and extended, along
with the intrinsically high activities, should facilitate the
discovery of new ligands for broader classes of substrates.
Our current research focuses on the determination of
factors that control selectivity of bis-diazaphospholane
and bis-phospholane ligands in AHF in the hope to further
improve the performance of these ligands.


We are most grateful to our co-workers, especially to Gregory
Whiteker, Tom Clark, Alex Axtel, Christopher Cobley, Cynthia
Rand, P. J. Thomas, Susan Freed, Rob Froese and Guy Casy, for
their numerous contributions to this research. Additionally, we
thank Dowpharma for funding of this research.
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ABSTRACT
This Account is divided into two sections. In the first section, the
development of an enantioselective manufacturing process for (S)-
metolachlor, the active ingredient of the grass herbicide Dual
Magnum, is described. This is today’s largest application of
asymmetric catalysis, and the Ir-Xyliphos hydrogenation catalyst
achieves unprecedented 2 millions turnovers. The development
started in 1982 and ended when the first production batch was
run in November 1996. The strategies and approaches used for
attaining the elusive goal are described, and the lessons learned
are discussed. In the second section, the development and per-
formance of a portfolio of chiral diphosphines for industrial
asymmetric applications are described. Central to the portfolio is
the idea of modular ligand families, i.e., diphosphines with the
same backbone, where steric and electronic properties are easily
tuned by the choice of the substituents at the phosphorous atoms.


1. The Chiral Switch of Metolachlor
Background. Metolachlor is the active ingredient of


Dual, one of the most important grass herbicides for use
in maize. It is a N-chloroacetylated, N-alkoxyalkylated


ortho-disubstituted aniline. Metolachlor has two chiral
elements: a chiral axis (because of hindered rotation
around the C–N axis) and a stereogenic center, leading
to four stereoisomers (Figure 1). Dual was introduced to
the market in 1976 as a mixture of all four stereoisomers
produced via the Pt/C-catalyzed reductive alkylation of
2-methyl-5-ethyl-aniline (MEA) with aqueous methoxy-
acetone in the presence of traces of sulfuric acid followed
by chloroacetylation (Scheme 1).1


In 1982, it was found that about 95% of the herbicidal
activity of metolachlor resides in the two (1′S) diastereo-
mers, i.e., is mainly controlled by the absolute configu-
ration of the stereogenic center of the side chain.2 This
means that with enriched material the same biological
effect could be achieved with about 65% of the racemate,
no small matter considering that >20 000 tons of this
herbicide were produced, shipped, and applied every year!
This finding initiated the search for a suitable catalyst to
enantioselectively produce (S)-metolachlor, a search which
lasted more than a decade and resulted in the largest
enantioselective catalytic process. A list of important
milestones is given in Table 1.


The story of the discovery of the Ir–Josiphos catalyst
has already been described in some detail.3–5 For this
reason, we limit ourselves to a short summary of the most
important milestones but will discuss the lessons learned
because these affected our strategies concerning the
development of both the process and ligand portfolio.


A Tough Start. In an extensive project study carried
out in 1981, we came up with the four routes shown in
Scheme 2, as assessed in Table 2. Three synthetic routes
were tested experimentally: (i) enamide hydrogenation
(inspired by the successful L-dopa process of Monsanto6),
(ii) nucleophilic substitution of a (R)-methoxyisopropanol
derivative with the enantioselective hydrogenation of
methoxyacetone as a key step (by analogy to Pt–cinchona-
catalyzed hydrogenation of R-ketoesters7), and (iii) hy-
drogenation of MEA imine. Because enantioselective
reduction was considered to be the key step, the enamide
and substitution routes were tested first.


After more than a year, we had to acknowledge
complete failure: none of the three enamides showed any
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conversion with seven different Rh diphosphine catalysts
at temperatures up to 50 °C and 1 bar. Methoxyacetone
could be hydrogenated with a cinchonidine-modified Pt/C
catalyst, but enantioselectivity never exceeded 12%. This
left the hydrogenation of MEA imine as the only realistic
possibility.


Imine Hydrogenation: Initial Success. First positive
results were obtained by a UBC team, which adapted Rh
diphosphine catalysts originally developed for alkene
hydrogenation. The most effective catalyst, Rh–cycphos,
achieved up to 69% enantiomeric excess (ee) at -25 °C
(Figure 2).8 Despite rather low activities, these results
represented a breakthrough in enantioselective N-aryl
imine hydrogenation.


Inspired by results of Crabtree,9 who had described an
extraordinarily active, albeit achiral Ir catalyst for the
hydrogenation of tetrasubstituted CdC bonds, we focused
on iridium instead of rhodium complexes. Very soon
thereafter, impressive progress was forthcoming. For the
MEA imine hydrogenation, an Ir–bdpp catalyst gave 84%
ee at 0 °C, although with low turnover numbers (TONs).
On the other hand, Ir–diop reached up to 10 000 TONs,
but with lower ee values (Figure 2).10 A major problem
associated with these Ir catalysts was irreversible catalyst
deactivation.


Even though these results were very promising and at
that time represented by far the best catalyst performance
for enantioselective imine hydrogenation, it was clear that
the ambitious goals for a technical process (g80% ee,
>50000 TONs, <8 h reaction time) could probably not be
reached using Ir complexed with ”classical” diphosphine
ligands. A new approach was clearly required.


The Final Breakthrough with a New Ligand and a Bit
of Acid. As a consequence, a variety of new ligand types
were synthesized and tested. The most promising were
Josiphos ligands, novel ferrocenyl diphosphines developed
by Togni and Spindler11 (Scheme 3). Because to two
phosphino groups are introduced sequentially in the last
two steps, the electronic and steric properties can easily
be varied, which is often difficult with other diphosphines.
To our delight, several Ir–Josiphos catalysts proved to be
very efficient.3 Most notably, Xyliphos led to an excep-
tionally active catalyst, and even more importantly, it did
not deactivate!


With Xyliphos as a ligand, a screen of solvents and
additives as well as an optimization of the reaction
conditions were carried out. Hans-Peter Jalett, an experi-
ence chief technician, observed an extraordinary effect:
by adding 30% acetic acid to the reaction mixture in the
presence of Ir–Xyliphos and NBu4I, the maximum rate
increased by a factor of 5. Even more exciting, the time
needed for 100% conversion was more than 20 times
shorter! It turned out that this was not a solvent but a
general acid effect and that the same acceleration could
be achieved with traces of strong acid. The reaction rate
was approximately proportional to the hydrogen pressure
and also increased with temperature. Enantioselectivities
decreased from 81% at -10 °C to 76% at 60 °C but were
not affected by changing the hydrogen pressure.


While these Ir–Xyliphos catalysts surpassed the re-
quired catalyst activity and productivity by far, the enan-
tioselectivity just barely met the goal of 80% ee. Therefore,
we tried to improve the enantioselectivity by changing
both the electronic and steric properties of the Josiphos
ligands. As shown in Table 3, this was indeed possible;
however, as previously observed with other ligands, any
gain in selectivity was offset by a loss in catalyst activity


FIGURE 1. Structure of metolachlor and its individual stereoisomers.


Scheme 1


Table 1. Milestones in the History of Metolachlor


1970 discovery of the biological activity of metolachlor
1978 full-scale plant with a production capacity >10 000


tons/year in operation
1982 synthesis and biological tests of the four stereoisomers


of metolachlor
1985 rhodium/cycphos catalyst gives 69% ee for the imine


hydrogenation [University of British Columbia
(UBC), Vancouver, Canada]


1987 new iridium diphosphine catalysts are more active and
selective (up to 84% ee) than rhodium catalysts;
catalyst deactivation is a problem


1992 novel ferrocenyl ligands are developed, leading to very
active catalysts without deactivation problems


1993 the acid effect is discovered, and a laboratory process
with Ir–Josiphos is established


1995/
1996


pilot results for (S)-metolachlor: ee, 79%; turnover
number, 1000000 turnover frequency, >200 000/h;
first 300 tons produced


1996 full-scale plant for production of >10 000 tons/year of
(S)-metolachlor starts operation
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and/or productivity. In the end, Xyliphos was the best
compromise for a technical process.


Developing a Technical Process. For this task, a large
project team was set up consisting of process and analyti-
cal chemists, engineers, as well as specialists in catalysis.
While the technical preparation of methoxyacetone and
the chloroacetylation step were already established for
producing racemic metolachlor, several facets of the new
process required considerable development effort.4


Optimization of the Reaction Medium and Condi-
tions. After optimization of acid and iodide and reaction
conditions, MEA imine could be hydrogenated at 80 bar/
50 °C with a substrate/catalyst ratio of >1 × 106. Complete
conversion is reached within 4 h with an enantioselectivity
of 79–80%, with the initial turnover frequency (TOF)
exceeding 1.8 × 106 h-1.


Ligand Synthesis. Because (R)-Ugi amine was not
commercially available at the time, a scaleable synthesis
had to be developed. The chemistry summarized in
Schemes 3 and 4 allows for the preparation of a variety
of Josiphos ligand with >99.5 % ee in multi-kilogram
quantities. This expertise was decisive when we started
our ligand business a few years later.


Scheme 2


Table 2. Assessment of Possible Routes for the Synthesis of (S)-Metolachlor


route catalytic step other steps cost (ecology) priority


A, enamide close analogy, ee > 90% enamide synthesis difficult high (medium) 1
B, substitution weak analogy, ee > 80% substitution very difficult high (bad) 2
C, imine weak analogy, ee < 30% as in the current process medium (good) 3
D, direct alkylation no precedent as in the current process low (very good) 4


FIGURE 2. Rh- and Ir-catalyzed hydrogenation of 2,6-dimethylaniline
(DMA) (R ) Me) and MEA (R ) Et) imine.


Table 3. MEA Imine Hydrogenation with Selected Ir–Josiphos Catalysts


R R′ TON TOF (h-1) ee comments


Ph 3,5-xylyl 1000000 >200 000 79 production process
p-CF3C6H4 3,5-xylyl 800 400 82 ligand screening
Ph 4-tBu-C6H4 5000 80 87 low temperature
Ph 4-(nPr)2N-3,5-xyl 100 000 28 000 83 optimized conditions
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Choice of Reactor Technology. Because the catalytic
reaction was extraordinarily fast, optimal mass and heat
transfer was required, and for this purpose, a loop reactor
was the best choice. In this technology, the reaction
mixture is pumped via a heat exchanger through a nozzle
where hydrogen is fed into the reaction solution, allowing
both very good cooling and mixing (Figure 3).


The first production batch was successfully run on
November 16, 1996 and has been carried out without any
major problems on a >10 000 tons/year scale ever since.12


Some Take Home Lessons. The metolachlor process
is currently the largest enantioselective catalytic process,
and Ir–Xyliphos is the most active and productive catalyst
developed to date. There is no doubt that our achievement
has laid to rest any doubts about the applicability of chiral
homogeneous catalysis for the large-scale manufacture of
relatively low-cost products. We learned of a few lessons
that likely are of general interest and certainly had a strong
influence on our strategy when we started to build up a
commercial ligand portfolio, as described in the second
part of this Account.


Lesson 1. Catalyst activity and productivity is a much
more important issue than originally anticipated. Initially,


we expected enantioselectivity to be critical; however, in
reality, catalyst activity and productivity provided the
greatest challenge in meeting the targets for an economi-
cal process.


As a consequence, we now routinely monitor TON and
TOF values in early stages of any process development.


Lesson 2. Know-how and expertise is decisive. This
project caught us quite unprepared. While the catalysis
section of Ciba-Geigy had a history dating back to the early
1930s,13 its expertise was limited to the application of
heterogeneous hydrogenation. We had no experience
using chiral complexes, and our hydrogenation equipment
was not well-suited for handling homogeneous catalysts.
Thus, at the same time, while tackling the (S)-metolachlor
project, we had to learn the basics of enantioselective
catalysis (not a very comfortable position).


As a consequence, we initiated a strong research
program first for the application of enantioselective
catalysts and later in the area of chiral ligand synthesis.


Lesson 3. Availability of chiral ligands. At the beginning
of our process development, less than 10 chiral diphos-
phines were commercially available and none in technical
quantities. Most of these ligands had C2 symmetry and
diphenylphosphino groups, both elements considered to
be essential for good performance in hydrogenation
reactions. Josiphos, the first truly modular ligand family,
clearly showed that this was not the case. On the contrary,
we found that combining PR2 moieties with bulky alkyl
groups (even tert-Bu) with PAr2 groups often led to the
most effective ligands. When developing the Josiphos
family, we also realized that the ferrocene backbone and
its particular chemistry are ideally suited to obtain ex-
traordinarily effective ligands. Furthermore, we also real-
ized that the time and effort required for the scale-up of
a ligand synthesis might discourage process chemists from
considering asymmetric catalysis.


As a consequence, the concept of modularity and the
availability of chiral ligands in technical quantities with
short lead times were deemed key points for the future
ligand portfolio of Solvias.


2. Building Up a Comprehensive Ligand
Portfolio


The Josiphos Ligand Family. Josiphos ligands that
played such a decisive role in the (S)-metolachlor process
were first synthesized in the context of a structure–activity
study for the Au-aldol reaction. Two reviews11,14 have
described the background of their creation in detail. The
Josiphos ligand family was an excellent basis for a


Scheme 3


Scheme 4


FIGURE 3. Lower part of the 10 m3 production loop reactor.
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comprehensive ligand portfolio when the former catalysis
group of Ciba-Geigy was spun-off into Solvias in
1999.15


Today, the Josiphos ligands arguably constitute one of
the most versatile and successful ligand families, second
probably only to the Binap ligands. Rh–, Ir–, and Ru–
Josiphos complexes are highly selective and active cata-
lysts for the enantioselective hydrogenation of enamides,
itaconic acid derivatives, acetoacetates, acrylic acids, and
N-aryl imines, as well as for other transformations.14 To
date, only the (R,SFc) family (and its equally accessible
enantiomers) but not the (R,RFc) diastereomers have led
to high enantioselectivities. At present, about 150 different
Josiphos ligands have been prepared and 40 derivatives


are commercially available in a screening ligand kit and
on a multi-kilogram scale for production purposes. The
most successful ligands and their numbering and major
applications are depicted in Figure 4, illustrating again the
modular adaptability of the ligand properties to the
requirements of different reactions.


Three aspects of the Josiphos ligands will be outlined
in more detail: the application to industrial projects, the
benefits of modularity, and the versatility of Josiphos SL-
J001 and SL-J002 with bulky alkyl PR2 substituents. Up
to now, Josiphos ligands have been applied in four
production and several pilot- and bench-scale processes
involving Rh-, Ir-, and Ru-catalyzed hydrogenation reac-


FIGURE 4. Structure, numbering, and applications for important Josiphos ligands.


FIGURE 5. Important industrial applications of Josiphos ligands.
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tions of CdC and CdN bonds16 (Figure 5). While the most
important application is the (S)-metolachlor process
(Ciba-Geigy/Syngenta), production processes were re-
ported for the synthesis of biotin (Lonza), methyl dihy-
drojasmonate (Firmenich), and MK-0431 (Merck). Pilot
processes have been developed for precursors to crixivan
and dextromethorphane (Lonza), and feasibility studies
have been described for an R,�-unsaturated acid (Takeda),
N-sulfonylated R-dehydroamino acids, and ene–trifluo-
roamides (Merck).


Note the large varieties of substrates depicted in Figure
5 that can be hydrogenated with very good catalyst
performances by simply changing substituents at phos-
phorus. Another impressive example of the benefits of
modularity is shown in Figure 6. When the P substituents
are optimized, enantioselectivities >99% can be realized
for the Rh-catalyzed hydrogenation of phosphinylimines17


and many more such cases have been observed.
Josiphos SL-J001 and SL-J002 are ligands of choice for


an amazing variety of reactions,14 and several recent
examples are shown in Scheme 5. Noteworthy are the
highly enantioselective Cu-catalyzed reduction of nitro
alkenes,18 R,�-unsaturated ketones,19 esters,20 and ni-


triles21 with polymethylhydrosiloxane (PMHS), as well as
for the Michael addition of Grignard reagents to R,�-
unsaturated esters.22 The Rh-catalyzed nucleophilic ring
opening of oxabicyclic substrates leads to interesting
dihydronaphthalene derivatives23 (scaled up to multi-
kilogram). The Pd-catalyzed opening of cyclic anhydrides
is also a new type of enantioselective transformation.24


Walphos, Mandyphos, and Taniaphos. The next ad-
dition to our ligand portfolio was Walphos. We had to
focus on process research while still being part of Novartis,
but on the other hand, it was possible to fund cooperative
research. In this situation, we started a collaboration with
Walter Weissensteiner of the University of Vienna, who
proposed the synthesis of new ferrocene diphosphines.
His concept was convincing because it met our criteria
of modularity, tunability, and scalability; the resulting
ligands were called Walphos.25 Walphos ligands form
eight-membered metallocycles and, similar to Josiphos,
are air-stable and readily prepared in large quantities even
though the synthesis requires two additional steps relative
to that of Josiphos (Scheme 6).


Walphos ligands show promise for various enantiose-
lective hydrogenations.26 Rh–Walphos catalysts gave good
results for dehydroamino and itaconic acid derivatives
(92–95% ee), while Ru–Walphos complexes were highly
selective for �-keto esters (91–95% ee) and acetyl acetone
(>99.5% ee, S/C of 1000). Figure 7 depicts some specific
applications. The hydrogenation of SPP100-SyA, a steri-
cally demanding R,�-unsaturated acid intermediate of the
renin inhibitor Aliskiren (Speedel/Novartis) is currently
performed on a multiton scale. Lilly chemists developed
a process for a peroxisome proliferator-activated
receptor (PPAR) agonist using the Rh-catalyzed hydroge-
nation of a (Z)-cinnamic acid as a key step. A screen of
over 250 catalysts and conditions revealed SL-W001 as the
most effective ligand, giving the product in 92% ee.27


Recently, two novel transformations were reported to be
catalyzed by Rh–Walphos complexes with high enanti-
oselectivities: the [4 + 2] addition of 4-alkynals with an
acrylamide by Tanaka and co-workers28 and the reductive
coupling of enynes with R-keto esters by Krische’s group.29


Other groups also became involved in ferrocene-based
ligands for hydrogenation.30 In particular, the Knochel
group has achieved remarkable success with Taniaphos31


FIGURE 6. Tuning Josiphos ligands for the phosphinylimine hydrogenation.


Scheme 5
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and Mandyphos,32 two ligand families with similar modu-
larity as Josiphos and Walphos but in many cases with
complementary performance (Figure 8). Umicore (for-
merly dmc2, a spin-off from Degussa), with IP rights to
Knochel’s patents, asked us to collaborate in the develop-
ment of technical syntheses and to jointly market the two
ligand families. Because of our experience with ferrocenyl
ligands and with supply chain considerations suggestive
of a high degree of synergy (because of the use of identical
similar blocks and technologies), we agreed. Following the
ligand development phase, extended screening tests con-
firmed that both ligands, indeed, had the expected
modular behavior. Their performances as catalysts are in
many respects complementary to the Josiphos and Wal-
phos ligands.33


Taniaphos and Mandyphos are effective ligands for the
enantioselective hydrogenation of a variety of CdC and
CdO functions.33 An impressive case of ligand specificity
was described by Hashmi et al.34 for the hydrogenation
of furyl-substituted (Z)-dehydroamino esters. Of several
ligands tested, only Mandyphos SL-M004 with P(4-MeO-
Xyl)2 substituents gave satisfactory enantioselectivities
(Scheme 7). After the ligands had been made available to
research groups, several other interesting transformations
were discovered, further documenting the potential of
both Mandyphos and Taniaphos ligands. Two selected
examples are depicted in Scheme 7: Rh–Taniaphos
catalyzed ring opening of azabicycles35 and cycloaddition


of azomethine ylides to vinyl sulfones catalyzed by a
Cu–Taniaphos catalyst.36


Phospholanes and Atropisomeric Ligands. Despite the
power of modularity and the versatility of the ferrocene-


Scheme 6


FIGURE 7. Industrial applications and novel transformations catalyzed
by Rh–Walphos catalysts.


FIGURE 8. Commercialized Taniaphos and Mandyphos ligands.


Scheme 7


FIGURE 9. Starting materials and structures for Rophos and Du-
phos.
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based diphosphines, it was appreciated that we had to
broaden our ligand portfolio further to make it truly
comprehensive. We aimed at having a suitable ligand for
hydrogenation of every important substrate type. Upon
re-analysis of performance gaps in our portfolio, it became
apparent that we were lacking the specific performance
of a phospholane-type ligand, such as Duphos,37 and an
atropisomeric ligand,38 such as Binap. However, in these
areas, competition is fierce and it was not easy to devise
novel ligands that would be competitive in performance
and cost but not patent-protected. To achieve this goal,
we not only initiated our own research program but also
pursued collaboration and licensing strategies.


In 2001, we licensed Rophos from BASF. Rophos, an
analogue of the Duphos39 ligand, was designed and first
prepared by the Börner group40 in Rostock (Figure 9).
Rophos contains a chiral phospholane ring that is created
from mannitol and not from the synthetic chiral 1,4-diols,
which at that time were prepared via a Kolbe reaction
from the corresponding �-hydroxy acids. Despite the
additional substituents in the 3 and 4 positions, these
ligands have a very similar performance profile to that of
Duphos. We succeeded in developing a scaleable synthesis
starting from cheap natural D-mannitol. Although the
ligand was performing nicely and also exhibited excellent
stability as its bistriflate phosphonium salt,41 its enanti-


omer could not be prepared in a cost-effective manner,
despite significant effort. For this reason, the Rophos
ligands are available in technical quantity upon request
but are not part of the core portfolio of Solvias.


In a collaboration with our former colleagues from Ciba
SC, in particula Ulrich Berens,42 Butiphane was designed
and developed. Unlike Duphos, the ligand backbone is
not C2 symmetrical; rather, it is based on a five-membered
ring backbone, which results in a slightly different coor-
dination sphere (sterics and electronics) around the metal
when compared to Duphos. The synthesis depicted in
Scheme 8 starts from benzothiophene and leads in five
high yielding, scaleable steps to Butiphane ligands, which
again show behavior akin to Duphos ligands, with high
enantioselectivities for various activated CdC bonds.42 The
methyl derivative (R ) Me) is included in our present
ligand portfolio.


The quest for an atropisomeric diphosphine turned out
to be equally difficult. When we started to create ideas, a
large number of biaryl diphosphines was already known


Scheme 8


Scheme 9


FIGURE 10. Coupling strategy for Solphos.
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but only a few were commercially available. In our
assessment, the MeO–BIPHEP ligands, created and owned
by Roche,43 had a very attractive performance profile, and
a technical synthesis was available. We reasoned that
additional N-based substituents ortho to the MeO group
and para to the phosphorus atom would make the ligand
slightly more electron-rich and should supply a handle
to further tune and functionalize the ligand. Last but not
least, this would provide ligands outside the numerous
existing patents. When we analyzed a paper by Takasago44


on the excellent results achieved with Segphos, another
variation of the binap motif, we decided to concentrate
on a benzoxazine structure. We assumed that a similar
coupling and modular phosphine introduction strategy as
developed for the MeO–BIPHEP ligands (Figure 10) would
be applicable. Very soon, we found that things were not
so simple. When we tried to couple the appropriate
fragments with various X and Y substituents using a variety
of catalysts, we found to our disappointment that only
traces of the desired benzoxazine were formed. Because
the few milligrams of the new ligand prepared via this


route showed the expected excellent catalytic perfor-
mance, we had to devise more promising approaches.


To make a very long and exhausting story short, the
concerted efforts of several Solvias teams finally resulted
in the technical synthesis depicted in Scheme 9.45 To
honor this concerted effort, we decided to name the new
ligand family Solphos. A number of derivatives were
prepared on a 10–100 g scale, although further scale-up
proved difficult and not cost-effective. The excellent
performance of the new ligands was confirmed for rel-
evant model hydrogenation reactions as well as in several
commercial projects. Nevertheless, we realized that de-
spite this success the Solphos ligands still did not meet a
key criteria for the Solvias ligand portfolio, namely, to be
available in multi-kilogram quantities with short lead
times.


A Comprehensive Ligand Portfolio for Asymmetric
Catalysis. The solution to this problem was found when
Roche agreed to give Solvias a license for the MeO–
BIPHEP ligands (July 2006). Within a few months, we had
validated the large-scale synthesis protocols provided by
Roche in our own labs and had produced technical
amounts of 12 different MeO–BIPHEP derivatives ready
for commercial application. With this business success,
the ligand portfolio depicted in Figure 11 fulfills all of our
criteria for technical applications concerning tunability,
established technical synthesis, stability to air and mois-
ture, short-term availability for screening, scale-up, and
manufacturing applications, consistent quality, and last
but not least, commercial availability under customized
licensing terms.


Besides these diphosphine ligands, we also have de-
veloped a number of P,N ligands for more specialized
applications. Two catalytic systems are available on
technical scale: Ir–UBAPHOX complexes for the hydroge-
nation of nonfunctionalized CdC bonds designed by
Pfaltz46 and developed in collaboration with him and the
Ru phosphino oxazoline catalyst (Naud catalyst),47 which
is effective for aryl ketone hydrogenations (Scheme 10).
Together with the ligands of the core portfolio, a wide
variety of different substrate types can now be hydroge-
nated with a high chance of success (Figure 12).


FIGURE 11. The Solvias ligand portfolio 2007.


Scheme 10
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Conclusions and Outlook
Industrial interest in the application of enantioselective
catalysts was started in earnest only in the 1970s. However,
after the first highly visible success of Knowles’ L-dopa
process, progress was rather slow. In this Account, we
illustrate why this happened and describe the conclusions
that we have drawn concerning the process development
and ligand portfolio. The metolachlor process demon-
strates that enantioselective catalysis is feasible even for
very large-scale, relatively low-priced products. The avail-
ability of a variety of chiral ligands in technical quantities
by Solvias as well as by other companies will be instru-
mental for the advancement in industrial applications of
enantioselective catalysis. There is no doubt in our minds
that asymmetric hydrogenation will develop into a mature
technology within the next few years and will soon be
considered a routine transformation with excellent pre-
dictability in process research. In the meantime, the quest
for better ligands will continue because there is still ample
room to expand the scope and effectiveness of this
methodology.


We are indebted to all of our colleagues mentioned in the
references but in particular to Rolf Bader for his support and Hans-
Peter Jalett for his contributions in the metolachlor project. We
thank Antonio Togni, Walter Weissensteiner, Pierre Martin, Paul
Zbinden, Martin Kesselgruber, and Matthias Lotz for their invalu-
able experimental and intellectual contributions and Ulrich Berens
and Andreas Pfaltz for their collaboration in the development of
the Solvias ligand portfolio. Furthermore, we acknowledge all
technicians who did an exceptional job, skillfully carrying out most
of the practical work.
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ABSTRACT
Enzyme-catalyzed reductions have been studied for decades and
have been introduced in more than 10 industrial processes for
production of various chiral alcohols, R-hydroxy acids and R-amino
acids. The earlier hurdle of expensive cofactors was taken by the
development of highly efficient cofactor regeneration methods. In
addition, the accessible number of suitable dehydrogenases and
therefore the versatility of this technology is constantly increasing
and currently expanding beyond asymmetric production of alcohols
and amino acids. Access to a large set of enzymes for highly
selective CdC reductions and reductive amination of ketones for
production of chiral secondary amines and the development of
improved D-selective amino acid dehydrogenases will fuel the next
wave of industrial bioreduction processes.


1. Introduction
Nature’s toolbox for catalyzing reduction reactions is vast
but until recently was not considered as competitive and
applicable in industry. Indeed early reports on bioreduc-
tion processes were often only impressive because of mild
reaction conditions without the need for hydrogen and
unmatched regio- and enantioselectivities of the enzymes.
Other industrially important parameters such as catalyst
costs, productivities (g·L-1·h-1), final product concentra-


tions, and/or complex downstream processing were,
however, often not attractive for industrial applications.


Many of these limitations were caused by the fact that
the initial processes used living or resting cells as bio-
catalysts. These wild-type strains (often yeasts) typically
grew slowly, suffered from high product or substrate
concentrations, and contained a significant level of un-
desired enzymes causing side reactions. In addition,
required special know-how (e.g., in microbiology) and
equipment (e.g., fermentors and microfiltration units)
were not standard in the chemical industry. Therefore it
is not surprising that bioreductions were far from being a
standard synthesis tool for quite some time.


With the introduction of recombinant DNA technology
and the development of efficient cofactor regeneration
concepts in the early 1980s, many of these hurdles were
lowered. Indeed, the first industrial enzymatic reductive
amination process with in situ cofactor regeneration was
enabled by these developments and introduced in the
1990s for production of L-tert-leucine based on a reductive
amination of the corresponding keto acid.1 Since then,
the number of industrial bioreduction processes for
manufacturing of primary and secondary alcohols and
R-amino as well as R-hydroxy acids has grown to more
than 10 industrial processes today.2 We expect this to
rapidly grow during the next years because the chance of
finding a suitable biocatalyst is very high. The availability
of continuously expanding off-the-shelf enzyme libraries
(e.g., more than 100 recombinant keto reductases are
available today) and the application of modern enzyme
development and screening tools such as directed evolu-
tion3 and metagenome screening4 will fuel this growth.


Indeed, enzymatic carbonyl reduction is moving from
a niche application to a first choice approach, although
the general perception lags behind the convincing status
of the actual technology. Moreover, new applications for
bioreductions are on the horizon. For example, the
development of efficient enone and enoate reductases for
CdC reductions, amine dehydrogenases, and D-selective
amino acid dehydrogenases will find new applications for
production of chiral amines and other valuable products.
The aim of this Account is to present the current status
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of enzymatic reductions and to discuss emerging areas
with a strong focus on industrial applicability.


2. Cofactor Regeneration
The majority of enzymes applied in industrial bioreduc-
tion processes use nicotine amide cofactors (NADH and
NADPH). These cofactors transfer a hydride ion with the
help of an enzyme, usually in a highly regio- and stereo-
selective way, to a substrate and are therefore oxidized
and stoichiometrically consumed during the reaction. The
high price of the cofactor makes an efficient regeneration
system a prerequisite for industrial bioreduction processes.


Many different regeneration systems have been devel-
oped since the 1980s. They can be classified as coupled
enzyme, coupled substrate, in vivo (i.e., relying on the
natural cofactor regeneration system of living organisms),
electro-enzymatic, photochemical, and chemical ap-
proaches. An overview of the different concepts is shown
in Figure 1. The last three approaches (Figure 1,d–f) seem
not yet competitive for commercial applications due to
typically lower total turnover numbers (moles of cofactor
consumed per mole of produced product), side reactions,
or the requirement for expensive mediators. Coupled
enzyme and coupled substrate approaches look currently
most attractive, but in vivo approaches are also of


industrial relevance.5 In the following, we will focus on
coupled enzyme and coupled substrate methods.


2.1. Coupled Enzyme Approach. Cofactor regenera-
tion systems based on the coupled enzyme approach have
been explored since the beginning of the 1980s. For
example, Whitesides, Wong, and co-workers described the
use of hydrogenases, formate dehydrogenases, aldehyde
dehydrogenases, and glucose-6-phosphate dehydrogena-
ses for regeneration of NADH as well as NADPH.6–8


Additional enzyme systems have been developed since
then based on malic enzymes,9 phosphite dehydrogena-
ses,10 and glucose dehydrogenases.11


Table 1 attempts to sketch a rough picture about
advantages and disadvantages of the different enzyme
systems, which indicates a trade-off between enzyme and
cosubstrate related properties of the different systems.
Systems with lower enzyme cost contributions are com-
promised by higher cosubstrate costs and vice versa. Thus
there is no single best or ideal cofactor regeneration
system at the moment that, however, does not limit
industrialization and therefore the competitiveness of
bioreduction processes based on the coupled enzyme
approach.


In the mid-1990s, the first enzyme coupled cofactor
regeneration process was implemented at a ton scale
based on the formate dehydrogenase from Candida boi-
dinii.1 Yields of >70% and productivities of >600 g·L-1·d-1


are reported based on a repetitive batch process for
production of L-tert-leucine.2


Glucose dehydrogenase based methods are also com-
mercialized despite seemingly more complex workup
procedures. For example, Kaneka reported the production
of a statin intermediate (4-chloro-3-hydroxybutanoate)
using an alcohol dehydrogenase (ADH) from Candida
magnoliae and a glucose dehydrogenase from Bacillus
megaterium, which are coexpressed in Escherichia coli. A
total turnover number of 21.600 mol product/mol NADPH,
high product concentrations (>20% w/v), reasonable
yields (85%), and high optical purities (>99.5% ee) were
reported, which clearly demonstrates that modern
bioreduction processes including recent developments
of recombinant whole-cell processes12–14 are highly
competitive with other alternative reduction methods.


2.2. Coupled Substrate Approach. The seemingly
simplest approach for cofactor regeneration makes use
of a single enzyme that simultaneously transforms sub-
strate plus a cheap cosubstrate according to the scheme
in Figure 1b. Due to the reversibility of dehydrogenase
reactions, the cosubstrate must be applied in large excess


FIGURE 1. Overview of cofactor regeneration concepts.


Table 1. Comparison of Different Enzyme Systems
for Cofactor Regeneration


enzyme activity stability
cosubstrate


cost workup


formate DHa - ( ( +
glucose-6-phospate DHa + ( - -
phosphite DHa - ( + +
glucose DHa + + ( (
hydrogenase - - + +
aldehyde DHa ( ( ( -


a DH ) dehydrogenase.
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to drive the equilibrium in the desired direction and allow
sufficient yields. Consequently, the coupled substrate system
is often compromised by enzyme inhibition and enzyme
inactivation caused by the high cosubstrate or coproduct
concentrations. Furthermore product isolation can be ham-
pered if the desired product has similar physico-chemical
properties as the cosubstrate or coproduct.


Several remarkably stable dehydrogenases are known
that tolerate high cosubstrate concentrations. For ex-
ample, the alcohol dehydrogenase from Thermoanaero-
bium brockii tolerates 2-propanol concentrations of up
to 20% (v/v)15 and the alcohol dehydrogenase from
Rhodococcus ruber DSM44541 is reported to accept even
up to 50% (v/v) 2-propanol.16


Industrially relevant processes based on the coupled
substrate approach are, for example, described by
Industrial Enzyme Products (IEP) for production of
2-butanol and ethyl-4-(S)-chloro-3-hydroxybutyrate.17,18


3. Alcohol Production by Reduction of
Ketones
Carbonyl reductions catalyzed by alcohol dehydrogenases
(E.C.1.1.) have been described in detail during the last
decades.19,20 Most reports describe the reduction of
ketones to the corresponding chiral (R)- or (S)-alcohols,
but alcohol dehydrogenases can also be used to catalyze
selective oxidations.20


Dehydrogenase reductions proceed according to the
following steps: (1) enzyme–reduced coenzyme complex
binds ketone substrate; (2) hydride is transferred from
reduced cofactor (NAD(P)H) to ketone; (3) formed (chiral)
alcohol product is released from enzyme–oxidized cofactor
complex; (4) oxidized cofactor uncouples from enzyme
and is reduced again by a reductive cofactor regeneration
system (see cofactor regeneration above).


Step 2 can follow four stereochemical patterns (E1–E4)
depending on (i) hydride attack via the si or re face of the
sp2-hybridized carbon atom in the CdO moiety and
depending on (ii) attack by pro-R- or pro-S-hydride of
NAD(P)H, which is illustrated in Figure 2. Alcohol dehy-


drogenases (ADHs) can be classified according to these
four reduction patterns. Pseudomonas sp. ADH21 and
Lactobacillus kefir ADH22 belong to E1, whereas Geotri-
chum candidum glycerol DH23 and Mucor javanicus
dihydroxyacetone reductase24 belong to E2. The yeast
ADH,25 horse liver ADH,26,27 and Moraxella sp. ADH28


show an E3 pattern, while E4 is not common within the
ADH enzyme family.


A large variety of different ADHs are known and an
increasing number (>100) are available off-the-shelf at
small scale. Some of the best known industrially relevant
enzymes are described as follows:


1 Rhodococcus sp. ADH:29 broad substrate range (meth-
yl ketones are very well accepted), obeys Prelog’s rule
(mostly (S)-alcohols are produced), high enantioselectivity,
moderate cosolvent tolerance, NADH-dependent.


2 Lactobacillus sp. and Pseudomonas sp. ADH’s:21,22


NADPH- and NADH-dependent, respectively, broad sub-
strate range, accepting high concentrations of 2-propanol
for substrate-coupled cofactor regeneration, obey anti-
Prelog’s rule (mostly (R)-alcohols are formed).


3 Thermoanaerobium brockii ADH:30 broad substrate
range (well-suited for aliphatic ketone reductions), small
substrates are converted to (R)-alcohols, while sterically
more demanding ketones yield mainly (S)-alcohols, NAD-
PH-dependent, very high enantioselectivity.


4 Candida yeast ADHs: (S)-selective ADH from Can-
dida macedoniensis has been coexpressed by Shimizu et
al. for the commercial production of ethyl (S)-4-chloro-
3-hydroxybutanoate.13


5 Baker’s yeast whole cells: broad substrate range (but
often compromised stereoselectivity), low barrier usage
for chemists, applied on large scale, key ADHs have been
sequenced and overexpressed in E. coli.31


Although homogeneous catalysis is a highly competitive
method for production of chiral alcohols, an increasing
number of examples show that ADHs can outperform
chemical alternatives based on (i) regioselectivity, (ii)
enantioselectivity, (iii) acting in mild aqueous conditions,
(iv) low catalyst costs, or (v) versatility.


The substrate spectrum of all alcohol dehydrogenases
reported in the literature is broad enough to claim that
almost every target ketone or aldehyde substrate can be
converted to the corresponding alcohol. However, sub-
strates of which both side groups flanking the carbonyl
are very bulky, such as phenyl isopropyl ketone, tend to
be poor substrates of most known ADHs resulting in low
productivities and high biocatalyst cost contributions. This
gap has to be filled by the discovery of new ADHs that
can convert sterically hindered ketones with high activity.


4. Production of r-Amino Acids by Reductive
Amination of r-Keto Acids
Amino acid dehydrogenases (AADHs; EC 1.4.1.X) can
catalyze the reductive amination of R-keto acids to
R-amino acids, with the concomitant oxidation of the
cofactor NAD(P)H. Due to thermodynamic reasons, the
equilibrium of the AADH-catalyzed reaction is usually far


FIGURE 2. Stereochemical mechanism of hydride transfer from
NAD(P)H to carbonyl carbon of a substrate bearing small (S) and
large (L) substitution groups (E3/E4 follow Prelog’s rule25 via front
attack (re face), in contrast to back attacking E1/E2 (si face)).
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on the side of the aminated products. The Keq for the
leucine/ketoleucine reaction, for instance, equals 9 × 1012


M-2,32 whereas for the phenylalanine/phenylpyruvate
reaction, a calculated Keq of 2.2 × 1013 M-2 has been
reported.33 Consequently, the maximum conversion in the
AADH-catalyzed amination reaction is very close to 100%,
which implies an almost quantitative use of the R-keto
acid starting compound.


Of the large number of AADHs identified in nature, only
a few are industrially relevant for the synthesis of enan-
tiomerically pure R-H-R-amino acids.34,35 Besides alanine
dehydrogenases (AlaDH, EC 1.4.1.1) and glutamate dehy-
drogenases (GluDH, EC 1.4.1.2–4), these are particularly
phenylalanine dehydrogenases (PheDH, EC 1.4.1.20) and
even more leucine dehydrogenases (LeuDH, EC 1.4.1.9).
All of these dehydrogenases catalyze the reductive conver-
sion of R-keto acids to the corresponding L-amino acids
[(S)-configuration] only. Most of the synthetic work with
LeuDHs has been performed with the enzymes from
several Bacillus species and from Thermoactinomyces
intermedius,36 which appeared to be NADH-dependent.
An extensive study to address the synthetic scope and
limitations of the LeuDHs from B. stearothermophilus, B.
cereus, and B. sphaericus showed that these enzymes have
remarkably similar substrate spectra and accept R-keto
acids with hydrophobic, aliphatic, branched, and un-
branched carbon chains from four up to and including
six C-atoms in a straight chain. Furthermore, they can
convert some alicyclic R-keto acids but do not have any
activity for aromatic substrates, like L-phenylalanine.33 The
specific activities of these LeuDHs for the reference
substrate 2-oxo-4-methyl-pentanoic acid (ketoleucine)
range from 3.3 U/mg (B. sphaericus) to 120 U/mg (B.
stearothermophilus) of protein at 30 °C.34


The aromatic amino acid gap in the substrate spectrum
of LeuDH was closed by the identification of an enzyme
catalyzing the oxidative deamination of L-phenylalanine,
first in a Brevibacterium strain38 and later among others in
a Rhodococcus sp.39 and in T. intermedius.40 Studies showed
that the substrate specificity of these PheDHs is very broad,
not only accepting similar types of substrates as the LeuDHs
but also R-keto acids with an aromatic side chain.
Consequently, the substrate ranges of LeuDH and PheDH
are complementary. Especially the Rhodococcus PheDH
is an attractive biocatalyst due to its high stability and
intrinsic high specific activity (935 U/mg for the deami-
nation of L-phenylalanine).33 Also all PheDHs are NADH-
dependent.


A number of different process concepts have been
explored to efficiently operate the reductive amination
process depicted in Figure 3. Wandrey and co-workers
developed processes with isolated enzymes in enzyme–
membrane reactors (EMR),37 whereas others engaged in
the development of whole cell processes.2


At Bristol-Myers Squibb, for instance, a recombinant
Pichia pastoris coexpressing a T. intermedius PheDH gene
and the endogenous formate dehydrogenase (FDH) was
applied for the production of 15 kg of (S)-2-amino-5-(1,3-


dioxolan-2-yl)-pentanoic acid (allysine ethylene acetal),
with 97% yield and >98% ee.41


Galkin et al. constructed among others two different
recombinant E. coli strains both expressing the FDH
from Mycobacterium vaccae42 in combination with
either the LeuDH36 or the PheDH43 from T. intermedius.
The whole-cell biocatalysts produced L-leucine, L-valine,
L-norvaline, and L-methionine (combination LeuDH–FDH)
and L-phenylalanine and L-tyrosine (combination PheDH-
–FDH) in high chemical yields (>88%) and excellent
enantioselectivity (>99.9%). Advantageously, the intracel-
lular NAD+ pool in the resting cells was sufficiently high
to produce these amino acids up to 0.3 M. Higher product
concentrations, however, could not be obtained, probably
due to intracellular degradation of the cofactor.44


Recently, also Degussa reported on the construction
of a whole-cell biocatalyst for the asymmetric reductive
amination of R-keto acids as a cost-attractive alternative
to their current route, which is based on the application
of (expensive) isolated and purified enzymes.45,46 Applica-
tion of this new whole-cell biocatalyst for the synthesis
of L-tert-leucine showed that this reaction proceeded even
without the addition of external cofactor. However, sub-
strate concentrations of 0.5 M and higher led to incom-
plete conversion, which was in line with the earlier
observations by Galkin et al.44 This problem could be
solved by addition of a low amount of additional cofactor
(1–10 µM) or, more attractively, by fed-batch operation.
Continuous addition of a 1.25 M solution of the substrate
trimethylpyruvic acid over a period of 12 h (equaling a
final substrate concentration of 1 M) resulted in an overall
conversion of >95% after 24 h without the need for an
external cofactor. The ee of the L-tert-leucine obtained
after workup (yield 84%) was >99%.45 More recently the
same whole-cell biocatalyst has succesfully been applied
for the synthesis of L-neopentylglycine with >95% conver-
sion and >99% ee at substrate concentrations of up to 88
g/L, causing the resulting amino acid to precipitate from
the reaction mixture. Nevertheless, the resting cells stayed
intact, and the reaction proceeded without addition of
external cofactor.46


Until recently, synthesis of D-amino acids via enzymatic
reductive amination had not been reported because a
suitable D-AADH was not availble. In 2006, however, the
first known highly stereoselective D-AADH by engineering
of the enzyme meso-2,6-diaminopimelic acid D-hydroge-
nase from Corynebacterium glutamicum was reported by
Biocatalytics.47


FIGURE 3. Reductive amination process to enantiomerically pure
L-amino acids with FDH-based cofactor regeneration.
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The examples discussed above clearly indicate that
enzymatic reductive amination has matured to an attrac-
tive technology for the commercial synthesis of enantio-
merically pure L-R-H-R-amino acids, whereas the first
steps have been taken toward the development of a similar
technology for the production of D-R-H-R-amino acids.


5. Reduction of Carbon–Carbon Double Bonds
In homogeneous catalysis, the (stereoselective) reduction
of carbon–carbon double bonds has been studied in depth
with mainly (chiral) rhodium or ruthenium phosphines,
resulting in a high number of reductive (enantioselective)
transformations documented since the mid-1980s.48 In the
field of biocatalysis, this type of reduction has first been
explored with baker’s yeast cells on various substrates49,50


under mild and aqueous conditions. Optically active
1-nitroalkanes were produced from 1-nitro-1-alkenes in
studies conducted by Ohta et al.51 using baker’s yeast as
catalyst. Later on, it became clear that one of the NADH-
(P)H-linked flavin-containing “old yellow enzyme” (OYE,
EC 1.6.99.1) analogues was catalyzing this reaction, which
is one of the best explored families of enzymes for the
reduction of CdC bonds. OYE analogues are also active
on substituted R,�-unsaturated ketones and aldehydes to
produce the corresponding enantiopure reduction prod-
ucts. Examples are found in the work of Fuganti et al.52


The reduction of these families of olefins most likely
proceeds in two hypothetical steps (see Figure 4),53


involving (i) hydride transfer from NAD(P)H via the
enzyme reduced flavin to the �-carbon of the olefin
forming a free-rotating intermediate that is negatively
charged on the R-carbon, followed by (ii) a protonation
at this R-carbon finalizing the reaction. In members of
this olefin reductase family conducting the reduction
reaction in a stereoselective way, often specific tyrosine
residues are responsible for the chirality of the end
product.


Meanwhile, the variety of olefin reductases has been
expanded far beyond the borders of baker’s yeast cells. A
summary of known enzymes and their origins is given in
Table 2. The gene sequence of most of the mentioned
enzymes is known (not for Astasia sp. and Nicotiana sp.)
and (bio)chemists are just starting to explore these


enzymes as organic synthesis tools for research purposes.
Extensive substrate spectra of these reductases have not
been published so far.


OYE and its homologues bind flavin mononucleotide
(FMN) tightly but noncovalently.54,55 During reductions
with members of the OYE family, NAD(P)H is the physio-
logical reductant, and several compounds can act as
oxidants (electron acceptors) such as quinines and many
R,�-unsaturated aldehydes and ketones.55 During reduc-
tion, the electron-carrier FMN mostly accepts two high-
potential electrons in its isoalloxazine ring with NAD(P)H
as the electron donor.56 The initial step is the binding of
NAD(P)H and the transfer of its two electrons to FMN,
forming the reduced complex FMNH2. FMN can also
accept one single electron instead of two by forming a
semiquinone radical intermediate. By either method, FMN
serves as a temporary electron sink during the reduction
reaction. The next step is the transfer of electrons from
FMNH2 to an electron-accepting substrate, often the
�-carbon of enones, enals, and 1-nitro-1-alkenes.55,56 Non-
flavin-containing reductases carry out CdC reductions by
the conjugate addition of hydride directly from NAD(P)H
in the absence of flavin.


Studies with whole yeast cells have shown that OYE
reductases can catalyze several CdC reductions in a
stereoselective manner.57 As an example, R-Me-cinnama-
ldehyde could be reduced by whole baker’s yeast cells
toward the chiral aldehyde, which was further reduced to
the corresponding alcohol with high ee and conversion
(>99%) due to excess reducing ADH activity in the
presence of glucose. Also other R-substituted cinnamal-
dehydes showed the same reduction profile when reduced
with whole yeast cells. End products were mostly (S)-
enantiomers resulting from (E)-isomer cinnamaldehyde
derivative substrates. Most reductases prefer (E)-isomers
as substrates, although conjugated cyclic substrates such
as cyclohexenone derivatives are well reduced by many
representatives. The substrate spectrum of a random
combined set of prokaryotic, yeast, and plant reductases
ranges from very small enones and enals to larger or
complex substrates such as chalcone, (9R,13R)-cis-oxo-
phytodienoic acid, nonenal derivatives, and (hydro)jas-
mone. Most reductases however do not reduce the cor-
responding esters, acids, or amides, although exceptions
have been observed for these substrates in Clostridia sp.
Activities that are found with CdC reductases are within
the range of 0.5–50 U mg-1 of reductase, which indicates


FIGURE 4. Hypothetical reaction mechanism of reductases active
on enones and enals (R4 ) H).


Table 2. Summary of Known CdC Bond Reducing
Enzymes and Their Origins


origin enzyme name ref


Candida macedoniensis homologue OYE 58
Candida albicans homologue OYE 60
Kluyveromyces lactis homologue OYE 61
Bacillus subtilis YqjM reductase 54
Escherichia coli NemA reductase 62
Pseudomonas putida xenobiotic reductaseAandB 63
Lycopersicon esculentum LeOYE 64
Arabidopsis thaliana enone reductases 65
Astasia longa enone reductase 66
Nicotiana tabacum enone reductase 67
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that space time yield values exceeding 50 g·L-1·d-1 could
be obtained in developed processes with wild-type
enzymes.


Coexpression of the enone reductase from C. mace-
donensis with a glucose dehydrogenase (GDH) from
Bacillus megaterium has been documented for the reduc-
tion of ketoisopherone by Kataoka et al.58 In this process,
a high substrate concentration of up to 10 wt % was
accepted by the CdC reductase.


6. Outlook
The knowledge about redox enzymes and their applica-
tions described in this Account have their origin in the
1980s, when biocatalysis with whole yeast cells was
explored and sometimes applied as an efficient black box
system. Since 1990, several enzymes responsible for the
reduction of ketones, keto acids, and double bonds have
been investigated and costs for cofactor regeneration have
been reduced to low levels allowing the industrial use of
NADH- as well as NADPH-dependent enzymes. As a
result, more than 10 industrial bioreduction processes
have been introduced for the production of R-amino acids,
R-hydroxy acids, and alcohols.


It is therefore likely that other NADH- and NADPH-
dependent dehydrogenases and reductases will find new
applications in bioredox processes. Although never
reported to be implemented at industrial scale, lab-scale
processes with CdC reductases have shown consider-
able potential and might be the next enzymes to enter
the arena of highly relevant hydrogenation tools.68


Furthermore, first reports on recombinant amine dehy-
drogenases whose substrate spectrum goes beyond keto
acids exist, which will certainly be rapidly integrated for
industrial production of chiral amines by reductive ami-
nation of the corresponding ketones if they become
commercially available.69


Although current cofactor regeneration systems are cost
efficient and technically proven, clean and cheap hydrogen-
driven hydrogenases are clearly the next hurdle to take
in the years to come. Currently known hydrogenases have
been reported from thermophilic organisms such as
Pyrococcus furiosis, but activity levels and stabilities are
still inferior.59 It is foreseen that implemention of hydro-
genase technology will only be stimulated and paid off
by introducing bioredox processes for bulk chemicals,
which will most probably not be the case before 2015.
Long before that time, however, CdC reductases will have
reached the point of industrial implementation and biore-
dox technology in general will increasingly impact the way
the chemical industry is tackling its most demanding
challenges, precisely balancing between sustainability and
profitability.
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ABSTRACT
Monodentate phosphoramidites are excellent ligands for Rh-
catalyzed asymmetric hydrogenations of substituted olefins. Enan-
tioselectivities between 95 and 99% were obtained in the asym-
metric hydrogenation of protected R- and �-dehydroamino acids
and esters, itaconic acid and esters, aromatic enamides, aromatic
enol esters, aromatic and aliphatic enol carbamates, and R-sub-
stituted cinnamic acids. An iridium catalyst Ir(L*)(COD)Cl was
developed that contains only a single bulky phosphoramidite based
on 3,3′-disubstituted BINOL or bisphenol as a chiral ligand. With
this catalyst, acetylated dehydroamino acid esters could be hydro-
genated with very good enantioselectivity. Most reactions have
turnover frequencies of 250–1600 h-1, depending upon the hydro-
gen pressure. The enantioselectivity is unaffected by the pressure
over a wide range. Because of their modularity and easy synthesis,
parallel ligand synthesis is possible. Results obtained with these
library ligands deviate only slightly from those obtained with
purified ligands. Using this instant ligand library protocol, DSM
has developed catalysts for industrial processes. These MonoPhos
ligands are currently used in production for pharmaceutical
intermediates by DSM. It is possible to use catalysts based on a
mixture of two different monodentate ligands, such as two different
monodentate phosphoramidites or one phosphoramidite and one
achiral phosphine ligand. Dependent upon the substrate, the
“mixed” catalyst may lead to higher enantioselectivity and rate than
the “homocatalysts”.


Introduction
Asymmetric hydrogenation is arguably one of the most
researched areas in homogeneous catalysis.1 After its
inception through the work of Knowles,2 Horner,3 and
Kagan,4 the first industrial application followed soon.5 The
later work of Noyori and Takaya on the use of the ligand
BINAP opened up the possibility of asymmetric ketone
hydrogenation,6 and again, this led to a number of
industrial applications.7 Since then, many synthetic groups
have developed new classes of ligands. However, despite
these auspicious beginnings, use of asymmetric hydro-
genation for production of fine chemicals has remained


rather scarce.8 Today, the majority of enantiopure fine
chemicals either stems from natural sources or is pro-
duced in racemic form and subsequently resolved. Several
publications have appeared in which this paradox is
explained.9 Barriers that are quoted are (i) time-to-market
pressure, (ii) costs of catalysts, (iii) lack of robustness of
the process, and (iv) patent issues. The time-to-market
pressure is mainly felt in the area of pharmaceuticals,
where process development starts at a relatively late stage
because of the high attrition rate of new drug candidates.
However, it is important that the new drug is launched
immediately upon approval by the regulatory authorities
in view of the limited period of patent protection that is
left after the long time that it took to develop the drug.
This leaves a very narrow window for process improvement.


At DSM, it was decided to tackle the time-to-market
issue with a high-throughput experimentation (HTE)
approach. If a large library of ligands would be available,
it should be possible to find a highly enantioselective
hydrogenation catalyst in just a matter of weeks. At that
moment in time, there was no record of a parallel
synthesis of large libraries of phosphorus ligands in
solution. At the outset, it was clear that it would be very
difficult to devise a parallel synthesis of chiral bidentate
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phosphine libraries. Not only are these ligands made by
lengthy syntheses, often including a resolution step, they
are also purified by column chromatography. We thus had
to scout for new ligands that could be made in a limited
number of steps in high yield. This marked the beginning
of a long and fruitful collaboration between the DSM and
University of Groningen groups.


Monodentate Phosphoramidites as Ligands for
Asymmetric Olefin Hydrogenation
Since the Feringa group had already developed the use
of monodentate phosphoramidite ligands in the copper-
catalyzed 1,4 addition of dialkylzincs to olefins,10 it was
decided to test the suitability of bidentate phosphoramid-
ites in Rh-catalyzed asymmetric olefin hydrogenation. This
resulted in some rather disappointing results. A range of
bidentate phosphoramidite ligands based on BINOL or
Taddol and bridged by C1–C3 diamines led to slow
hydrogenations and low enantioselectivities. Surprisingly,
the use of the monodentate ligand MonoPhos (1a) in the
Rh-catalyzed asymmetric hydrogenation of methyl 2-ac-
etamido-cinnamate led to an enantiomeric excess (ee) of
70% when MeOH was used as a solvent (Scheme 1).11 The
second breakthrough was the finding that this reaction is
highly solvent dependent and that use of nonprotic
solvents, such as EtOAc, led to a dramatic increase in
enantioselectivity (95% ee in CH2Cl2). Interestingly, in that
same year, the use of BINOL-based monodentate phos-
phonites12 and phosphites13 in Rh-catalyzed asymmetric
hydrogenation was reported by Pringle and co-workers


and Reetz and co-workers, respectively. Best results with
the catalysts based on these ligands were also obtained
in nonprotic solvents. After our first publications, Zhou
published the use of ligand 5, which also leads to excellent
results in asymmetric hydrogenation but takes seven steps
plus a resolution to prepare.14 Reetz recently revealed
nonsymmetrical BINOL-based phosphoramidites contain-
ing only a single substituent in the 3 (and not the 3′)
position.15 An overview of frequently used monodentate
phosphoramidite ligands is shown in Figure 1.16


Using 1a as a ligand, a large range of olefins, such as
substituted 2-acetamido-cinnamic acids and esters (92–99%
ee), 2-acetamido acrylic acid (99% ee) and methyl ester
(97% ee), and itaconic acid (97% ee) and methyl ester (94%
ee), were hydrogenated with excellent ee and rates
[turnover frequency (TOF) of 250–500 h-1].17 The acetyl
protecting group is not a prerequisite for high enantiose-
lectivity. Hydrogenations of either formyl- or BOC-
protected dehydroamino acids also proceed with excellent
enantioselectivities.18


These hydrogenations are usually carried out at 5–10
bar. At 1 bar they are slower, because of a slow hydroge-
nation of the cyclooctadiene (COD) ligand of the
[Rh(1)2(COD)]BF4 precatalyst. Interestingly, in contrast to
bidentate bisphosphines, the enantioselectivity of these
hydrogenations remained unchanged when the pressure
was varied between 1 and 100 bar. Since the reaction is
first-order in hydrogen, this allows for very fast reactions.17


Despite this success, we soon found that also with
monodentate ligands every substrate has its own optimal
ligand. A nice illustration of this stems from the Rh-


Scheme 1. Rh/MonoPhos-Catalysed Asymmetric Hydrogenation


FIGURE 1. Monodentate phosphoramidite ligands.


Scheme 2. Rh/Phosphoramidite-Catalyzed Enamide Hydrogenation
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catalyzed asymmetric hydrogenation of aromatic enam-
ides. Using MonoPhos, we obtained the acetylated amine
(9) with 86% ee (Scheme 2).19 Much better results were
obtained by Chan using the rather similar ligand 1b.20 In
collaboration with the Reetz group, we developed the use
of the ligand PipPhos (1d), which actually performs even
better in most applications than 1a.21 In the present case,
use of this ligand resulted in 98% ee. It is not strictly
necessary to have BINOL-based ligands for good results.


Ligand 4 based on catechol and a chiral amine also
resulted in 97% ee.22


Asymmetric hydrogenation of enol acetates, such as
10a, gives access to chiral alcohols after hydrolysis of the
acetate ester (Scheme 3). Since enol acetates are structur-
ally very similar to enamides, we also examined the
asymmetric hydrogenation of this class of substrates. We
were quite surprised to find out that, using 1a as a ligand,
the saturated acetate 11a was obtained with an ee of only
10%. Reasoning that the major difference between these
substrates and the enamides was in the electron density
of the carbonyl group, we decided to examine the corre-
sponding enol carbamates. Although the ee improved
upon hydrogenation of 10b, it remained at only 19%.
However, replacing 1a by PipPhos (1d) spectacularly
improved the hydrogenation results with both the aro-
matic enol acetates and the enol carbamates (Scheme 3).23


Interestingly, asymmetric hydrogenation of aliphatic
dienol carbamate 12 could be affected in 97% ee. Thus,
this is an easy entrance into chiral aliphatic alcohols and
allylic alcohols.


Another class of substrates that necessitated the de-
velopment of new ligands was the �-dehydro-amino acid
derivatives 14. From published results with bidentate
phosphines, it was clear that hydrogenation of the E


Scheme 3. Rh-Catalyzed Asymmetric Hydrogenation of Enol Acetates and Enol Carbamates Using MonoPhos and PipPhos


Scheme 4. Asymmetric Hydrogenation of E- and Z-�-Dehydroamino
Acid Esters


FIGURE 2. Comparison of hydrogenation rates in the asymmetric hydrogenation of Z-ethyl 3-N-acetamido-crotonate (purple ) 1a).
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derivatives is rather easy, and indeed, we were able to
affect the rhodium-catalyzed asymmetric hydrogenation
of 14a using MonoPhos as a ligand with 95% ee (Scheme
4). A minor change sufficed to create an excellent ligand,
1f, that induced 99% ee in the same substrate.24 However,
the commonly used synthesis of these substrates from the
acetoacetates via amination and acetylation leads mainly
to the Z precursors.


Hydrogenation of the Z precursors is much more
problematic. Presumably, this is related to the strong
internal hydrogen bond between the ester carbonyl and
the NH of the amide. Hydrogenation of Z-14a and Z-14b
using Rh/1a was very slow, necessitating a change of
ligand and conditions. For these substrates, the protic
solvent iso-propanol works much better. This solvent is
capable of breaking the hydrogen bond in the substrate,
thus enabling its bidentate binding to the metal. In
addition, although the rate of the hydrogenation in this
solvent improved substantially, it was not yet sufficient
for industrial application,25 and, the ee obtained with 1a
remained low. Knowing from experience that the rate is
in part determined by the steric bulk around nitrogen, we
decided to switch to monodentate phosphoramidites
based on primary amines. Our initial fears that these
ligands would be too unstable turned out to be un-
founded; the crystalline ligands in general have a very
good shelf life. Remarkably, ligand 1i induced a very fast
reaction, and products 15a and 15b were obtained with
excellent ee’s.24 In Figure 2, the rate of this catalyst is
compared with catalysts based on a number of well-
known bidentate ligands and the phosphite analogue of
1i (NH replaced by O), showing that the catalyst is only
surpassed by DUPHOS in rate but surpasses all ligands
in terms of ee.26 Particularly, the comparison between the
phosphoramidite- and phosphite-based catalysts suggests
that this high rate is not due to the steric factors as
originally intended. Ding recently showed that primary
amine-based phosphoramidites display a hydrogen-bond
interaction in the Rh complex.27 This could render the NH
bond rather acidic, allowing for an ionic hydrogenation
mechanism (hydride-proton transfer). This fast hydroge-
nation rate is not limited to this substrate class; Rh/1i even
surpassed Rh/DUPHOS in the asymmetric hydrogenation
of 6.


Instant Ligand Libraries
To achieve our ambition of being able to screen large
libraries of ligands in the robot, we had to develop
methodology for the parallel synthesis of phosphoramidite
ligands. The most frequently used phosphoramidite syn-
thesis is shown in Scheme 5.17 The order of the two steps
can also be reversed, which is beneficial when hindered
amines are used.28 MonoPhos (1a) itself is made in a single
step by refluxing BINOL with hexamethyl phosphorus-
triamide (HMPT) in toluene.29 It is also possible to convert
1a into another ligand in a transamination reaction.


Using stock solutions of the phosphochloridites, it
should in principle be possible to make phosphoramidites
in the robot as shown in Figure 3. Parallel screening,
combined with fast analysis would then allow rapid
evaluation of the ligands. The major bottleneck would be
the purification of the ligands, which is not easily robot-
ized. Since the synthesis of Scheme 5 yields the ligand in
about 90–95% purity, it could be an option to discard the
purification altogether.


Thus, we tested the crude product of a ligand synthesis
(BINOL-PCl plus Et2NH and Et3N) in the rhodium-
catalyzed asymmetric hydrogenation of methyl 2-aceta-
mido-cinnamate (Scheme 6).


This resulted in a much lower rate of hydrogenation and
also a decrease of enantioselectivity. The reason for this is
clear: the inhibiting effect of chloride on these hydrogena-
tions is well-documented.30 Conducting the ligand synthesis
in toluene and filtration of the crude ligand solution quite
effectively removes the Et3NHCl salt. Remarkably, applica-
tion of this filtered ligand solution resulted in a fast hydro-
genation reaction, yielding a product with only slightly lower
ee than with the purified ligand (Scheme 6). This simple
purification protocol allows for the preparation of libraries
of phosphoramidites in solution and was named “instant
ligand libraries”.31 The ligand synthesis is performed in
oleophobic titer well plates using a liquid-dispensing robot
in the glovebox. After vacuum filtration to remove the salts,


Scheme 5. Synthesis of Phosphoramidite Ligands


FIGURE 3. Concept for parallel synthesis and screening of phosphoramidite ligands.
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the ligand solutions are transferred to a vial followed by a
solution of the metal precursor, the substrate, and other
reactants or additives. The tray with 96 vials is then trans-
ferred into a Premex-96 hydrogenation apparatus and
hydrogenated overnight.


This simple protocol now allows for the preparation
of a library of 96 phosphoramidite (or phosphite) ligands
in a single day, followed by screening overnight and
analyzing the next day. This concept has revolutionized
the finding of chiral ligands for asymmetric transforma-
tions. A nice example of this is the research performed
by DSM to find a cost-effective catalyst for the asymmetric
hydrogenation of the R-alkylated cinnamic acid derivative
16, which is an intermediate in the synthesis of the blood-
pressure-lowering drug Aliskiren (19) (Scheme 7).32


In this research, an initial screening of [Rh(COD)2]BF4


with eight phosphoramidite ligands in the hydrogenation
of 16 resulted in enantioselectivities up to 48% and a
maximal TOF of 50 h-1. Confident that the instant ligand
library protocol would allow augmentation of the enan-
tioselectivity, we first concentrated on increasing the rate
of the reaction. Since the rate of the hydrogenation
reaction is determined by the oxidative addition of
hydrogen, increased electron density of the ligands will
facilitate this process. We thus investigated the use of
additives that are known to be good electron donors, such
as amines, phosphines, and even bisphosphines. In a
random screen of 96 additives, we identified triarylphos-
phines as a promising class of additives. Not only was the
rate enhanced 10-fold by the addition of 1 equiv of
triarylphosphine with respect to the rhodium, the enan-
tioselectivity also improved dramatically in these reac-
tions. In Figure 4, the effect of an added triphenylphos-
phine ligand on the rate and enantioselectivity of the Rh-


phosphoramidite-catalyzed asymmetric hydrogenation of
16 is depicted. This mixed ligand effect was independently
discovered around the same time by the group of Reetz,
using combinations of phosphites or phosphonites with
triarylphosphines.33 The use of a mixture of two different
chiral monodentate ligands will be discussed later.


>With the rate aspect taken care of, the enantioselec-
tivity was then tackled by a screen of 96 phosphoramidite
ligands under the best conditions, using triphenylphos-
phine as an additive. This library was prepared from the
3,3′-dimethyl-BINOL skeleton only, since ligands derived
from this structure gave the best results in the preliminary
study. Indeed, most ligands perform well in this screen
(Figure 5). The ligand that was finally chosen (1l) is a
compromise of activity, enantioselectivity, and accessibil-
ity. Further screening to optimize the conditions revealed
that using i-PrOH/H2O (80:20) as a solvent resulted in the
highest rate and enantioselectivity. The entire protocol
was validated on a larger scale using ligand 1l in purified
form and tri-m-tolylphosphine (Scheme 8). From these
results, the enormous acceleration in rate (TOF ) 1800
h-1) and increase in enantioselectivity (90% ee), that have
been achieved through this parallel screening effort in
search of ligands, additives and conditions become clear.


In this reaction, we used a mixture of [Rh(COD)2]BF4/
1l/triarylphosphine in a ratio of 1:2:1. Use of the more
obvious 1:1:1 mixture resulted in lower ee’s. The reason
for this becomes clear upon inspection of the 31P nuclear
magnetic resonance (NMR) spectra of the precatalysts
prior to hydrogenation. In the first case, only a mixture
of [Rh(1l)2(COD)]BF4 and [Rh(1l)(Ar3P)(COD)]BF4 is


Scheme 6. Effect of Phosphoramidite Purity on the Yield and
Enantioselectivity in Asymmetric Hydrogenation


Scheme 7. Asymmetric Hydrogenation Step in the Synthesis of Aliskiren


FIGURE 4. Effect of PPh3 (TPP) on the Rh-phosphoramidite-catalyzed
asymmetric hydrogenation of 16 (x axis shows ligand numbers; see
Figure 1 for structures).
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found.34 Since the first catalyst is much slower than the
second, its presence is inconsequential and the rate and
ee are determined only by the mixed species. The NMR
of the 1:1:1 mixture shows a mixture containing the mixed
catalyst and both homocatalysts. The homocatalyst de-
rived from [Rh(Ar3P)2(COD)] BF4 is, of course, very fast
and nonenantioselective, leading to substantial amounts


of racemic product. Thus, the ratio between the two
ligands needs to be tuned in every single case.35


Mixtures of Ligands
Next, the scope of the phosphine effect on the asym-
metric hydrogenation of a range of R-alkylated cinnamic


FIGURE 5. Screening of monodentate phosphoramidite ligands based on 3,3′-dimethyl-BINOL in the Rh-catalyzed hydrogenation of 16 with
PPh3 as an additive (conditions: 55 °C, 25 bar H2, i-PrOH, [Rh(COD)2]BF4, 1/Rh ) 100, ligand/Rh ) 2, PPh3/Rh ) 1).
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and acrylic acids was determined in Groningen. In this
research, we determined that also with other substrates
triarylphoshines induce the highest increase in rate and
enantioselectivity. Trialkylphosphines also had a posi-
tive effect but much less pronounced than the tri-
arylphosphines. We examined the asymmetric hydro-
genation of R-methylcinnamic acid using eight different
BINOL-based phosphoramidite ligands with and with-
out added triphenylphosphine. In every single case, the
added triphenylphophine improved the rate and enan-
tioselectivity.36


A number of different R,�-unsaturated acids was hy-
drogenated using the same catalyst system. The results
are shown in Table 1. Good to excellent ee’s were obtained
in all cases.


The use of mixtures of ligands can also be applied to
two different chiral monodentate ligands. This concept
was independently developed by Reetz and co-workers
with mixtures of monodentate phosphinites and/or phos-
phites.37 In Groningen, we tested this approach in the
asymmetric hydrogenation of acetylated �3-dehydroamino
acid esters.38 In this research, we have screened mixtures
of two phosphoramidite ligands using 1a, 1f, 1i, 1j, 1k,
and 2a in the Rh-catalyzed asymmetric hydrogenation of
an aliphatic and aromatic Z-�3-dehydroamino acid ester
(14a and 14b; Scheme 9). In Scheme 9, the results of the
screening are displayed. Entries 1–6 show enantioselec-


tivities obtained with the homocatalysts. We then started
to screen mixtures of these ligands. Not surprisingly, most
combinations of two different ligands induced lower
enantioselectivities. However, there was one marked
exception: all combinations that included the NH ligand
1i led to better results (entries 7–11 in Scheme 9).
Particularly striking is the combination of ligand 1j, which
was the worst performer in the homo series in combina-
tion with 1i (entry 9).


After having established the enantioselective prepara-
tion of �3-amino acids, we were interested to see if we
could also find an enantioselective hydrogenation catalyst
to access �2-amino acids. The prochiral substrates were
made in good yield by a Baylis–Hillman reaction between
an aromatic aldehyde and methyl acrylate catalyzed by
1,4-diazabicyclo[2.2.2]octane (DABCO), followed by a Rit-
ter reaction with acetonitrile and hydrolysis of the methyl
ester. Initial screening suggested that these substrates
behaved very similarly to the R-alkylated cinnamic acids.


Scheme 8. Validation of the Screening Results on a Large Scale


Table 1. Mixed Ligands in Rh-Catalyzed Asymmetric
Hydrogenation of r-Substituted Cinnamates and


Crotonate


entry substrate product L Ar3P ee


1 20 25 1n P(m-Tol)3 87
2 21 26 1l P(o-Tol)3 99
3 22 27 1l PPh3 92
4 23 28 1l P(m-Tol)3 95
5 24 29 1l P(o-Tol)3 95


Scheme 9. Rh/Phosphoramidite-Catalysed Hydrogenations Using
Homo (Entries 1–6) and Hetero (Entries 7–11) Catalysts,


a Reprinted with permission from The Royal Society of Chemistry (RSC)
from ref 38. b Blue Bars, Results with 14a; Red Bars, Results with 14b; Entry
1, 1a; Entry 2, 2a; Entry 3, 1j; Entry 4, 1k; Entry 5, 1f; Entry 6, 1i; Entry 7,
1a + 1i; Entry 8, 2a + 1i; Entry 9, 1j + 1i; Entry 10, 1k + 1i; Entry 11, 1f
+ 1i.
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Thus, an instant ligand library containing 96 ligands was
screened in the presence of 1 equiv of PPh3. Since ligands
based on 3,3′-dimethyl-BINOL gave the best results, a
focused library of 16 phosphoramidites × 6 triarylphos-
phines was screened. Ligand 1l again emerged as the best
ligand, but in this case, several triarylphosphines gave
good results. In Table 2, results of the asymmetric
hydrogenation of a number of 2-acetamidomethyl-cin-
namic acids using ligand 1l in the presence of different
triarylphosphines are displayed.39 Hydrogenation of 30a
using Rh/1l without added triarylphosphine resulted in
very low ee.


Hydrogenation with Phosphoramidite
Complexes Based on Other Metals
Since most noble metals catalyze hydrogenation reactions,
we were interested in expanding the possibilities of the
instant ligand library by using other metal precursors than
rhodium. Iridium complexes as homogeneous hydrogena-
tion catalysts were first explored by Crabtree, who devel-
oped the catalyst that bears his name:
[Ir(COD)(PCy3)(Py)]BF4.40 Recently, Pfaltz and co-workers
have developed the use of chiral Crabtree catalysts based
on P–N ligands as a catalyst for the asymmetric hydro-
genation of unfunctionalized alkenes.41 We were inter-
ested to explore the catalytic activity of complexes
[Ir(L1)(L2)(COD)]BF4, where L1 ) phosphoramidite and L2


) L1, PR3, or pyridine. Although we screened several
phosphoramidites in combination with different ligands
and counteranions, we did not find an efficient hydroge-
nation catalyst. The breakthrough came upon the obser-
vation that, with bulky phosphoramidites based on BINOL
carrying substituents in the 3,3′ positions, an active but
also enantioselective catalyst was obtained without ab-
straction of the chloride ligand, i.e., from the noncationic
catalyst precursor [Ir(COD)(L)Cl] containing only one
phosphoramidite ligand per metal. Interestingly, both rate
and enantioselectivity of this catalyst increased upon
increasing the bulk of the substituents in the 3,3′ positions
(Figure 6). In particular, the catalyst based on ligand 32
was relatively fast (TOF ) 150 h-1) and induced high
enantioselectivity in the product 7.42 An X-ray structure
unequivocally showed the presence of a single phos-
phoramidite ligand in the complex (Figure 7).


We also developed catalysts based on ruthenium for
the asymmetric hydrogenation of ketones with very high


Table 2. �2-Amino Acids via Mixed Ligand
Asymmetric Hydrogenation


phosphines


entry substrate PPh3 P(o-Tol)3 P(m-Tol)3 P(p-Tol)3 P(naphthyl)3


1 30a 89 91 89 85 91
2 30b 82 90 82 77 -(<5)
3 30c 83 86 84 84 91
4 30d 78 89 81 85 91
5 30e 85 80 (65)a 79 (90) 78 56 (86)


a Numbers in parentheses are conversion in the case of incom-
plete conversion.


FIGURE 6. Rate and enantioselectivity of Ir(COD)(L)Cl depend upon 3,3′ substituents in L.
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enantioselectivity. This work will be communicated in the
near future.43


Mechanistic Aspects
Most of the mechanistic work that we have performed
thus far was based on the combination of [Rh(COD)2]BF4


and MonoPhos (1a). Upon slow addition of a solution of
the ligand to the catalyst precursor, [Rh(1a)2(COD)]BF4 is
formed in good yield. If the ligand is added too fast,
substantial amounts of [Rh(1a)4]BF4 are formed. An X-ray
could be obtained from this latter complex.17 31P NMR
shows that [Rh(1a)2(COD)]BF4 is present in solution as
two isomers that differ in the relative position of the two
phosphoramidite ligands (NMe2 on the same or different
hemisphere of the square planar complex). There has been
some controversy in the literature concerning the nature
of the active catalyst.44 Although we had shown that the
enantioselectivity of the product changed in a nonlinear
fashion with the ee of the ligand, which strongly suggests
a catalyst containing two ligands (or a dimer), experiments
in which the ligand/metal ratio was varied from 1 to 3
threw an entirely new light on the discussion.17 In the
asymmetric hydrogenation of 6, we found that a 1a/Rh
ratio of 3 leads to an inactive catalyst, although with other
substrates, this ratio may lead to an active catalyst.
Strangely enough, upon lowering the 1a/Rh ratio from 2
to 1 the catalyst became faster, whereas the enantiose-
lectivity remains exactly the same. This suggested the
possibility that a complex containing a single ligand could
be the active catalyst. At the time, this seemed a strange
notion; with iridium, we have now shown that this is
indeed possible. However, our later work with rhodium
catalysts based on mixtures of different chiral phosphora-
midites shows beyond a doubt that the active hydrogena-
tion catalyst contains two ligands. High-pressure 31P NMR
experiments with [Rh(1a)2(COD)]BF4 showed complex
mixtures after exposure to hydrogen. The addition of 6
led to changes in parts of the NMR. Electrospray ionization
mass spectrometry (ES–MS) showed that during hydro-
genation a number of different complexes are formed that
may have one, two, three, or four MonoPhos ligands


attached to rhodium (Table 3). In addition, the complexes
may carry norbornadiene (nbd) or one molecule of the
substrate (6). 17


Thus, it seems that the higher rate at lower ligand/
metal ratios is best explained by the assumption that the
relative amount of [RhL2(substrate)]+ is maximized with
respect to the inactive RhL3 and RhL4 at L/Rh ratios <2.
Preliminary kinetics show that the reaction is first-order
in hydrogen and the substrate.45


Conclusion
Monodentate phosphoramidites are a highly versatile class
of ligands not only for asymmetric hydrogenation but also
in many other reactions. The ligands are highly modular
and easy to synthesize, enabling their robotic parallel
synthesis. DSM developed and routinely applies this
instant ligand library to find catalysts that induce high
enantioselectivity in substrates of commercial interest.
This has led to robust, scalable processes up to the ton
scale.


The possibility to use catalysts based on two different
monodentate ligands, which was independently discov-
ered by Reetz and us, has greatly expanded their scope.
New applications also in asymmetric hydrogenation are
continuously being found.


We are deeply indebted to our past and present co-workers for
their enormous contributions to this research.
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ABSTRACT
Hydrogenation of alkynes in the presence of carbonyl compounds
and imines using cationic rhodium(I) and iridium(I) precatalysts
enables the formation of allylic alcohols and allylic amines,
respectively. Through the use of hydrogenation catalysts modified
by chiral ligands, allylic alcohols and allylic amines may be
generated in highly optically enriched forms. Hydrogenative frag-
ment couplings of this type circumvent the use of preformed
organometallic reagents and avoid the generation of stoichiometric
byproducts.


Introduction to Carbonyl and Imine Vinylation
The synthetic utility of allylic alcohols and allylic amines
has driven efforts toward the development of catalytic
enantioselective protocols for the vinylation of carbonyl
compounds and imines. The majority of work in this area
stems from the seminal studies of Oguni1a and Noyori1b


on the enantioselective addition of dialkylzinc reagents
to aldehydes.2 The first asymmetric aldehyde vinylations
of this type were reported by Oppolzer3a,4 and involve the
generation of vinylzinc reagents via alkyne hydroboration,
followed by transmetalation of the resulting vinyl boron


reagent to zinc using ZnMe2. A related strategy for
asymmetric aldehyde vinylation is reported by Wipf and
involves alkyne hydrozirconation–transmetalation en route
to vinylzinc reagents.3d Finally, after catalytic enantio-
selective additions of alkylzinc and arylzinc reagents to
ketones2b–d described by Yus5a,b and Fu,5c respectively,
catalytic asymmetric ketone vinylations were devised by
Walsh.6


Parallel efforts toward the development of enantio-
selective imine additions using preformed metallic re-
agents reveal an additional set of challenges.7 Pursuant
to Soai’s seminal report,8a several organocatalysts for the
enantioselective addition of organozinc reagents to imines
emerged.8 Because conventional imines are generally less
reactive than aldehydes with respect to organocatalyzed
organozinc addition, these studies employ N-acyl and
N-(diphenylphosphinoyl) imines. To address the issue of
reactivity, enantioselective metal-catalyzed organozinc
additions to imines were developed,9 as first described by
Tomioka in the case of copper.9a Early transition-metal
catalysts (Ti, Zr, and Hf)10 and late transition-metal
catalysts (Rh)11 also have been found to promote highly
enantioselective organozinc additions to imines.


Beyond organozinc reagents, the enantioselective ad-
dition of organolithium reagents to imines catalyzed by
chiral Lewis basic chelating agents has been described.12


Additionally, under the conditions of rhodium catalysis,
organotin,13a,b organotitanium,13c and organoboron13d–h


reagents have served in catalytic asymmetric imine ad-
ditions. Despite considerable effort, highly enantioselec-
tive vinyl transfer to imines employing preformed orga-
nometallic reagents has not been achieved.14,15


The aforementioned approaches to enantioselective
carbonyl and imine vinylation are highly effective in terms
of directing enantioselection. However, these strategies
uniformly exploit preformed organometallic reagents,
which are generally prepared via transmetalation from a
“primary organometallic reagent”, which itself may require
preparation through metalation of a precursor. For ex-
ample, organoboron reagents are generally prepared from
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are prepared by metal halogen exchange using butyl
lithium. Here, three preformed organometallic reagents
are used stoichiometrically in advance of C–C coupling.
Such protocols mandate the generation of multiple stoi-
chiometric byproducts and require the handling of mul-
tiple air- and moisture-sensitive materials (Scheme 1).


Direct metal-catalyzed reductive coupling circumvents
the successive use of stoichiometrically preformed orga-
nometallic reagents.16 Of direct relevance to this Account
are catalysts enabling direct alkyne–aldehyde reductive
coupling.17 The first catalytic process of this type was
reported by Ojima and involves the rhodium-catalyzed
reductive cyclization of acetylenic aldehydes mediated by
silane.18 Corresponding titanocene-catalyzed cyclizations
were disclosed by Crowe,19 and nickel-catalyzed cycliza-
tions were reported by Montgomery.20a–c,e Finally, inter-
molecular reductive alkyne–aldehyde coupling was achieved
using nickel-based catalysts, as described by Jamison,21


Takai,22 and Montgomery.20d Reductive couplings of this
type involve the capture of organometallics that arise tran-
siently under catalytic conditions, signaling a departure
from the stoichiometric preformation of organometallic
reagents. However, the aforementioned methods employ
terminal reductants, such as hydrosilanes, hydrostan-
nanes, organozinc reagents, organoboron reagents, or
chromium(II) chloride, which ultimately produce molar
equivalents of chemical byproducts.


Completely atom economical and, hence, byproduct-
free reductive C–C couplings are potentially achieved
under the conditions of catalytic hydrogenation. Despite
the fact that catalytic hydrogenation of organic com-
pounds has been known for over a century,23 use of
elemental hydrogen as a terminal reductant in metal-
catalyzed C–C coupling has only been explored in con-
nection with processes involving carbon monoxide inser-
tion, as exemplified by the Fischer–Tropsch24 reaction and
alkene hydroformylation.25 Despite the impact of these
prototypical hydrogen-mediated C–C bond formations,
systematic efforts toward hydrogenative C–C couplings


that apply to conventional electrophilic partners in the
form of carbonyl compounds and imines were absent
from the literature prior to our work.26–29


In this Account, we present a summary of our work on
the hydrogenative coupling of alkynes to carbonyl com-
pounds and imines to furnish allylic alcohols and allylic
amines. Related hydrogenative couplings of alkenes to
carbonyl compounds and imines, as exemplified by the
hydrogen-mediated reductive aldol and Mannich reaction,
and the hydrogen-mediated coupling of olefins to anhy-
drides are the subject of recent reviews.26,30 The collective
hydrogenative fragment couplings that we report consti-
tute a broad new class of catalytic C–C bond formations
that circumvent byproduct generation and the require-
ment of stoichiometrically preformed organometallic re-
agents in certain CdX (X ) O, NR) addition processes.


Hydrogenative Coupling of Alkynes to Carbonyl
Compounds and Imines
Proof of concept studies toward the development of first-
generation catalysts for hydrogenative C–C coupling, along
with preliminary mechanistic studies corroborating their
proposed mode of action, are described in prior ac-
counts.26 Salient features are summarized below. The
collective data are consistent with a general mechanism
involving alkyne–CdX (X ) O, NR) oxidative coupling
followed by direct or Brønsted acid co-catalyzed hydro-
genolysis of the resulting metallacyclic intermediate. To
mitigate competitive conventional substrate hydrogena-
tion, cationic complexes of rhodium and iridium are
required. A plausible explanation is as follows. Unlike
corresponding neutral complexes, hydrogen activation is
generally slower for cationic rhodium precatalysts,31,32


thus providing a greater kinetic window for entry into
alkyne–CdX (X ) O, NR) oxidative coupling manifolds.
Oxidative coupling pathways are promoted further by the
increased coordinative unsaturation of cationic com-
plexes. As supported by theoretical studies,33 Brønsted
acid co-catalysts are postulated to circumvent highly
energetic four-centered transition structures “A” for σ-bond
metathesis, as required for direct hydrogenolysis of metal-
lacyclic intermediates, with six-centered transition struc-
tures “C” for hydrogenolysis of rhodium carboxylates
derived upon metallacycle protonolysis, which itself may
occur through six-centered transition structure “B”. The
collective data suggest that the oxarhodacyclopentene is
the catalyst resting state and that hydrogenolysis of the
oxarhodacyclopentene is the turnover limiting step in the
catalytic mechanism (Scheme 1).


When conjugated alkynes are simply hydrogenated in
the presence of vicinal dicarbonyl compounds, glyoxalates,
and pyruvates, at ambient pressure using chirally modified
cationic rhodium catalysts, reductive C–C coupling occurs
to furnish R-hydroxy esters in highly optically enriched
form.34a,b Under nearly identical conditions, conjugated


Scheme 1. General Catalytic Mechanism for Hydrogenative
Alkyne–Carbonyl Coupling
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alkynes hydrogenatively couple to heterocyclic aromatic
aldehydes and ketones that are isoelectronic with respect
to the vicinal dicarbonyl motif, thereby providing access
to highly optically enriched heteroaryl-substituted sec-
ondary and tertiary alcohols. 34c Hydrogenation of 1,3-
enynes in the presence of optically enriched ethyl (N-


sulfinyl)iminoacetates delivers novel nonproteogenic amino
acid esters.34d Finally, catalytic hydrogenation of acetylenic
aldehydes using chirally modified rhodium catalysts pro-
vides products of reductive carbocyclization, again with
excellent levels of asymmetric induction. 34e Brønsted acid
co-catalysts were found to enhance the rate and con-


Scheme 2. Rhodium-Catalyzed Hydrogenative C–C Coupling of Alkynes to Carbonyl Compounds and Imines
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version in all couplings examined. Couplings to ethyl (N-
sulfinyl)iminoacetates were studied prior to the discovery
of the Brønsted acid co-catalyst effect (Scheme 2).


Intermolecular hydrogenative couplings of alkynes to
carbonyl compounds under the conditions of rhodium
catalysis require highly activated electrophilic partners,
such as vicinal dicarbonyl compounds and their structural
relatives. It was found that gaseous acetylene couples to
conventional aldehydes under hydrogenation conditions
to furnish products of Z-butadienylation.35a Isotopic label-
ing and electrospray ionization mass spectrometry (ESI–
MS) analysis are consistent with a catalytic mechanism
involving oxidative dimerization of acetylene to form a
cationic rhodacyclopentadiene36 followed by carbonyl
insertion and Brønsted-acid-assisted hydrogenolysis of the


resulting oxarhodacycloheptadiene to provide the carbo-
nyl addition product and cationic rhodium(I) to close the
cycle. More recently, corresponding couplings to aldi-
mines have been achieved.35b For both aldehyde and
imine couplings, chirally modified rhodium catalysts
deliver highly optically enriched allylic alcohols and allylic
amines, respectively (Scheme 3).


Attempted imine vinylation under the conditions of
rhodium catalysis using 1,2-dialkylsubsituted alkynes is
not an efficient process. Our rationale for addressing this
limitation is as follows. In hydrogenative alkyne–carbonyl
coupling, our collective studies suggest that a key feature
of the catalytic mechanism involves oxidative coupling of
the π-unsaturated reactants to furnish oxametallacyclic
intermediates. Hydrogenolytic cleavage of this species via


Scheme 3. Enantioselective (Z)-Butadienylation via Hydrogenative Coupling of Acetylene to Aldehydes and Imines


Scheme 4. Enantioselective Iridium-Catalyzed Hydrogenative Coupling of 2-Butyne to Aldehydes and Imines
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σ-bond metathesis furnishes the coupling product with
concomitant regeneration of the catalyst. It is plausible
that π-backbonding in the metal–alkyne complex, as
described by the Dewar–Chatt–Duncanson model,37 fa-
cilitates the oxidative coupling event by conferring nu-
cleophilic character to the bound alkyne. For rhodium, a
comparatively weak π donor, conjugated alkynes are re-
quired, possibly because of the fact that they embody lower
lying unoccupied molecular orbitals (LUMOs). Iridium is a
stronger π donor than rhodium because of relativistic
effects.38,39 These data suggest that iridium complexes may
catalyze the hydrogenative coupling of nonconjugated alkynes
that embody higher lying LUMOs.


The veracity of this analysis was challenged through
experiment. Gratifyingly, it was found that using [Ir(cod)2]-
BARF as a precatalyst, hydrogenation of 2-butyne in the
presence of R-benzyloxy acetaldehyde provides an 81%
isolated yield of the fully saturated reductive coupling
product as an equimolar mixture of diastereomers. Here,
the initially formed allylic alcohol is subject to further
hydrogenation to deliver the saturated alcohol. In contrast,
iridium-catalyzed hydrogenation of 2-butyne in the pres-
ence of various N-arylsulfonyl imines provides the corre-
sponding trisubstituted allylic amines with complete levels
of E/Z selectivity (g95:5) and, using catalysts modified by
(R)-Cl,MeO-BIPHEP, exceptional levels of asymmetric
induction.40 Notably, over-reduction of the unsaturated
allylic amines are not observed. These results are consis-
tent with the role of hydroxyl and sulfonamide moieties
as active and inactive volumes, respectively, in iridium-
catalyzed hydrogenation.41 The nonsymmetric alkynes
4-methyl-2-pentyne and 2-hexyne couple to N-arylsulfonyl
imines with excellent regioselectivity proximal to the more
highly substituted alkyne terminus to provide the corre-
sponding allylic amines with uniformly high levels of
enantiomeric excess (Scheme 4).


Future Directions
The prototypical C–C bond-forming hydrogenations, the
Fischer–Tropsch reaction and alkene hydroformylation,
were reported over half a century ago and are practiced
on an enormous scale.24,25 While these processes are
restricted to the use of carbon monoxide as a coupling
partner, studies from our laboratory extend hydrogenative
C–C coupling to the use of conventional electrophiles in
the form of carbonyl compounds and imines. The genera-
tion and capture of nonstabilized carbanion equivalents
under the essentially neutral conditions of hydrogenation
dispenses with the requirement of stoichiometrically
preformed organometallic reagents in certain CdX (X )
O, NR) addition processes, enabling C–C bond formation
in the absence of any stoichiometric byproducts. These
studies open a new chapter in the area of catalytic
hydrogenation and raise numerous possibilities vis-à-vis
development of related byproduct-free C–C couplings.
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ABSTRACT
Asymmetric hydrogenation is one of the most important catalytic
methods for the preparation of optically active compounds. For a
long time the range of olefins that could be hydrogenated with high
enantiomeric excess was limited to substrates bearing a coordinat-
ing group next to the CdC bond. We have found a new class of
catalysts, iridium complexes with chiral P, N ligands, that overcome
these limitations. For a wide range of unfunctionalized olefins,
excellent enantioselectivities could be achieved. Because these
catalysts do not require the presence of any particular functional
group in the substrate, they considerably broaden the scope of
asymmetric hydrogenation. In addition, promising results were also
obtainedwithcertainfunctionalizedalkenes, furans,andbenzofurans.


Introduction
The development of highly enantioselective rhodium–
diphosphine catalysts around 1970 marked the beginning
of a new era in asymmetric synthesis. For the first time,
practically useful enantioselectivities could be obtained
with synthetic chiral catalysts. The well-known L-Dopa
process, which was established at Monsanto at that time,1


demonstrated that these catalysts can be applied on an
industrial scale, and since then, hydrogenation has played
a dominant role in industrial asymmetric catalysis.2 Today,
asymmetric hydrogenation is still one of the most widely
used, most reliable catalytic methods for the preparation
of optically active compounds.3 High enantioselectivity,
low catalyst loadings, essentially quantitative yields, per-
fect atom economy, and mild conditions are attractive
features of this transformation.


An impressive number of chiral phoshine ligands are
known, which induce very high enantioselectivity in
rhodium- and ruthenium-catalyzed hydrogenations. How-
ever, the range of olefins that can be hydrogenated with


high enantiomeric excess is still limited. Both rhodium and
ruthenium catalysts require the presence of a coordinating
group next to the CdC bond, hydrogenation of dehydro-
amino acid derivatives or allylic alcohols being typical
examples. With unfunctionalized olefins, these catalysts
generally show low reactivity and unsatisfactory enanti-
oselectivity. Thus, their application is restricted to certain
classes of properly functionalized substrates.


Some years ago, we found a new class of hydrogenation
catalysts, iridium complexes with chiral P, N ligands,
which overcome these limitations.4 For a wide range of
unfunctionalized olefins, excellent enantioselectivities
could be achieved with these catalysts.5 Moreover, they
showed exceptionally high activity in the hydrogenation
of unfunctionalized trisubstituted and even tetrasubsti-
tuted olefins. In this respect, they resembled the Crabtree
catalyst, [(Cy3P)(pyridine)Ir(COD)]PF6 (Cy ) cyclohexyl,
COD ) cyclooctadiene),6 which provided the stimulus for
our work. In addition, promising results were also ob-
tained with certain functionalized alkenes for which no
suitable catalysts were available yet. In this Account, we
discuss the special properties and scope of these catalysts
with special emphasis on recent developments.7


Initial Studies: An Unexpected Anion Effect
First tests with iridium complexes derived from chiral
phosphinooxazolines (PHOX ligands)8 and (E)-1,2-diphen-
yl-1-propene as substrate gave encouraging results (Scheme
1).4a With 4 mol % of catalyst (X ) PF6) at 10–50 bar
hydrogen pressure up to 98% ee could be obtained.
However, the turnover numbers were disappointingly low.


Kinetic studies showed that with 4 mol % of catalyst
in a 0.3 M solution of olefin at 7 bar hydrogen pressure
the reaction was extremely fast and reached completion
within less than 1 min.9 Lower catalyst loadings resulted
in decreased conversion. Although the initial rate was still
high at 1 mol % catalyst loading, rapid and essentially
complete deactivation of the catalyst was observed before
50% of the olefin was consumed. Deactivation is a known
problem of the Crabtree catalyst, which is attributed to
the formation of inactive hydride-bridged trinuclear com-
plexes.6 In our case, too, NMR analysis of deactivated
reaction mixtures suggested the presence of such hydride-
bridged species. In subsequent studies a trinuclear Ir-
(PHOX)–hydride complex was isolated and characterized
by NMR and X-ray analysis.10 This complex proved to be
remarkably stable, and all experiments to convert it back
into a catalytically active species failed.


Attempts to increase conversion by variation of the
solvent, hydrogen pressure, or the catalyst and substrate


* Corresponding author. E-mail: andreas.pfaltz@unibas.ch.


Stephen Roseblade was born in Kettering, UK, in 1977. He is a graduate of the
University of Oxford, where he worked with Jeremy Robertson, and received a
PhD from the University of Bristol having completed his thesis under the direction
of Varinder Aggarwal. After a stay at the University of Seville, as a Marie Curie
Fellow, he joined the research group of Andreas Pfaltz at the University of Basel
as a post-doctoral research associate. His research interests include synthetic
organic chemistry and asymmetric catalysis.


Andreas Pfaltz was born in Basel, Switzerland, in 1948. He received a diploma
in natural sciences and a PhD degree from the ETH in Zürich. After completing
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Scheme 1. Asymmetric Hydrogenation of 1,2-Diphenyl-1-propene
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concentration were unsuccessful. Coordinating solvents
and additives such as amines or coordinating anions such
as halides, carboxylates, and even the very weakly coor-
dinating triflate ion were found to deactivate the catalyst.
The best results were obtained in anhydrous dichlo-
romethane or 1,2-dichloroethane using cationic Ir–PHOX
complexes with hexafluorophosphate as counterion. Rig-
orous exclusion of moisture and oxygen resulted in
increased conversion. When the reaction was set up in
carefully dried dichloromethane in a glovebox, full con-
version could be achieved with only 0.5 mol % of catalyst.
However, reactions at such low catalyst loadings were
difficult to reproduce.


After a long and quite frustrating period of fruitless
experiments, Andrew Lightfoot in our laboratory finally
found a surprisingly simple solution for avoiding catalyst
deactivation, when he tested an Ir–PHOX catalyst with
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BArF) as
counterion.4a Iridium complexes with this bulky, apolar,
and extremely weakly coordinating anion did not suffer
from deactivation, and full conversion could be routinely
obtained with catalyst loadings as low as 0.02 mol %.11,12


In addition, the BArF salts proved to be much less sensitive
to moisture than the corresponding hexafluorophos-
phates. Tetrakis(pentafluorophenyl)borate and tetrak-
is(perfluoro-tert-butoxy)aluminate were equally effective,
whereas catalysts with tetraphenylborate and tetrafluo-
roborate gave only low conversion.


How can these bulky, extremely weakly coordinating
anions prevent catalyst deactivation? A comparative ki-
netic study of catalysts with different anions provided a
plausible answer.12 With PF6


- as counterion the rate
dependence on olefin concentration was first order,
whereas the rate order observed for the corresponding
BArF


- salt was close to zero. This striking difference may
be explained by the stronger coordination of PF6


- or
formation of a tight anion pair, which slows down the
addition of the olefin to the catalyst to such an extent that
it becomes rate-limiting. The essentially noncoordinating
BArF


- ion, on the other hand, does not interfere with
olefin coordination, and therefore, the catalyst remains
saturated with olefin even at low substrate concentration.
The slower reaction of the PF6


- salt with the olefin could
explain its higher tendency to undergo deactivation. If we
assume that deactivation is caused by the formation of
hydride bridged species leading to an inactive trinuclear
complex, then the critical step in the catalytic cycle is the
reaction of the Ir–hydride intermediate with the olefin. If
olefin insertion is very fast, as in case of the BArF


- salt,
hydrogenation dominates over the deactivation pathway,
whereas with the PF6


- salt the olefin reacts more slowly
and, therefore, deactivation becomes a significant com-
peting process.


Practical Aspects
Iridium(COD) complexes with PHOX or related P, N
ligands, which are used as precatalysts, are readily pre-
pared by refluxing a solution of [Ir(COD)Cl]2 and P, N


ligand in dichloromethane. For the exchange of the
chloride ion with BArF


-, the complexes are treated with
NaBArF in a two-phase dichloromethane–water system,
and if necessary, the resulting orange BArF


- salts can be
purified by column chromatography on silica gel. The
complexes are stable against oxygen and moisture and,
therefore,canbeeasilyhandledinthelaboratoryatmosphere.


Hydrogenations are usually carried out in dichlo-
romethane at room temperature at 5–50 bar hydrogen
pressure.4 1,2-Dichloroethane, toluene, and tert-butyl
methyl ether have also been used with similar results. For
most substrates, the enantioselectivity shows only a
moderate to weak dependence on hydrogen pressure, with
the exception of terminal olefins which give much higher
enantiomeric excesses at 1 bar than at elevated pressures.
Typically, 0.02–1 mol % of catalyst is used in a 0.1–2 M
solution of substrate, using anhydrous solvents. Kinetic
studies with (E)-1,2-diphenyl-1-propene showed that the
reaction is very fast at room temperature.12 Under the
experimental conditions used, the rate was found to be
limited by hydrogen diffusion between the gas and liquid
phase. Therefore, the TOF of 7200 h-1, measured under
these conditions, should be taken as a lower limit. At 4
°C with less than 0.1 mol % of catalyst, the reaction was
no longer diffusion-limited, and relevant kinetic data,
indicating a TOF of 5500 h-1, could be recorded.


New P, N Ligands with Broader Scope
Although very high enantioselectivities could be obtained
in the hydrogenation of (E)-1,2-diphenyl-1-propene and
related trisubstituted diarylalkenes using Ir(PHOX) cata-
lysts, the range of substrates proved to be limited.
Therefore, we decided to extend our studies to other types
of oxazoline-based P, N ligands with different backbones.
The phosphinite–oxazolines which are derived from serine
and threonine (1) proved to be an especially promising
class of ligands.13 In contrast to the PHOX ligands, the
phosphorus unit is attached to the stereogenic center next
to the oxazoline nitrogen atom. Starting from different
carboxylic acid derivatives, chlorophosphines, and Grig-
nard reagents, a highly diverse library of ligands can be
prepared (Scheme 2).


This ligand class allowed (E)- and (Z)-2-aryl-2-butenes
to be hydrogenated with very high enantioselectivities for
the first time. By variation of the substituents at the
oxazoline ring and ligand backbone, it was possible to
systematically optimize the enantioselectivity for each
substrate. Thus, for (E)-2-(4-methoxyphenyl)-2-butene the
enantiomeric excess could be increased to >99% ee using
ligand 2. For the corresponding (Z)-isomer ligand 3, with
a 3,5-dimethylphenyl group at the oxazoline ring, gave the
best results. The (E)- and (Z)-isomers afforded products
of opposite configuration. Further fine-tuning allowed
terminal olefins to be hydrogenated with high enantio-
meric excess using complex 4, incorporating a dicyclo-
hexylphosphinite ligand. Carrying out the hydrogenation
at 1 bar hydrogen pressure was critical to obtain high
enantioselectivities, in contrast to hydrogenation of trisub-
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stituted olefins which showed only moderate to weak
pressure dependence.14 The same ligand also induced very
high ee in the hydrogenation of flavene 5.15


Another very useful, readily available class of phos-
phinite–oxazoline ligands is shown in Scheme 3. The
synthesis is very short and convenient: refluxing tert-
leucinol and 2-hydroxy-2-methylpropionic acid in xylene
leads to the corresponding oxazolinyl alcohol in high yield,


which has been converted to a series of SimplePHOX
ligands by deprotonation and reaction with chlorophos-
phines.16


In the hydrogenation of the cyclic substrate 6-methoxy-
1-methyl-3,4-dihydronaphthalene, ligand 6 was most ef-
fective among the SimplePHOX derivatives; the observed
ee of 95% is one of the best values recorded for this
substrate. The same complex also proved to be an
excellent catalyst for the hydrogenation of the trisubsti-
tuted acrylic ester 7 and allylic alcohol 8. Harmata and
Hong have applied this catalyst in a total synthesis of the
antibiotic pseudopteroxazole. A key intermediate in the
synthesis was the tricycle 9, which was hydrogenated with
near perfect regioselectivity to give 10 with complete
control of stereochemistry in 90% yield, along with only
traces of over-hydrogenated product. That the exocyclic
CdC bond was not hydrogenated was attributed to the
preferred conformation of the substrate 9, in which the
methyl group on the benzene ring blocks the face of the
adjacent alkenyl substituent that should be preferred by
the chiral catalyst. So the catalyst would have to approach
the disfavored face, and therefore, reduction of this double
bond is inhibited (Scheme 3).17


The same catalyst gave high enantioselectivities for a
range of trisubstituted alkenes bearing heteroaromatic
rings at the CdC bond. The ThrePHOX ligands also proved
highly effective for this class of substrate (Scheme 4).4b


Closely related ligands have been reported by Burgess
(JM-Phos)18 and Richards (structure 1 with R2 ) R3 ) H).19


Although these ligands are structurally very similar, the
enantioselectivities they induce in Ir-catalyzed hydrogena-
tions are not as high as those obtained with the most
effective derivatives of structure 1 (R3 ) alkyl). A new class
of phosphinooxazoline analogues, in which the phosphine
group has been replaced by a heterocyclic carbene, has


Scheme 2. Applications of ThrePHOX Ligands


Scheme 3. Applications of SimplePHOX Ligands


Scheme 4. Hydrogenation of Alkenes Bearing Heteroaromatic
Substituents
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been developed by Burgess and used in Ir-catalyzed
hydrogenations.20 The best results have been obtained
with the (1-adamantyl)oxazoline ligand 11. For the stan-
dard substrate, (E)-1,2-diphenyl-1-propene, this ligand
induced 98% ee, while for monoarylalkenes the ee values
were lower than those recorded for the best phosphinit-
e–oxazolines.


Using catalyst 11, allylic alcohols and enoates bearing
a stereogenic center adjacent to the CdC bond were
converted to versatile precursors for the synthesis of
deoxypolyketides. Hydrogenation of enoate 12 occurs with
high diastereoselectivity (anti:syn 23:1). Using the opposite
enantiomer of the catalyst, the product was formed with
inverse, but lower diastereoselectivity (syn:anti 7.8:1). To
access the syn stereochemistry with high selectivity, Z-
allylic alcohol 13 was hydrogenated using (R)-11 to give
alcohol 14 with a syn:anti ratio of 34:1 (Scheme 5).21


Stereochemical triads could also be formed selectively
by diastereoselective hydrogenation after homologation
of the chain, and this method has been applied to the
synthesis of a polydeoxyketide natural product.22 Burgess
and co-workers also studied the hydrogenation of conju-
gated dienes and investigated the complex kinetics of the
reaction of 2,4-diphenyl-1,3-butadiene in detail.23


With the intention of mimicking the coordination
sphere of the Crabtree catalyst more closely, we investi-
gated a series of pyridine- and quinoline-derived ligands
15 and 16.24 As the results were encouraging, we decided
to extend our studies to bicyclic analogues of type 17
because we thought that the more rigid conformation
imposed by the additional ring could result in even higher
enantioselectivities.


Indeed, iridium complexes incorporating the five- and
six-membered ring derivatives 17 (n ) 1, 2) proved to be
efficient catalysts. Catalysts 18 and 19 with tert-butyl or
o-tolyl groups on the P atom and a 2-phenylpyridine ring
induced high enantioselectivities with complete conver-
sion across a range of test substrates (Figure 1).25 More
importantly, we found that these catalysts are useful for
enantioselective hydrogenation of purely alkyl-substituted
olefins and furans (see below). The synthesis of similar
ligands and application to iridium-catalyzed hydrogena-
tion of olefins has been reported by Zhou et al.26


Andersson and co-workers have investigated chiral P,
N ligands 2027 and 21,28 which incorporate a rigid bicyclic
backbone and an oxazole or thiazole moiety, and 2-aza-
norbornane–oxazoline derivatives 22.29 Ligands 20 and 21
gave excellent enantioselectivities for a series of test
substrates, which were in the same range as those
achieved with the best oxazoline-based ligands and py-
ridine–phosphinites 17. More recently, the Andersson
group has extended the range of substrates to vinylsi-
lanes,30 fluorinated olefins,31 and enol phosphinates
(Scheme 6).32


Knochel et al. applied pyridine-based P, N ligands in
the hydrogenation of methyl R-acetamidocinnamate with
encouraging enantioselectivities of up to 97% ee (Scheme


Scheme 5. Diastereoselective Hydrogenations with [Ir(11)(cod)]BArF
21


FIGURE 1. Hydrogenation with catalysts 18 and 19.
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7).33 Several other groups have also developed chiral P, N
ligands and applied them in Ir-catalyzed hydrogenation
of olefins.7,34


Tetrasubstituted olefins remain a challenging class of
substrates. Buchwald and co-workers have shown that chiral
zirconocene complexes can catalyze the hydrogenation of
tetrasubstituted olefins with high enantioselectivity.5b How-
ever, high catalyst loadings, long reaction times, and high
pressures are a disadvantage of this system. We have recently
identified a number of P, N ligands which have given
encouraging results for this class of substrate.35 Surprisingly,
the structurally simple, readily accessible phosphinooxazo-
line 23 originally reported by Sprinz and Helmchen,36 and
derivatives thereof, proved to be the most efficient ligands
for several substrates (Scheme 8). In other cases, ThrePHOX
and SimplePHOX derivatives and for the cyclic alkene 24
the simple commercially available PHOX ligand 25 with an
isopropyl substituent and a Ph2P group were the ligands of
choice. Importantly, no isomerization at the benzylic posi-
tion was observed, so the relative configuration of the
products was exclusively cis. For some substrates, the catalyst
loading could be reduced to 0.1 mol % without affecting
conversion and ee.


Purely Alkyl-Substituted Olefins
The development of catalysts that allow highly enanti-
oselective hydrogenation of purely alkyl-substituted ole-
fins has been a long-term goal of our research because
such catalysts would considerably expand the scope of
asymmetric hydrogenation as they do not require the


presence of any specific functional group or aryl substitu-
ent. With the many classes of catalysts in hand, which
have been discussed in the previous sections, we decided
to screen the (E)- and (Z)-olefins 28 as test substrates, the
methoxyphenyl group having been introduced to facilitate
product analysis by GC or HPLC on chiral columns. Most
ligands that had given high enantioselectivities with
alkenes containing an aryl substituent at the CdC bond
performed poorly with (E)- and (Z)-28. However, bicyclic
pyridine–phosphinite 29 gave enantioselectivities of >94%
ee under optimized conditions. Consistent with previous
studies, the (E)- and (Z)-isomers were converted to the
products having opposite configurations (Scheme 9).37


These results encouraged us to search for a suitable
substrate devoid of any heteroatom or aryl group but still
allowing reliable determination of the enantioselectivity
after hydrogenation. Cyclohexylalkene 30 was found to
meet these requirements: it was readily prepared in high
isomeric purity (E/Z > 99:1) following published proce-
dures, and the ee of the hydrogenation product 31 could
be determined by GC on a chiral column.37a This substrate
proved to be more demanding than alkenes (E)- and (Z)-
28, and most ligands studied gave ee values below 30%.
We identified only two ligands, both bicyclic pyridine-
–phosphinites, that induced enantioselectivities of >80%
ee. The ee value of 97% obtained with ligand 18 under
optimized conditions clearly shows that highly enanti-
oselective hydrogenation of purely alkyl-substituted ole-
fins is possible.


To evaluate our catalysts in the reaction of a structurally
more complex substrate, we studied the hydrogenation
of γ-tocotrienyl acetate (32).37 This reaction involves
reduction of three CdC bonds and creates two new
stereocenters in a single step. Because the two prochiral
CdC units are both (E)-configured, the sense of asym-
metric induction at the two reaction sites is expected to
be the same, leading to either the (RR)- or (SS)-configu-
ration depending on the absolute configuration of the
catalyst. Whereas oxazoline-based ligands showed disap-
pointingly low stereoselectivities, imidazolines and pyri-
dine-phosphinites gave encouraging results. The best
stereoselectivity was achieved with the iridium catalyst
derived from pyridine–phosphinite ligand 29, which gave
almost exclusively the natural (RRR)-isomer of γ-toco-
pheryl acetate (33) (Scheme 10).


This transformation that generates two stereogenic
centers in a single step with virtually perfect stereocontrol
demonstrates the potential of this class of catalysts for the
stereoselective synthesis of complex molecules. Moreover,
because these catalysts do not require the presence of any
particular substituents near the CdC bond, they should
be applicable to a much wider range of olefins than Rh


Scheme 6. Hydrogenation of Vinylsilanes, Fluorinated Olefins, and
Enol Phosphinates


Scheme 7. Hydrogenation of Methyl r-Acetamidocinnamate
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or Ru catalysts. The functional group tolerance has not
been studied in detail yet, but from the range of olefins
we have investigated, we know that keto, ester and amide
functions may be present in the substrate and do not
react. However, strongly coordinating groups such as
pyridyl or amino substituents inhibit the reaction.


By changing the geometry at the double bonds in di-
or polyenes, it is possible to control both the absolute and
relative configuration. This is demonstrated by the hy-
drogenation of the four stereoisomers of farnesol. Hydro-
genation of (2E,6E)-farnesol using catalyst 29 gives 91%


of the (2R,6R) product with 99% ee. By changing the
double-bond geometry, the opposite absolute configura-
tion can be established due to the high inverse facial
selectivity of the catalyst. In this way all four stereoisomers
of the product are accessible with high levels of selectivity
using the same catalyst (Scheme 11).38


Hydrogenation of Heteroaromatic Substrates
During previous investigations of furyl-substituted alkenes,
we had found that with certain Ir complexes derived from


Scheme 8. Hydrogenation of Tetrasubstituted Olefins


Scheme 9. Hydrogenation of Purely Alkyl-Substituted Olefins
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oxazoline–dialkylphosphinites both the olefinic CdC bond
and the furan π system were reduced.37b The stereose-
lectivities were, however, moderate. Catalysts incorporat-
ing ligands 18 and 34 proved to be more efficient and
induced good to excellent enantioselectivities in the
hydrogenation of a series of substituted furans and
benzofurans. As expected, the benzene ring of substrates
35 and 36 was not reduced (Scheme 12).39


Ligands with bulky, electron-rich (tBu)2P groups were
found to be best suited for this class of substrates. Because
of the low reactivity of the furan and benzofuran π
systems, elevated temperatures and relatively long reac-
tion times were necessary. The benzofuran carboxylate
ester 36, in particular, reacted only sluggishly, albeit with
near perfect enantioselectivity. Overall, ligands like 18 and
34 open up an attractive enantioselective route to tet-
rahydrofuran and benzodihydrofuran systems, which are
structural motifs found in many natural products and
biologically active compounds.


Charette and Legault40 have reported the enantiose-
lective hydrogenation of N-iminopyridinium ylides as an
approach to chiral piperidine derivatives. Initial experi-
ments using an Ir–BINAP catalyst in the presence of a
catalytic amount of iodine gave high conversion, albeit
with low enantioselectivity. Catalyst screening showed that


iridium complexes derived from PHOX ligands were the
most promising in terms of enantioselectivity. The di(4-
fluorophenyl)phosphino derivative 37 was found to be
optimal in terms of enantioselectivity and yield (Scheme
13).


The products can be converted to the corresponding
piperidine derivatives by a facile N–N bond cleavage
(>85% yield) using either Raney nickel or lithium in
ammonia. Although enantioselectivity and scope need to
be improved, these results are important, as for the first
time a promising chiral catalyst has been found for the
asymmetric hydrogenation of prochiral pyridine derivatives.


Mechanistic Studies
In early work of Crabtree and co-workers, olefin dihydride
intermediates formed during hydrogenation of cyclooc-
tadiene using [Ir(pyridine)(PCy3)(COD)]PF6 in dichlo-
romethane at 0 °C were detected by NMR spectroscopy.41


In a more recent, complementary study we found that
when [Ir(PHOX)(COD)]BArF complex 38 was treated with
hydrogen at -40 °C for 5 min in [D8]-THF, olefin dihydride
intermediates were formed which were characterized by
NMR spectroscopy. Two new signals appeared in the
hydride region that were assigned to a single dihydride
complex 39c formulated as [Ir(PHOX)(H)2(COD)]BArF


(Scheme 14).42


The predominance of isomer 39c over 39a or 39b is
consistent with Crabtree’s findings, who convincingly
demonstrated that in the reaction of H2 with
[Ir(pyridine)(PR3)(COD)]PF6 the formation of an Ir–H bond
trans to the N ligand is electronically favored.43 Highly
selective formation of isomer 39c results from H2 addition


Scheme 10. Hydrogenation of γ-Tocotrienyl Acetate


Scheme 11. Enantio- and Diastereoselective Hydrogenation of
Farnesol Stereoisomers


Scheme 12. Hydrogenation of Furans and Benzofurans


Scheme 13. Hydrogenation of Pyridine Derivatives
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to the more sterically encumbered face of the starting
complex because dihydrogen addition to the sterically
more accessible face, leading to isomer 39d, would build
up steric strain between the chelating COD ligand and the
isopropyl group in the oxazoline ring and the pseudoaxial
P-phenyl group. When the solution containing complex
39c was warmed to 0 °C under hydrogen, gradual con-
sumption of isomer 39c was observed, accompanied by
the appearance of two new hydride complexes 40c and
40d with concomitant formation of cyclooctane.


We have carried out DFT (density functional theory)
calculations on the complete structures of complexes
shown in Scheme 14. The fully minimized structures of
the four possible cis-dihydrides, which can be formed by
oxidative addition of H2 to [Ir(PHOX)(COD)]+, were
calculated. The most stable structure corresponded to the
reaction product 39c that was shown to be formed
exclusively in the NMR experiment. Isomers 39a and 39d
were 10.6 and 4.9 kcal/mol higher in energy, whereas for
isomer 39b no stable chelate structure could be located
due to severe steric interactions which prevent the forma-
tion of an Ir–N bond. The four possible
[Ir(PHOX)(H)2(solvent)2]+ complexes 40 resulting from
hydrogenation of the cyclooctadiene ligand were also
examined, and again the two most stable structures
corresponded to the isomers observed in the NMR experi-
ments. These results show that steric interactions are very


important and may dominate over electronic factors.
Consequently, computational studies of potential reaction
pathways should be based on full catalyst and substrate
structures rather than simple model systems.


Brandt, Hedberg, and Andersson proposed a catalytic
cycle via IrIII and IrV intermediates, in which an additional
dihydrogen molecule, coordinated to an Ir–dihydride,
undergoes oxidative addition during migratory insertion.44


Since an extremely truncated model for the ligand and
substrate (ethylene) was used, which neglected the severe
steric interactions present in the actual catalysts, it seems
dangerous to rule out an IrI–IrIII cycle. From subsequent
calculations on the full catalyst and substrate structures,
which were based on the postulated IrIII–IrV cycle, a simple
qualitative quadrant model was derived for rationalizing
the observed enantioselectivities. Burgess, Hall, and co-
workers45 also reported DFT calculations on the complete
ligand and substrate structures for an IrIII–IrV catalytic
cycle which reproduced the correct selectivity order for
three different substrates. On the other hand, Chen and
Dietiker reported an experimental investigation of the
hydrogenation of styrene with [Ir(PHOX)(COD)]BArF in the
gas phase by means of electrospray ionization tandem
mass spectrometry, which suggests that the catalytic cycle
proceeds by way of IrI and IrIII intermediates.46


Taking into account the available computational and
experimental data, it is still too early to draw definitive


Scheme 14. Hydrogenation of Complex 38
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conclusions regarding the mechanism of Ir-catalyzed
asymmetric hydrogenation. Further experimental work,
especially on reactions in solution under real catalytic
conditions, is clearly desirable.


Conclusion
Iridium catalysts with chiral P, N ligands have emerged
as a new class of highly efficient catalysts for asymmetric
hydrogenation, which are largely complementary to rhod-
ium– and ruthenium–diphosphine catalysts. A variety of
substrates, for which no suitable catalysts were available
before, can now be hydrogenated with excellent enanti-
oselectivity. So far, iridium catalysts have been mainly
applied to aryl-substituted unfunctionalized olefins. How-
ever, high enantioselectivities have also been obtained
with R,�-unsaturated carboxylic esters. Ruthenium and
rhodium complexes, on the other hand, are the catalysts
of choice for R,�-unsaturated carboxylic acids. For allylic
alcohols, both Ru and Ir complexes are suitable catalysts,
whereas allylic acetates and other protected allylic alcohols
are the domain of Ir catalysts. In addition, Ir catalysts have
also proved suitable for the asymmetric hydrogenation of
certain enol ethers like flavenes and the enantioselective
reduction of imines,47 a reaction which is not covered in
this Account. Asymmetric hydrogenation of furans, ben-
zofurans, and pyridine derivatives is another promising
area of application, which deserves further investigation.
Most importantly, the discovery of Ir catalysts for the
enantioselective hydrogenation of purely alkyl-substituted
olefins has substantially expanded the application range
of asymmetric hydrogenation and opened up new pos-
sibilities for the synthesis of chiral compounds.


Our work described in this Account would not have been
successful without the dedicated group of co-workers, who have
been involved in this long-term project and whose names appear
in the references. Their brilliant experimental and intellectual
contributions are gratefully acknowledged. We thank the Swiss
National Science Foundation, the Federal Commision for Technol-
ogy and Innovation (KTI), Solvias AG, Basel, Novartis Pharma
(Fellowship Award), and DSM Nutritional Products for support.
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ABSTRACT
This Account provides an overview of our activities in the area of
asymmetric hydrogenation over the last 12 years. We discuss the
manufacture of metal-containing precatalysts and their use in
asymmetric hydrogenation processes. Many of the metal complexes
have been made on a multikilogram scale for our own use and
also provided to our customers. In addition, we review some of
the applications that we have developed for our asymmetric
hydrogenation catalysts, many of which have been operated on
commercial scales. This all underlines that asymmetric hydrogena-
tion is a mature technology that has been adopted for use in the
pharmaceutical and fine-chemical industries.


Introduction
Asymmetric chemocatalysis provides the opportunity to
design concise and efficient routes to enantiomerically
enriched molecules, especially for high-value pharmaceu-
tical applications.1 Recent trends in the Food and Drug
Administration (FDA) approval of new drug applications
clearly show that the percentage of chiral drugs has
increased significantly from 58% in 1992 to 75% in 2006,
while achiral drug approvals demonstrate a significant
decrease over the same period. Furthermore, the propor-
tion of single enantiomer drugs manufactured using
purely synthetic methodology (i.e., not using chirality pool


starting materials) has increased from 20% in 1992 to over
50% in 2006. A broad range of technologies is encom-
passed by asymmetric chemocatalysis, such as alkylation,
conjugate addition, cycloaddition, hydroformylation, hy-
drogenation, and oxidation. Of these, a limited number
have been applied to pharmaceutical manufacture, with
asymmetric hydrogenation being the most widely used
technology.


The earliest commercial application of asymmetric
hydrogenation was for L-DOPA developed by Knowles in
the 1970s. This pioneering work led to Knowles sharing
the Nobel Prize with Noyori and Sharpless in 2001. In the
1980s, the benchmark system was Noyori’s [1,1′-binaph-
thalene]-2,2′-diylbis[diphenylphosphine] (BINAP)-based
catalysts that are still used in the manufacture of �-hy-
droxy esters, for the synthesis of carbapenems2 and the
Lipitor side chain for example. The range of initial
application of asymmetric hydrogenation was somewhat
limited by the diversity of ligands available in the early
years. In the 1990s, there was an explosion of activity in
the development of new ligand systems, such as DuPhos,
developed by Burk,3 and Josiphos, developed by Togni and
Spindler.4 To date, there are in excess of 1000 ligand
systems available for use in asymmetric hydrogenation
applications.5 More recently launched drugs, such as
Tipranavir,1 Rozerem,6 Sitagliptin,7 and Aliskiren,8 are
reported to use asymmetric hydrogenation in their
synthesis.


Chirotech, now part of Dowpharma, has been active
in the field of asymmetric hydrogenation since 1995, when
we obtained an exclusive license from DuPont for the
DuPhos ligand and catalyst technology for commercial
pharmaceutical applications. Subsequently, we developed
many asymmetric hydrogenation reactions, including
processes for the synthesis of a key intermediate for the
potent atrial natriuretic factor potentiator Candoxatril, the
HIV protease inhibitor Tipranavir, and the anticonvulsant
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Pregabalin (Figure 1), all using the [(R,R)-Me-DuPhos Rh
(COD)]BF4 complex.1


Having developed numerous effective and efficient
catalytic processes during the initial years of our research,
we were faced with the challenge of preparing precatalysts
on a multikilogram scale. Early attempts to manufacture
ligands and precatalysts showed that robust, scaleable,
and reproducible manufacturing methods for these key
products would not be trivial to obtain. In this Account,
we review the methods that we investigated to allow for
the commercial-scale manufacture of such precatalysts;
the successful methodology has been applied to over 10
other rhodium-based systems, including Et-DuPhos, Me-
BPE, Et-FerroTANE, and PhanePhos. Moreover, we have
gone on to develop robust methodologies to manufacture
various ruthenium-based precatalysts, including Ru-Du-
Phos, Ru-BPE, and the [diphosphine RuCl2 diamine]
precatalysts. All of these synthetic methodologies will be
discussed, including some of the more recent applications
of our asymmetric hydrogenation technologies.


Synthesis of Rhodium Catalysts
The utility of phosphine-modified rhodium catalysts for
unsaturated bond reduction came to the forefront when
Wilkinson and Coffey independently discovered a new
hydrocarbon-soluble and highly active rhodium precata-
lyst RhCl(PPh3)3 (commonly referred to as Wilkinson’s
catalyst)9 and Osborn and co-workers introduced the
more reactive hydrogenation systems based on cationic
[diolefin Rh diphosphine]+ complexes (Figure 2).10 These
discoveries demonstrated that reduction of unsaturated
organic species could be achieved with a well-defined,
highly reactive and selective homogeneous molecular
catalyst under relatively mild conditions, with distinct


chemical and process advantages over the common
heterogeneous hydrogenation catalysts.


With the more recent advent of complex and expensive
chiral ligand systems, the question of the manufacture and
use of preformed catalysts over in situ-generated species
is a common one for practitioners of asymmetric hydro-
genation. Only with a preformed catalyst can the quality
of the complex be accurately defined and the exact catalyst
loading be quantified. This cannot be achieved with an
in situ-generated catalyst. These issues are of the greatest
significance when using such catalysts in validated phar-
maceutical processes operated under cGMP. Conse-
quently, we have been consistently in favor of the use of
preformed catalysts, because we see significant benefits
in the simplification of the hydrogenation process and a
higher degree of control that preformed catalysts (or as is
most often the case, a precatalyst) generally exert. The
choice of precursor and catalyst type is generally governed
by a series of simple criteria: (i) synthetic performance,
(ii) stability, physical form, and handling of the complexes,
and (iii) cost and availability.


Of the numerous commercially available rhodium
catalyst precursors, we have consistently found two
families of precursors to be the most useful and practical
for generating precatalysts, namely, [(diolefin)2RhI]+ X-


(1)11 and [diolefin RhI acetylacetonate] (2)12 (Figure 3).
Both complex types 1 and 2 have found utility in our


hands for precatalyst synthesis, because they are equally
capable of being cleanly converted to the desired pre-
catalyst complex. In the case of 1, the precatalyst is simply
generated by the addition of a suitable ligand to a solution
of 1, upon which a rapid ligand exchange takes place and
a single 1,5-cycloctadiene ligand is displaced by two
phosphine ligands or a single diphosphine ligand (Scheme
1). However, there are properties of complexes 1 and 2
that render them suitable for different spheres of applica-
tion. Complexes of the type 1 have limited solubility in
the majority of favorable reaction solvents for production,
and generally, strongly polar or chlorinated solvents were
required to solubilize the precursor. As a result, the
majority of the precatalyst remained in solution and an
antisolvent was required to initiate and complete precipi-
tation of the product.13 Our experience has shown that
such antisolvent-precipitated precatalysts are crystallized
in a less than optimal manner, such that adequate control
of the product form and overall particle size is challenging.
Typically, such products are generated as very fine ma-


FIGURE 1. Pharmaceutical applications of Rh-Me-DuPhos.


FIGURE 2. Early molecular homogeneous rhodium catalysts.


FIGURE 3. Catalyst precursors.


Scheme 1. First-Generation Synthesis of DuPhos-Rh Precatalysts


Asymmetric Hydrogenation Catalysts Johnson et al.


1292 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 12, 2007







terials with high surface areas, such that the chemical,
physical, and handling properties are generally considered
by us to be undesirable for large-scale synthesis and
applications. Nonetheless, this synthesis protocol is indeed
exceedingly simple and commonly used by us for the
rapid generation of small libraries of catalysts for small-
scale screening purposes, whereby the required strict
criteria for large-scale production are not necessarily
required to be vigorously adhered to.


For large-scale precatalyst production, the use of the
[(diolefin)2RhI]+ X- is not suitable and we have developed
a generic protocol that is capable of producing cationic
diphosphine-Rh catalysts in high yield with improved
reactor throughput (Scheme 2). Our efforts in generating
a new large-scale synthetic process focused primarily on
the type-2 complex [(1,5-cyclooctadiene) RhI acetylaceto-
nate] for a number of reasons: (i) long-term stability, (ii)
ease of handling of the material, and (iii) the reactivity of
the acetylacetonate group in the presence of strong
acids.10 Initial investigations quickly showed that we could
prepare numerous intermediates of the type [(diolefin) Rh
(solvent)2]X- [where the solvent is typically tetrahydro-
furan (THF), methyl tert-butyl ether (MTBE), EtOH, i-
PrOH, or H2O], which were stable at reflux for prolonged
periods of time, from [(1,5-cyclooctadiene) RhI acetyl-
acetonate] by the addition of a strong acid, such as
tetrafluoroboric acid. The stability of the bis-solvato
species was remarkable in that they could be generated
at reflux, heated for several hours, evaporated to dryness,
and with the addition of fresh solvent be reused for the
synthesis of the precatalyst without any significant det-
rimental effects. Ethereal solvents and mixtures thereof
were among the best solvents for the starting material
[(1,5-cyclooctadiene) RhI acetylacetonate] and some of the
most effective antisolvents for the precatalyst of the type
[(diolefin) Rh (diphosphine)]BF4. Concentrated solutions
of [(1,5-cyclooctadiene) RhI acetylacetonate] in MTBE/
THF (∼1 kg in 6 L) could be turned into concentrated
solutions of the bis-solvato cation by the addition of an
alcoholic acid solution, followed by the addition of an
appropriate ethereal solution of the ligand to cleanly
generate the desired [(diolefin) Rh (diphosphine)]BF4


precatalyst, such that controlled crystallization of the
product took place at an elevated temperature and during
the addition of ligand.


We found that this protocol controlled effectively the
rate of nucleation at higher temperatures through the rate
of ligand addition, such that a granular, robust free-
flowing precatalyst could be deposited in exceptionally
high yields (Figure 4). The first system demonstrated at
multikilogram scale was [(R,R)-Me-DuPhos Rh COD]BF4


(Scheme 2), and to date, numerous other ligands (not
limited to bisphosphines) have been shown to be ame-
nable to generating highly crystalline, physically robust,
and stable materials. Application of this protocol to a wide
variety of ligands was effectively controlled via subtle
tailoring of the ratios of the initial reaction solvents MTBE
and THF, as well as by judicious choice of the alcohol and
ethereal solvents for the acid and ligand feeds, respec-
tively.13 Figure 5 illustrates the isolated yields for a series
of precatalysts manufactured via the aforementioned
route, all of which have been employed for the manufac-
ture of pharmaceutical intermediates in either clinical
development or commercial manufacture.


In many examples, the control of the process and
product quality is more than just a simple function of the
chemistry performed, because it is influenced significantly
by starting material quality and reactor setup, none more
so than in the case of [Me-BPE Rh COD]BF4. At scale, the
efficiency of the process to form [Me-BPE Rh COD]BF4


was found to be dramatically linked to the reactor setup
and, in particular, the mode of the addition of ligand to
the reactive intermediate [(diolefin) Rh (solvent)2]BF4


-,
point of entry of the feed stream into the reaction mixture,
and impeller type and position. Bis-ligand complexes such
as [(Me-BPE)2 Rh]BF4 were found to readily form in
significant quantities (>15%) with nonoptimal reactor
layouts, whereas the optimal setup could reduce this
byproduct to <0.9% without changing the reactive chem-
istry or the solvents.


Scheme 2. Optimized Synthesis of the Me-DuPhos-Rh Precatalyst


FIGURE 4. Precatalyst made by (a) first-generation synthesis and
(b) optimized synthesis.
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Alternative reactive ligands to 1,5-cyclooctadiene (COD),
such as norbornadiene (NBD) and various salt forms, can
be equally generated via this methodology. There has been
some debate over the economical use of employing COD
and NDB as the reactive olefin, because significant dif-
ferences in reaction rates have been observed.14 We have
found that this apparent discrepancy in the behavior is
in fact not a difference in performance but rather indica-
tive of the more facile reduction of the NBD ligand over
the COD ligand, thus generating the active catalyst more
quickly without any influence over the enantioselectivity.
At industrially viable catalyst loadings, the activation
period becomes insignificant in terms of overall produc-
tivity and the reactor setup has the major role to play,
particularly in terms of mass transfer of hydrogen into
solution.15 Furthermore, we have observed that the COD-
derived catalysts are by and large more stable to long-
term storage when compared with the analogous NBD-
based systems. The counter ion typically has a minor effect
on catalyst performance, with a few exceptions.16 We find
the BF4


- salts give materials with preferred product
qualities required for practical synthesis and use at
industrial scale.


On the whole, broad consideration needs to be given
to the constituents of such precatalysts (for example,
starting materials, reactive olefin, and counter ion) to
ensure that the system of choice will be scaleable and
suitable for industrial manufacture.


Asymmetric Hydrogenations Using Rhodium
Catalysts
Phospholane-based catalysts have been shown to have an
extremely large substrate scope in asymmetric hydrogena-
tion, especially those based on the DuPhos and BPE ligand
types,1,3 but with increasing numbers of substrates inves-
tigated, it has become evident that the only means to find
an optimal catalyst is by extensive screening.5,17 To
demonstrate the breath of substrates and the variety of
catalysts required to develop industrially useful processes,
we have chosen a selection of the asymmetric hydrogena-
tions recently developed, covering itaconate, enamide, and
acrylate substrates.


Asymmetric Hydrogenation of Itaconates. Enantio-
merically enriched two-substituted succinic acids are used
as peptidomimetics in several drug candidates and can
be made using asymmetric hydrogenation. Rhodium
DuPhos catalysts have been shown to be extremely active
and selective for the asymmetric hydrogenation of ita-
conates,18 and we have manufactured in excess of 1 metric
ton of (S)-dimethyl methylsuccinate (Scheme 3) using
such a process. An extremely good molar substrate to
catalyst (S/C) loading of 20,000 (4,800, wt/wt was achieved),
thus making the asymmetric hydrogenation of a low-
molecular-weight substrate viable. Furthermore, the pro-
cess employed moderate temperatures and pressures,
typical for Rh-DuPhos catalysis.


A related molecule that we have developed an asym-
metric hydrogenation process for is 2-methylenesucci-
namic acid (Scheme 4).19 For this product, the purity of
the substrate proved very important. The initial substrate
contained ∼1 wt % of a chloride impurity, derived from
the use of HCl in its synthesis. This limited the catalyst
loading to a S/C of 1000. Substituting HCl for H2SO4 in
substrate synthesis, we were able to achieve an impressive
S/C of 100,000 (∼21,400, wt/wt) and a turnover frequency
(TOF) of 13 000 h-1. In the final process, the enantiomeric
excess of the product was readily elevated to >99.5% using
a simple solvent slurry in methanol, which also had the
desirable effect of lowering the rhodium content from 9.0
to 0.88 ppm.


Asymmetric Hydrogenation of Enamides. Rhodium
DuPhos and BPE catalysts have been used for the


FIGURE 5. Yields of rhodium precatalysts obtained using our optimized route.


Scheme 3. Asymmetric Hydrogenation of Dimethyl Itaconate


Scheme 4. Asymmetric Hydrogenation of Methylene Succinamic
Acid
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asymmetric hydrogenation of a wide range of enamide
substrates, which can be synthesized by treating an
oxime with iron powder and acetic anhydride. This
provides the hydrogenation substrate in good yield and
purity, after recrystallization.20 While this method is
suitable for many substrates, if sensitive functionalities
such as a ketone, ester, or nitrile are present, then yields
can be modest. Hence, we developed an alternative
method to synthesize enamides by a Heck reaction of
aryl trifluoromethanesulfonates and N-vinylacetamide.21


In this latter study, it was found that Rh-Ph-BPE was
effective for enamide hydrogenation, providing superior
results for a number of substrates compared to related
DuPhos systems.


Working with AstraZeneca, we developed an asym-
metric hydrogenation process for the synthesis of ZD6126,
a water-soluble phosphate prodrug of N-acetylcolchinol.22


The required substrate was synthesized from the ketone
via the oxime, using the iron powder/acetic anhydride
method. This was a challenging substrate, being a seven-
membered ring enamide, for which few examples are
known. Extensive screening identified that the DuPhos-
and BPE-derived catalysts provided poor enantiomeric
excess (ee) for this substrate. However, good selectivity
was achieved with either (S,S)-iPr-FerroTANE Ru(methal-
lyl)2 or [(R,R)-tBu-FerroTANE Rh(COD)]BF4 (Scheme 5):
at a molar S/C of 1000, we obtained 91–94% ee using
either catalyst. It was interesting to find that with this
substrate, similar activity and selectivity was achieved with
both Rh- and Ru-based catalysts bound to similar ligand
systems.


The asymmetric hydrogenation of enamides is also
applied in the synthesis of R-amino acids, and this area
has been extensively reviewed.1,3 While DuPhos- and
BPE-derived catalysts are suitable for a broad array of
dehydroamino acid substrates, they are not of ubiqui-
tous utility, resulting in a need to identify more
structurally diverse systems. This situation was faced
while investigating the synthesis of 3,3-diphenylalanines
that appear in many developmental pharmaceutical
drugs.23 After developing a suitable synthesis of the
parent diphenylalanine substrate, we screened our
catalyst collection and found that the DuPhos and BPE
catalysts gave only moderate selectivity and poor activ-
ity for this substrate class. [(R)-PhanePhos Rh COD]BF4


was identified as a suitable catalyst, which afforded 89%
ee at a S/C of 250 but with a t1/2 of 3 min (Scheme 6);
however, this catalyst loading was not suitable for the
development of an economic process. Dowpharma had
a requirement to rapidly develop and scale-up the
manufacture of a related diphenylalanine product, and


the high activity identified in our earlier work was an
important factor in choosing the PhanePhos catalyst
system. Further development, particularly around sub-
strate purity, achieved superior catalyst ratios and
enhanced selectivities. As such, the hydrogenation
process was subsequently used in the commercial
manufacture of a diphenylalanine derivative in a robust,
reproducible, and scaleable procedure.


Asymmetric Hydrogenation of Acrylates. In the ma-
jority of cases when investigating the asymmetric
hydrogenation of acrylic acids, ruthenium-based cata-
lysts are optimal. There are of course exceptions, such
as Rh-Walphos24 or Rh-MonoPhos8 used for the manu-
facture of Aliskiren intermediates. We were challenged
by Pfizer with the development of an asymmetric
hydrogenation route to an imidazole-substituted δ-ami-
no acid for the synthesis of UK-369,082 (a thrombin
activatable fibrinolysis inhibitor). Previously, we had
developed a classical resolution method using quini-
dine, to rapidly provide material for early clinical
trials.25 Looking at the structure of the imidazole
containing acrylic acid, it was felt that competitive
binding to the heterocyclic group could impede any
hydrogenation reaction and it was not obvious which
substrate would be optimal. Seven substrates were
investigated, and for six of these, ruthenium-based
catalysts were preferred; however, none were suitable
for scale-up because of low activity. A further study of
a quinidine salt of the acrylic acid indicated that
rhodium-based catalysts were of utility, and a process
was developed using [(R,R)-iPr-5-Fc Rh(COD)]BF4


(Scheme 7). This did not give as high of an ee as other
rhodium catalysts, such as [(R,R)-tBu-FerroTANE
Rh(COD)]BF4 (62 versus 82% ee), but was far more
active.25 This process was scaled by Pfizer to produce
in excess of 20 kg of the desired drug candidate. Such
work clearly demonstrates the complementary need for
activity and selectivity when developing a manufactur-
ing-scale process using asymmetric hydrogenation.


Scheme 5. Asymmetric Hydrogenation of a Cyclic Enamide Scheme 6. Asymmetric Hydrogenation of Diphenylalanine


Scheme 7. Integration of Asymmetric Hydrogenation and Classical
Resolution
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Synthesis and Asymmetric Hydrogenation
Applications of Ruthenium Catalysts
Ruthenium complexes have a long history in the large-
scale application of asymmetric catalysis, including asym-
metric hydrogenation. The advent of BINAP catalysts in
the early 1980s led to a range of applications, including
rhodium-catalyzed isomerization and dehydroamino acid
hydrogenation.2 Further research demonstrated that BI-
NAP ruthenium catalysis was particularly effective in keto-
ester hydrogenation and homoallylic alcohol hydrogena-
tion.2 Probably the most significant addition to asym-
metric hydrogenation reactions developed in recent years
is Noyori’s work on simple ketones.26 In a landmark
publication, Noyori was able to isolate a stable complex
containing both the bisphosphine and the diamine coor-
dinated to ruthenium.27 Such catalysts proved highly
effective in the hydrogenation of aryl ketones, far surpass-
ing any combination of bisphosphine ruthenium complex
and additives previously reported. In December 2000,
Chirotech was granted a license from the Japan Science
and Technology Corporation for this technology, and we
have since implemented several manufacturing processes
for chiral alcohols and amines.


As part of our on-going strategy of in-licensing and
developing new technologies, we also obtained a license
for the PhanePhos ligands and catalysts developed by Pye
and Rossen at Merck Research Laboratories.28 The Pha-
nePhos ligand is a triaryl phosphine that offers similar
electronic properties to other phosphines, such as BINAP,
but differs significantly in its geometrical constrains.
Noyori had already shown that, to achieve high selectivity
and reactivity for a wide a range of substrates, bulky
ligands, such as Xylyl-BINAP,29 are essential. We have
established that [Xylyl-PhanePhos RuCl2 DPEN] provides
a catalyst system that achieves equal selectivities and
activities to those obtained by Noyori with [Xylyl-BINAP
RuCl2 DAIPEN] but with a cheaper and more readily
available diamine. Furthermore, we were also able to
achieve very high catalyst utility at modest hydrogen
pressures and ambient temperatures.30


Prior to our work in this field, [diphosphine RuCl2


diamine] precatalysts were typically prepared by the
procedures of Noyori,27 whereby the requisite ligand was
reacted with an [(arene)RuCl2]2 in N,N-dimethylforma-
mide (DMF) at 100 °C followed by treatment with a
suitable diamine, typically DPEN, DACH, or DAIPEN, to
yield the required complex. The published methods were
found to be adequate for the synthesis of initial screening
and process development quantities; however, we ob-


served that the application of this methodology to certain
ligand systems gave rise to a significant degree of byprod-
uct formation. Because these precatalysts contain both
valuable chiral phosphines and chiral diamines, the
development of a mild, facile, and broadly applicable
generic protocol was essential to the successful develop-
ment and application of this technology.


Our investigations into alternative [diphosphine RuCl2


diamine] precatalyst syntheses surprisingly indicated that
we could routinely generate the desired compounds in
an exceptionally mild and efficient fashion when an
isolated [(diphosphine)(arene)RuCl] complex was reacted
with the requisite diamine at moderate temperatures in
an ethereal solvent (Scheme 8). Thus, we have developed
a new synthetic protocol that is directly applicable to a
wide array of ligand systems to routinely yield >95% of
the desired complexes (Figure 6).31


Operating these hydrogenation processes is relatively
straightforward; the only significant difference from a
standard asymmetric hydrogenation is the need for a
strong base, usually potassium tert-butoxide, to activate
the catalyst. For substrates, such as acetophenone deriva-
tives, workup consists of treating the excess butoxide with
a stoichiometric amount of acid, screening out the result-
ing salt, and distillation of the product.32 It is possible to
run these reactions neat, but reactions become increas-
ingly sluggish in the absence of solvent and enantiose-
lectivity drops markedly. However, even with only 1 or 2
equiv. of solvent, the reaction performs well. These
hydrogenations serve as a further example of the impor-
tance of substrate purification on catalyst loading. For
example, in the case of 4′-fluoroacetophenone, com-
mercially purchased material showed essentially no activ-
ity. After passing through a wiped film evaporator, the
reaction was successfully executed at a S/C of 100,000,
with complete conversion in 2 h (Scheme 9).


In our hands, this technology transfers readily from
the laboratory to the plant and we have developed
multiple asymmetric ketone hydrogenation processes
using [HexaPHEMP RuCl2 diamine] and [PhanePhos
RuCl2 diamine] precatalysts on a multi-100 kg scale,
typically achieving S/C loadings in the 12,000–25,000
molar range. Using moderate pressure (30–50 psi) and
temperatures (25–40 °C), reactions are generally com-
plete within 4 h.


In addition to developing many asymmetric ketone
hydrogenation processes, we were one of the first groups
to report the use of [diphosphine RuCl2 diamine] pre-
catalysts for the asymmetric hydrogenation of imines.33


Scheme 8. Optimized Synthesis of [(R)-HexaPHEMP RuCl2 (R,R)-DPEN]
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This technology was applied to the asymmetric hydroge-
nation of a N-sulfonylimine substrate for the manufacture
of S 18986, an R-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) receptor positive modulator.34 For this
substrate, the proportion of base proved critical; between
0.8 and 1.5 equiv were required to effect full conversion,
and higher temperature and pressures than those em-
ployed for ketone hydrogenation were also needed (Scheme
10). S 18986 was isolated in 87% ee but was readily
upgraded to >99% ee by a recrystallization from aceto-
nitrile, which also usefully removed the ruthenium metal
to acceptable levels.


In addition to applying ruthenium catalysts to the
hydrogenation of ketone and imines, we have also
investigated the asymmetric hydrogenation of acrylate
derivatives. We have developed an efficient process for
the manufacture of (R)-3-tetrahydrofuroic acid using
(S,S)-i-Pr-DuPhos Ru (TFA)2 (Scheme 11). It was readily
demonstrated that a S/C of 6000 could be achieved and,
furthermore, that the ruthenium complex could be
readily fabricated on a suitable scale. The combination


of readily available ligand, easily accessible and stable
metal complex, and a robust hydrogenation reaction
allowed the process to be rapidly scaled-up into the
pilot plant.


As for the Rh precatalyst synthesis described earlier,
selection of an appropriate precursor to use in ruthe-
nium-based catalysis is extremely important. Early work
with BINAP focused on the use of BINAP Ru(OAc)2


complexes or “BINAP Ru(halide)2” generated from the
acetate and a halogen source. Cationic [RuX(bisphos-
phine)(arene)]+ Y- complexes are generally stable
complexes that are easily isolated and can serve as
useful catalyst precursors;35 unfortunately, they can
require fairly high temperatures to work efficiently.
Ruthenium bis(methylallyl) complexes were shown to
effect catalysts for acidic substrates, such as tiglic acid,36


or as a precursor to the in situ-generated halide
complex.37 However, in our hands, these complexes are
of marginal stability and are thus challenging to use on
a practical basis. The ruthenium bistrifluoroacetate
complexes can be made by displacing the methylallyl
groups with trifluoroacetic acid or directly from the
dimeric (COD)2Ru2(CF3CO2)4 species.38 With such a
wide range of potential catalyst precursors available,
with each one based on a variety of synthetic routes,
selection of the most appropriate precursor complex for
a given chiral ligand can be a protracted process. Again,
as for Rh-based catalysts, we routinely investigate routes


FIGURE 6. [Diphosphine RuCl2 diamine] precatalysts synthesized in >95% yield.


Scheme 9. Asymmetric Hydrogenation of 4′-Fluoroacetophenone


Scheme 10. Asymmetric Hydrogenation of a N-Sulfonylimine


Scheme 11. Asymmetric Hydrogenation Process for 3-Furoic Acid
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to provide an easily isolatable, stable, and pure
precatalyst.


Conclusions
Asymmetric hydrogenation has come a long way over the last
4 decades. It is now an accepted method for the manufacture
of a wide range of chiral compounds in the pharmaceutical,
agrochemical, fragrance, and fine-chemical industries. Enan-
tiomerically enriched amino acids, amines, acids, esters, and
alcohols are all routinely produced on commercial scales using
this “atom economical”, scaleable, and robust technology. We
have demonstrated that we can manufacture both rhodium-
and ruthenium-based metal precatalysts for use in asymmetric
hydrogenation processes and have reviewed some applications
of our technology. With the technology now fully established,
we expect to see many more examples of asymmetric hydro-
genation being applied in the manufacture of chiral compounds.


This work was carried out over the past 12 years at Chiroscience,
Chirotech, and now Dowpharma. It has been a very exciting and
rewarding journey, from obtaining a license for the DuPhos
technology in 1995 to developing the broad asymmetric hydroge-
nation portfolio that we have today. All of this would not have
been possible without the hard work, intellect, and technical skills
of a wide range of people; many are co-authors in our publications
cited in this Account. In particular, we acknowledge Mark Burk
for his leadership of the chemocatalysis team from 1996–2000,
which provided the foundation for future commercial successes.
Furthermore, we acknowledge Ray McCague for his intellectual
contributions and foresight in identifying potential substrate
classes.
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ABSTRACT
Recent development of conceptually new chiral bifunctional transi-
tion metal based catalysts for asymmetric reductive transformations
is described. The chiral bifunctional molecular catalyst promoted
reduction is now realized to be a powerful tool to access chiral
compounds in organic synthetic procedures in both academia and
industry. Based on structural investigation of the actual catalyst
and its intermediates and a deep understanding of the reaction
mechanism, this asymmetric reduction system can be widely used
to produce valuable chiral alcohols and is now is applicable to
commercial scale production.


Introduction
Asymmetric transfer hydrogenation of ketones and imines
with chiral molecular catalysts is now realized to be one
of the most powerful, practical, and versatile tools to
access chiral alcohols and amines in organic synthesis
because of its excellent selectivity, operationally simplicity,
and wide substrate scope.1 The selectivity in terms of
stereo-, chemo-, and regioslectivity are often different
from well-established asymmetric hydrogenation systems;
therefore, asymmetric transfer hydrogenation may comple-
ment sophisticated asymmetric hydrogenation and other
practical reduction systems.


The first report of a catalytic asymmetric transfer
hydrogenation was by Doering and Young2 who demon-
strated an asymmetric version of the Meerwein–Pondor-
f–Verley (MPV) reduction of ketones using a chiral alcohol,


(S)-2-butanol or (S)-3-methyl-2-butanol, in the presence
of rac-aluminum alkoxides giving chiral alcohols with
5.9–22% ee. Although the degree of enantioselection was
not practically meaningful, these results strongly suggested
that the hydrogen transfer proceeds through a six-
membered transition state as shown in Scheme 1. Since
then, there have been many chiral catalyst systems for the
asymmetric reduction of ketones; however, notable suc-
cesses have been limited to some transition metal and
lanthanoid complexes reported by Pfalz for an Ir system,
Genêt for a Ru system, Lemaire for a Rh complex, and
Evans for a Sm system.1a In addition, Shvo and co-workers
successfully developed the elegant and effective cyclo-
pentadienyl ruthenium catalyst system for ketone reduc-
tion, in which hydrogen transfers in a concerted pathway.3


In 1995, Noyori and Ikariya and co-workers found a
prototype of a conceptually new chiral Ru catalyst bearing
N-sulfonylated 1,2-diamines and amino alcohols as chiral
ligands for highly efficient asymmetric transfer hydroge-
nation of ketones and imines.4 This finding inspired
intense effort to extend the concept of the molecular
catalyst and to explore new catalyst systems in academia
and industry. In particular, Wills’ tethered catalyst5 and
Carpentier, Wills, Andersson, and van Leeuwen’s catalyst6


with amino alcohol ligands are noteworthy catalyst sys-
tems because of their excellent catalytic performance.
Detailed structural investigation on the real catalysts and
a deep understanding of the mechanism of the hydrogen
transfer revealed that excellent catalyst performance can
be attributed to an amphiphilic property based on a
metal/NH acid–base synergy in the active catalysts.1a,e,7


Figure 1 lists some representative examples of well-defined
bifunctional molecular catalysts. The reductive transfor-
mation with the bifunctional catalyst is characterized by
high efficiency, a wide applicability, and practicality,
which enables the catalyst system to develop successively
into more general concepts for asymmetric molecular
transformation.1e In this Account, we focus mainly on our
recent progress in asymmetric transfer hydrogenation of
functionalized ketones with bifunctional molecular cata-
lysts based on ruthenium, rhodium, and iridium com-
plexes bearing chiral diamine ligands as well as its
commercial applications.1f
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Scheme 1. Asymmetric Meerwein–Ponndorf–Verley Reduction
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The Unique Mechanism of Hydrogen Transfer
with Bifunctional Catalysts
Based on detailed structural analysis of the real catalyst
and catalyst intermediate, both in the solid state and in
solution, the real active catalyst, an amido Ru complex,
has a 16-electron square-planar geometry, which has an
intermediate bond length between the single and triple
bond for the Ru–N bond.8 Thanks to the nature of Ru–N
bond, the amido Ru complex readily dehydrogenates
2-propanol to produce an amine hydrido Ru complex as
a single diastereomer (Scheme 2). The resulting amine
hydrido Ru complex has a coordinatively saturated octa-
hedral configuration around the Ru center with a δ-con-
figured five-membered N–N chelate ring. The NH unit
bound to metal center exhibits a sufficiently acidic
character to activate ketones. These unique structures of
the real catalysts are responsible for the bifunctional
molecular catalysis. During the interconversion of the
amido and amine hydrido Ru complexes, the hydrogen


transfer between alcohols and carbonyl compounds oc-
curs reversibly.


Ketone transfer hydrogenation with this system is
characterized by an unprecedented unique reaction mech-
anism, which is different from the concerted mechanism
for the aluminum alkoxide mediated MPV reduction,2,9


and the conventional insertion mechanism with transi-
tion-metal hydride species generated from the alkoxide
complexes.1a Careful kinetic studies and isotope labeling
experiments,8,10b as well as computational analysis,11 have
confirmed that the bifunctional-catalyst-promoted hy-
drogen transfer between alcohols and ketones occurs
reversibly through a six-membered pericyclic transition
state.7,12 The NH unit forms a hydrogen bond with the
carbonyl oxygen atom to stabilize the transition state.
Therefore, the presence of an NH moiety in the ligands is
crucially important to determine the catalytic performance
of the bifunctional catalysts.4,7 An important and unprec-
edented aspect is that the carbonyl compound does not
interact directly with the metal center for its own activa-
tion. A similar mechanism for the proton and hydride
transfer to the ketone is proposed in Shvo’s catalyst,
[2,3,4,5-(C6H5)4(η5-C4COH)]RuH(CO)2, mediated transfer
hydrogenation of ketones.3,10a,13,14


2-Propanol and formic acid can be used as very cheap
hydrogen sources. 2-propanol is a particularly safe, non-
toxic, and environmentally friendly hydrogen source.
Although the reactions with the chiral Ru catalysts in
2-propanol give satisfactory results in terms of both
reactivity and selectivity,1a,b an inherent drawback of the
reaction is the reversibility, leading to limited conversion
that is determined by thermodynamic factors of the
system. As a result of the reversibility, there is a serious
decrease in the enantiomeric purity of the products upon
long exposure of the reaction mixture to the catalyst.4e


Thus, the overall efficiency of the forward reaction is
strongly dependent on the structures of the ketonic
substrates and redox properties of product alcohols.


On the other hand, the use of formic acid, a formal
adduct of H2 and CO2, for asymmetric reduction can
overcome the drawbacks of the reaction in 2-propanol,
leading to irreversible kinetic enantioselective transfer
hydrogenation with, in principle, 100% conversion.4d In
contrast to the concerted process with 2-propanol, the


FIGURE 1. A prototype and representative modified bifunctional
chiral Ru, Rh, and Ir complexes.


Scheme 2. Interconversion of the Amido and the Amine Hydrido Ru
Complex via a Possible Six-Membered Transition State.
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reaction of HCO2H with the amide complex proceeds in
a stepwise manner via a deprotonation of formic acid
followed by formation of an ion pair intermediate, leading
to the kinetically favorable formate complex (Scheme 3).15


The resulting formate complex gives rise to the amine
hydrido Ru complex through the decarboxylation of the
intermediate. Notably, this hydrido Ru complex rapidly
reacts with CO2 to regenerate the formate complex and
efficiently catalyzes the hydrogenation of CO2 to give
formic acid, in which the CO2 molecule can be activated
by the M/NH bifunctional moiety, as observed in the
ketone reduction (Scheme 3).4 On account of the revers-
ibility, the CO2 generated in the asymmetric reduction
with formic acid should be effectively removed from the
catalyst system.


Asymmetric Transfer Hydrogenation of Simple
Aromatic Ketones with the Bifunctional
Catalysts
The concept of the bifunctional catalyst developed for the
chiral η6-arene-Ru complexes, RuCl(Tsdpen)(η6-arene),
has been successfully extended to chiral η5-pentameth-
ylcyclopentadienyl-Ru,16Rh,andIrcomplexes,Cp*MCl(Tsdpen)
(Tsdpen: N-(p-toluenesulfonyl)-1,2-diphenylethylenedi-
amine, Cp* ) η5-C(CH3)5, M ) Rh, Ir; Figure 1),17 which
have a structure isoelectric to the arene-Ru complex.
These complexes serve as highly efficient catalysts for
asymmetric transfer hydrogenation of simple alkyl aryl
ketones.1a,e Table 1 summarizes some examples of the
bifunctional catalysts for asymmetric reduction of ac-
etophenone.18 Chiral N-tosylated diamines, �-amino al-
cohols, diamines, and amino phosphines serve as excellent
ligands and lead to high reactivity and enantioselectivity
in these asymmetric reactions.1e


The reactivity and enantioface selectivity of the chiral
Ru complex, RuCl(N-tosylated diamine)(η6-arene), are the
consequences of compromise between the steric and
electronic factors of the arene and N-tosylated diamine
ligands. The reactivity decreases in the order benzene >
p-cymene, mesitylene > hexamethylbenzene probably due
to steric reasons. Although a wide range of N-sulfonylated
diamines has been examined for the asymmetric reduc-
tion, only a small change in the enantioselectivity of the
reaction is observed. In general, the ArSO2 group in the
diamine is important for attaining high reactivity.


It is noteworthy that the ligand modification by linking
the amine ligand to the arene or cyclopentadienyl (Cp)


ligands (Figure 1) causes a drastic change in the catalyst
performance; in particular, the reactivity is significantly
improved possibly due to an increase in the stability of
the three leg piano stool structured Ru hydride complex.5


Asymmetric Transfer Hydrogenation of
Functionalized Aromatic Ketones with
Bifunctional Catalysts
Among the notable features of this asymmetric transfer
hydrogenation with bifunctional catalysts is the carbonyl
group selectivity. As a result of the coordinatively saturated
nature of the amine hydrido Ru complex (Scheme 2), the
reaction proceeds chemoselectively without the interfer-
ence of amino, ester, hydroxyl, carbonyl, sulfido, sulfone,
nitro, azide, and chloride groups, neither furan, thiophene,
and quinoline rings, nor the olefinic linkage. For example,
a reaction of the keto esters with a mixture of HCO2H/
N(C2H5)3 containing Ru-Tsdpen complexes gives the
corresponding chiral alcohols with moderate to excellent
ee’s (Scheme 4).1a,19 Benzoylacetate esters and �-keto
esters bearing phenyl substitutents are also efficiently
reduced with 2-propanol containing chiral Ru complexes
having a chiral �-amino alcohol, (1S,2R)-ephedrine, to give
chiral alcohols with up to 94% ee. �-(3,4-Dimethoxyphe-
nyl)serine methyl ester is obtainable in high diastereo-
meric and enantiomeric excesses from similar stereose-
lective transfer hydrogenation of �-keto-R-methylamino
acid ester with a mixture of HCO2H/N(C2H5)3 and chiral
arene-Ru catalysts bearing an N-perfluorosulfonyl-1,2-
diamine ligand.20 Notably, 2-acylbenzoates are success-
fully reduced by an isolable Ru-Tsdpen amide complexes
to chiral phthalides with up to 97% ee, which are
intermediates of several alkaloids (Scheme 5).1c


Asymmetric reduction of 1,2-diketones, for example,
benzils, is noteworthy since these are not easily reduced
by the currently available hydrogenation catalysts, Ru-
BINAP complexes, Ru2Cl4[(R)-tolbinap]2·(C2H5NH2),21


RuCl2[(R)-binap][(R,R)-dpen].7 Asymmetric reduction of
1,2-diaryldiketones with the chiral Ru-p-cymene complex
in a mixture of HCO2H/N(C2H5)3 gives the chiral 1,2-diols
with an excellent ee (Scheme 6).22


The outcome of the asymmetric reduction of benzils
relies strongly on the property of the benzoin intermedi-
ates as well as the enantiomeric discrimination of the
chiral Ru complex. A reaction of racemic benzoin with the
(S,S)-Ru catalyst gives (R,R)-diol with >99% ee at the early
stage of the reaction (4% yield), while after 24 h, a chiral
diol with the same de’s and ee’s as observed at the initial
stage of the reaction is quantitatively obtainable, indicat-
ing that the reaction proceeds through a dynamic kinetic
resolution (DKR) of the intermediary benzoin (Scheme
7).22b Thus, the asymmetric reduction of 1,2-diketones
with the chiral bifunctional Ru catalyst is characterized
by high practicability and high selectivity. Enantiomeri-
cally pure (R,R)-hydrobenzoin is obtainable on a 100 g
scale reaction by simple evaporation of triethylamine,
washing with water, and crystallization from ethanol.


Scheme 3. A Possible Mechanism for the Reaction of the Amido Ru
with Formic Acid
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On the other hand, asymmetric reduction of unsym-
metrically substituted 1,2-diketones with the chiral Ru
catalyst gives a partly reduced chiral R-hydroxy ketone at
lower temperature (10 °C), in which the reduction occurs
at the less hindered carbonyl group of the diketone for
steric reasons.22c At higher temperature (40 °C), full
reduction of the diketones produces chiral anti-1,2-diols


with an excellent ee. This method can be applied to access
(1R,2S)-1-(4′-methoxyphenyl)-1,2-propanediol (98% ee),
which is a major metabolite of trans-anethole in the rat
(Scheme 8).


Similarly, asymmetric reduction of 2-methyl-1,3-
diketones with the (S,S)-Ru catalyst proceeds smoothly via
DKR of the ketones to give preferentially the syn isomers
of chiral �-hydroxy ketones with a range of 88–98% ee
(Scheme 9),23 while the reaction of 1,3-diphenylpropane-
1,3-dione produces the corresponding chiral diol with 99%
ee and in 99% yield (dl/meso ) 94:6). The reduction of


Table 1. Asymmetric Transfer Hydrogenation of Acetophenone with Bifunctional Catalysts


catalyst hydrogen source S/C yield, % % ee ref


RuCl(Tsdpen)(mes) HCO2H/N(C2H5)3 200 >99 98 4d
RuCl(Tsdpen)(p-cym) HCO2H/N(C2H5)3/H2O 1000 >99 96 34
RuCl(Tsdpen)(p-cym) HCO2Na/H2O/CTAB 100 99 95 39a
RuCl(Csdpen)(p-cym) HCO2Na/H2O 1000 95 96 40
Cp*RhCl(Csdpen) HCO2Na/H2O 1000 89 99 40
Cp*IrCl(Csdpen) HCO2Na/H2O 1000 97 98 40
tethered Ru, 4a HCO2H/N(C2H5)3 200 >99 96 5a
tethered Ru, 4b HCO2Na/H2O 200 100 96 5b
tethered Rh, 4c HCO2Na/H2O 200 100 98 5c
immobilized RuCl(Tsdpen) HCO2H/N(C2H5)3 100 >99 97 36a
dentridic RuCl(Tsdpen) HCO2H/N(C2H5)3 95 97 36c
H2O-soluble RuCl(5b)(p-cym) HCO2Na/H2O 200 >99 95 39b
RuCl(Tscydn)(p-cym) HCO2Na/H2O 1000 99 85 38a
Cp*RhCl(Tscydn) HCO2Na/H2O 1000 >99 95 38a
Cp*IrCl(Tscydn) HCO2Na/H2O 1000 99 93 38a


RuCl(Tsdpen)(mes)/base 2-propanol 200 95 97 4a
RuCl2[P2(NH)]2, (6)/base 2-propanol 200 93 97 4c
RuCl[(1R,2S)-1](hmb)/base 2-propanol 200 94 92 4b
RuCl(3)(p-cym)/base 2-propanol 200 92 94 6c
RuCl(2)(p-cym)/base 2-propanol 100 70 91 6b
tethered Ru, 4b/base 2-propanol 200 >99 96 5a
Cp*RhCl(Tsdpen)/base 2-propanol 100 80 90 17b
Cp*RhCl(Tscydn)/base 2-propanol 200 85 97 17c
Cp*IrCl(Tscydn)/base 2-propanol 200 36 96 17c
H2O-soluble RuCl(5a)(p-cym) 2-propanol 100 96 94 39c
RuHCl(xylbinop)(dpen), (7)/base 2-propanol 100 97 92 18a
RuH(BH4)(xylbinop)(dpen), 8 2-propanol 100 92 93 18b


Scheme 4. Asymmetric Reduction of Benzoylacetate Esters and
�-Keto Esters


Scheme 5. Asymmetric Reduction of 2-Acylbenzoates to Chiral
Phthalides


Scheme 6. Asymmetric Reduction of Benzils with Chiral Ru
Catalysts


Scheme 7. DKR of rac-Benzoin with Chiral Ru Catalyst
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1,3-pentanedione gives no reduction product under the
same conditions.24,25


Another valuable class of functionalized ketones is
acetophenones bearing a functional group at the R-posi-
tion. The reactions of acetophenones bearing CN, N3, and
NO2 with a mixture of HCO2H/N(C2H5)3 containing the
chiral Ru catalysts smoothly proceed to give the corre-
sponding chiral alcohols with an excellent ee (Scheme
10).24 These alcohols can be easily transformed by the
conventional reduction of the functional groups to chiral
�- and γ-amino alcohols with high ee.


R-Chlorinated acetophenones are also reducible with
chiral bifunctional catalysts. Notably, a chiral Cp*Rh
complex, Cp*RhCl[(R,R)-Tsdpen],17c is the most reactive
catalyst for the asymmetric reduction of a variety of ring-
substituted R-chloroacetophenones (Scheme 11).26 The
reduction with an azeotropic mixture of HCO2H/N(C2H5)3


and the Rh catalyst proceeds rapidly to give almost
quantitatively the corresponding chiral alcohol with 96%
ee and an initial turnover frequency (TOF) exceeding 2500
h-1 (0.7 s-1). The use of a tethered Ru catalyst gives
significant improvement in the reactivity; the reaction with
a S/C ) 200 gives the reduction product quantitatively
with 95% ee after 1.5 h.5d Polymer-supported chiral Ru
complexes also provide satisfactory results in terms of the
selectivity and reactivity.27


Chiral 2-chlorophenylethanol is easily convertible to
chiral styrene oxide with NaOH in water without loss of
ee. A more appealing feature is that one-pot synthesis of
chiral styrene oxide can be performed by sequential
asymmetric reduction of chloroacetophenone with the


chiral Rh in 2-propanol and treatment of its reaction
mixture with NaOH aqueous solution, leading to the
desired products in an isolated yield of 80–90% with
96–98% ee in a single reactor (Scheme 12). For example,
(S)-m-chlorostyrene oxide, which is a key intermediate for
the preparation of several �3-adrenergic receptor agonist
compounds, is easily obtained from one-pot procedure.


Asymmetric reduction of enantiomerically enriched
aliphatic chlorinated ketones bearing another stereogenic
center is also promising to provide access to valuable
chiral alcohols (Scheme 13).28 Even commercially available
reagents and solvents can be used in this reaction without
special purification. The chiral Rh complex catalyzed
reduction of N-substituted (3S)-3-amino-1-chloro-4-phen-
yl-2-butanones gives the desired corresponding diaster-
eomeric alcohols in excellent yields with high de’s. With
Cp*RhCl[(S,S)-Tsdpen] as a catalyst, the (2S,3S)-alcohol
can be obtained with an excellent de, while the enantio-
meric (R,R)-Rh catalyst gives rise to the (2R,3S)-alcohol
(Scheme 14). A sequential asymmetric reduction of N-(tert-
butoxycarbonyl)-(3S)-3-amino-1-chloro-4-phenyl-2-bu-
tanone with a mixture of HCO2H/N(C2H5)3 in 2-propanol


Scheme 8. Reduction Products of Unsymmetrically Substituted
1,2-Diketones


Scheme 9. Asymmetric Reduction of 2-Alkyl-1,3-diketones


Scheme 10. Asymmetric Reduction of Acetophenones Bearing CN,
N3, and NO2 Groups


Scheme 11. Asymmetric Reduction of Ring-Substituted
r-Chloroacetophenones with Chiral Catalysts


Scheme 12. One-Pot Procedure for Synthesis of Chiral Epoxide


Scheme 13. Asymmetric Reduction of Aminoalkyl Chloromethyl
Ketones with (R,R)-Rh Catalyst
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containing the (S,S)-Rh catalyst and treatment of the
reaction mixture with 1 M NaOH aqueous solution at 0
°C give (2S,3S)-N-(tert-butoxycarbonyl)-3-amino-1,2-epoxy-
4-phenylbutane with 90% de as crystals after the addition
of water. These chiral epoxides serve as potential chiral
building blocks for synthesis of pharmaceuticals such as
inhibitors of HIV protease and �-secretase in Alzheimer’s
disease.28


Sulfur- or oxygen-containing ketones are also reducible
with a mixture of formic acid and triethylamine containing
chiral Ru catalyst to the corresponding chiral alcohols with
97–99% ee (Scheme 15).1a The resulting chiral alcohols are
key intermediates for synthesis of MK-0417, a carbonic
anhydrase inhibitor. In a similar manner, asymmetric
reduction of acetylpyridine and its derivatives bearing an
electron-withdrawing group at 10 °C gives chiral pyridyl-
ethanols in almost quantitative yield and with up to 92%
ee (Scheme 15),29 one of which is an intermediate of PNU-
142721, a potent anti-HIV medicine. A tethered version
of the Ru catalyst is also highly effective for asymmetric
reduction of heteroaromatic ketones.5d The reaction of
2,6-diacetylpyridine with a mixture of HCO2H/N(C2H5)3


(8.6:5.2) gives a chiral diol with 99.6% ee in 91% yield.
R,�-Acetylenic ketones are also readily reducible to


chiral propargylic alcohols with an excellent ee and in


good yield (Scheme 16).4f Both aryl- and alkylethynyl
ketones are reducible with 2-propanol containing the
(S,S)-Ru catalyst. The precursor of the lower side chain
unitofprostaglandins,(S)-or(R)-alcohol,(CH3)3SiCtCCH(n-
C5H11)OH,1a can be prepared by this method. The asym-
metric reduction of chiral acetylenic ketones with a pre-
existing stereogenic center leads to diastereomeric prop-
argylic alcohols. Using (R,R)- or (S,S)-catalyst for the
reduction of the (S)-ketone with 98% ee leads to (3S,4S)-
alcohol in 97% yield and with >99% ee and (3R,4S)-isomer
in 97% yield and with >99% ee, respectively (Scheme 16).
In a similar manner, relatively complex ketones bearing
chiral centers can be reduced with excellent diastereose-
lectivity.30


Catalytic Asymmetric Transfer Hydrogenation
Used in Industry
Catalytic asymmetric transfer hydrogenation is being
increasingly used in industry because of its selectivity,
efficiency, scope, simplicity, and economic viability.1f


There are new developments in catalyst design, hydrogen
donor, solvents, reactor, and substrate scope. In general,
recent aims have been to improve catalyst turnover and
selectivity, either through more active catalysts or ones
that can be recycled, to enable lower costs and higher
purity products, as well as more productive, less wasteful
processes.


The most widely used or privileged precatalysts used
in industry are the RuCl(Tsdpen)(p-cymene) or Cp*MCl-
(Tsdpen) (M ) Rh, Ir) (Figure 1). An example of their
industrial use is the intermediate of herbicide (S)-
MA20565, (S)-1-(3-trifluoromethylphenyl)ethanol, in 91%
ee using the Ru catalyst and both the 2-propanol and
HCO2H/N(C2H5)3 systems developed by Okano’s group
(Scheme 17).29,31 The use of optimal equimolar ratio of
HCO2H/N(C2H5)3 enabled an S/C of 5000/1 with TOF of
167 h-1, and the reaction was operated at the 100 kg scale.
The reversibility of the 2-propanol system, and hence the
slow erosion of optical purity, is overcome by distilling
acetone/2-propanol from the system. Of note are the mesh
or microchannel and rotating disk reactors that efficiently
remove acetone and provide high and consistent optical
purities of the products.32 The mesh reactor employs a
selective ceramic membrane that allows acetone and
2-propanol to pass and sets-up the reaction for continuous
flow operation. The rotating disk reactor generates a high
surface area thin film of reaction media from which the
acetone can be efficiently stripped.


Scheme 14. One-Pot Synthesis of Chiral Epoxides


Scheme 15. Asymmetric Reduction of Heteroaromatic Ketones with
the Bifunctional Catalyst


Scheme 16. Asymmetric Reduction of r,�-Acetylenic Ketones
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Other studies have found that different optimal ratios
of formic acid and triethylamine are of critical importance,
as is the cosolvent, because this affects particularly the
pKa of formic acid.1f,33 Statistical experimental design,
varying catalyst, solvent, hydrogen donor, and mode of
addition, is probably the best means of determining the
optimal process. A noteworthy observation is that sparging
nitrogen gas through the reaction solution resulted in a
faster reaction rate and higher yields. It is now understood
that this may at least in part be a result of the unexpected
complexation or reduction of CO2,15 and using Le Chá-
tellier’s Principle removing the CO2 prevents the back-
reaction and shifts the equilibrium toward product forma-
tion. If excess formic acid is used in the reaction, this is
slowly decomposed by the catalyst to CO2 and H2, which
becomes more obvious when the substrate has been fully
reduced. While bubbling nitrogen through a round-
bottomed flask in the laboratory is effective at removing
the unwanted gases including CO, when faced with
operating at large scale, this presents an unusual set of
issues, including defining the rate of gas sparge, the mixing
required, and the avoidance of solvent stripping. The
scaling-up of a reaction in which there is a gaseous second
phase is nonlinear; in this case factors such as the liquid
depth and mixing affect the ability to scrub both H2, CO,
and CO2. Optimization of reaction conditions including
the gas flow rate and mixing is required to attain the
maximum catalyst performance in the reaction.


Another industrial application is the synthesis of the
pharmaceutical intermediate (R)-1-(3,5-bistrifluorometh-
ylphenyl)ethanol used in a variety of NK1 antagonists, for
example, as antiemetics (Scheme 18). This chiral alcohol
has been prepared using each of the Ru-, Rh-, and
Ir-based catalysts. The strong electron-withdrawing groups
on the aromatic ring appear to have eluded attempts to
prepare it with >99% ee, although this has been achieved
using asymmetric molecular hydrogenation and dehydro-
genase catalysts. A method to improve the ee value from


91% to >99% has been developed by Merck using asym-
metric transfer hydrogenation with TsCYDN-Ru catalyst,
followed by cocrystallization of the product alcohol with
DABCO.34 NPIL Pharma has developed successfully a
hundreds of kilograms scale production of a derivative
chiral secondary amine, with the opposite stereochemis-
try, which can be prepared from the corresponding chiral
alcohol by Walden inversion of mesylated alcohol (Scheme
19).35a The process has been extended to produce other
primary, secondary, and tertiary amines35b,c and might be
more efficient than asymmetric transfer hydrogenation of
the imine or related reductive amination of the ketone,
due to higher selectivities and productivities. Other reac-
tions that have been operated at large scale include a
variety of phenacylhalides used in styrene oxides and
�-amino alcohols, N-substituted (3S)-3-amino-1-chloro-
4-hydrocarbyl-2-butanones described above that are used
in HIV protease inhibitors, and 3-oxo-3-thien-2-ylpro-
panenitrile that can be used in the selective norepineph-
rine- and serotonin-reuptake inhibitor, duloxetine.35d


Immobilized Catalysts
There have been a number of studies in which ligands
have been attached or bound to polymeric material to
provide an immobilized asymmetric transfer hydrogena-
tion catalyst.27,36 The advantages of heterogeneous cata-
lysts are that they are easily separable from the product
and can be recycled such that economic and product
quality benefits ensue. These should be realized through
a high number of recycles that offsets the cost of the
immobilized catalyst, along with metal levels that are
below the industry guidelines of 10 ppm. Unfortunately,
most examples illustrate the lability of the metal and
polymer-supported ligand, especially with the Cp*Rh and
Cp*Ir complexes, which has frustrated many attempts to
have a highly active, selective, and recyclable immobilized
catalyst by tethering through the ligand.


Use of Water as Reaction Medium
The use of water is particularly attractive because it has
the potential of generating less process waste, is safer to
operate, and is low cost. The standard arene-Ru and
Cp*Rh and Cp*Ir catalysts are insoluble in water but are
nevertheless stable in the presence of water because of
the reversibility of the reaction of the amido complex with
H2O giving the amine hydroxo metal complex.37 The


Scheme 17. Large Scale Asymmetric Reduction Used To Produce an
Agrochemical


Scheme 18. Large Scale Asymmetric Reduction Used To Produce a
Pharmaceutical Intermediate


Scheme 19. Efficient Large Scale Process Used To Produce Chiral
Amines
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hydrogen donor, HCO2Na or HCO2H/N(C2H5)3, can be
used in the aqueous phase with catalyst dissolved in a
second immiscible phase.38,39 For example, asymmetric
transfer hydrogenation of aryl ketones with HCO2Na in
water containing the chiral Csdpen complexes of Ru, Rh,
or Ir (Csdpen ) N-camphorsulfonyl-1,2-diphenylethyl-
enediamine) proceeds smoothly to give the corresponding
chiral alcohols with excellent ee. Of particular note is that
the Ir-(R,R,R)-Csdpen complex is an efficient catalyst for
the reduction of a wide range of ketones, giving the
product with up to 98% ee at 40 °C.40


The process has been used to reduce a variety of
ketones at >100 kg scale with high selectivity and ef-
ficiency. Alternatively water-soluble ligands with either a
sulfonate group on the N-arylsulfonamide of the diamine
or a sulfonate on the phenyl groups of diphenylethylene-
diamine (Figure 1) can be used to provide water-soluble
catalysts.39b,c


Summary and Outlook
This Account has described recent advances in chemistry
and commercial applications of chiral bifunctional transi-
tion metal catalyst promoted asymmetric reduction of
ketones. An unprecedented aspect in the hydrogen trans-
fer from the amine hydrido metal complex and ketones
is that the acidic amine proton and the metal hydride
cooperatively activate the reactant and are concertedly
transferred to CdO double bonds via pericyclic transition
states. Since the reacting substrate is not bonded directly
to the central metal, the reduction with the bifunctional
catalysts leads to high reaction rates and excellent ste-
reoselectivies. Thus, this bifunctional catalyst can provide
a wide substrate scope and applicability in organic
synthetic chemistry. The industrial outlook for asymmetric
reduction with bifunctional catalysts is bright because of
their excellent catalyst performance, wide substrate scope,
operational simplicity, and economic viability, as well as
the growing awareness of the need for green chemistry.


The chiral bifunctional catalyst originally developed for
asymmetric transfer hydrogenation of ketones, as dis-
cussed in this Account, is now successfully applicable to
enantioselective C–C bond formation.1e We believe the
present bifunctional molecular catalyst offers a great
opportunity to open up new chemistry and industrial
process for stereoselective molecular transformation in
addition to the enantioselective reduction.
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ABSTRACT
Homogeneous catalytic hydrogenation has played an important
role in the development of modern organic synthesis. Indeed, the
discovery of highly regio- and stereoselective catalysts for CdC and
CdO bonds reductions has allowed the efficient synthesis of
optically active compounds. As the fragrance industry has turned
to synthetic ingredients to fulfill the need for novel, cost-effective,
and environment-friendly products, the use of catalytic processes
are more and more in demand. In this Account, we thus highlight
the application of catalytic hydrogenation in the synthesis of
fragrance ingredients.


Introduction
Perfumery ingredients are found in many of today’s
consumer products, from female and male fine fragrances
to household cleaning products. Their role since ancient
times has been to help to cover the unpleasant smell of
the base or body (e.g., soap or detergent, body malodors)
and to provide a pleasing olfactive impression. These
fragrance raw materials originate either from natural
sources (e.g., terpenes, plant essential oils, animal secre-
tions) or from chemical synthesis. The growing difficulties
in obtaining sufficient quantities of natural ingredients
and the continual emergence of new trends in the market
have spearheaded the new ingredient strategy of the
fragrance industry. The pressure to lower the costs and
to use environment-friendly “green” chemical transforma-
tions has increased the need for stereoselective catalysis.1


Several previous reviews have described the use of cata-
lytic processes for the production of fragrance ingredients
from natural2 or synthetic3 precursors.


Among the reactions that are catalyzed by transition
metals, hydrogenation has been widely used in organic
synthesis.4 Moreover, the gaseous nature of the reactant
allows the easy purification of the products with a
minimum amount of waste. The catalytic homogeneous
hydrogenations of CdC bonds were the first to be de-
scribed almost 50 years ago. The pioneering work by
Wilkinson and co-workers on rhodium catalysts5 was
rapidly followed by enantioselective variants described by


Knowles6 and Dang and Kagan.7 These preliminary studies
have led to intensive research on the synthesis of new
chiral ligands8 and mechanistic studies related to the
improvement of the selectivity and efficiency of the
catalysts.9 Successful extensions have included the use of
ruthenium complexes for chemoselective hydrogenation
of functionalized CdC bonds9 and of iridium complexes
for the hydrogenation of isolated and unfunctionalized
CdC bonds.10 Catalysts for the hydrogenation of ketones
also appeared during this time; especially ruthenium
diphosphine/diamine complexes have proven to be excel-
lent catalysts for the chemo- and enantioselective reduc-
tion of ketones.11 The classical heterogeneous catalysts
(e.g., Pd/C, Raney nickel) have also been used in enanti-
oselective hydrogenation by the addition of chiral modi-
fiers (e.g., tartaric acid, cinchona alkaloids).4


Because the enantiomers of many odoriferous mol-
ecules differ in strength and in odor description,12 the
synthesis of the more appreciated isomer allows one not
only to avoid the dilution effect by the non-desired one
but also to put a smaller amount of the active ingredient
into the final perfume. Nowadays, stereoselective hydro-
genations of CdC and CdO bonds have become impor-
tant tools for the industrial synthesis of fine chemicals
using homogeneous rhodium, iridium, and ruthenium
catalysts, as well as modified heterogeneous catalysts.4


Catalytic hydrogenations of CdO bonds not only provide
the desired product with a highly defined regio- and
stereoselectivity but generate less waste, and these reac-
tions are therefore cost-effective compared with the use
of stoichiometric hydride reagents.


The chemistry of fragrance ingredients started at the
end of the 19th century with the investigation of the
odorant molecules responsible for the fragrance of violet
flowers by Tiemann and Kruger,13 and excellent reviews
on fragrance chemistry have been recently published.14


In this Account, examples of the use of hydrogenation
processes in the synthesis of fragrance ingredients are
described according to their olfactive family. Seven fami-
lies of odorants were chosen: fruity, green, marine, floral,
woody, amber, and musk (Figure 1).15
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FIGURE 1. Odorant families.
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Ingredients Responsible for Fruity Odor
Five-membered lactones (γ-lactones) and six-membered
lactones (δ-lactones) with aliphatic side chains (Figure 2)
have characteristic fruity notes of peach, apricot (γ-
dodecalactones (e.g., 1)), mango, passion fruit, strawberry,
and coconut (δ-decalactones (e.g., 2)).16


Ruthenium complexes with chiral diphosphines, used
for the enantioselective hydrogenation of �-keto esters,11


were also successfully applied for the hydrogenation of
γ-keto esters (e.g., 3), allowing the efficient synthesis of
chiral 4-substituted γ-lactones (e.g., 1). High yield and
high enantioselectivity were obtained with ruthenium
complex 4 incorporating the atropoisomeric diphosphine
ligand (R)-[1,1′-binaphthalene]-2,2′-diylbis[diphenylphos-
phine] ((R)-BINAP; Scheme 1).17


Ruthenium complex 4 is also highly efficient for the
enantioselective hydrogenation of the CdC bonds of
2-alkylidene-cyclopentanones (e.g., 5).18 Baeyer–Villiger
oxidation, with retention of configuration, of these enan-


tiomerically enriched 2-alkyl-cyclopentanones (e.g., 6)
furnished the desired 5-substituted δ-lactones (e.g., 2)
(Scheme 1).19


Ingredients Responsible for Green Odor
Leaf alcohol or cis-3-hexenol (8),20 also known as pipol,
is a commercially important green odorant, with a char-
acteristic powerful, fresh, and intensively green, grassy
odor. This powerful odorant has been found in many
flowers, fruits, and vegetables (e.g., hyacinth, apple,
tomato) and is mostly used, as are several derived esters,
in floral or fruity fragrances. Heterogeneous Lindlar cata-
lyst21 and a homogeneous palladium catalyst22 allowed
the cis-selective partial hydrogenation of 3-hexyn-1-ol (7)
into cis-3-hexenol (8) with high selectivity (Scheme 2).
Another efficient synthesis of cis-3-hexenol (8) is the
recently reported ruthenium-catalyzed 1,4-hydrogenation
of sorbol (9) and sorbic acid derivatives.23 Cationic Cp*-
ruthenium complexes catalyze this reaction under mild
conditions, and the cis-isomer is obtained with high
selectivity (Scheme 2). This reaction was previously cata-
lyzed by (η6-arene)Cr(CO)3 complexes,24 which neces-
sitated a much higher temperature and pressure unless
complexes with labile ligands (e.g., naphthalene, acrylate)
were used.25


An important subcategory of green notes in fragrances
are citrus-type odorants. The most important representa-
tives of this class are citral (10) and (R)-citronellal ((R)-
11) (Figure 3).26


Citral (10) and citronellal (11), as are other aldehydes,
are unstable in basic and oxidizing conditions, and
therefore geranyl nitrile (12), citronellyl nitrile (13), and
Citralis Nitrile (14)27 have been successfully used to
replace citrus-type aldehydes in such aggressive media
(Figure 4). A strong citrus-type note characterizes these
nitriles.


FIGURE 2. Examples of fruity odorants.


Scheme 1


Scheme 2


FIGURE 3. Examples of citrus odorants.
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The evaluation of both enantiomers of Citralis Nitrile
(14) has been reported.28 Both enantiomers were prepared
either via the enantioselective hydrogenation of phenyl-
ethylacrylic acid (15) (Scheme 3)29 or via the enantiose-
lective hydrogenation of allylic alcohol 19 (Scheme 4).28


The resulting enantiomerically enriched acid 16 and
alcohol 20 were then transformed into the desired nitrile.
Chiral iridium and ruthenium complexes were tested as
catalysts for these enantioselective hydrogenations. Good
to high enantioselectivities were obtained in the hydro-
genation of unsaturated acid 15 with either iridium
complex 17 (80% ee) or ruthenium complex 18 (96% ee)
(Scheme 3).


The same iridium catalyst 17 was also used in the
catalyzed hydrogenation of allylic alcohol 19, which gave
the desired alcohol 20 with moderate enantioselectivity
(46–69% ee). As observed with acid 15, a much higher
selectivity was obtained when a ruthenium catalyst was
used (98% ee) (Scheme 4).


Ingredients Responsible for Marine Odor
Florhydral (24)30 is an example of a marine odorant that
is also characterized by floral notes. (+)-Florhydral (24)
was found to be more powerful than (–)-Florhydral, which
was nevertheless found to be more marine and typical of
racemic Florhydral (24).31 Racemic Florhydral (24) is
prepared by rhodium-catalyzed mono-hydroformylation
of meta-diisopropenylbenzene (22) followed by CdC bond
hydrogenation of aldehyde 23 to give the desired product
24 (Scheme 5).32 Enantioselective hydroformylation of
olefin 25 to give enantiomerically enriched Florhydral (24)
was also reported by the same authors, but very low
enantioselectivity was obtained (5% ee) by using a catalyst
generated in situ from (R)-BINAP and HRh(CO)(PPh3)3


(Scheme 5).


Ingredients Responsible for Floral Odor
Three important subcategories exist for floral odorants:
muguet, rose, and jasmin odorants.


Muguet Odorants. Muguet odorants are represented
in perfumery by molecules that have olfactive properties
reminiscent of the lily-of-the-valley flower. Lilial (28)33 and
dihydrofarnesol (33) are two important muguet aldehydes.
The difference between the two enantiomers of Lilial is
less pronounced, with the (R) enantiomer found to be
more characteristic and powerful.34 A direct synthesis of
the more appreciated enantiomer by enantioselective
nonracemizing hydrogenation of the corresponding cin-
namaldehyde has never been reported. Nevertheless,
either the enantioselective hydrogenation of unsaturated
acid 26 catalyzed by ruthenium complex 426 or the
hydrogenation of allylic alcohol 29 catalyzed by iridium
complex 3035 was used to prepare enantiomerically
enriched Lilial (28) after functional group modifications
of the corresponding acid or alcohol (Scheme 6).


It is interesting to note that the hydrogenation of allylic
alcohol 29 with a ruthenium complex has not been
reported. In fact, there are only few examples of ruthenium-
catalyzed enantioselective hydrogenation of allylic alco-
hols with substituent on the 2-position of the CdC bond.
In contrast, they are numerous examples of hydrogenation
of allylic alcohols without substituents on the 2-position
and substituents on the 3-position.10 For example, both
enantiomers of dihydrofarnesol (33), a muguet odorant
lacking the aldehyde function, were prepared by ruthe-
nium-catalyzed hydrogenation of (2E,6E)-farnesol (32)
(Scheme 7). (S)-(6E)-Dihydrofarnesol ((S)-33), also found
in white cyclamen, was obtained with high enantioselec-
tivity (89% ee) and was preferred olfactively over the (R)
enantiomer.26


Rose Odorants. R-Damascone (36), an important in-
gredient of the rose ketones family, was not found in
Bulgarian rose oil36 but instead in green tea and tobacco
as an almost racemic mixture.37 Nevertheless, olfactive
evaluation of both enantiomers revealed that (S)-R-
damascone ((S)-36) is more powerful and more appreci-
ated than the (R) enantiomer, which had a cork off-
note.12a The enantioselective hydrogenation of ketone 34


FIGURE 4. Examples of nitriles with citrus notes.


Scheme 3


Scheme 4
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with RuCl2((S)-Tol-BINAP)((R,R)-DPEN) gave allylic alco-
hol (R)-35 in quantitative yield and with high enantiose-
lectivity (94% ee) (Scheme 8).38 Alcohol (R)-35 was then
transformed in several steps into (S)-R-damascone ((S)-
36).39


Citronellol (37) is another important perfumery raw
material with a rose note (Figure 5) and is used as starting
material for other perfumery ingredients.14b The two
enantiomers of citronellol have been evaluated olfactively
and the odor of the S enantiomer was preferred as being
closer to the odor of natural rose oil.40


(R)-Citronellol ((R)-37) was obtained by hydrogenation
of natural citronellal, from citronella oil of low optical
purity, over Raney nickel followed by distillation.41 (S)-
Citronellol ((S)-37) was isolated from rose oil in small
amounts or obtained synthetically (Scheme 9). Indeed, (S)-
citronellal ((S)-11) was obtained via the rhodium-catalyzed
isomerization of neryl- or geranyl-amine ((E)-38) followed
by hydrolysis of the chiral enamine 39.42 Then, reduction
of (S)-citronellal ((S)-11) gave (S)-citronellol ((S)-37).26


Recently, rhodium-catalyzed hydrogenation of neral ((Z)-
10; E/Z 0.9/99.1) was also reported to give (S)-citronellal
((S)-11) in high enantioselectivity (90% ee) with the chiral
diphosphine (S,S)-Chiraphos.43 On the other hand, the
hydroxyl-directed CdC bond hydrogenation of nerol or
geraniol ((E)-40) catalyzed by ruthenium complex 4 gave
access to (S)-citronellol ((S)-37) in high enantioselectivity
(98% ee).44 Moreover, nerol and geraniol were obtained


Scheme 5


Scheme 6


Scheme 7


Scheme 8


FIGURE 5. Difference in the olfactive perception of the enantiomers
of citronellol.
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in high yield and with a high selectivity by the chemose-
lective CdO hydrogenation of citral (10; E/Z 2/1) catalyzed
by RuCl2(PPh3)3 in presence of ethylene diamine.45


Jasmin Odorants. In jasmin flower oil, jasmone (41)
and methyl jasmonate (42), the latter as a 93/7 mixture
of trans/cis diastereoisomers, are two important odiferous
constituents responsible for the typical odor of jasmin
(Figure 6). During the structural elucidation of methyl
jasmonate, it was found that only the (1R,2S)-cis isomer
was responsible for the jasmin odor, the other isomers
being substantially weaker or almost odorless.46


The rapid isomerization of the cis-jasmonate into the
thermodynamic trans isomer, which is perceived as much
weaker, and the relatively elevated price of the natural oil
forced the fragrance companies to find a synthetic re-
placement for jasmin oil. The success of the industrial
synthesis of a near-equilibrium mixture of the racemic
trans/cis isomers of methyl dihydrojasmonate (44) was
commercialized as Hedione (trans/cis 90/10) and allowed
replacement of the natural extract (Figure 7).47


As in the natural methyl jasmonate (42), among the
four isomers of methyl dihydrojasmonate (44) only the


(1R,2S)-isomer was found to have an intense and distinct
odor, while the presence of the other isomers acts as
perception modifiers. Therefore, cis-enriched methyl di-
hydrojasmonate was produced either through continuous
distillation, commercialized as Cepionate (25–30% cis-
enriched),20 or by using the advantageous neutral condi-
tions provided by catalytic hydrogenation. Indeed, het-
erogenous hydrogenation of the vinylogous �-oxo ester
43 over Pd/C under neutral conditions gave the racemic
cis-enriched methyl dihydrojasmonate, known as Hedione
HC (62–70% cis-enriched).48 More importantly, the ho-
mogeneous enantioselective hydrogenation gave the highly
desired (1R,2S)-dihydrojasmonate (Paradisone; (1R,2S)-
44),49 with a high cis/trans selectivity (96/4) and a good
enantioselectivity (65–88% ee) for the cis-isomer. This
accomplishment was the result of the discovery of a
coordinatively unsaturated ruthenium catalyst bearing a
chiral diphosphine ligand that was able to hydrogenate
the electron-deficient tetrasubstituted CdC bond of keto-
ester 43. A good enantioselectivity (65% ee) was obtained
with (2R,5R)-Me-Duphos (45) as chiral ligand,50 and after
optimization of the reaction conditions and by using
(R,SFc)-Josiphos (46) as chiral ligand, a higher enantiose-
lectivity (88% ee) was reached (Scheme 10). Ruthenium
complexes with coordinating counteranions (e.g., 47)
known for CdC bond hydrogenation were inefficient with
keto ester 43, and it is only with the corresponding acid
48 that the desired cis product 49 was obtained with a


Scheme 9


FIGURE 6. Examples of jasmin odorants. FIGURE 7. Methyl dihydrojasmonate.
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high enantioselectivity (Scheme 10).51 Despite the high
enantioselectivity, this last approach was less attractive
due to the subsequent esterification needed to obtain the
desired keto-ester 44 without epimerization.


Ingredients Responsible for Woody Odor
Natural woody odorants are extracted from plants origi-
nating from South East Asia (e.g., Philippines, Java) and
India. Due to the price increase of the natural oils and
the rarity of the natural plants from which they are
extracted, synthetic woody odorants have been developed.
Amongst them, sandalwood odorants derived from R-cam-
pholenic aldehyde (50) (Scheme 11) have attracted much
attention and have been the most successful. Both the (R)
and (S) enantiomers of campholenic aldehyde (50) are
readily prepared from the corresponding R-pinene enan-
tiomer.52 Depending on the side chain, the more appreci-
ated isomers were derived from either (R)-campholenic
aldehyde ((R)-50), as in the case of Firsantol (51)53 and
Bacdanol (52)54 or (S)-campholenic aldehyde ((S)-50), as
in 5355 and Ebanol (54).56


In the case of Brahmanol (56)57 (Scheme 12), it was
shown that the configuration of the ring stereogenic center
did not play an important role in the odor perception, in
contrast to the methyl group in the aliphatic side chain
(� to the hydroxyl group). The diastereoisomers of Brah-


manol (56) were prepared by ruthenium-catalyzed hy-
drogenation of Madrol (55),58 another sandalwood odor-
ant. The diastereomeric excess observed in this hydroge-
nation was between 73–78% with (R)-Tol-BINAP as the
chiral ligand (Scheme 12).26


Ruthenium-catalyzed hydrogenation offers the pos-
sibility not only to introduce stereogenic centers but also
to replace waste-generating reagents. For example, the
reduction of CdO bonds was successfully performed by
using hydrogenation instead of NaBH4 in the preparation
of the sandalwood odorants Bacdanol (52)59 and 53.60


Scheme 10


Scheme 11 Scheme 12
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Ruthenium amino-phosphine complex 58 and salen-type
complex 60 catalyzed the H2 reduction of aldehyde 57 and
ketone 59, respectively, with a high chemoselectivity and
reactivity (Scheme 13).


Ingredients Responsible for Amber Odor
The smell of amber has been known since ancient times
and is related to ambergris, a concretion formed in the
intestinal tract of the sperm whale.61 Among the various
components of ambergris, the tricyclic ether (–)-64, known
under the trade name Ambrox,62 is the most important
constituent responsible for the olfactive perception of the
smell of amber. Ambrox ((–)-64) is appreciated for its
powerful amber odor and substantivity. Optically active
Ambrox ((–)-64), obtained via degradative oxidation of
sclareol ((–)-61) (Scheme 14),63 was later replaced by its
racemate, known as Cetalox (rac-64),64 which is olfactively
very similar.


Several of the approaches towards the synthesis of
Cetalox (rac-64) have often relied on the intermediacy of
racemic lactone rac-62, followed by a hydride reduction,
and then cyclization of the formed diol (63) to furnish the
desired ether 64.65 Recently an efficient ruthenium-
catalyzed dihydrogen reduction of esters was described.66


This process was successfully applied to the reduction of
rac-62 to diol 63 in high yield (Scheme 15).67


Ingredients Responsible for Musk Odor
Musk odorants have been perfumery ingredients since the
beginning of the use of fragrances. They can be grouped
into three main categories: nitro musks, polycyclic aro-
matic musks (e.g., Galaxolide (67)68 and Fixolide (70)69),


and finally the most expensive ones and the most sought
after, the natural musks extracted from animals or plants
(e.g., muscone (72) and civettone (75)).


Galaxolide (67) possesses two stereogenic centers and
all four stereoisomers have been prepared and olfactively
evaluated.70 Enantioselective hydrogenation was used for
the synthesis of the more appreciated 4S isomers of
galaxolide (67). A ruthenium catalyst generated in situ
from [RuCl2(C6H6)]2, (S)-BINAP, and Et3N (1 equiv) cata-
lyzed the hydrogenation of the unsaturated acid 65 to give,
in almost quantitative yield (94%), the (4S)-66 acid with
an optical purity (OP) of 89% (Scheme 16).71 Further
reduction of acid (4S)-66 and cyclization gave the desired
pair of diastereoisomers of Galaxolide (67) with the correct
S configuration at the benzylic position.


The hydrogenation of the non-functionalized olefin 68
with an iridium complex was described as a catalytic


Scheme 14


Scheme 15
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approach to the more desired S enantiomer of the
polycyclic musk Fixolide (70).72 Disappointingly, olefin 68
was difficult to hydrogenate, and aromatic compound 69
was obtained with a low enantioselectivity (33% ee) in
favor of the wrong isomer when using iridium complex
17 (Scheme 17).


The ready biodegradability of macrocyclic musks and
the development of new cost-effective synthetic methods73


resulted in an increased interest in this class of musk
odorants. Muscone (72), a 15-membered macrocyclic
ketone, possesses a stereogenic center at C-3 that was
found to be R in the natural product isolated from the
male musk deer. The R enantiomer was olfactively per-
ceived as stronger with a very nice rich and powerful
musky note, whereas the odor of the S enantiomer was
found to be less interesting and less strong.12a Enantiose-
lective hydrogenation of (E)-3-methyl-2-cyclopentade-
cenone ((E)-71) with ruthenium complex Ru2Cl4((S)-Tol-
BINAP)2(NEt3) allowed the preparation of enantiomerically
enriched (R)-muscone ((R)-72) with a high enantioselec-
tivity (Scheme 18).26 This high enantioselectivity was only
obtained with the pure (E)-enone 71, which was obtained
by intramolecular aldol condensation followed by separa-
tion of the E/Z mixture of enones.74


Two syntheses of macrocyclic musk molecules took
advantage of the selective hydrogenation of alkynes into
Z-olefins catalyzed by the Lindlar catalyst. Civettone (75)
was prepared in high yield (65%) by a two-step sequence
of alkyne metathesis, catalyzed by Schrock alkylidyne
complex (t-BuO)3W(Ct-Bu), followed by partial hydroge-
nation of the CtC bond into the cis-CdC bond (Scheme
19).75


The enantioselective aldol condensation of achiral
diketone 76, followed by an Eschenmoser fragmentation
of bicyclic enone 77, and finally hydrogenation of the
macrocyclic alkyne 78 were the key steps for an efficient
synthesis of (R,5Z)-muscenone (79) and (R)-muscone (72)
(Scheme 20).76


Taking advantage of the development in ruthenium-
catalyzed alkene metathesis, a very elegant synthesis of
(R)-muscone (72) was reported and relied on several
tandem ruthenium-catalyzed steps (Scheme 21).77 Starting
from optically active (R)-citronellal ((R)-11), alcohol 80 was
cyclized with Grubbs second generation metathesis cata-
lyst (81) to the corresponding macrocyclic alcohol 82.
Finally, two one-pot and consecutive ruthenium-catalyzed
reactions, a transfer dehydrogenation followed by a CdC


Scheme 19


Scheme 20


Scheme 21
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bond hydrogenation, gave the desired musk ingredient
(72) in an overall yield of 56%.


In the last step of this synthesis (Scheme 21) of (R)-
muscone ((R)-72), it is noteworthy that the stereogenic
center is ideally placed with respect to the CdC bond (83).
Indeed in a different synthesis towards (R)-muscone ((R)-
72), it was observed that during the CdC bond hydroge-
nation of enone 84, where the CdC bond is closer to the
stereogenic center, a partial racemization occurred.78 This
was probably due to the isomerization of the olefin prior
to hydrogenation. The classical Pd/C catalyst gave the
worst result, with up to 13% of racemization, and the
authors found that the use of Crabtree’s iridium catalyst,
[Ir(COD)(py)(PCy3)][PF6], provided (R)-muscone ((R)-72)
with the minimum amount of racemization (Scheme 22).


Conclusion
This Account gives a survey of catalytic hydrogenations
used in the synthesis of fragrance molecules. In most of
the cases, each stereoisomer of the fragrance molecules
exerts a different olfactive perception, and therefore
diastereo- or enantioselective hydrogenations were used
with success to prepare the most desired stereoisomer.
The catalysts of choice up to now have been based on
ruthenium complexes showing high activity and selectiv-
ity. Nevertheless, promising results were obtained with
iridium and rhodium complexes, allowing different sub-
strate scopes.


The increasing demand for fragrance ingredients of low
cost and prepared with environment-friendly (“green”)
chemical processes has driven the search for new catalytic
reactions. In the recent years, extremely active catalysts
for the chemoselective dihydrogen reduction of esters,
ketones, and aldehydes have been reported, opening the
way for an efficient replacement of stoichiometric reduc-
ing agents (e.g., LiAlH4). Moreover, very promising results
have been recently reported with iron-79 and copper-
based80 catalysts for the chemoselective hydrogenation of
ketones, paving the way for catalysts based on inexpensive
metals.


As the demand for natural fragrance ingredients is
increasing, the use of existing and new hydrogenation
methods will definitively continue to play an important
role in the synthesis of these products due to their cost
and waste effectiveness.


The author thanks his colleagues for their helpful insights and
comments during the redaction of this manuscript: Roger Snowden,
Alec Birkbeck, Riccardo Carina, Christian Chapuis, Charles Fehr,
and Christophe Saudan. Finally the author would like to thank
Catherine Debieux for her participation in gathering all the
necessary bibliographic information for this work.


Note Added after ASAP Publication: There was an
error in Scheme 20 in the version published ASAP October
26, 2007. The corrected version published on November
20, 2007.
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ABSTRACT
This Account outlines the efforts of Merck scientists toward
implementing asymmetric hydrogenation as a core competency
within Merck Research Laboratories. Several key factors are
discussed including (i) a focus on efficient chemical synthesis, (ii)
implementation of high throughput screening (HTS) techniques,
(iii) demonstration of robustness on scale, and (iv) diligence to
ensure freedom of operation and catalyst supply for manufacturing.
Several examples of the development of efficient asymmetric
hydrogenation processes are described.


Introduction
Industrial chemical synthesis of pharmaceuticals presents
a number of unique challenges and opportunities as the
relatively high chemical complexity of most small mol-
ecule pharmaceutical drugs requires multistep syntheses
incorporating a wide variety of organic transformations.
Fortunately, the high value of these compounds greatly
increases the scope of chemistry methodologies that could
be considered economically viable, especially when com-
pared with what could be considered for higher volume,
lower cost products such as agrochemicals. In this context,
the pharmaceutical industry was an early adopter of many
catalytic methodologies, both as an enabler of drug
discovery and as efficient means to convergent syntheses
of highly functionalized molecules on the pilot plant and
factory scale. The Merck Process Research department has
a long history in this regard, from early studies in chiral
phase-transfer catalysis1 to work with Pd-catalyzed cross-
coupling chemistry,2 and even design of chiral ligands for
asymmetric hydrogenation.3


In recent years, the increasingly competitive environ-
ment in the pharmaceutical industry, as exemplified by
ever-shortening periods of marketing exclusivity for first-
in-class drugs,4 has placed enormous pressure on com-


panies to bring products to market faster. For the process
chemist, this means less time to explore and develop
robust, scaleable synthetic routes and hence the need to
rapidly assess the viability of key synthetic steps, especially
those that set product stereochemistry. Add to this the
increasing number of chiral drug candidates in develop-
ment,5 and one can readily see the need for the pharma-
ceutical industry to embrace catalytic methodologies like
asymmetric hydrogenation that offer the promise of rapid,
efficient access to chiral molecules with a high probability
of success.


It is surprising then that Merck, not unlike like the rest
of the pharmaceutical and fine chemicals industries, was
slow to adopt asymmetric hydrogenation as a methodol-
ogy of choice for synthesizing chiral molecules with only
ca. 10 instances of asymmetric hydrogenation imple-
mented industry-wide as of 2001.6 Beyond a few isolated
examples,7 Merck’s interest in asymmetric hydrogenation
remained sporadic until 2002. A number of factors con-
tributed to this situation, including uncertainty around
cost and freedom of operation involving negotiations with
catalyst vendors, perceived difficulties with air sensitivity
and reaction robustness upon scale-up, need for special-
ized equipment and expertise in screening, and efficient
access to the large number of commercially available
chiral ligands and catalysts.


The Merck Catalysis Laboratory was formed in 2002 as
a joint effort between the Chemical Engineering and
Process Research departments to address these barriers
to the utilization of asymmetric hydrogenation at Merck.
Originally consisting of a group of seven dedicated organic
and organometallic chemists, the Laboratory’s mission
was to facilitate incorporation of asymmetric hydrogena-
tion into Merck drug candidate syntheses at all stages of
development, from those that support preclinical animal
safety studies all the way through commercialization. With
a focus on overall synthetic efficiency, the Laboratory
always strove to “make the catalytic step fit the process”
rather than forcing the project team to divert the synthetic
route to intermediates that were well-precedented to work
in the asymmetric hydrogenation step. This philosophy
led us to explore asymmetric hydrogenations of substrate
classes with little or no precedence in the literature—several
examples of this type are given below. To accomplish this,
the Catalysis Laboratory needed to develop robust, ef-
ficient means to screen the large number of available
chiral catalysts as fast as possible using the least amount
of valuable intermediate. The evolution of our screening
techniques is also presented below.


A Focus on Efficient Chemical Syntheses
While the sensible use of protecting groups can provide
quick access to desired reactivity, the unsavory atom
economy and cost of additional processing steps dictates
that project teams seek out direct methods to the desired
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chemical intermediates. For the synthesis of chiral amino
acid derivatives, the use of amide or carbamate protecting
groups has been widely practiced, and for the synthesis
of Merck’s Anthrax Lethal Factor inhibitor (eq 1), we could
have hydrogenated the acetamide-methyl ester of the
tetrahydropyran intermediate, which has been demon-
strated by Burk in 98% ee with (Me-BPE)Rh(COD)OTf.8


To avoid the extra steps of exchanging the acetyl group
for the desired sulfonyl side chain, though, we attempted
an unprecedented direct hydrogenation of the N-sulfo-
nylated intermediate. The presence of the very electron-
deficient sulfonamide group does reduce the reactivity of
our substrate toward rhodium catalysts; however, high-
throughput screening (HTS) allowed us to rapidly screen
other metals and conditions and the highly selective tBu-
Josiphos/[(cymene)RuCl2]2 catalyst system was rapidly
identified. The desired chiral sulfonamide was therefore
accessed in 97% ee and 98% yield.9


The use of the appropriate “protecting group” or
substituent was again demonstrated in the synthesis of
taranabant, a CB-1R inverse agonist for the treatment of
obesity. The two contiguous stereocenters in taranabant
can be accessed via several strategies, and early on
dynamic kinetic resolution (DKR) of the racemic bro-
moketone (eq 2) was employed.10 This strategy provided
access to the key chiral alcohol in excellent enantioselec-
tivity and good diastereoselectivity. DKR-hydrogenation
is an efficient and elegant reaction; however, three more
steps including the use of sodium azide were necessary
to access the desired chiral amine.


Setting both stereocenters in a single transformation
remained a motivating factor for the project team, and
therefore the direct hydrogenation of a tetrasubstituted
enamide was investigated (eq 3).11 While a simple amide
or carbamate protecting group could have been employed,
the enamide was constructed with the full side chain so
that the basic connectivity in taranabant could be ac-
cessed directly. Since there were only a few accounts
demonstrating successful hydrogenation of similarly steri-
cally congested enamides,12 we were pleased to discover
the catalyst consisting of a cationic rhodium precursor
with a modified Josiphos ligand provided the benzamide-
chiral amide under very mild conditions with only 0.15
mol % catalyst (eq 3). Key to this hydrogenation was the
use of 2,2,2-trifluoroethanol (TFE), which allowed us to
lower the catalyst loading by more than a factor of 10.
While we were unable to efficiently carry the benzonitrile
moiety through the hydrogenation sequence due to
catalyst inhibition and competitive reduction, crystalliza-
tion of the benzamide-chiral amide fortuitously provided
pure material with an ee of 99.5%.


The selection of the optimal place to incorporate an
asymmetric hydrogenation step in a drug synthesis can
have significant impact on the overall manufacturing cost.
Traditionally the chiral fragment(s) may be incorporated
in an early step of a synthesis if a simple chiral building
block is readily available or if known chemistry can be
used directly with little development. However, an asym-
metric hydrogenation is often the most expensive step to
run due to the typically high cost of a chiral catalyst or
reagent. Thus, incorporation of an expensive asymmetric
hydrogenation step early in the synthesis will negatively
impact the overall cost if there are low yielding steps
downstream or if multiple transformations must be ac-
complished in series. For example, in a five-step sequence
with an average step yield of 85%, running the asymmetric
hydrogenation as the first step in the synthesis means
processing approximately twice as many moles of inter-
mediate in that step vs the scenario where the asymmetric
hydrogenation is the final chemical transformation in the
sequence. The magnitude of the impact on the process
economics depends on a variety of factors; however, for
the above example, using 0.5 mol % of a catalyst with FW
) 500 g/mol at a cost of $100/g would translate to $0.5 M
of increased raw material cost per metric ton of drug


(1)


(2)


(3)
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produced (drug FW ) 500 g/mol). On the other hand,
incorporating the asymmetric hydrogenation late in the
synthesis offers fewer opportunities for chiral purity
upgrade and heavy metal impurity removal, but these
difficulties are generally overcome in the course of
development.


Another example of a late stage asymmetric hydroge-
nation that also demonstrates novel reactivity is the case
of laropiprant, a prostaglandin D2 (PGD2) receptor an-
tagonist.13 This is the only published example of asym-
metric hydrogenation of an exocyclic R,�-unsaturated
carboxylic acid. Interestingly, careful mechanistic inves-
tigations revealed that this hydrogenation proceeds largely
through the endo isomer at low hydrogen pressure. This
information was crucial for the successful scale-up and
implementation of this process because the endo isomer
gives higher enantioselectivity with BINAP/[(cyme-
ne)RuCl2]2 catalyst than direct hydrogenation of the exo-E
isomer at higher pressure.


Ensuring Catalyst Performance on Scale
Achieving high catalyst efficiencies (TON) while maintain-
ing performance (ee, de, etc.) is often critical for economic
as well as processing reasons (metal removal, for example),
and exhaustive purification of raw materials can often be
required (chromatography, distillation, resin treatments,
crystallization, etc.) Such was the case in the asymmetric
hydrogenation of the Boc-piperidine-substituted enamide
(eq 5).14 During the first bulk scale up, catalyst perfor-
mance (yield and ee) was observed to vary from lot to lot
of enamide. A more careful examination of the workup
procedure for the enamide substrate quickly revealed that
process impurities were responsible for the variability in
the hydrogenation. In a single experiment, we varied the


substrate to catalyst ratio for material pulled after each
step in the purification and isolation of the enamide
(Figure 1). From the data, it is clear that the efficiency of
the first NaHCO3(aq) wash was not sufficient to remove
all catalyst poisons. By taking advantage of parallel
experimentation, the project team was able to develop and
implement a robust process in a matter of a few days.


High-Throughput Screening Is an Enabling
Paradigm
HTS for the identification of highly enantioselective and
efficient catalyst systems for pharmaceutical synthesis is
absolutely imperative with the tough challenges facing
process development in recent years (e.g., reduction in
development cycle times and limited research funding).
While there are a few chiral ligands that have shown some
generality in asymmetric transformations (e.g., DuPhos
and BINAP), the diversity in chemical structures in
pharmaceutical process chemistry necessitates that a truly
diverse set of chiral catalysts be evaluated to discover and
develop highly efficient asymmetric chemical processes.
There are at least 16 chiral catalyst systems that are
reported to give g95% ee for methyl acetamidocinnamate
(MAC);15 however, the asymmetric hydrogenation sub-
strates we have encountered can be far more complex.16


Additionally, it is often the case that there is little or no
literature precedent for asymmetric hydrogenation of a
given substrate, and therefore it is imperative to screen a
wide range of catalysts covering a large amount of chiral
“space” to find a suitable catalyst system.


Prior to 2004, we made heavy use of simple yet versatile
glass pressure vessels for reaction screening (Figure 3).
Individual reactions (typically 0.5–1 mL) were carried out
in 8 mL glass vials fitted with septum caps and vent
needles. This allowed us to simultaneously screen six


FIGURE 1. Evaluation of (a) assay yield and (b) enantiomeric excess as a function of catalyst loading and purification step.


(4)


(5)
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different conditions at a single temperature and pressure.
Each reaction was individually prepared, and the pressure
vessel was assembled in a nitrogen-filled glovebox. This
was a highly reliable setup for reaction screening, albeit
with low overall throughput. From here, the acquisition
of Symyx HTS equipment such as the high-pressure
reaction blocks (Figure 2) that can be used in conjunction
with automated liquid handling equipment led to sub-
stantial gains in throughput.17 For the first time at Merck,
it was now possible to screen the hundreds of permuta-
tions (ligand/metal precursor/solvent/additives, etc.) nec-
essary to develop robust, efficient asymmetric hydrogena-
tion reactions in a truly efficient and rapid manner. In
addition to providing increased throughput, the parallel
reaction blocks also utilize a lower reaction volume
(typically 0.1–0.3 mL), thereby requiring much less hy-
drogenation substrate per reaction. This has even greater
implications as we are now able to impact drug synthesis
earlier in the development cycle.


In order to accelerate the time to discover a hit, we
moved from a rather unsystematic method of choosing
individual catalysts for evaluation to a library-based
approach. By predispensing chiral ligands into 96-well
microtiter plates and using automated or semiautomated
liquid handling equipment, it was possible to screen
hundreds of ligands under multiple conditions in a single
day.18 For example, as is graphically illustrated in Figure


3, a library of chiral ligands could consist of 4 copies of
24 unique ligands arrayed in an 8 × 12 format. Addi-
tion of stock solutions of catalyst precursors such as
[(cymene)RuCl]2 or (COD)2RhBF4, substrate, and op-
tional additives is then accomplished in short order, and
the screening of tens to hundreds of catalysts under a
variety of conditions becomes straightforward.


The impact of HTS is nicely illustrated with the fol-
lowing examples from our laboratories. Since small changes
to even relatively simple molecules can necessitate the use
of very different ligands to achieve high enantioselectivity,
HTS played a major role in our investigations into the
ruthenium-catalyzed asymmetric hydrogenation (AH) of
various N-Ts-R-dehydroamino acids (Figure 4).9 While the
tBu-Josiphos ligand A gave acceptable results with the
cyclohexyl substrate, enantioselectivity was quite poor for
the valine derivative with this ligand. In a second round
of screening, we observed the TMBTP ligand (B) to give
excellent ee for the valine substrate. A third round of
screening was necessary for the 2-Me substrate because
ligands A and B provided inadequate enantioselectivity.
Ultimately good ee was obtained with the Me-f-Ketalphos
ligand. Prior to the implementation of HTS, such extensive
catalyst screening would have required weeks or months
of experimentation but in this case was accomplished in
a matter of days.


FIGURE 2. Hydrogenation screening equipment.


FIGURE 3. Example of a typical ligand library consisting of 4 copies
of 24 unique chiral ligands.


FIGURE 4. Hydrogenation of N-Ts-R-dehydroamino acids.
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Another example that illustrates the need for an
unbiased and diverse ligand screen is that of the ketoa-
mide hydrogenation shown in eq 6. In our internal
development work, out of several ligand libraries that were
screened (>100 ligands), the Rh catalyst containing the
bis-2-norbornyl-substituted Walphos ligand was observed
to give excellent enantioselectivity and reactivity.19 This
ligand is synthesized from di-2-norbornylphosphine, which
is a mixture of endo and exo isomers. It is not plausible
to think that one could predict a priori that this ligand (a
mixture of four diastereomers!)20 would provide this level
of asymmetric induction.


Freedom of Operation and Catalyst Supply
There were a number of business considerations that had
to be addressed early so that asymmetric hydrogenation
technology could be introduced more broadly into Merck
drug syntheses. The overall value of a chiral ligand or
catalyst is only partly determined by chemistry. Small
differences in performance (ee, yield) will often be out-
weighed by cost and availability. The cost of a chiral ligand
arises from several issues including complexity, avail-
ability, and intellectual property (IP) rights.21 Introducing
an asymmetric step early in the development cycle for a
drug candidate means that there is ample time to address
not just chemical processing issues but also the supply
and cost issues, both of which must be addressed prior
to bulk drug manufacturing, thereby reducing the risk of
incorporating a patented technology into a manufacturing
synthesis.


The Development of the Sitagliptin Asymmetric
Hydrogenation
The story of the development of an unprecedented
asymmetric hydrogenation of an unprotected enamine as
part of the manufacturing process for sitagliptin illustrates
well all the key success factors that have been emphasized
so far in this Account. In addition, as one of the first
projects handed to the newly formed Catalysis Laboratory
in the fall of 2002, the success of this endeavor paved the
way for many of the projects that followed later.


In October 2006, sitagliptin was approved by the U.S.
FDA as the first and only entry in the new breakthrough
class of orally active agents, known as DPP-4 inhibitors,
for the treatment of type 2 diabetes and is now being
marketed by Merck as a monotherapy under the brand


name Januvia and as a combination with metformin under
the brand name Janumet. In the summer of 2002, the
sitagliptin project was progressing at a rapid pace through
the Merck drug development process. An interim route
had been developed that was capable of reliably yielding
sitagliptin on a multikilogram scale for support of ongoing
clinical trials.22 Although the overall yield of the route
(52%) was high, the length of the synthesis (nine steps),
the use of relatively expensive reagents (two EDC cou-
plings), and the undesirable waste generated from a
Mitsunobu reaction made the chemistry less attractive
from a manufacturing perspective. Thus, Process Research
undertook an extensive effort to identify a shorter, more
cost-effective, and environmentally benign synthesis of
sitagliptin. Prior work had established an efficient three-
step route to the triazole portion of the molecule,23 so
efforts focused on accessing the �-amino acid functional-
ity. Two approaches were evaluated, a substrate-controlled
diastereoselective heterogeneous hydrogenation of an
enamine/enamide bearing a chiral auxiliary and a catalyst-
controlled asymmetric hydrogenation of an enamine/
enamide (Scheme 1).


For the substrate-control approach, the team identified
(S)-phenylglycine amide (PGA) as a suitable chiral auxiliary
that gave remarkably high diastereoselectivity in the
hydrogenation using Adam’s catalyst (eq 7).24 Treatment
of the triazole-bearing �-ketoamide with (S)-PGA gave
exclusively the (Z)-PGA-enamine in excellent yield and
purity. Subsequent diastereoselective hydrogenation, fol-
lowed by hydrogenolytic removal of the chiral auxiliary
using Pearlman’s catalyst gave the free base of sitagliptin
in excellent yield and purity. Key to the success of the
diastereoselective hydrogenation was acid washing of the
Adam’s catalyst, resulting in both high diastereoselectivity
and activity. This method was found to be quite general
for the synthesis of a variety of 3-alkyl and -aryl-
substituted �-amino acid derivatives and has given the
highest reported levels of diastereoselectivity (up to 99%)
for such a system.


For the catalyst-control approach, ample literature
precedent suggested that asymmetric hydrogenation of a


(6)


Scheme 1. Retrosynthesis of Sitagliptin


(7)
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dehydro-�-amino acid derivative with a suitable N-pro-
tecting group would be successful, provided a way could
be found to synthesize the unsaturated substrate with
acceptable control of olefin geometry.25 However the
project team had been tasked with finding an efficient
synthesis of sitagliptin, and the protection/deprotection
sequence required in such an approach would add un-
necessary steps to the overall route. Thus, the team
decided to explore the asymmetric hydrogenation of the
unprotected enamine, despite literature reports suggesting
that substrates of this type were unreactive with typical
asymmetric hydrogenation catalysts.26 The requisite enam-
ine amide (Scheme 1, R ) H, X ) triazole side chain) was
easily obtained by treatment of the corresponding �-ke-
toamide with NH4OAc in methanol. Initial catalyst screen-
ing with a variety of Rh, Ru, and Ir complexes of traditional
chiral bis(phosphine) ligands (e.g., BINAP) indeed showed
low reactivity, low enantioselectivity, or both. However,
the use of [(COD)RhCl]2 in combination with newer
ferrocene-based phosphine ligands such as tBu-Josiphos
(Figure 3) gave promising reactivity and enantioselectivity
(ee g 90%).


At this point, the Catalysis Laboratory joined the effort
to turn this promising lead into a practical, scalable
process. Since at this point in time Merck had limited
experience with scaling asymmetric hydrogenations and
had no specific experience working with the Josiphos class
of ligands, a strategic partnership was forged with Solvias,
AG, the catalyst supplier for Josiphos, which had world-
renowned expertise in the field of asymmetric hydrogena-
tion. In a joint effort, Merck and Solvias conducted
hundreds of reactions over a very compressed period of
three months in order to push the asymmetric hydroge-
nation reaction to the limits of its performance. Dozens
of ligands and additives were screened, along with the
usual parameters of solvent, temperature, and pressure.
The resulting optimized reaction depicted in eq 8, along
with the associated chemistry for synthesizing the enam-
ine amide27 and the downstream process for enantiopurity
upgrade and final salt formation, was subsequently run
in the pilot plant on a hundreds of kilograms scale, less
than 6 months after its discovery. Indeed, in the year
following the development of the asymmetric hydrogena-
tion route, over 1 MT of sitagliptin was produced in this
manner, and over 20 MT has been produced to date.


Concluding Remarks and Outlook
In this Account, we have clearly demonstrated with
numerous examples how we have implemented an HTS
approach to developing asymmetric hydrogenation reac-
tions for pharmaceutical drug synthesis at Merck. When
one considers both the breadth of chemical diversity


encountered in small molecule drug synthesis and the
difficulties often encountered with ensuring freedom of
operation for manufacturing, then the flexibility and
efficiency that HTS offers becomes apparent. With the
speed that HTS has brought to the Merck Catalysis
Laboratory, we have had the opportunity to impact a
broad range of the drug development cycle from preclini-
cal drug supply (grams) to bulk manufacturing (metric
tons). By taking advantage of technological advances in
automation workflows, we have taken novel and powerful
chemistry from the academic realm and implemented it
as a platform technology for Merck Process Research.
Finally, we believe firmly that the model we have imple-
mented for asymmetric hydrogenation at Merck should
apply to other emerging chemistries as well.
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ABSTRACT
Historically, biocatalytic ketone reductions involved the use of
Baker’s yeast. Within the last five years, a significant and growing
number of isolated ketoreductases have become available that have
rendered yeast-based reductions obsolete. The broad substrate
range and exquisite selectivities of these enzymes repeatedly
outperform other ketone reduction chemistries, making biocatalysis
the general method of choice for ketone reductions. Presented here
is a summary of our understanding of the capabilities and limita-
tions of these enzymes.


Introduction
Biocatalysis is well-matched to chemical synthesis in the
pharmaceutical industry. A significant number of phar-
maceuticals products are chiral in at least one center, and
many compounds have multiple chiral centers. The ef-
ficient syntheses of these chiral centers require enantio-
and regioselective catalysts, and enzymes are consistently
the most selective catalysts available. Enzymes that cata-
lyze ketone reductions (known as ketoreductases) are a
reliable source of high enantiomeric excess chiral alcohols
matching and often exceeding the ability of chemical
catalysts to perform the same reactions.


Background: Whole Cell Bioreductions
Much of the historical impact of ketone bioreductions on
synthetic chemistry derives from the use of Baker’s yeast
or similar naturally existing whole cell catalysts. Using the


diverse collection of yeast strains available at Merck, a
wide variety of ketones have been stereoselectively re-
duced to give desired alcohol products.1 Because the cells
are self-replicating from simple nutrients, significant
amounts of whole cell catalysts have been made inexpen-
sively. However, the factors regulating expression of the
ketoreductase enzyme responsible for catalysis in these
natural isolate organisms were poorly understood, and
extensive fermentation optimization was required to
ensure enzyme activity was produced consistently. Once
the ketone was added to the active cells, nutrient feeding
continued the fermentation throughout the reaction to
replace enzyme lost to inactivation and to provide reduc-
ing equivalents, typically through the aerobic oxidation
of glucose. Often the compounds we wanted to reduce
showed some toxicity to these organisms and the need
for metabolic activity throughout the reaction limited
ketone concentrations to below toxic effect levels in the
reaction and resulted in dilute processes.


When the ketone and alcohol toxicity were minimal
and time was available to develop a reliable fermentation,
whole cell wild-type yeast were productive and cost
efficient catalysts. One such process is shown below on a
ketoamide substrate 1 (Scheme 1).2,3 A screen identified


the yeast Candida sorbophila as producing the (R)-hydroxy
amide 2 in high enantiomeric excess (>98% ee). Extensive
optimization provided a culture medium consisting of
inexpensive ingredients (glucose, monosodium glutamate,
and a few salts including trace amounts of CuCl2) that
consistently produced active yeast. Both 1 and 2 had low
solubility (less than 0.5 g/L) at neutral pH but had good
solubility in acid. Optimized bioconversion conditions
incorporated a substrate feed as an acid solution to
maintain the ketone concentration just below its solubility
limit, avoiding reduced reaction rates resulting from the
slow dissolution rate of precipitated ketoamide. End of
reaction alcohol concentrations reached 100 g/L as a
precipitate. To isolate the alcohol, addition of acid dis-
solved the precipitated alcohol, filtration removed the
yeast, and addition of base induced crystallization of the
alcohol. Multi-kilogram quantities of alcohol 2 were
produced and isolated with good enantiomeric excess,
yield, and economics, validating the time the optimization
required. In addition, none of the chemical hydrogenation
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Scheme 1. Ketoamide Whole Cell Reduction
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catalysts available were able to achieve the enantioselec-
tivity required, further highlighting the value of the
bioreduction.


Improvements in methodology allowed whole cell
processes to be developed more quickly. Screening was
scaled down to 96 well plates, rapid HPLC and data
analysis automation were added, and instrumentation
measuring the effects of toxicity was implemented. How-
ever, these improvements did not reduce the time re-
quired to optimize scalable fermentations or improve the
toxicity of many ketones and alcohols to whole cells.4 The
lack of improvement in these key areas continued to make
wild-type whole cell processes time-consuming in an
industry where synthetic process development is continu-
ally pressed for time improvements.


Enzyme Development
Improving issues of toxicity and development time re-
quired a change in approach. Isolating the ketoreductase
enzymes from cells and using them directly in reactions
eliminated problems of compound toxicity by eliminating
the need for viable cells, and it accelerated alcohol
synthesis by requiring robust fermentations for enzyme
production prior to screening the biocatalyst for ketone
reductions. The accumulation of genetic information
through genome sequencing projects combined with
enzyme expression systems made the isolated enzyme
approach feasible. With this information every enzyme
made in a genome could be inspected computationally
and, if predicted to be a ketoreductase, produced in
amounts 100-1000-fold more concentrated than in its
original whole cell context. In fact, the analysis of Baker’s
yeast indicated the potential for 50 ketoreductases of
which 19 were overexpressed, isolated, and studied.5 This
new ketoreductase collection reduced a wide array of
ketones and produced both enantiomers of most prod-
ucts. In addition, conversions of moderate enantioselec-
tivity from Baker’s yeast were often the result of two or
more enzymes, each with very good to excellent selectivity,
operating in opposition to make enantiomeric mixtures.
These ketoreductases expressed individually provided
products in high enantiomeric excess. Extending this
technology to the entire genetic database allowed for the
commercialization of larger collections of ketoreductase
enzymes and enabled the rapid production of large
quantities of enzyme on demand.6 Our primary suppliers
of ketoreductases and the source of all enzymes described
in this paper are Biocatalytics, Inc. (Pasadena, CA; listed
in catalog as KRED-###, an otherwise unidentified number
designation), and Julich Fine Chemicals (Julich, Germany;
listed in catalog as ADH-XX where XX refers to the
organism from which the enzyme was originally discov-
ered; for example, ADH-RE is the alcohol dehydrogenase
(a ketoreductase) from Rhodococcus erythropolis). Both
companies have recently been purchased by Codexis, Inc.
(Redwood City, CA).


With the appearance of ketoreductase enzymes, the
process of screening, development, and reaction scale-


up improved dramatically. Fermentation development
and substrate toxicity issues disappeared; substrate con-
centrations rose to consistently greater than 50 g/L.
Reactions could now be developed quickly and run in any
standard chemical facility. Mass balance issues in isolation
disappeared, and processes immediately became depend-
ably very productive.


Cofactor Recycling Systems
The hydride source all ketoreductases use is either of the
two forms of nicotinamide adenine dinucleotide cofactor,
NADH or NADPH [abbreviated NAD(P)H]. NADH and
NADPH are not readily available in the amounts or at the
costs necessary to use stoichiometrically. In order to
supply a feasible source of hydride and to drive the
reaction to completion, a second reaction is added to
recycle the oxidized cofactor NAD(P)+ back to NAD(P)H.
Choices for this second reaction that have been used at
Merck are illustrated in Scheme 2. Glucose dehydrogenase


(GDH), formate dehydrogenase (FDH), and phosphite
dehydrogenase (PDH) are second enzymes added to the
process in a coupled enzyme approach.7 GDH has been
the preferred recycling system because it is highly stable
and active and recycles both NAD and NADP. Neutralizing
the gluconic acid formed requires base addition to main-
tain pH, and monitoring the amount of base added allows
for rapid evaluation of reaction progress. FDH has histori-
cally recycled only NAD and has been less active and less
stable than GDH, but it is a reasonable alternative when
the ketone or alcohol product is sensitive to base addition
or when GDH competes with the ketoreductase to non-
selectively perform the primary ketone reduction. FDH
requires pH control through acid addition, and new
mutants of FDH demonstrate improved stability, activity,
and NADP acceptance. Phosphite dehydrogenase repre-


Scheme 2. NAD(P)H Cofactor Recycling Systems
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sents the latest technology in cofactor recycling; it simply
converts the reaction buffer from phosphite to phosphate
with no significant pH change.8,9 In our limited experience
with this enzyme, it has activity similar to the original
FDH, but it is much more stable, recycles both NAD and
NADP, and works well through at least the 50 L scale. The
final recycling system is a substrate-coupled approach and
takes advantage of the ketoreductase’s ability to not only
reduce the ketone of interest but also oxidize a secondary
alcohol (typically isopropanol).10–12 This method requires
a large molar excess of isopropanol relative to ketone (and
when necessary acetone removed) to drive the reaction.
This method of cofactor recycling is thus limited to
enzymes that tolerate high solvent alcohol concentrations.
We have used this system to good effect when the
reactions require harsh conditions (i.e., high temperature,
or where the substrate or product is a catalyst poison),
where the probability of finding both a ketoreductase and
a recycling enzyme able to withstand these conditions is
low. These cofactor recycling enzymes were purchased
from Biocatalytics, Inc. [Pasadena, CA; listed in catalog
by abbreviation and three digit number (e.g., GDH-101);
the 101 designates the original enzyme, and subsequent
numbers indicate variants with improved properties (e.g.,
GDH-103 is a thermostable variant)].


Initial Reaction
The first compound screened against the initial keto-
reductase library (consisting of 10 enzymes) was ethyl
trimethylpyruvate 3 to identify a catalyst that made the
corresponding R enantiomer alcohol 4 (Scheme 3). We


screened 3 against both the whole cell and isolated
enzyme catalyst libraries and found that ten yeasts and
one enzyme produced 4. The enzyme KRED-101 demon-
strated a selectivity of 500:1 in favor of the R-alcohol and
did not suffer from the low concentration limits and
limited extent of conversion that the whole cells did.
Process development utilizing this enzyme quickly con-
verged on 50 g/L substrate charge as a second phase oil
with phosphate buffer (pH 7.0) and 0.1 g/L KRED-101,
corresponding to 0.2% catalyst loading by weight and a
molar ratio of substrate to catalyst of ∼150 000 to 1. GDH-
101 (0.5 g/L) was used as the recycling system enzyme
and required 1.3 mol equiv of glucose as the hydride donor
and 0.12 g/L NADP cofactor (2000 to 1 molar ratio of
substrate to cofactor). With substrate feeding over the
course of the reaction, 100 g/L alcohol concentration
could be reached without altering enzyme or cofactor
amounts. As shown in Figure 1, the reaction could be
stressed to the point of failure through incomplete mixing


(200 rpm leaves a visible second phase) or by agitation to
the point where air is entrained by the impeller (well
beyond the data shown in Figure 1) as this reaction also
did not complete. When pushed to the point of failure,
however, the highly selective nature of the biocatalyst did
not change; the reaction simply stopped. Addition of fresh
enzyme restarted the reaction and produced the same
highly enantioselective results as before. This is typical of
enzymatic reductions; selectivity is maintained throughout
the reaction, and events that alter the enzyme’s ability to
function (e.g., temperature, pH excursions, overaggressive
agitation) typically result in absence of activity rather than
alteration of selectivity.


Platform Technology
Isolated ketoreductases have made tremendous strides
from this first project. The number of enzymes com-
mercially available have increased from the 10 in the
original screen to 35 for much of the work reviewed here
to most recently 130, and these catalysts reduce a wide
range of ketones and generally produce enantiocompli-
mentary alcohol products. The screening technology
developed for use in the whole cell efforts has been
implemented on the enzyme platform, allowing for rapid
(1 day) determination of reaction feasibility. Automation
has been added through Merck’s collaboration with Symyx
(Santa Clara, CA), who provided an automated powder
dispensing robot to prearray catalysts, liquid handling
robots for automated generation and sampling of reac-
tions, and control of analytical equipment for automated
data handling to create a standard screening process that
could be run as a template. The cofactor recycling systems
have been evolved to be more stable and more active
(GDH-103, for example), thereby requiring less recycle
catalyst to perform the reduction and allowing for broader
ranges of temperature, pH, and solvent conditions.13


Taken together, we had a library of ketoreductases that
could be screened quickly, produced hits of good enan-
tiomeric excess (ee) on the majority of compounds, and
could be scaled readily from a few grams of alcohol
product for route scouting through many kilograms for
clinical testing. This provided the basis for bringing


Scheme 3. Ethyl Trimethylpyruvate Reduction to
(R)-2-Hydroxy-3,3-dimethylbutyric Acid


FIGURE 1. Process characteristics of ethyl trimethylpyruvate
reduction.
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enzymatic ketone reduction from a chemistry that con-
tributed rarely and only late in the development pipeline
to one that is part of the mainstream, everyday Process
Chemistry culture at Merck. At scale, the costs of enzy-
matic ketone reduction catalysts today are often better
than their chemocatalytic counterparts, and we expect
pricing in the enzyme supply market to continue to
improve. In addition, the enzyme catalysts are produced
from renewable resources, biodegradable, and less toxic
than alternatives.


Acetophenone Reductions
Over the past few years, this library of ketoreductases has
been successfully used to reduce ketones across several
structural classes. Substituted acetophenones comprise
one of the more important structural classes, and reduc-
tion has been clearly demonstrated by chemocatalysis.14


Biocatalysts have been equally successful and often lead
to significantly higher selectivity. Much of the current
ketoreductase library is highly active on acetophenone.15


An example of this library’s impact on the substituted
acetophenone class is the reduction of 3,5-bistrifluorom-
ethylacetophenone 5 to (S)-3,5-bistrifluoromethylphenyl
ethanol 6 (Scheme 4).16 Alcohol 6 is difficult to upgrade


by crystallization; the biocatalytic route was chosen over
chemocatalytic methods as a result of the superior selec-
tivity displayed by ketoreductases. The ketoreductase
ADH-RE gave the S-enantiomer product in >99.9% enan-
tiomeric excess. Both the FDH and GDH recycling systems
were considered; GDH was chosen based on a pH
optimum that matched ADH-RE and the availability of a
highly thermostable variant (GDH-103). As in many of the
acetophenone derivatives, substrate 5 is an oil with low
solubility (<2 mM) in water. ADH-RE appears to work on
these compounds effectively at low substrate concentra-
tions, but the reactions are substrate limited, and in-
creased solubility increases the reaction rate. Often we
improve solubility by cosolvent addition, but the good
thermostability of GDH-103 and ADH-RE allowed us to
improve the solubility sufficiently with elevated temper-
ature (45 °C) to eliminate the need for cosolvent. The
process characteristics rival that of the ethyl trimeth-
ylpyruvate reduction described earlier: this process em-
ploys a substrate charge of 150 g/L, catalyst loading of
0.085% by weight, molar ratios of substrate to enzyme
approximately 250 000:1 and 0.125 g/L GDH-103, 4-fold
less than the optimized ethyl trimethylpyruvate reduction
employing the original GDH.


The R-enantiomer of 3,5-bistrifluoromethylphenyl eth-
anol 6 was also an important intermediate and was
produced enantioselectively using the same process but
with a different ketoreductase, KRED-101.16 Like ADH-
RE, KRED-101 is highly stable and highly active.


Knowing that ADH-RE and KRED-101 typically provide
enantiocomplimentary results on larger acetophenones
enabled us to move quickly on other intermediates. When
we examined the 4-Br-biarylacetophenone reduction 7
(Scheme 5) that needed a few grams of material within 1
week, we initiated a screen and at the same time started
gram-scale reactions of ADH-RE and KRED-101. Within
24 h, we isolated high ee alcohol of both enantiomers.


Chemoselective Reductions
The ketoreductases are also chemoselective. When we
screened the para aryl diketone 9 (Scheme 6), the reduc-


tion of the electron-deficient trifluoromethyl ketone was
generally the favored product (10), but in addition a few
enzymes were selective for the methyl ketone reduction
(11).17 Table 1 contains the product distribution and


selectivity of the best enzymes identified. Six enzymes gave
only 10, leaving the methyl ketone untouched and provid-
ing access to the enantiopure R and S alcohols. ADH-CP
demonstrated a strong preference for the more electron-
rich ketone and provided (S)-11. The ability to produce
three of the four enantiomerically pure products without
the use of protection/deprotection steps represents a
significant advance in convenience and in decreased
environmental impact over chemocatalytic reductions,
which on this compound generate racemates of 10 or 1118


or on related �-diketone compounds poor to moderate
ee for the trifluoromethyl alcohol only.19 The data also


Scheme 4. Reduction of 3,5-Bistrifluoromethyl Acetophenone


Scheme 5. Reduction of 4-Br-biarylacetophenone


Scheme 6. Regioselective Reduction of a para-Diketone


Table 1. Enzymatic Chemoselective Reduction of
para-Diketone


product distribution (%)


enzyme 10 11 12
ee of major
product (%)


KRED-129 100 0 0 >99 (R)
KRED-131 100 0 0 >99 (R)
KRED-A1n 100 0 0 >99 (R)
KRED-A1x 100 0 0 >99 (R)
KRED-112 100 0 0 >99 (S)
KRED-A1i 100 0 0 >99 (S)
KRED-113 86 0 14 >99 (S)
ADH-RE 47 10 43 >99 (R)
ADH-CP 0 100 0 98 (S)
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suggest that through judicious choice of enzymes, the four
possible diastereomers of 12 could also be produced. By
combining two enzymes, ADH-CP to set the methyl
alcohol center to S and KRED-129 or KRED-112 to produce
the R or S trifluoromethyl alcohol, respectively, two of the
four diastereomers (S, R and S, S) could be made selec-
tively. In addition, the enzymes that selectively produce
primarily the S trifluoromethyl alcohol ((S)-10) but also
reduce the methyl ketone to produce small amounts of
diol (such as KRED-113) are likely to retain the same facial
selectivity as they reduce the methyl ketone and would
therefore selectively produce the R methyl alcohol, pro-
viding access to a third diasteromer (R, S). The fourth
diasteromer might be made by first setting the R triflu-
oromethyl alcohol with KRED-129 and then finishing the
reaction with KRED-113 to produce the R methyl alcohol
(R, R diastereomer). This speculation is still under inves-
tigation. The data clearly show the ability to make three
of the four possible enantiomers and suggests access to
all four diastereomers without chemical protection of
either ketone.


Aryl-Alkyl Ketone Reductions
When the methyl group was elaborated on the acetophe-
none structure by adding a halide (13) or a short alkyl
halide (14) (Figure 2), the enantioselectivities were con-
sistent with the previous description and with the litera-
ture, with KRED-112 and KRED-130 providing either
enantiopure alcohol.20 Similar to chemocatalysis, bio-


reduction catalysts are subject to poisoning, generally by
alkylating agents. Chemocatalyst poisons are typically
organic soluble compounds; biocatalyst poisons are typi-
cally water soluble. Generally, washing low water solubility
substrates with water prior to the reduction successfully
removes the poisoning compounds. Under some substitu-
tion patterns, the haloalkyl acetophenones can act as
alkylating agents, reducing the ability of many enzymes
and most recycling systems to perform. In these instances,
ADH-T proved highly valuable because of its naturally
high stability and its ability to recycle cofactor using the
isopropanol recycling system.


Diaryl Ketones and Beyond
Elaborating the methyl group of acetophenone still further
produces the diaryl ketones (15) (Table 2), an important class
of compounds because the corresponding chiral alcohols are
intermediates in a variety of pharmaceutical applications.21


Currently, chemocatalysts are limited in scope to diaryl
ketones with substitutions sufficient to create enantioselec-
tivity through steric effects or to cases where the aryl rings
are electronically different.22–27 In contrast, the ketoreductase
library generated greater than 80% ee of at least one


enantiomer on 14 of the 20 compounds studied (8 of the 13
shown here), including the more challenging meta and para
substituted compounds (Table 2).21 The best screening result
for each compound is shown in the table; across all
compounds, the set of enzymes KRED-101, -108, -111–119,
-121, and -123 consistently demonstrate activity. The ke-
toreductase collection does not appear to be negatively
influenced by substitution position or the electron-with-
drawing or -donating nature of the substitution. Additionally,
examples exist in the literature where enantioselectivity and
other enzyme properties have been improved toward a given
substrate through amino acid changes within the enzyme.28


This approach might be used to improve the selectivity on
any particular compound if higher ee values are required.


Further elaboration of the methyl group beyond diaryl
ketones leads to compounds like the �-ketoamide 1 and
others. The current library of ketoreductases contains a
few enzymes active on molecules of this size, and these
enzymes consist of KRED-101, -108, and -111-120. On the
�-ketoamide structure all of these enzymes give good
selectivity to produce (R)-2. Appending large groups to
the methyl group and the aryl ring simultaneously often
results in no activity.


Alkyl Ketone Reduction
The ketoreductases also effectively reduce the alkyl ke-
tones, such as the ethyl trimethylpyruvate 3 example. A
number of publications address the reduction of these
short chain R and � keto esters.29–31 On the few projects


that we have examined (3 and ethyl acetoacetate 16,
Scheme 7, as primary examples), KRED-101 and -107 gave
a high ee value and good rates on the R-keto ester and
on the �-keto ester respectively, both making the R


FIGURE 2. Generic substituted haloalkyl acetophenones.


Table 2. Ketoreductase Catalyzed Reduction of
Diaryl Ketones


(R)-alcohol (S)-alcohol


ketone R % ee KRED % ee KRED
yield %


1 g scale


o-CH3 98 121 95 119 95
m-CH3 72 121
p-CH3 85 101 9 119
m-NO2 34 111 >99 108 90
p-NO2 96 128 97 119
o-OH 84 111
m-OH 61 112 13 119
p-OH 69 113 55 117
o-NH2 91 101 64 114 92
p-NH2 60 111 51 119
o-Cl 64 121 >99 118
m-Cl 39 111 >99 108 95
p-Cl 64 101


Scheme 7. Ethyl Acetoacetate Reduction
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enantiomer similar to literature results.29 In the case of
16, the rate of the KRED-107 catalyzed reaction decreased
significantly when changing from the ethyl to the methyl
ester. We have observed sensitivity of rates and selectivity
to changes between methyl and ethyl esters on a variety
of alkyl ketones.


Cyclic Alkyl Ketone Reductions
Our efforts in the alkyl ketones class have focused more
closely on cyclic alkyl ketones. Typical cyclic substrates
are five- to seven-membered rings with an R group R or
� to the carbonyl, often with a heteroatom in the ring (18)
and occasionally with CdC double bond in conjugation
with the ketone (20, Scheme 8). In many cases, the R
group is duplicated so that the carbon atom containing
the R group is not a stereocenter. Enzymatic reductions
on these compounds typically occur with high selectivity
and produce enantiocomplimentary results across the
different ring sizes and heteroatoms as shown in Table 3.


Additionally, glucose dehydrogenase is active on many
of the compounds in this class, presumably because these
compounds have similar size and shape and can adopt
similar conformations as glucose. As a result, scalable
processes for the reduction of these ketones often require
phosphite and formate dehydrogenases to recycle NAD(P).


Diastereomeric Ketone Reductions
When the R groups on these cyclic alkyl ketones are not
symmetric, the carbon atom containing the R group is a
stereocenter, and the reduction generates diasteromers.
A number of dynamic diasteromeric reductions of R-sub-
stituted �-diketones (Scheme 9) have been published
usingBaker’syeastandketoreductaseenzymesascatalysts.30–33


As a quick summary of this work, KRED-102, -106, and
-112 make predominantly the syn isomer 25, while KRED-
A1B makes the other syn isomer 26. KRED-118 and -119
make the anti isomer 27. The anti isomer 28 is generally
not selectively produced by these enzymes.


Examples of racemic substitutions R to a carbonyl that
were candidates for dynamic kinetic reductions are shown
in Scheme 10. Compound 29 is a cyclic example of 24
and was screened only against the first 10 KREDs. KRED-
101, -102, -106, and -107 gave low conversion; KRED-108
gave high conversion to the single syn stereoisomer 30
(98% syn, 99% ee).


Ketone 31 was reduced to a single syn diasteromer by
KRED-101 and others, while KRED-108 made racemic syn
enantiomers. KRED-118 and -119 showed modest (40%
ee) selectivity for syn isomers only. This is in clear contrast
to the selectivity described in the R-substituted �-ketoester
literature, where KRED-118 and 119 were noted as selec-
tive for a single anti diastereomer.31


A similar structure 33 with no R-substitution but with
a racemizable γ-stereocenter (Scheme 11) showed similar
preferences for the syn diastereomers.34 KRED-101,
-111-115, -121, and -123 “read” the stereochemistry of
the ester and match that with the stereochemistry of the
alcohol, making predominantly equal mixtures of both syn
enantiomers (substrate-controlled reduction), while ADH-
RE makes the S alcohol without regard to the stereochem-
istry of the ester (catalyst-controlled reduction). KRED-
108, -116, and -120 do both, providing the S-alcohol in
the syn configuration with 9:1 selectivity (and therefore R
ester) in high ee. When the ethyl esters were switched to


Scheme 8. Reduction of Cyclic Alkyl Ketones


Table 3. Enantioselective Reduction of Monocyclic
Ketonesa


a X) C, N, or O.


Scheme 9. r-Substituted �-Ketoester Reduction and the Four
Possible Products


Scheme 10. Diastereomeric Reduction with in Situ Racemization


Scheme 11. Stereoselective Reduction of a Vinyloguous Keto-ester
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methyl esters, the 9:1 selectivity increased to 20:1, again
highlighting the dramatic effects simple ester changes can
have. ADH-LB is also highly selective for a syn isomer, but
instead makes the enantiomer of the KRED-108 product
in 52% ee. Additionally, one of the anti diastereomers is
made with modest selectivity (2:1 anti to syn) in 99% ee
by KRED-106. Taken together, these enzymes provide
access to three of the four diastereomers with moderate
to excellent selectivity. Chemocatalysts screened on the
same compound could not generate any of the single
isomers in excess.


The strong preponderance of syn alcohol reduction
products on R- and γ-substituted cyclic alkyl ketones
continues with the �-substituted cyclic alkyl ketones
shown in Scheme 12. Ketones 35 and 39 show no evidence
of racemization under mild pH reaction conditions. The
ketoester 35 was reduced in catalyst-controlled fashion
by KRED-101 to give the R alcohol regardless of the
position of the ester, leading to equal mixtures of the syn
and anti diasteromers (36). KRED-118 and -119 reductions
proceed in substrate-controlled fashion; these enzymes
“read” the position of the ester and match that configu-
ration with the alcohol to make a racemic mixture of the
two syn diasteromers (37 and 38). No enzyme exhibited
substrate and catalyst control to produce a single dias-
teromer. On 39, the �-substitution chirality is already set,
and we would therefore expect catalyst-controlled KRED-
101 and related enzymes to produce a single diasteromer,
and they do, making the expected syn (R, R) diasteromer.
Surprisingly, KRED-118 is inactive, and more surprisingly,
KRED-119 preferentially makes the anti product in excess
of 5:1 over the syn.


Biocatalyst Summary
On examination of the data from all of the substrate
classes, some consistent themes emerge. First, ADH-RE
performs reactions under catalyst control, meaning that
the enzyme consistently delivers the hydride to one face
of the ketone to make the S enantiomer alcohol (unless a
substitution changes the naming of the enantiomer as in
the trifluoromethyl alcohols; the enzyme’s facial selectivity


remains the same) on a wide array of compounds in
various classes regardless of other stereocenter configura-
tions in the molecule. This makes ADH-RE a catalyst of
choice for enantioselective reductions but problematic for
diastereoselective reductions where two centers would be
set simultaneously. Additionally, ADH-RE is inactive on
diaryl or larger ketones. KRED-108 and -116–120 appear
to be related based on similar activity profiles against a
wide array of compounds, and these plus KRED-130 and
ADH-T will often give the S enantiomer, but the specifici-
ties of this group are affected by other structural features
of the ketone substrate. As a result, this group contains
some of the better diastereomerically selective catalysts
on cyclic ketones and will occasionally generate the
difficult to make anti diastereomers (e.g., KRED-118 and
-119). KRED-101, -111–115, -121, and -123 also appear to
be related and generate the R enantiomers consistently,
as do ADH-LK and ADH-LB. This group of enzymes is
often diastereomerically selective on cyclic ketones, mak-
ing one or both syn diasteromers.


Conclusion
Isolated enzymes have clearly supplanted whole cell
bioreductions and in most instances chemocatalytic ke-
tones reductions at Merck. The substrate range and
enantioselectivity for ketone reductions are excellent,
providing high ee of either alcohol on the majority of
ketone substrates. The enzymes also demonstrate valuable
chemoselectivity and diastereoselectivity as described on
the para-diketone 10 and several other substrates. The
enzymes can be screened and scaled-up as rapidly as their
chemocatalytic counterparts, and their cost to use at large
scale and the environmental impact of their use is less.
They have been used at Merck to economically deliver
kilogram quantities of chiral intermediates with excellent
yields and ee values. As a result, ketoreductases are the
preferred catalyst for ketone reductions at Merck.


Future
The development of ketoreductases from sporadic use as
whole cell catalysts to mainstream chemistry as isolated
enzymes at Merck took place over the last five years.
Looking forward, two additional reduction chemistries, the
conversion of ketones to amines (via transaminases and
reductive aminases) and the alkene reductions of R/�-
unsaturated carbonyls (via enoate reductases), are prepar-
ing to make similar transitions to mainstream chemistry.
These new reductions combined with the growing impact
of the ketone reductions shown here highlight the ex-
panding role enzymes will play in the field of asymmetric
reduction chemistry.
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ABSTRACT
Within the realm of catalytic asymmetric hydrogenation, the focus
continues to be on the use of chiral metal complexes in conjunction
with a hydrogen source. Recently, the widespread development of
organocatalysis, including the invention of iminium activation, has
led to the discovery of many new enantioselective transformations.
Based on this strategy, a number of bioinspired processes for the
enantioselective organocatalytic transfer hydrogenation of R,�-
unsaturated carbonyl compounds and imines have been discov-
ered. These topics will be the focus of this Account.


Introduction
In the realm of enantioselective hydrogenation, the use
of molecular hydrogen or a hydride donor in conjunction
with a chiral metal catalyst system has emerged as the
preeminent strategy for asymmetric catalysis within the
chemical community.1 It is intriguing to consider, how-
ever, that the vast majority of C-H stereogenic centers
that currently exist globally were not created via organo-
metallic catalysis. Indeed, this honor belongs to a series
of biochemical processes that create hydrogen-bearing
stereocenters in biological cascade sequences controlled
by enzymes and hydride reduction cofactors.2 With this
in mind, our laboratory recently questioned whether the
conceptual blueprints of biochemical transfer hydrogena-
tion might be employed in a chemical reduction wherein
enzymes and cofactors are replaced by small molecule
organocatalysts and Hantzsch ester dihydropyridine sys-


tems. The present Account will discuss the advent and
development of this new biomimetic organocatalytic
strategy, which has subsequently been translated into
operationally simple laboratory protocols for the develop-
ment of chemo- and enantioselective hydride addition,
transfer hydrogenation, and cascade catalysis reactions
involving electron-deficient imines and olefin substrates.


Enantioselective LUMO-Lowering Iminium
Activation
In 1999, our laboratory introduced the concept of iminium
activation, which is based on the capacity of chiral amines
to function as enantioselective LUMO-lowering catalysts
for a broad range of synthetic transformations.3 This


catalysis concept was founded on the mechanistic hy-
pothesis that the reversible formation of iminium ions
from R,�-unsaturated carbonyls and secondary amines
could emulate the equilibrium dynamics and π-orbital
electronics inherent to Lewis acid catalysis. For this
purpose, we developed chiral secondary amine catalysts
based on the imidazolidinone architecture 1, incorporat-
ing the required elements for high levels of iminium
geometry control and π-facial discrimination of the catalyst-
activated iminium ion MM3–2. Currently, this organo-
catalytic LUMO-lowering iminium activation strategy has
led to the development of over 30 different enantioselec-
tive transformations for asymmetric synthesis, including
enantioselective cycloadditions,4 Friedel–Crafts alkyla-
tions,5 heteroconjugate additions,6 epoxidations,7 aziri-
dination,8 cyclopropanations,9 and cascade reactions.10


Nature’s Enantioselective Hydrogenation
Strategies
Nature’s biological systems create the element of C-H
stereogenicity using transform-specific oxidoreductases.2


These enzymes are comprised of cofactors that play the
vital role of being “Nature’s reducing agents”. The dihy-
dropyridine-based nucleotides NADH (reduced nicotina-
mide adenine dinucleotide) and the closely related NADPH
(reduced nicotinamide adenine dinucleotide phosphate)
are the most prevalent cofactors used for enantioselective
biochemical hydrogenations. Based on this general trans-
fer hydrogenation strategy, Nature’s biosynthetic ma-
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chines create important biomonomer building blocks,
including chiral alcohols and amines, required for other
essential metabolic processes.2 From a chemical perspec-
tive, it is important to consider that molecules such as
NADH incorporate two architectural components that
function in concert to enable highly selective delivery of
hydride to electrophilic biochemical species. First, the
nucleosidic element is present to enable molecular rec-
ogition of a specific enzymatic environment wherein
selective reduction might occur. Second, the dihydropyr-
idine ring system (once positioned in the vicinity of a
specific electrophile) has the capacity to deliver a hydride


species to a carbonyl or imine to create an enantioen-
riched C-N or C-O stereogenic center.


Enantioselective Organocatalytic Transfer
Hydrogenation (EOTH)
On the basis of the two catalysis concepts outlined above,
we questioned whether the conceptual blueprints of
biochemical reductions could be merged with iminium
activation to enable a laboratory approach to olefin
reduction wherein enzymes and cofactors are replaced by
our imidazolidinone catalysts and an NADH analog. More
specifically, we hypothesized that �,�′-disubstituted-R,�-
unsaturated aldehydes might readily undergo enantiose-
lective 1,4-hydrogenation upon subjection to our iminium
catalysts in the presence of a Hantzsch ester.11 In par-
ticular, we felt that Hantzsch esters might serve the role
of a small-molecule NADH analog given that this dihy-
dropyridine system has been demonstrated to participate
in hydride delivery with electrophilic π-systems in a variety
of noncatalytic processes (including enone hydrogena-
tion). In this context, we designed a biochemically inspired
protocol that formally allows the enantioselective transfer
of hydrogen from Hantzsch esters12 to enal/enone-olefins
using simple amine catalysts. The implementation of this
new strategy represented, to our knowledge, the first


enantioselective organocatalytic transfer hydrogenation
(EOTH).13,14


Enantioselective Organocatalytic Transfer Hydroge-
nation of Enals. We initiated studies to evaluate potential
iminium catalysts and Hantzsch ester sources that would
effectively participate in the enantioselective hydrogena-
tion of R,�-unsaturated aldehydes (Table 1). Initial experi-
ments were performed with 3-methyl-(E)-cinnamaldehyde
in a variety of reaction media. Notably, attempts to employ


proline as an iminium catalyst in this context resulted in
inefficient and nonselective reduction (entry 1). To our
great delight, imidazolidinone-catalyzed hydride reduc-
tions (with both catalysts 1 and 3) led to a dramatic
increase in enantioselectivity and efficiency (entries 2–4).
Interestingly, with respect to the evaluation of dihydro-
pyridine analogs, we observed that NADH was not a viable
reagent, whereas N-benzylnicotinamide was quite selec-


Table 1. Effect of Catalyst and Dihydropyridine on
EOTH


entry catalyst hydrogen source solvent
%


conversiona
%
ee


1 L-proline R ) CO2Et toluene 47 15
2 1 R ) CO2Et toluene 96 75
3 3 R ) CO2Et toluene 95 88
4 3 R ) CO2Et CHCl3 99 85
5 3 NADH CHCl3 NR NA
6 3 N-Bn-nicotinamide CHCl3 15 88
7 3 R ) CO2Bn CHCl3 94b 88
8 3 R ) CO2Et CHCl3 91b 93


a Conversion determined by GLC analysis. b Reaction conducted
at –30 °C.
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tive (entries 5 and 6). We presume that the lack of
efficiency in both cases arises from the formation of a
1-alkyl-pyridinium ion byproduct in lieu of a protonated
pyridine salt (a species that is required for catalyst
turnover via proton-mediated hydrolysis of the initial
enamine product). While a range of dihydropyridines that
incorporate electron-withdrawing groups at the 3,5-posi-
tion were useful, the ethyl substituted Hantzsch ester
(HEH) proved to be superior (entry 8, 93% ee). Further
optimization of the reaction parameters revealed that
enhanced levels of asymmetric induction and efficiency
were achieved by amine salt 3·TFA in CHCl3 at –30 °C to
afford (S)-3-phenylbutanal in 91% yield and 93% ee.15


We next examined the influence of the geometrical
purity of the aldehyde olefin on the sense of asymmetric
induction, because it is well documented within the field
of metal-mediated hydrogenations that olefin geometry
generally dictates enantiospecific reduction.16 In such
cases, high levels of asymmetric induction can only be


achieved if the substrate starting material is employed as
a single olefin isomer. As shown in eqs 1 and 2, we were
delighted to find that using our iminium activation
protocol both olefin isomers converged to provide the same
enantiomer of the hydrogenated product. Moreover, we
showed that the levels of enantiomeric induction re-
mained high and were effectively independent of the
isomeric ratio present in the starting materials (eq 3, 90%
ee). Preliminary mechanistic studies have shown that the
origin of stereoconvergence arises from catalyst acceler-
ated E-Z bond isomerization prior to selective reduction
of the olefin isomer that positions the sterically more
demanding substituent in the trans-orientation. We be-
lieve that the capacity to tolerate starting materials of low
geometric purity enhances dramatically the general utility
of this new hydrogenation protocol. More specifically,
practitioners are free to employ nonselective technologies
for the production of olefin starting materials prior to use
of this enantioconvergent catalysis protocol.


Experiments that probe the scope of this new organo-
catalytic hydride reduction are summarized in Table 2.
Significant latitude in the steric and electronic demands
of the R,�-unsaturated aldehyde component is possible.
High levels of enantiocontrol are obtained in transforma-
tions where the �,�-olefin substituents have similar steric
constraints (entries 1-6, R1 ) Me, Et; R2 ) Ar, c-hexyl,
t-butyl). Notably, the ethyl-cyclohexyl combination forms


the corresponding product in 91% ee, a remarkable
transformation that differentiates the geometrical location
of methine and methylene substituents in an efficient
dynamic kinetic resolution. It is important to note that a
variety of chemical functionalities appear to be inert to
these organocatalytic conditions that, in certain cases, can
be susceptible to metal reduction (e.g., halogens, esters,
and aldehydes). The sense of asymmetric induction
observed in all cases is consistent with the selective
engagement of the Hantzsch ester with the Si-face of the
catalyst-activated trans-iminium ion as depicted as
MM3–4 (Scheme 1). Indeed, computational models pro-
vide supporting evidence that the cis-iminium ion will be
energetically disfavored on the basis of nonbonding
interactions between the carbon-carbon double bond
and the tert-butyl group on the catalyst framework. In
addition, the tert-butyl catalyst substituent also serves to
effectively shield the Re-face of the activated olefin,
exposing the Si-face for enantioselective hydride reduc-
tion.14


We have further enhanced the operational simplicity
of the laboratory procedure by introducing a new bench-
stable reagent for asymmetric hydrogenation. The reagent


Table 2. EOTH of r,�-Unsaturated Aldehydes:
Substrate Scope


a E/Z ratios for substrates were >20:1. b Performed at -45 °C.
c Yield determined by NMR. d At 23 °C with 5 mol % catalyst. e E/Z
ratios for substrates were between 3:1 and 5:1. f With 10 mol %
catalyst. g At -50 °C.
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is a blend of the imidazolidinone catalyst 3 (10 mol%) and
the ethyl Hantzsch ester (120 mol%) and is marketed as
(R)- or (S)-Mac-H (mixture for asymmetric catalytic hy-
drogenation).17 Mac-H has been shown to remain cata-
lytically active after 72 months shelf-time (0 °C storage)


and performs the enantioselective hydrogenation of 3-m-
ethyl-cinnamaldehyde with identical results to those


obtained with freshly prepared reagents (eq 4).
Based on our LUMO-lowering iminium activation


strategy, List and co-workers also reported an almost
identical variant of this organocatalytic hydride reduction
involving R,�-unsaturated aldehydes.18 Preliminary studies


from their laboratory described a catalytic but nonasym-
metric transformation wherein achiral secondary amines
in conjunction with the ethyl Hantzsch ester, were found
to effectively hydrogenate �-substituted and �,�-disubsti-


tuted-R,�-unsaturated aldehydes (eq 5). Subsequent to
their initial studies, the List group also described an
enantioselective variant of this hydrogenation protocol
using our imidazolidinone catalyst 1·TCA (eq 6). In
comparing the catalysts that our laboratory has introduced
for iminium activation, it has been our experience that
imidazolidinone 3 far exceeds the reaction efficiency and
enantiocontrol exhibited by imidazolidinone 1 in this
conjugate reduction (using a broad range of �,�-disub-
stituted R,�-unsaturated aldehydes).


Recently, Mayer and List reported the development of
a novel mode of iminium activation termed asymmetric
counteranion-directed catalysis (ACDC), which can be
readily employed for enantioselective transfer hydrogena-
tion (eq 7).19 In this case, a chiral Brønsted acid catalyzes
the formation of an iminium ion via the reversible
condensation of an R,�-unsaturated carbonyl system and
an amine catalyst in analogy with our own LUMO-
lowering activation studies. However, one ingenious dif-
ference is that the source of asymmetry in this catalyst
system is located on the anionic counterion that resides
in electrostatic contact with the activated iminium inter-
mediate. The successful implementation of this strategy
represents a powerful new mode of chirality transfer from
a chiral counteranion to a LUMO-lowered pro-chiral imi-
nium π-system that, in this first rendition, can enantiose-
lectively intercept a hydride ion from the Hantzsch ester.
We anticipate that a variety of the transformations that have
been developed using our iminium ion activation strategy
will be amenable to this new counterion variant.


The most effective counteranion system for the reduc-
tion of R,�-unsaturated aldehydes was based on an ortho-
2,4,6-triisopropyl-phenyl (TRIP catalyst) substituted vari-
ant of the Akiyama20-Terada21 binaphthol phosphate and
morpholine as the amine catalyst (catalyst 5). The chiral
iminium salt effectively undergoes enantioselective hy-
dride reduction using the ethyl Hantzsch ester derivative
as the hydrogen source. Evaluation of the substrate scope
revealed that a broad range of �,�-aryl,methyl-disubsti-
tuted enals effectively participate as substrates in this
transformation. Although this approach does not repre-
sent a general solution for the enantioselective reduction
of �,�-alkyl-disubstituted R,�-unsaturated aldehydes, it
was effective for the enantioselective synthesis of (R)-


citronellal (71% yield, 90% ee) from the reduction of (E)-
citral (Scheme 2).


Scheme 1


(4)


(5)


(6)


(7)
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Enantioselective Organocatalytic Hydride Reduction
of Enones. Inspired by our success on the enantioselective
organocatalytic transfer hydrogenation of enals, we ques-
tioned whether we could further employ this biomimetic
activation strategy to accomplish the enantio- and
chemoselective reduction of cyclic enones. On this basis,
we re-evaluated our design strategy considering that
ketones are sterically and electronically deactivated toward
iminium formation in comparison to aldehydic carbonyls.
More specifically, we examined the furyl imidazolidinone
catalyst 6 in our preliminary studies, an amine that we
previously employed in enantioselective Diels–Alder reac-
tions with cyclic R,�-unsaturated ketones.4b As expected,
catalyst 6 was indeed successful, allowing the organocata-


lytic hydrogenation of 3-phenyl-2-cyclopentenone with
excellent reaction efficiency and suitable levels of enan-
tiocontrol for subsequent optimization (eq 8, 96% yield,
74% ee).22


We next evaluated the structural influence of the
dihydropyridine reagent on the enantioselectivity of this
enone hydrogenation reaction. As noted for the hydride
reduction of enals, the substitution pattern of the dihy-
dropyridine reductant has a significant impact on both
the efficiency and stereocontrol. Indeed, we observed a
trend toward improved enantioselectivity as the size of
the ester functionality at the 3,5-dihydropyridine site
increased (R ) Et, 96% conversion, 74% ee; R ) i-Pr, 78%
conversion, 78% ee; R ) t-Bu, 86% conversion, 91% ee).


While it might be envisioned that such a trend in
enantiocontrol arises on account of increased or decreased


nonbonding interactions between the Hantzsch ester ring
and the catalyst-iminium framework, we believe that
electronic factors might also play a major role. Specifically,
single-crystal X-ray analysis reveals that the tert-butyl
Hantzsch ester ring exists in a boat conformation. Ac-
cordingly one of the hydrogen substituents at the 4-posi-
tion of this dihydropyridine ring system is locked in an
axial orientation thereby maintaining overlap between the
nitrogen lone-pair and the hydridic C-H bond while in
the ground state. In contrast the ethyl-substituted Hantz-
sch ester ring exists in a planarized form wherein poor
π-orbital overlap between the analogous C-H bond and
nitrogen renders a less reactive hydridic reagent. This
analysis is consistent with not only an increase in enan-
tiocontrol when using the more bulky tert-butyl Hantzsch
ester but also improved reaction rate and efficiency. The
superior levels of induction and efficiency exhibited by
the bis(tert-butyl) Hantzsch ester, TCA salt of catalyst 6,
in Et2O at 0 °C to afford (R)-3-phenylcyclopentanone
prompted us to select these conditions for further explo-
ration.22


The scope of the cyclic enone component was exam-
ined, and the results are highlighted in Table 3. A wide
range of electronically and structurally diverse carbocycles
and �-olefin substituents are tolerated in this enantiose-
lective transfer hydrogenation. In particular, good levels
of asymmetric induction were observed for substrates that
do not readily participate in iminium ion formation (entry
7, R ) COMe, 78% yield, 91% ee and entry 8, R ) CO2Me,
83% yield, 90% ee). Importantly, this strategy appears to
be suitable for the enantioselective hydrogenation of a
range of enone ring sizes, including cyclopentenyl (entry
1, 72% yield, 95% ee), cyclohexenyl (entry 9, 82% yield,
90% ee), and cycloheptenyl (entry 12, 70% yield, 92% ee),
including enones that incorporate alkyl substituents at
other positions, an important consideration with respect
to natural product synthesis (entry 10, 66% yield, 98% ee).


It should be noted that the sense of asymmetric
induction observed in all cases is consistent with the
reduction of a cis-iminium ion MM3–7 (Scheme 3) from
the least sterically hindered Si-face. This result is in
complete agreement with our previously reported Diels–
Alder cycloaddition studies involving the imidazolidinone
catalyst 6.4b


(8)


Scheme 2
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Subsequent to our studies, Martin and List reported a
complimentary approach for the enantioselective transfer
hydrogenation of enones using Hantzsch esters based on
their previously developed asymmetric counteranion-
directed catalysis (ACDC) strategy.23 For this purpose,
enantiopure R-amino acids were evaluated, where the
L-valine salt of the TRIP catalyst (catalyst 8, Scheme 4)
provided the highest levels of enantioselectivity.


Investigation of the substrate scope revealed that a
broad range of cyclic enones effectively participate as
substrates in this transformation (eq 9). Interestingly,
based on this catalysis platform, acyclic enones can also
be reduced with moderate to good selectivities.


Enantioselective Organocatalytic Reductive
Amination
The reductive amination reaction represents one of the
most powerful and widely utilized transformations for the
rapid introduction of stereogenic C-N bonds, a common
synthon found in natural isolates and medicinal agents.
While a variety of protocols have been described for the
asymmetric reduction of ketimines (a strategy that re-
quires access to preformed, bench stable imines), it is
surprising that few laboratory methods are known for
enantioselective reductive amination. Moreover, the use
of this ubiquitous reaction for the union of complex
ketone and amine- containing fragments remains unprec-
edented in the realm of asymmetric catalysis, a remarkable
fact given the widespread application of both racemic and
diastereoselective variants.


In contrast, Nature has perfected reductive amination
as a powerful in vivo chemical tool for the enantioselective
synthesis of essential amino acids via selective reduction
of H-bond activated pyruvate-derived ketimines. With this


Table 3. Scope of the Organocatalytic Enone
Reduction


a Yield determined by NMR. b Performed with 1.3 equiv of
Hantzsch ester. c Performed with 1.1 equiv of Hantzsch ester.


(9)


Scheme 3


Scheme 4
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in mind, we proposed the design of an organocatalytic
reductive amination strategy, based on the conceptual
blueprints of biochemical amination wherein enzymes


and cofactors would again be replaced by small organic
catalysts and NADH analogs such as Hantzsch ester.
Specifically, we proposed that exposure of ketone and
amine coupling partners to a chiral hydrogen-bonding
catalyst would result in the intermediate formation of an
iminium species that in the presence of a suitable Hantz-
sch ester would undergo enantioselective hydride reduc-
tion, thereby allowing asymmetric reductive amination in
an in vitro setting. Given the tremendous advances in
hydrogen-bonding catalysis over the last eight years (as
pioneered by Jacobsen,24 Corey,25 Takemoto,26 Rawal,27


Johnston,28 Akiyama,19 and Terada20), we felt optimistic
that a suitable catalyst class might be identified to bring
this concept to fruition.


Our biomimetic reductive amination strategy was first
investigated with acetophenone, p-anisidine, ethyl Hantz-
sch ester and several classes of well established hydrogen-
bonding catalysts (eq 10). While thiourea 9 and taddol 10
failed to induce reductive amination, the binol phosphoric
acid catalysts 11a,b (introduced by Akiyama and Terada)20,21


provided encouraging results (6–45% conversion, 7–65%
ee). To our great delight, we found that an unprecedented
ortho-triphenylsilyl variant of the Terada-Akiyama cata-
lyst 12 facilitates the desired coupling in high conversion
and excellent levels of enantiocontrol at 40 °C (85%
conversion, 94% ee). The superior levels of asymmetric
induction and reaction efficiency exhibited by the H-
bonding catalyst 12 in benzene at 40 °C in the presence
of 5 Å molecular sieves prompted us to select these
conditions for further exploration.29,30


Experiments to probe the scope of the ketone compo-
nent revealed that a wide range of electronically and
structurally distinct substituted acetophenone derivatives
could be successfully coupled with p-anisidine to yield


secondary amines with excellent enantiocontrol (Table 4).
Notably, cyclic aryl ketones (entry 10, 75% yield, 85% ee)
and R-fluoromethyl ketones (entry 11, 70% yield, 88% ee)
are also tolerated in this process without loss in reaction
efficiency or stereoselectivity.


During the course of our substrate scope studies, we
also examined the pyruvic acid-derived cyclic imino ester
and found that it effectively underwent reduction to yield
the corresponding cyclic alanine amino ester 14 with
valuable levels of enantiocontrol (eq 11). To our surprise,
however, implementation of the corresponding ethyl-
substituted imine 15 resulted in a dramatic decrease in
efficiency (82% vs 27% yield, eq 11). Computational
studies reveal that this remarkable change in reaction rate
as a function of the alkyl ketone substituent likely arises
from catalyst-imposed torsional constraints on substrate
conformation (Figure 1). More specifically, iminium ions
derived from methyl ketones are predicted to undergo
selective catalyst association, wherein the CdN Si-face is
exposed to hydride addition (MM3–13, green ball ) H).
In contrast, the corresponding ethyl-containing substrate
(R ) Et, MM3–13, green ball ) Me) is conformationally
required to position the terminal CH3 of the ethyl group
away from the catalyst framework, thereby ensuring that
both enantiofacial sites of the iminium π-system are
shielded.


Importantly, these computational studies have been
substantiated in part by a single crystal X-ray analysis of
a related aryl imine bound to our phosphoric acid catalyst
(Figure 2). As revealed in Figures 1 and 2, there exists a
remarkable correlation between this X-ray structure and
MM3–13 in terms of both hydrogen bond orientation and
the specific architectural elements that dictate iminium
enantiofacial discrimination. It should be noted that the
p-NO2 acetophenone-derived imine used in this structural
analysis readily undergoes reduction in the presence of


(10)
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catalyst 12 with enantioselectivities and efficiencies that
are in accord with the studies outlined herein.


Inspection of both the X-ray and calculated structures
revealed the possibility that catalyst 12 might be generi-
cally selective for the reduction of iminium ions derived
from methyl ketones. Indeed control experiments to
further probe this methyl versus ethyl chemoselectivity
were conducted in acyclic systems and have verified that
the catalyst system exhibits high levels of torsional control
leading to such remarkable chemoselection.


For example, we examined the amination of para-
substituted aryldiketone 16, a system that has the option
to undergo reductive amination at either a methyl or ethyl
aryl ketone position. In accord with our torsional-control
hypothesis, diketone 16 underwent chemoselective reduc-
tion to yield monoaminated 17 with an 18:1 preference
for coupling at the methyl ketone site (eq 12, 85% yield,
96% ee). Perhaps most importantly, we tested this
chemoselectivity feature in the amination of butanone, a
prochiral ketone that contains both the methyl and ethyl
alkyl substituents on the same carbonyl (eq 13). To our
great delight, the corresponding 2-amino-butane product
18 was furnished with notable levels of enantiocontrol


Table 4. Organocatalytic Reductive Amination of
Aromatic Ketones


a Performed at 5 °C. b Reduction of preformed cyclic imine.


FIGURE 1. Computational analysis of catalyst-bound imine structure
(a phenyl substituent on silicon has been removed for clarity).


FIGURE 2. X-ray structural analysis of catalyst-bound imine structure
(a phenyl substituent on silicon has been removed for clarity).


(12)


(13)
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(83% ee), thereby revealing that ketones containing dialkyl
substituents of similar steric and electronic character are
viable substrates for this process (e.g., A values Me ) 1.7
vs Et ) 1.75). Indeed, the capacity of catalyst 12 to
selectively function with a broad range of methyl-alkyl-
substituted ketones has been established (Table 5, entries
1–4, 49–75% yield, 83–94% ee).


In this context, it is important to underscore a key
benefit of reductive amination versus imine reduction.
Specifically, imines derived from alkyl–alkyl ketones are
unstable to isolation, a fundamental limitation that is
comprehensivelybypassedusingdirectreductiveamination.


A central tenet of these studies was to develop an
enantioselective reductive amination that can be em-
ployed in complex fragment couplings (Table 6). This goal
has also been accomplished as a variety of electronically
diverse aryl and heteroaromatic amines effectively par-
ticipate in combination with aryl ketones (entries 1–5,
90–95% ee) and alkyl–alkyl carbonyls (entry 6, 90% ee).


More recently, we have undertaken detailed studies to
gain further insight into the mechanistic features that
govern this biomimetic reductive amination strategy.
During the initial evaluation of optimal reaction condi-
tions, we noted that excess ketone was required to achieve
>85% conversion and a rather unproductive (<5% con-
version) reaction was observed with excess p-anisidine.


Enantioselective Organocatalytic Imine
Reduction
While the studies outlined above represent the first
examples of enantioselective catalytic reductive amination
using Hantzsch esters, it is important to note that these
NADH analogs have previously been used for the asym-
metric hydrogenation of imines. As a transformation, the
reduction of preformed imines has some limitations
relative to reductive amination (e.g., most alkyl imines are
not stable to isolation and as such the imine scope is


typically restricted to aryl imines), however, when imine
reduction is possible, the chiral C-N bond forming event
is effectively identical for the two processes. It is clear,
therefore, that for certain imine classes, enantioselective
reduction of preformed imines represents a complimen-
tary strategy to enantioselective reductive amination for
the construction of the benzylic amine stereocenters.
Historically, the first enantioselective imine reduction
using Hantzsch esters was reported in 1989 by Singh and
Batra.31 Employing the isolable N-phenyl ketimine from


acetophenone as the substrate, a variety of chiral acids
were evaluated for the reduction process. Notably R-ami-
no acids such as cysteine effectively catalyzed imine
reduction to provide the corresponding amine (eq 14).


In the modern era, this transformation did not reach
prominence until the report of Rueping and co-workers32


Table 5. Organocatalytic Reductive Amination of
Alkyl-Alkyl Ketones


Table 6. Organocatalytic Reductive Amination of
Aromatic and Heterocyclic Amines


(14)


(15)


(16)
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demonstrated that selectivities in moderate to good levels
could be accomplished using a phosphoric acid derived
from the Akiyama-Terada family of binol-derived cata-
lysts. Rueping initially reported conditions for the orga-
nocatalytic reduction of preformed ketimines using cata-
lytic amounts of diphenylphosphoric acid. This was
further extended to an enantioselective strategy for aryl-
methyl-substituted imines using the 3,5-(CF3)-phenyl-
substituted binaphthol phosphate catalyst (19, eq 15).
Shortly following Rueping’s first disclosure in this area,
List and co-workers33 reported a similar protocol also
using a variant of the Akiyama-Terada catalyst. The List
group was able to achieve higher levels of enantioselec-
tivity for similar aryl-methyl-substituted imines, using the
ortho-2,4,6-triisopropyl-phenyl-based binaphthol phos-
phoric acid (TRIP) catalyst (20, eq 16). In the same
manuscript, the List group also reported one example of
a ketone that could be used directly to generate imines
in situ in the presence of the phosphoric acid catalyst prior
to addition of the Hantzsch ester substrate. While this does
not constitute a reductive amination per se (reductive
amination requiring that the intermediate imine undergo
chemoselective reduction in the presence of the carbonyl
reagent), it was, however, the first example of using a
ketone substrate in a one-pot process for this type of imine
reduction.33


Enantioselective Organo-Cascade Catalysis
The identification of new chemical strategies that allow
increasingly rapid access to structural complexity remains
a preeminent goal for the chemical sciences. While the
medicinal agent target or total synthesis approach to
molecular complexity has traditionally focused upon a
“stop and go” sequence of individual reactions, it has long
been known that biological systems produce elaborate
molecules in a continuous process, wherein enzymatic
transformations are combined in highly regulated catalytic
cascades. Fundamental to the success of these biological
“assembly lines” is the capacity of discrete transform-
specific enzymes to coexist in the same reaction medium
without the unfavorable consequences that might arise
whensyntheticcatalystsarecombined(e.g.,catalyst-catalyst
interactions, ligand exchange, redox processes). As part
of our studies in organic catalysis, we made the intriguing
finding that imidazolidinones can not only provide LUMO-
lowering activation in the form of iminium catalysis (eq


17 and vide supra) but that the same catalyst family is
broadly useful for asymmetric enamine catalysis (HOMO-
raising activation) (eq 18). On the basis of the expectation


that amine catalysts should coexist without deleterious
interactions, we recently questioned whether the concep-
tual blueprints of biosynthesis might be translated to a
laboratory “cascade catalysis” sequence. Specifically, we
hoped to build structural and stereochemical complexity
in a highly expeditious fashion via the use of multiple
catalytic cycles that are chemically connected to become
one overall transformation.


Central to this new laboratory strategy were three key
objectives: (i) each cycle would selectively install stereo-
genicity via catalyst control (as opposed to substrate
control), (ii) each catalytic cycle would reveal or produce
functionality that would allow access to a subsequent
cycle, thereby orchestrating a highly specific sequence of
stereoselective cascade catalytic cycles and (iii) each cycle
in a sequence could be selectively activated by a specific
catalyst that chemoselectively functions in the presence
of the other amine catalysts (in theory there should be
one catalyst present for each cycle in any given cascade
sequence). We recognized that this latter objective (a
process we call cycle-specific catalysis) would be the most
difficult to achieve yet at the same time felt it would be
essential to the realization of enantioselective organo-
cascade catalysis as a strategy that would generically
impact complex target synthesis.


Cascade Catalysis Design Plan. In accord with our
previous studies, we presumed that exposure of R,�-
unsaturated aldehydes to imidazolidinone catalysts (of
type 1) would generate activated iminium species 21
(Scheme 5) that can enantioselectively intercept a wide
variety of generic π- or hydrido-nucleophiles (Nu). Upon
rapid hydrolysis of the resulting iminium 22, we assumed
that the conjugate addition adduct 23 would then enter a
second catalytic cycle wherein enamine activation 24
would enable highly diastereoselective additions to a wide
array of electrophiles (E). Central to the utility of this new
cascade-catalysis process is the mechanistic requirement
that induction in the enamine addition step should arise
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from catalyst control (as opposed to substrate control).
Specifically, this would ensure high levels of diastereose-
lectivity for the overall process regardless of the stereo-
genicity forged in the first catalytic step. Within this
mechanistic scenario, modular control of the enforced
sense of enantio- and diastereoinduction (e.g., R vs S, syn
vs anti), could be achieved via judicious selection of the
amine enantiomer involved in each catalytic cycle.


We have indeed achieved these ideals and demon-
strated that a wide range of electronically and sterically
diverse R,�-unsaturated aldehydes and aromatic π-nu-
cleophiles in conjunction with our R-chlorination chem-
istry, effectively participate in enantioselective organo-
cascade sequences.10a,34 As revealed in Table 7, a large
variety of nucleophilic reaction partners can be employed
without any apparent chlorination of these π-rich sytems.
Indeed, a prominent feature of this new type of cascade
synthesis is the chemoselective partitioning of nucelo-
philes to undergo addition only to the highly reactive R,�-
unsaturated iminium species and for the electrophilic
component to selectively combine only with the enamine
generated in the second catalytic cycle.


We further hypothesized that implementation of our
enantioselective transfer hydrogenation conditions using
Hantzsch esters, in combination with our R-chlorination
and R-fluorination technologies, would allow the asym-
metric addition of the elements of HCl and HF across
trisubstituted olefins. Most importantly, based on this


organo-cascade sequence, we have devised cascade se-
quences with cycle-specific amine catalysts, which can be
modulated to provide a required diastereo- and enanti-
oselective outcome via the judicious choice of the enan-
tiomeric series of the amine catalysts.


As revealed in Scheme 6, implementation of catalyst
combination A, incorporating the (2S)-enamine catalyst
allows the formal addition of HF with 16:1 anti selectivity
(99% ee). Remarkably, the syn HF addition product can
be accessed with 9:1 selectivity and in 99% ee by simply
changing the enantiomeric series of either amine em-
ployed in this catalyst combination (catalyst combination
B).10a At the present time, our laboratory is exercising great
efforts to employ this new enantioselective cascade ca-
talysis strategy for the construction of a number of natural
products.


Conclusion
Over the past ten years, the field of enantioselective
organocatalysis has grown at an extraordinary pace from


Scheme 5 Table 7. Enantioselective Organo-Cascade Catalysis
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a small collection of unique chemical reactions to a
fundamental branch of asymmetric catalysis. The discov-
ery of new activation modes within the realm of organo-
catalysis has led to the development of unprecedented and
complimentary transformations to those previously es-
tablished within metal and enzyme catalysis. As seen in
this Account, recently developed organocatalytic enanti-
oselective transfer hydrogenation strategies represent
powerful transformations for the enantioselective intro-
duction of the C-H stereogenic structural motif. Within
this catalysis platform, the successful design of small
molecule organic catalysts and the use of NADH analogs
to replace enzymes and cofactors has led to the develop-
ment of the first enantioselective organocatalytic reduc-
tion of R,�-unsaturated aldehydes, R,�-unsaturated ke-
tones, and imines and reductive amination reactions. The
remarkable levels of selectivity obtained in these processes
will certainly prove to be a valuable asset for practitioners
of chemical synthesis. Moreover, these transfer hydroge-
nation technologies are highly amenable for the incorpo-
ration into enantioselective organo-cascade sequences for
the rapid construction of molecular complexity.


For the studies described in this Account, I am deeply indebted
to a highly talented group of co-workers. Support for this program
is currently provided by the National Institutes of Health (National
Institute of General Medical Sciences, Grant RO1-GM078201-01-
01) and by kind gifts from Merck, Amgen, and Roche.
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EDITORIAL


Hydrogenation and Transfer Hydrogenation
This special issue of Accounts of Chemical Research aims to capture major facets of
the field of hydrogenation and transfer hydrogenation. This issue begins with a
discussion of the origins of asymmetric hydrogenation presented in a perspective co-
authored by Knowles and Noyori. Industrial applications of asymmetric hydrogenation,
transfer hydrogenation, and biocatalytic reduction are described in accounts from a
number of process groups. Finally, advances in core areas of hydrogenation technology
as well as emerging fields founded on hydrogenation chemistry are given in several
Accounts from industrial and academic research teams. We are proud to present this
special edition on hydrogenation and transfer hydrogenation and are delighted that
many leading members of the industrial and academic research communities have
contributed Accounts.
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