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Foreword

It is a tremendous honor and a sheer delight to have been asked to write an
introduction for this important and timely tome entitled “Asymmetric Hydrogena-
tion and Transfer Hydrogenation,” edited by my dear friends Dr. Virginie Vidal and
Dr. Phannarath (Poki) Phansavath, themselves notable contributors to the field.
This book will certainly stand as a landmark contribution that not only summarizes
the state of the current art for this useful reaction genre but also sets the stage for
practitioners to explore vistas of future importance.
As many readers will recognize, (transfer) hydrogenation has a very long and

distinguished history in organic chemistry, playing a key role in the field and indeed
perhaps serving as a bellwether for the development of synthetic methods in the
discipline as a whole. Paul Sabatier (Nobel Prize, 1912) has been credited with the
first advances in alkene hydrogenation in the late 1890s, and it was Knoevenagel
who reported the first transfer hydrogenation reaction in 1903 – essentially a
dimerization process involving disproportionation between identical donor and
acceptor units promoted by palladium black in a heterogeneous transformation.
Two decades later (1925) came the famous Meerwein–Ponndorf–Verley reaction,
a redox coupling between a different donor and acceptor. Several more decades
passed (1960s) before homogeneous transition metal catalysts were developed
for both hydrogenation (e.g. Wilkinson’s catalyst) and transfer hydrogenation,
where Henbest, Mitchell, and coworkers hydrogenated carbonyls to alcohols using
isopropanol as the hydride transfer reagent. This was subsequently followed by
transition metal-catalyzed asymmetric processes for carbonyl, imine, alkene, and
related reductions, in which the seminal work of Henri Kagan culminated in the
award of the Nobel Prize in Chemistry to Noyori and Knowles for their contribution
to the field in 2001. Thus began the explosive flurry of activity, leading to the
current status of the field – a cluster of reactions that occupies an exalted status
within the discipline owing to the fact that they are being used in the fragrance,
flavors, pharmaceutical, and agrochemical industries worldwide on ton scale.
Flow techniques, biocatalysis, and organocatalytic methods round out more recent
additions to the armamentarium available to practitioners of the art of organic
synthesis, pointing to exciting opportunities for further exploration.
Homogeneous catalytic asymmetric (transfer) hydrogenation transformations

thus quite rightfully deserve the attention they are receiving in this volume. As
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pointed out throughout, these reactions represent perhaps the most efficacious and
facile means to access enantiomerically enriched molecules, principally because
they serve as supreme examples of atom-economical, environmentally sustainable
reactions. Virginie and Poki have assembled a star-studded group of individuals to
share their deep wisdom and rich experience on this topic with members of the
community. Each contributor is a highly qualified expert in their field, and the
result is a magnificently crafted contribution that will be of value for years to come.
Congratulations to the authors Virginie and Poki for this marvelous effort!

Gary MolanderPhiladelphia, PA, USA
May 6, 2020
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Preface

The homogeneous asymmetric hydrogenation of prochiral unsaturated compounds
catalyzed by transitionmetal complexes is undoubtedly one of themost effective and
straightforward methods to access enantiomerically enriched molecules. Moreover,
catalytic asymmetric hydrogenation is the perfect example of an atom-economical
reaction and constitutes an ideal reaction in the context of greener chemistry, war-
ranting its use in both academic and industrial contexts. Another efficient method
to approach these chiral compounds relies on asymmetric transfer hydrogenation.
In this case, no hydrogen gas is needed, and hydrogen donor sources are used. The
operational simplicity of this methodmakes it a highly useful complement to hydro-
genation. The year 2001 marked the awarding of the Nobel Prize in Chemistry to
Professors R. Noyori, W. S. Knowles, and K. B. Sharpless for their contributions to
the development of asymmetric catalysis. As in any other scientific fields, these out-
standing chemists relied on the efforts of many prior generations of chemists who
laid the foundation for their exceptional discoveries. In this context, a plethora of
scientistsmademajor contributions in advancing thefield of asymmetric hydrogena-
tion and transfer hydrogenation reactions.Nowadays, thesemethods arewidely used
in academic laboratories and for process and manufacturing facilities worldwide in
the pharmaceutical, agrochemical, and fine chemical industry. This book covers var-
ious aspects of homogeneous asymmetric (transfer) hydrogenation, and the different
chapters are not intended to provide a comprehensive review but rather to present
recent progress in the field of homogeneous asymmetric hydrogenation and transfer
hydrogenation.
In the first chapter entitled “The Historical Development of Asymmetric

Hydrogenation,” J. M. Brown discusses the early developments that enabled the
current levels of success in catalytic asymmetric synthesis, focusing on alkene
hydrogenation.
In the following chapter, C. Bruneau presents the “Asymmetric (Transfer)

Hydrogenation of Functionalized Alkenes During the Past Decade” and details a
selection of relevant results obtained with transition metal catalysts during the past
decade using combinations of new families of optically pure ligands with group
8 (Ru), 9 (Rh, Ir), and 10 (Pd) metals constituting the basis of the main recent
advances in this field.
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N. Arai and T. Ohkuma describe in the chapter entitled “Asymmetric (Transfer)
Hydrogenation of Functionalized Ketones” the recent progress that includes
the asymmetric hydrogenation of alkyl ketones, α,β-unsaturated ketones,
α-aminoketones, α-hydroxyketones, and α-oxophosphonates. Highly enantios-
elective hydrogenations of these ketones are introduced with a main focus on the
homogeneous catalytic systems.
J.-H. Xie and Q.-L. Zhou review in the fourth chapter the “Asymmetric (Trans-

fer) Hydrogenation of Aryl and Heteroaryl Ketones,” covering the recent progress of
these effective and atom-economical methods to provide enantiomerically enriched
alcohols and the development of transitionmetal catalysts containing chiral ligands.
The fifth chapter entitled “Asymmetric (Transfer) Hydrogenation of Substituted

Ketones Through Dynamic Kinetic Resolution” written by P.-G. Echeverria, T. Ayad
and ourselves, P. Phansavath, and V. Ratovelomanana-Vidal depicts the preparation
of valuable building blocks bearing up to three stereogenic centers in one single
step, showing that transition metal-promoted asymmetric hydrogenation and trans-
fer hydrogenation are particularly efficient tools especially when combined with a
dynamic kinetic resolution process, highlighting recent advances achieved in this
field.
X. Zhang and P.-L. Shao, in the chapter entitled “Industrial Applications of

Asymmetric (Transfer) Hydrogenation,” outline the intensive use of asymmetric
hydrogenation in the pharmaceutical, agrochemical, fragrance, and flavor indus-
tries, based on the privileges of high atom economy, high reactivity, mild reaction
conditions, high cost efficiency, and sound environmental factors. Numerous
unsaturated compounds, such as enamines, ketones, olefins, and imines, can be
hydrogenated in excellent enantioselectivities.
In the chapter entitled “TetheredRuthenium(II) Catalysts inAsymmetric Transfer

Hydrogenation,” V. K. Vyas, R. C. Knighton, andM.Wills recount the discovery and
development of Ru(II)-tethered catalysts for the asymmetric transfer hydrogenation
of ketones and imines, covering aspects of catalyst design and activity as well as
applications of the catalysts, notably to industrially relevant targets. This class of
catalyst has enjoyed a significant amount of interest from researchers worldwide
and offers exciting prospects as a practical reagent in both industrial and academic
laboratories.
Q.-H. Fan, Y.-M. He, F.-J. Li describe in the eighth chapter the “Homogeneous

AsymmetricHydrogenation ofHeteroaromatic CompoundsCatalyzed by Transition
Metal Complexes” as a straightforward and atom-economical way to a wide range
of chiral heterocyclic compounds. This chapter sums up the major developments
and provides representative examples, giving an overall perspective for the homo-
geneous catalytic asymmetric hydrogenation of heteroaromatics utilizing hydrogen
gas as reducing agent.
The chapter entitled “Asymmetric (Transfer) Hydrogenation of Imines” written

by I. Peñafiel, J. Mangas-Sánchez, and C. Claver deals with the asymmetric reduc-
tion of imines via catalytic hydrogenation and transfer hydrogenation mediated
by noble transition metal complexes as well as through biocatalysis. Particularly,
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because of intense research in enzyme discovery and directed evolution, biocatalytic
imine reduction is envisaged to expand its substrate scope in the near future.
The chapter “Asymmetric Hydrogenation in Continuous-Flow Conditions,”

written by G. Farkas, J. Madarász, and J. Bakos, summarizes the development in
the field of continuous-flow asymmetric hydrogenation reactions based on different
types of catalysts such as chirally modified metal surfaces, chiral organometallic
and organocatalysts, and unmodified transition metal surfaces used in chiral
auxiliary-aided synthesis. Homogeneous or heterogeneous systems, as well as
transfer hydrogenation reactions, are discussed.
In the last chapter entitled “Organocatalytic Asymmetric Transfer Hydrogenation

Reactions,” S. Das, V. N. Wakchaure, and B. List give an overview of the various
types of organocatalytic asymmetric transfer hydrogenation methods using differ-
ent types of acids, including chiral amines, thioureas, phosphoric acids, and disul-
fonimides using biomimetic Hantzsch esters as the reductants, demonstrating that
various functional groups such as C=C, C=O, and C=N could be reduced to afford
useful building blocks.
We are grateful to each of the outstanding authors for their invaluable contribu-

tions to this project.Wedeeply thank them for the professionalismand expertise they
have displayed in making this book possible. We also thank the staff at Wiley-VCH
for their crucial help in assembling the final product.

Phannarath Phansavath andChimie ParisTech-CNRS, Paris, France
Virginie Vidal



https://www.twirpx.org & http://chemistry-chemists.com

1

1

The Historical Development of Asymmetric Hydrogenation
John M. Brown

Chemistry Research Laboratory, University of Oxford, 12 Mansfield Road, Oxford OX1 3TA, UK

1.1 Introduction

How did chemists gain the current levels of knowledge and expertise for control-
ling molecular chirality through hydrogenation or otherwise? The desirability of
asymmetric synthesis was recognized in the 1880s by Emil Fischer and others, but
practical solutions only arose more than 80 years later. The key reasons are explored
here. This brief review has fivemain Sections 1.2–1.6, covering first the development
of ideas underpinning our understanding of asymmetry, then the initial applications
to asymmetric synthesis, and also the development of asymmetric heterogeneous
hydrogenation of alkenes. The final sections on asymmetric homogeneous hydro-
genation of alkenes are limited to work published in or before the early 1980s, in
advance of extensive developments, and thus excluding the important inputs of irid-
ium catalysts and more recently early transition metals.

1.2 Early Work on the Recognition of Molecular
Asymmetry

Chemistry was an emerging science by the beginning of the nineteenth century with
many opportunities for fundamental discovery. At that time scientists crossed dis-
ciplines easily; optics and mineralogy played important roles because of the ready
accessibility and verifiable purity of solid substances. Malus had invented the first
polarimeter in 1808, enablingmeasurement of both the sense andmagnitude of rota-
tion of plane-polarized light [4]. Following this, work by Arago and others on the
interaction of polarized light with minerals intensified in the following decade [5].
Haüy had earlier concluded that each type of crystal has a fundamental primitive,
nucleus or “integrant molecule” of a particular shape, that could not be broken fur-
ther without destroying both the physical and chemical nature of the crystal. He had
accidentally dropped and shattered a crystal of calcite that enabled him to make the
deduction [6]. Biot observed the striking phenomenon that samples of plane sections

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
Edited by Virginie Ratovelomanana-Vidal and Phannarath Phansavath.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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Figure 1.1 α-quartz crystals with object and mirror image hemihedral faces; inner part
shows packing of sub-units. Created by K-H Ernst and reproduced with permission of
Wiley-VCH.

of rock crystal (α-quartz) rotated the plane of plane-polarized light. Furthermore,
some quartz crystals rotated polarized light to the right, and others to the left. The
observations obtained by Biot for liquids in his designed polarimeter showed that
diverse natural substances, either as liquids or in solution, showed the same phe-
nomenon of optical activity with consistent rotations to the left or to the right for a
given substance, which he quantified through Biot’s Law. The vapor of oil of turpen-
tine also demonstrated optical activity. By contrast, water, alcohol, and sulfuric acid
were inactive [7, 8]. Biot deduced that the response to polarized light was a prop-
erty exhibited by the individual molecules of the analyte, making a link to Haüy’s
proposal. The English scientist Herschel was aware of this work and was able to
correlate the direction of rotation for α-quartz crystals with the structure of the crys-
tal. He made it clear that the mirror-image pair differed by virtue of the hemihedral
faces that were themselves object and mirror image (Figure 1.1) [1, 2]. Well over a
100 years then elapsed before the absolute configuration of an α-quartz crystal was
determined by De Vries DeVries, using Bijvoet’s recently developed anomalous dis-
persion method. The laevorotatory form is on the left of Figure 1.1a [3].
This laid the groundwork for explaining a puzzling observation. Cream of Tartar is

a crystalline product isolated as a by-product fromwinemaking andwas widely used
in baking and otherwise. It was known to be the dipotassium salt of tartaric acid
and showed an optical rotation as expected. A winemaker in the Vosges had isolated
a second crystalline product at the same stage of production, and the ensuing
isolated acid (racemic acid) had similar properties to tartaric acid but lacked optical
activity. This became interesting to the prominent Swedish chemist Berzelius in the
late 1820s [9]. He characterized his “paratartaric acid” thoroughly. It was identical
to tartaric acid in analytical composition, had the same chemical composition
and the same physical properties, and same distinct melting points. His student
Mitscherlich [10], by then working in Berlin, discovered that an aqueous solution of
paratartaric acid was “indifferent” to polarized light in contrast to the known optical
activity of tartaric acid and its salts in solution, although his isolated crystal was
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active. From the crystal structures of the acids and their sodium ammonium double
salts, he concluded that: “the nature and number of atoms, their arrangement
and their distance from one another are the same in both bodies.” This sparked
Pasteur’s interest, as he himself acknowledged; he repeated the crystallization of
both sodium ammonium salts. Both sets of crystals were hemihedral with a key
proviso: the hemihedral faces of the tartrate crystals all had the same sense, while
those of paratartaric acid lay either to the left or to the right. Pasteur was able to
separate the right-handed from the left-handed crystals on a 5-g scale and examine
them separately in solution by polarimetry. Both were optically active but in near
equal and opposite directions! This Eureka moment needed rechecking under the
critical gaze of his mentor and senior colleague Biot. With that test successfully
achieved, his reputation was then secured in 1848 when 26 years old. Later on, he
extended this seminal sequence of experiments by resolving paratartaric acid into
its enantiomers with the alkaloids quinidine or cinchonidine (CD) [11–13].
All this was carried out without a proper understanding of the molecular

structure at the atomic level. The first insights into that came many years later,
with the publications of Van’t-Hoff and Le Bel in late 1874 [14–16]. Prior to that
aliphatic organic compounds were typically drawn (and presumably visualized) as
a linear formula string or in-plane with dotted connections (e.g. typical Berichte
papers, 1874). Van’t Hoff’s publication solved the existing problem of isomerism
in saturated organic compounds at a stroke – “The theory is brought into accord
with the facts if we consider the affinities of the carbon atom directed toward the
corners of a tetrahedron of which the carbon atom itself occupies the center.” He
also explained the existence of enantiomers in the case when a carbon atom had
affinities to four different substituent groups. Van’t Hoff had claimed to be inspired
by the work of Wislicenus on lactic acid, CH3CHOHCO2H, stereoisomerism [11].
Le Bel made similar conclusions and was specifically concerned with explaining
the link between tetravalent carbon and optical activity. These analyses proved to
be the foundation stone of modern organic chemistry.
The problem of visualizing representations with multiple stereocenters was first

solved by Emil Fischer’s in-plane notation for sugars, compared with more modern
representations in Figure 1.2, [17]. He had determined the relative configurations by
chemical means. In order to specify the then unknown absolute configurations, the
penultimate carbon in the chain of the dextrorotatory isomer was written with OH
to the right, with the aldehyde (or equivalent group) placed at the top of the chain.
His guess at the absolute configuration was proved correct, much later, through

Figure 1.2 Fischer’s
representation of the
open-chain form of glucose
and its modern variants.
Source: Based on
Lichtenthaler [17].
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stereochemical correlation with Bijvoet’s X-ray analysis of the sodium rubidium salt
of tartaric acid, using zirconium Kα radiation that specifically excited Rb [18].

1.3 Origins and Early Development of Asymmetric
Synthesis [19]

The contrast between optical activity in Nature and its absence in synthesized
organic compounds led to the suggestion of a “vital force” that intervened to create
natural chirality. This provided a challenge to several late nineteenth century
organic chemists, with Emil Fischer prominent. He first suggested that chlorophyll
was responsible for the conversion of CO2 into single enantiomers of sugars by
plants. Although this was not correct, it made a link between chirality and asymmet-
ric synthesis. He discovered how to convert hexoses into their higher homologues
by successive Kiliani hydrocyanation, nitrile hydrolysis to give a lactone, and
Na amalgam reduction. He observed significant excesses of one diastereomer of
product, formally an asymmetric induction, but he was aware of the possibility
of the interconversion of isomers in the course of a multistage reaction, however.
To avert this he studied the hydrocyanation of the tetraacetyl salicylaldehyde
glucoside, helicin, the glucose moiety acting as a chiral auxiliary. The ensuing
cyanohydrin was hydrolyzed and oxidized to the corresponding carboxylic acid
with concurrent glycoside cleavage, Figure 1.3a. The product exhibited a very small
rotation that implied some asymmetric induction had occurred but insufficient to
make a secure claim of success [20]. It then remained for Marckwald to provide
a more robust example in the decarboxylation of methylethylmalonic acid in
the presence of 1 equiv of the alkaloid brucine (Figure 1.3b). After workup and
complete removal of brucine, the monoacid had an optical rotation equivalent to
10% excess of one enantiomer [21]. The observation was carefully repeated and
confirmed by Erlenmeyer and Landsberger [22]. From then on it was accepted that
purely chemical asymmetric syntheses could be attained. But how could this be
achieved in practice? The test of a synthetic method lies in its application, and by
that criterion asymmetric synthesis remained a self-contained field for the next
60 years. Asymmetric synthesis played only a marginal part in the many impressive
total syntheses that were achieved in that period. To reach an asymmetric target,
the chirality tended to come from a natural source [23].
Some of the reasons for the slow development of practical and efficient asym-

metric syntheses are easy to understand. The first half of the twentieth century
experienced two major wars, with inevitable disruption of the progression of
basic science. The early examples of asymmetric synthesis were based on empirical
observation and carried out at a time before the theories that underpin experimental
design – the nature of the chemical bond, electronic theory, and the process of
bond making and bond breaking – were properly described. The development of
organic reaction mechanisms coincided with an increased appreciation of organic
stereochemistry and structure, and so by the 1950s serious attempts to build a
rational foundation for asymmetric synthesis were in place. One of the most
conspicuous of these was the extensive systematic study of asymmetric induction
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Figure 1.4 Cram’s original model for 1,2-asymmetric induction. Source: Reprinted with
permission from Cram and Wilson [24]. © 1963 American Chemical Society.

by Cram and coworkers. He was largely concerned with the relative configuration
of diastereomers, generated through addition of nucleophilic reagents to ketones,
but also recognized base-catalyzed interconversion when control reactions with
pure enantiomers were performed [25, 26]. The sequence of papers led to the
original Cram model for 1,2-asymmetric induction, later modified and refined [24]
(Figure 1.4).
The contemporary work of Prelog was likewise directed to a precise understand-

ing and extending of asymmetric synthesis. His analyses of mechanism and stere-
ochemistry provided models for later workers. Bredig and Minaeff had discovered
alkaloid-catalyzed aldehyde hydrocyanations, probably the first genuine example of
asymmetric catalysis [28]. Prelog revisited this to elucidate the mechanism and was
able to construct models that could explain the ≥25% ee involved in the cinchona
alkaloid-catalyzed hydrocyanation of cinnamaldehyde [27, 29] (Figure 1.5).
All the early work suffers from a significant handicap in that polarimetry was

the only rigorous tool available for estimation of enantiomeric purity – essentially
so throughout the period covered by this article. If specific rotations were small,
or the product was difficult to purify completely, this placed severe demands on
accuracy. The optical yields quoted in the present text are taken directly from
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Figure 1.5 Prelog’s 1954 models for alkaloid-catalyzed enantioselective HCN addition to
cinnamaldehyde. Source: Reprinted with permission from Prelog and Wilhelm. © 1954, John
Wiley & Sons [27].

the original literature references and may suffer from these shortcomings. The
advent of chiral chromatography and NMR techniques changed perspectives and
facilitated the upsurge in activity in asymmetric synthesis from the mid-late1970s
onward. Enantiomer separation by gas chromatograph (GC) with chiral columns
was demonstrated in Gilav’s 1966 publication [30] but did not enter widespread
use until commercially prepared columns were accessible several years later. Chiral
HPLC, currently (2019) the most widely used technique, was developed a decade
later and its convenience and accuracy prevailed [31]. Increasing use of NMRmade
it the primary tool for characterization of organic compounds by themid-1960s. The
invention of chiral derivatizing agents, notablyMosher’s acid, allowedmeasurement
of enantiomer excess by NMR [32]. Chiral europium shift reagents enabling direct
NMR determination on a reaction product followed soon afterward [32]. These
advances were critical in moving asymmetric catalysis, including hydrogenation, to
a central role in synthesis. Catalytic reactions need careful optimization andwithout
access to rapid analytical techniques that would have been a strong deterrent.
Itmakes a useful exercise tomake comparisons of the first discoveries in asymmet-

ric hydrogenation (1968–1972) with the contemporary state of the art in asymmetric
synthesis [33]. The examples selected are intended to illustrate the breadth of effort
in and shortly before that time, rather than provide a comprehensive survey.
Hydroboration of Alkenes afforded the first opportunity for a practical and general

laboratory asymmetric synthesis from 1961 onward. The principle is simple in that
the chiral entity lies in a natural product-derived enantiomerically enriched borohy-
dride, and after hydroboration of the desired alkene, the borane reagent is removed
stoichiometrically by oxidation [34, 35]. After further developments, a versatile syn-
thesis of secondary alcohols derived from cis- or cyclic alkenes with 48–91% optical
yield became available (Figure 1.6).
Asymmetric Diels–Alder Reactions are potentially of two types in that one reac-

tant may bear an auxiliary resolved chiral group leading to asymmetric induction,

B

HH

H
Me

Me

S

L

M

Figure 1.6 H. C. Brown’s model for
the asymmetric hydroboration of
alkenes. Source: Based on Brown and
Zweifel [34].
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or alternatively the cycloaddition reaction may be driven by asymmetric catalysis,
normally through chiral Lewis acid attachment to a basic group in the dienophile
side chain. Early work was exclusively in the former category [36]. Walborsky’s 1963
paper gave interesting insights; very low optical yields were obtained in the reac-
tion of dimenthyl fumarate with simple dienes unless an achiral Lewis acid catalyst
(TiCl4 and SnCl4)was present to activate the dienophilewhen values up to 78% could
be obtained [37]. Further work by Farmer and by Sauer extended these results with
varied reactants and Lewis acids [38, 39].
Asymmetric Ketone Reductions. Stereospecific NADH-promoted reductions of

carbonyl compounds play a central role inmetabolism and had challenged synthetic
imitation. The challenge was met through Corey’s need for a diastereomerically
pure single secondary alcohol intermediate in his prostaglandin synthesis. He
achieved this through preparing an enantiomerically pure borohydride reagent
from limonene with careful optimization. Further improvement effected through
precise changes to the adjacent ester group gave 92 : 8 selectivity in the desired step
[40, 41] (Figure 1.7).
Asymmetric Additions to Ketenes. In a series of papers beginning in 1960, Pracejus

made a robust kinetic and mechanistic study of a simple asymmetric reaction – the
catalytic addition of nucleophiles to prostereogenic ketenes RR′C=C=O [42]. Addi-
tion of MeOH was effectively catalyzed by alkaloid bases, but only acetylquinidine
gave optical yields ≥50%, and that only at temperatures below −80 ∘C, with an opti-
mum of 74% at below −100 ∘C; Figure 1.8.
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H t-Hex
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_
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Figure 1.7 Chiral borohydride reduction of a prostaglandin precursor: CPK model. Source:
Corey et al. [40], with permission from the American Chemical Society.
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Figure 1.8 Catalytic asymmetric synthesis of α-chiral esters according to Pracejus.
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Figure 1.9 Early examples of the asymmetric aldol reaction: (a) Source: Based on Eder
et al. [43]. (b) Source: Based on Hajos and Parrish [44].

Catalytic Asymmetric Aldol Condensations. The Robinson–Michael addition
reaction was a standard method for preparing ring-fused cyclohexenones; the
ring-closure reaction generates a new asymmetric center, and it was utilized in
the preparation of the CD ring moiety in steroids. In 1971, two patents were
published within weeks from separate pharmaceutical companies that demon-
strated a practical method for the catalytic asymmetric synthesis of indenones
(i.e. ring CD of steroids) and octalindiones in high enantiomer excess, with a
simple amino acid as catalyst, preferably proline [45, 46] (Figure 1.9). The follow-up
papers appeared in 1971 and 1974 [43, 44]; hence, the procedure is often called the
Hajos–Parrish–Eder–Sauer–Wiechert reaction to acknowledge the dual discovery;
the first two authors were based at Hoffman la Roche (New Jersey) and the other
three at Schering (Berlin). Of all these early results in asymmetric synthesis, this
has had the most lasting impact through the much later development of the acyclic
asymmetric aldol reaction – and the (re)birth of organocatalysis [47].

1.4 Early Developments in the Asymmetric
Heterogeneous Hydrogenation of Alkenes

Catalytic hydrogenation was known in the late nineteenth century. James Boyce
(USA) converted plant oils into reduced edible oils for commercial use by hydro-
genation over a nickel catalyst, but it was his French contemporary Paul Sabatier
who undertook a systematic study of the reaction, introducing the general use of
hydrogenation into organic synthesis. He demonstrated that finely divided metals
could catalyze the hydrogenation of double, triple, and aromatic bonds [48].
When a C=C double bond is unsymmetrically disubstituted either at one or both

termini, hydrogenation gives rise to enantiomers, depending on the face of H2 addi-
tion, with the potential for catalytic control. This was recognized far earlier than
any practical realization of asymmetric synthesis. So how could an asymmetric het-
erogeneous hydrogenation catalyst be created? Klabunovskii’s approach involved
depositing metals on single-handed α-quartz powder. The hydrogenation of ethyl
2-phenylcinnamate proceeded at 135 ∘C to a product that had a defined but very low
optical rotation [50, 51]. Asymmetric hydrogenation reactions of higher selectivity
were carried out by Akabori. He demonstrated that PdCl2, deposited on silk fibroin
and prereduced, catalyzed an imine–amine hydrogenation to a phenylalanine pre-
cursor in c. 25% optical yield. A similar approach was used with an alkene precursor
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Figure 1.10 Asymmetric alkene reduction effected by chirality transfer from a metal
supported on a natural protein. Source: Data from Izumi et al [53], and see also Izumi’s
1971 review [54].

of phenylalanine, giving the desired product in 36% optical yield. This was claimed
to be the first synthetic asymmetric catalyst, albeit using the natural chirality of
fibroin. By employing acetylated fibroin from cultivated silkworms, an optical yield
of 66% was achieved [52–54] (Figure 1.10). The current successful examples of het-
erogeneous asymmetric hydrogenation, arising from Orito’s work on Pt/cinchona
catalysts, continue the emphasis on C=N and C=O asymmetric reductions but with
less encouraging results for C=C reductions [49].
Asymmetric induction in the heterogeneous hydrogenation of chiral alkenes

where a stereogenic center is in proximity to the alkene had been observed in
several distinct cases using unmodified metal catalysts. A very early example due to
Bergmann and Tietzmann showed that enantiomerically enriched phenylalanine
was formed on hydrogenation, and then hydrolysis, of the mixed diketopiperazine
from (L)-proline and dehydrophenylalanine; the specific rotation of the crude
product indicates high diastereoselectivity arising from asymmetric induction.
Remarkably, the reversed product configuration was observed for hydrogenation of
the ring-opened amination product from the bicyclic substrate [55] (Figure 1.11).
In subsequent publications, Schmidt and coworkers endorsed and refined the basic
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Figure 1.11 Hydrogenation of prolyl-dehydrophenylalanines according to Bergman and
Tietzmann.



https://www.twirpx.org & http://chemistry-chemists.com

10 1 The Historical Development of Asymmetric Hydrogenation

H3C
OH

H

H3C
OH

H

H3C
OH

H

H H

H3C O

H
+

(+) (+) (–)

63% optical yield;
76% (+) from (–) reactant

Unequal mixture of diastereomers

H2

Raney Ni

120°C max
140 psi

CrO3, 

AcOH, 80°C

Figure 1.12 Asymmetric induction in hydrogenation; the (R–) configurational correlation
was defined in later work by Mori et al. [58].

Ph

Me O

O CH3

Ph

Ph

Me O

O CH3

Ph
H

Ph

Me O

O CH3

R

Ph

Me O

O CH3

R
H

4.5% optical yield

27% optical yield

Cx Cx

Cx

R =

H2 / PtO2

AcOH

H2 / PtO2

AcOH
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elements of this work; proline was shown to be a necessary component for high
diastereoselectivity [56, 57].
In a sequence of studies with simple acyclic reactants, Arcus and coworkers dis-

covered very early examples of alkene hydrogenation directed by a hydroxyl group.
He resolved his allylic alcohol reactant (Figure 1.12) and hydrogenated each hand
separately to produce an unequal mixture of diastereomers. The level of stereose-
lectivity was revealed by oxidation of the secondary alcohol while retaining the new
asymmetric center created in the hydrogenation reaction [59, 60].
Prelog systematically investigated steric effects on diastereoselectivity in hydro-

genation, varying the bulk of the substituents at the stereogenic center remote from
the alkene, in the further examples shown in Figure 1.13 [61].
In summary and despite much interesting work, there was little prospect of a syn-

thetically useful heterogeneous asymmetric catalyst for alkene reduction by the early
1970s [62].

1.5 The Development of Rhodium Asymmetric
Homogeneous Hydrogenation of Alkenes

InitialWork. After 1945, the practical use ofmetal catalysts was extensively explored.
One of the first major applications in industry was the hydroformylation of terminal
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alkenes based on Roelen’s pioneering work [63]. It was realized that hydroformy-
lation of alkenes using HCo(CO)4, the preferred homogeneous catalyst, could be
accompanied by hydrogenation of the product aldehyde as a side reaction, and some-
times hydrogenation of the reacting alkene was observed (e.g. with dienes) [64].
There was an early demonstration of alkene hydrogenation as the preferred reaction
pathway; high-temperature reaction of methyl acrylate with CO/H2 with Fe(CO)5
as catalyst in benzene leads to predominant reduction to methyl propionate as the
main product at low CO pressure [65]. Halpern then achieved homogeneous hydro-
genation under ambient conditions. In aqueous 3M HCl, the coordination com-
plex (NH4)2RuCl6 catalyzes the hydrogenation of simple unsaturated acids, and an
alkene–Ru complex may be observed spectroscopically [66]. At about that time, the
catalytic hydrogenation of alkenes by added tributylborane under forcing conditions
was demonstrated [67].
Rhodium–Phosphine Hydrogenation Catalysts. In the following years, many fur-

ther examples of homogeneous hydrogenation were recorded, although none held
the promise of a general synthetic method. This goal was realized with the intro-
duction by Wilkinson and coworkers of the low oxidation state PPh3 complexes of
rhodium and ruthenium that are simply prepared and bench stable. They showed
that ClRh(PPh3)3 is a general homogeneous catalyst for alkene reduction, allowing
extensive physicochemical studies [68–70], while HRu(PPh3)3Cl is a selective cata-
lyst for hydrogenation of terminal alkenes [71, 72]. The efficacy of “Wilkinson’s cata-
lyst” for a range of homogeneous alkene hydrogenations brought rhodium catalysis
into the mainstream of organic chemistry. The advantages in selectivity over het-
erogeneous processes were manifestly demonstrated by selective monohydrogena-
tion of dienes [73], selective deuteration [74], and face-selective hydrogenations in
steroidal cycloalkenes [75] (Figure 1.14). Horner made a detailed study of reactivity
with in situ generated P3RhCl complexes and demonstrated that electron-releasing
aryl groups enhanced reactivity. This work suggested that the catalytically active
species was the dihydrido complex ClH2RhPS, where Swas a labile solventmolecule
displaceable by the alkene [76].
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Phosphorus chirality . By the early 1960s it was known that enantiomerically pure
benzylphosphonium salts underwent a stereospecific transformation to the corre-
sponding phosphine oxide in aqueous base through debenzylation.Horner extended
this chemistry, showing that electrochemical reduction of resolved phosphonium
salts led to fragmentation of themost labile substituentwith stereospecific formation
of the phosphine, typically through loss of a benzyl group. The phosphines produced
racemized with half-lives of a few hours at 130 ∘C [77, 78]. The absolute config-
uration of (S)-(+)-MePrPhP was established by the chemical correlation with the
benzylphosphonium salt of the established absolute configuration [79]. In a later
work, the direct reduction of phosphine oxides to the corresponding phosphines
using HSiCl3 was shown to occur with only a small loss of enantiomeric purity [80].
Mislow’s work was initially directed to quantifying the slow pyramidal inversion in
compounds of third-row elements, especially compounds of sulfur and phospho-
rus [81]. This enabled the development of a versatile synthesis of enantiomerically
pure phosphine oxides using menthol as chiral auxiliary [82, 83]. Furthermore, he
improved Horner’s silane reduction procedure, using Si2Cl6 in place of HSiCl3 [84].
These advances laid the groundwork for the rapid utilization of phosphine ligands
in asymmetric hydrogenation (Figure 1.15).
First Rh-catalyzed asymmetric hydrogenations: Catalytic asymmetric hydrogena-

tion began in 1968. A prior insight was given by Horner’s comment in a paper
on the effect of phosphorus ligands on alkene isomerization vs. hydrogenation:
“Aliphatische und grossvolumige Substituenten verlangsamen die Hydrierung. Diese
Fakten müssen bei der von uns geplanten stereospezifischen Hydrierung mit
optisch aktiven tertiären Phosphinen berücksichtigt werden.” [76]. Shortly
thereafter, however, Knowles published the first experimental demonstration using
an optically impure tertiary phosphine prepared according to Mislow’s procedure.
The Rh(III) complex hydrogenated unsaturated carboxylic acids at 60 ∘C in up to
15% optical purity [85] (Figure 1.16). The paper ended on a prophetic note “The
inherent generality of this method offers almost unlimited opportunities for matching
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Figure 1.16 Asymmetric hydrogenations presented in the original Horner and Knowles
papers.

substrates with catalysts in a rational manner and we are hopeful that our current
effort will result in real progress towards complete stereospecificity.” His emphasis on
the need for catalyst optimization in asymmetric catalysis has later been proved
to be correct. Possibly this publication forced Horner’s hand, since it was quickly
followed by their asymmetric synthesis of 2-phenylbutane in 7–8% optical yield
through a similar asymmetric hydrogenation [86]. These papers were not widely
publicized at the time; perhaps, the untapped potential had not yet been widely
recognized.
Taking a distinct approach, McQuillin showed that a partially reduced Rh(III)

complex incorporating an enantiomerically pure formamide catalyzed the hydro-
genation of an unsaturated ester with up to 60% optical purity [88]. Crabtree indi-
cated that the application of homogeneity tests to hydrogenations with this type of
catalyst indicated that the catalytic species was colloidal or nanoparticulate rather
than homogeneous. This was assumed to apply to McQuillin’s work, although the
homogeneity of his actual catalytic system was not specifically tested [89]. Morri-
son’s contribution offered comparable levels of selectivity. He reasoned that chirality
in the organic backbone of a tertiary phosphine might be easier to achieve than
chirality at phosphorus. The synthesis of neomenthyldiphenyl phosphine involved
difficult purification but was rewarded by the hydrogenation of a series of unsatu-
rated acids including both α- and β-cinnamic acids in up to 61% optical yield, albeit
under fairly forcing conditions [87] (Figure 1.17).
In a lecture published in late 1970, Knowles’s work was extended to other

enantiomerically enriched dialkylphenylphosphines, but optical yields ≤30% were
obtained. But from the question session at the end of the lecture: “DR. ATKINSON:
I have another question based on the phosphorous rhodium bonds, a preferred con-
formation, that, of course, would not be the only conformation. Did you consider the
possibility of using a bi-phosphine, optically active?DR.KNOWLES:We’ve considered
that very strongly. The main problem is that of synthetically making it” [91]. That
consideration became reality with Kagan’s first paper on asymmetric hydrogenation
in early 1971. Using tartaric acid as the chiral scaffold, the ensuing DIOP ligand
was the first effective chelating biphosphine for asymmetric catalysis. The favored
reactants were dehydroamino acids, and optical yields of up to 72% were obtained
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Figure 1.17 (a) McQuillin’s chiral amide-catalyzed asymmetric hydrogenation. (b)
Morrison’s application of the NMDPP ligand in asymmetric hydrogenation. Source: Based on
Morrison et al. [87].

under gentle conditions [92, 93]. This was improved to 80%, for the synthesis of
N-acetyltyrosine, in the ensuing full paper [94]. In a later work with DIOP rhodium
catalysts, building on the development of cationic dialkene bisphosphine complexes
by Schrock and Osborn to provide the precursor [95], enantiomer excesses up to
92% were recorded with a simple enamide [90] (Figure 1.18). First Knowles, and
then Kagan, had filed patents on asymmetric hydrogenation with 1970 priority
dates, recognizing the potential for commercial as well as academic applications
[96, 97].
Practical catalytic asymmetric hydrogenation. A further paper from Knowles

and the Monsanto group revealed that the amino-acid L-Dopa, the standard
treatment for alleviation of the symptoms of Parkinson’s disease, was accessible to
synthesis by asymmetric hydrogenation [98]. Their initial breakthrough came using
(R)-(o-anisyl)PPhMe, (R)-PAMP, previously prepared by Mislow [84], that enabled
hydrogenation of the protected (L)-Dopa precursor in 58% optical yield, starting with
ligand of c. 95% optical purity. From that point, systematic optimization through
ligand synthesis provided their preferred ligand (o-anisyl)PCxMe ((R)-CAMP) and
gave the desired product with up to 90% optical purity. There is a strong positive
nonlinear effect favoring (R*,R*) over (R,S) for the bis-phosphine rhodium solvate
intermediate derived from (R)-PAMP observed by NMR in solution, and in this
case the effect could have diminished any contribution from (S)-impurity [99]
(Figure 1.19).
This was almost but not quite good enough to provide the basis of a commer-

cial process. Further synthesis, surely guided by Kagan’s effective use of a chelating
biphosphine [93], led to the oxidative dimerization of the P-oxide of (R)-CAMP, fol-
lowed by stereospecific reduction to give (R,R)-DIPAMP [100, 101]. In this “double
asymmetric induction” dimerization, the 95% enantiomeric purity of themonophos-
phine is amplified to c. 99% [102]. This synthesis formed the basis of the Monsanto
(L)-DOPA process used therapeutically for over 30 years [103] (Figure 1.20). The
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Figure 1.18 (R,R)-DIOP, derived from natural tartaric acid, forms an efficient and
stereoselective rhodium catalyst for asymmetric hydrogenation. Source: Based on Sinou and
Kagan [90].
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Figure 1.19 The asymmetric hydrogenation of an L-DOPA precursor; comparison of the
bidentate (R,R)-DIPAMP and monodentate (R)-CAMP ligands.

Knowles and Kagan papers in particular led to an upsurge of interest in broadening
the scope of asymmetric hydrogenation and in asymmetric catalysis more generally.
In 2001,WilliamKnowles shared aNobel Prize with Ryoji Noyori (Ru in asymmetric
hydrogenation and transfer hydrogenation, 1985 onward) and Barry Sharpless (Ti in
asymmetric epoxidation, 1980 onward). The powerful influence of the early catalytic
asymmetric hydrogenations on the direction of organic chemical research thereafter
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Figure 1.20 The efficiency of early examples of chelating biphosphines in asymmetric
hydrogenation. Optical yield data is the highest value obtained with that ligand.

is abundantly clear. Contemporary organic chemistry widely engages catalytic reac-
tions, and the rapid development of asymmetric rhodium hydrogenation up to 1975
should be regarded as a true “paradigm shift” [104].
With these early results, rhodiumasymmetric hydrogenation opened upnew chal-

lenges, both to extend the scope and to broaden the basis of ligand design. The second
of these provided a purely synthetic challenge that was widely adopted, following
the principles first demonstrated by Kagan: a moderately rigid scaffold, support-
ing two phenylphosphino or arylphosphino groups that could chelate to rhodium.
An initial success was achieved by Bosnich using scaffolds based on enantiomeri-
cally pure analogues of diphenylphosphino-ethane or diphenylphosphino-propane
[105]. 4-Hydroxyproline [106], or a 1,2-disubstituted ferrocene [107], provided alter-
native approaches. The potential of a biaryl ligand with asymmetry based on hin-
dered rotation between atropisomers was recognized; both Kumada and Hayashi,
and Grubbs, used a binaphthyl scaffold with spacers to the phosphine links, but
only moderate enantiomer excesses were achieved in asymmetric hydrogenation
[108, 109] (Figure 1.20). Early reviews could point to the broadening interest in
the field, and also note the limitation to functional alkenes capable of chelation to
rhodium in catalysis [110].

1.6 The Development of Ruthenium Asymmetric
Homogeneous Hydrogenation of Alkenes

Ruthenium phosphine complexes had played a role in the development of effective
homogeneous hydrogenation, which encouraged the development of asymmetric
catalysts. The first success came from James’s work in which the isolated com-
plex Ru2Cl4[DIOP]3 catalyzed the hydrogenation of N-acetyldehydroalanine in
60% optical yield, similar to the result when HRh[DIOP]2 was employed and to
the same preferred enantiomer [111, 112]. Later studies used HRuCl[DIOP]2 or
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carbonyl ruthenium clusters such as H4Ru4(CO)8[DIOP] for catalysis of hydro-
genation [113]. This early work had demonstrated the potential of ruthenium
complexes in asymmetric hydrogenation but did not lead to practical synthetic
outcomes [114]. At about the same time, Noyori’s efforts were directed toward
the initially difficult synthesis and resolution of BINAP (resolved enantiomers
of 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl), as described in a retrospective
review [111]. The first indication of success lay in a rhodium complex-catalyzed
asymmetric synthesis of amino-acid derivatives that rivaled the optical purities
achieved by Knowles or Bosnich in their best cases [115]. Optimization required
fine-tuning with regard to the nature of the catalyst and lower substrate con-
centrations, however, and significantly higher optical yields were obtained with
N-benzoyl enamides than with N-acetyl enamides. Subsequently, other research
groups reported lower enantioselectivity in asymmetric hydrogenations with
BINAP under standard conditions [116]. The utility of BINAP in rhodium catalysis
was underscored by the demonstration of an industrially useful stereospecific
alkene isomerization, however. This work linked catalyzed isoprene dimerization
with fragrances related to monoterpenes [117].
Ruthenium BINAP hydrogenation chemistry was initiated by Ikariya [118]. He

was able to synthesize a reactive dimeric Ru complex Ru2Cl4[BINAP]2 directly
from the corresponding cycloocta-[4, 8]-diene precursor and to show that it was
a good hydrogenation catalyst for enamide substrates under mild conditions,
giving the opposite enantiomer of product to BINAP–Rh hydrogenation for all
(Z)-dehydroamino acid derivatives, albeit the same enantiomer as BINAP–Rh for
the one example of an (E)-isomeric substrate tested; Figure 1.21.
At this stage it was far from obvious that using Ru complexes might confer any

advantage over Rh in asymmetric hydrogenation. Further progress depended on the
identification of a problem that had unsatisfactory solutions with existing methods.
The monoterpene citronellol, existing in Nature as both (R)- and (S)-enantiomers,
is commercially important for its flavor and fragrance properties. In principle, it
is accessible by the asymmetric hydrogenation of geraniol or its (Z)-isomer nerol
(Figure 1.22). Using ClRh(COD)((R)(+)BINAP) as catalyst at ambient temperature
and elevated H2 pressure, reaction occurred exclusively at the allylic double bond
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H Ph
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H H
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O
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H H
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 84% (R )   96% (R ) 67% (R )  87% (S)

Figure 1.21 Comparative data for optical yields in the asymmetric hydrogenation of
dehydroamino acids. Source: Data from Ikariya et al. [118].
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Figure 1.22 Comparison of rhodium and ruthenium BINAP catalysts in the asymmetric
synthesis of citronellol.

giving (R)-citronellol in 58% ee (by hplc). Conversely, nerol gave the (S)-enantiomer
in 52% ee [119]. Later work described ruthenium hydrogenation, notably using the
catalyst precursor (CH3CO2)2Ru(BINAP) or its trifluoroacetate analogue, described
in patents [120]. The reaction occurred in high enantioselectivity for both geran-
iol and nerol under accessible reaction conditions and was further applied to both
allylic and homoallylic alcohols [121].
It was clear that asymmetric hydrogenation by Ru complexes still required a

chelating functional group in proximity to the reacting alkene but with wider
substrate tolerance than for rhodium. A sequence of papers demonstrated that prin-
ciple, further applied to unsaturated acids [122], benzomorphans and morphinans
(N-formylenamides) [123], and isoquinoline alkaloids (N-acyl enamides) [124].
A major driving force for optimization of ruthenium asymmetric hydrogenation
was the industrial potential, providing a parallel to rhodium catalysis for the
synthesis of (L)-DOPA. In this particular case, Takasago Perfumery Co. synthesized
citronellal from geraniol with BINAP as the Ru ligand, both for its direct use and
also for application as an intermediate in Vitamin E synthesis. Their efficient
BINAP–Ru-catalyzed process worked to provide 350 tons per annum of the desired
product [125]. Rhodium and ruthenium asymmetric hydrogenations of prochiral
alkenes continue to provide an important methodology in modern pharmaceutical
process chemistry [126].

1.7 Conclusions

The original intent was to understand why there was a time lapse of nearly 70 years
between identifying the aim of using synthetic chemistry to achieve effective asym-
metric synthesis and its realization. Some of the key factors are clarified, especially
the introduction of newmethods for themeasurement of enantiomer excess, that are
not dependent on assaying by polarimetry. These advances were both instrumental
(GC, LC, and NMR) and chemical (Mosher reagent and lanthanide shift reagents).
With bettermethodology, the field advanced rapidly. The clearest advance camewith
the recognition that Wilkinson’s catalyst provides a potential pathway for catalytic
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asymmetric hydrogenation and the diverse approaches of Knowles and Kagan. But
there are other factors in play, deserving more detailed scrutiny. Early workers had
no design template for an effective asymmetric synthesis and insufficient guidance
on the variations in reactant structure that are presently taken for granted in sys-
tematic optimization procedures. The “gold rush” era of asymmetric synthesis was
closely linked to the timing of general advances in organic synthesis based on a bet-
ter understanding of structure and mechanism, the discovery of new stoichiometric
and catalytic reactions, and a better appreciation of enzymology.
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Asymmetric (Transfer) Hydrogenation of Functionalized
Alkenes During the Past Decade
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2.1 Introduction

Since the early steps of asymmetric hydrogenation of functionalized alkenes with
chiral mono- and diphosphine ligands in the 1970s [1], tremendous developments
of transition metal-catalyzed achievements have been carried out. This represents
about 50 years of research on a very hot topic, which encountered many challenges
due to the huge demand of industry for the production of optically enriched target
molecules with biological activities. For this reasonmany scientific data focusing on
asymmetric hydrogenation [2] and transfer hydrogenation [3] and applications in
review articles, book chapters, and books have been published. This chapter essen-
tially covers in a nonexhaustive manner the results that have been obtained during
the past decade with rhodium, iridium, and ruthenium catalysts, which constitute
themajor actors in asymmetric (transfer) hydrogenation, but does not includemech-
anistic considerations. Themost popular functionalized alkenes that have been used
as model compounds for catalytic system evaluation are essentially acrylic and α-
and β-amino acid derivatives.

2.2 Asymmetric Hydrogenation with Rhodium Catalysts

Awide range of new ligands have been prepared and used either to prepare rhodium
complexes or generate catalysts in situ by association of the ligandwith a rhodium(I)
precursor.

2.2.1 Chiral Bisphosphine Ligands

Thirty years after the discovery of Dipamp (Scheme 2.1) by Knowles and cowork-
ers, associated with the industrial production of L-DOPA [4], modification of the
o-anisyl group by addition of some other substituents on the phenyl ring has led

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
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Scheme 2.1 Selected bisphosphine ligands.

to the production of new efficient catalytic systems. In particular, the use of lig-
and L1 (Scheme 2.1) led to full conversion and higher enantioselectivities than the
original Dipamp for the enantioselective hydrogenation of α- and β-dehydroamido
esters 1, 2, dialkyl itaconate 3, and atropic acid 4 (R1 = H, R2 = Ph) (Scheme 2.2)
under similar conditions [5]. The 1,2-bis(tert-butylmethylphosphino)benzene ligand
L2 (Scheme 2.1) developed by Imamoto has shown excellent properties for the enan-
tioselective hydrogenation of a variety of functionalized alkenes such as 1, 2, and
5 (Scheme 2.2). In methanol, at room temperature under 3 bar of hydrogen pres-
sure, enantioselectivities higher than 99% were obtained with very high turnover
frequencies (up to 10 000 h−1) [6]. The introduction of the quinoxaline core as tether
connecting the two phosphino groups provided the ligand L3 [6], which also exhib-
ited very high enantioinduction with substrates 1, 2, and 7.
Ligand L4 featuring more bulky alkyl groups at the phosphorus atom was

prepared as an air-stable crystalline solid, and its association with [Rh(cod)2]X or
[Rh(nbd)2]X (X = BF4 or SbF6) made possible the asymmetric hydrogenation of
methyl α-acetamidocinnamate in 99.9% ee [7]. Acyclic β-acetylamino acrylonitriles
were fully hydrogenated in 77–93% ee at 40 ∘C in methanol under 100 bar of
hydrogen with [Rh(cod)(L3)]BF4 as catalyst (Scheme 2.3) [8]. The (R,R)-QuinoxP
(L3) ligand led to the major hydrogenated product with (−) specific rotation.
Zhangmade a comparative study of Tangphos (L5) and Zhangphos (L6) ligands in

the asymmetric hydrogenation of α-arylene acetamides, α-aryl enol acetates, α- and
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Scheme 2.2 Typical model substrates in asymmetric hydrogenation.
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100% conversion
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2-thiophenyl (92% ee), 2-naphthyl (84% ee)

Scheme 2.3 Rhodium-catalyzed asymmetric hydrogenation of β-aryl β-acetylamino
acrylonitriles. Source: Based on Ma et al. [8].

β-dehydroamino esters, and itaconic acid derivatives in methanol at room temper-
ature under 1.5 bar with 1mol% of rhodium catalyst. The high efficiency of L5 and
L6 and the possibility of using the later even at high temperature (50 ∘C in triflu-
oroethanol, TFE) was presented as a promising advantage (Scheme 2.4) [9]. The
structurally related ligandL7 also exhibited excellent catalytic activity for the hydro-
genation of the same substrates under mild conditions, e.g. at 0 ∘C under 7 bar of
hydrogen for 12 hours [10].
Finally, the rigid bisphosphine ligand L8 with C1-symmetry constructed on the

binepine core [11] could achieve good to excellent enantioselectivities with sub-
strates of type 1 and 2 but did not compete favorably with the previous ones due
to higher substrate dependence [12].

2.2.2 Chiral Ferrocenyl Bisphosphine Ligands

After the early success of rhodium (Josiphos) catalysts in asymmetric hydrogenation
reactions reported in 1994 [13], variations on this organometallic diphosphine lig-
and have been undertaken (Scheme 2.5). The [Rh(cod)(L9)]BF4 complex presented
very low selectivity, leading to modest enantioselectivities (below 56% ee) in hydro-
genation of substrates 1 and 3. On the other hand, satisfactory enantioselectivities
were obtained during the asymmetric hydrogenation of α-substituted cinnamic acid
ammonium salts with this catalyst, whereas the use of the related L10 ligand pro-
vided only 65–69% ee for the hydrogenation of the same cinnamic acid ammonium
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Scheme 2.4 Rhodium-catalyzed asymmetric hydrogenation of α-arylene acetamides and
enol esters.
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Scheme 2.6 Asymmetric hydrogenation with Rh(L9) and Rh(L10) catalysts.

salts (Scheme 2.6) [14]. However, [Rh(cod)(L10)]BF4 made possible the sequential
asymmetric hydrogenation of β-aryl-β-aryloxy acroleins at low temperature in excel-
lent yields with enantioselectivities up to 82% (Scheme 2.6) [15].
At 20 ∘C under 1 bar of hydrogen pressure in methanol, the catalytic activity

of the catalyst generated in situ from [Rh(nbd)2]BF4 and L11 exhibited moderate
enantioselectivity in the hydrogenation of substrates of type 1 and 3 (ee< 80%) as
compared to the catalyst generated from the monoferrocenyl ligand L12 (Walphos),
which gave 97% ee for 1 and 87% for 3. L11 proved to be more efficient than L12
only in the hydrogenation of α-methyl cinnamic acid, leading to 92% ee [16].
The ligand L13 based on a triazoleferrocene backbone allowed the asymmetric
hydrogenation of various α-acetamido cinnamates of type 1 at room temperature
under 1 bar of hydrogen in more than 97% ee but was less efficient in the hydro-
genation of α-acetamidostyrene affording only 84% ee [17]. Upon coordination
to rhodium, the phosphine-secondary phosphine oxide L14 provides an in situ
generated rhodium(phosphine–hydroxyphosphine) complex that has revealed
excellent performances for the asymmetric hydrogenation of model substrates 1–3
at room temperature under 1 bar of hydrogen with a catalyst loading of 1mol%,
leading to full conversion in less than two hours and enantioselectivity values in the
range 90–99% [18]. Other ferrocenyl bisphosphine ligands have been used for the
preparation of less-classical substrates. Thus, acrylic acids have been hydrogenated
with excellent enantioselectivities with the Wudaphos ligand L15 (Scheme 2.7)
[19]. This ligand was also able to promote the asymmetric hydrogenation of α-aryl
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Scheme 2.7 Asymmetric hydrogenation of acrylic acids with a rhodium (Wudaphos)
catalyst.

ethenylphosphonic acids in more than 90% ee, but better results were obtained with
the utilization of the phosphine–phosphine oxide ligand L16, which gave more
than 94% ee in most cases (Scheme 2.7) [20].
As illustrated in Scheme 2.8, ethyl 3-aryl-2-(phosphonomethyl)propanoates

have been hydrogenated with very good enantioselectivities in the presence of
(S,S)-Taniaphos ligand L17 at room temperature under 10 bar of hydrogen [21].
Under closely related conditions, chiral 4-hydroxymethyl-3-fluoropiperidine has
been obtained with very high diastereoselectivity and enantioselectivity upon
hydrogenation of the corresponding 3,4-dehydropiperidinium chloride with a
rhodium–Walphos (L18) system [22].
Ligand L19 combines a ferrocenyl bisphosphine group and a thiourea motif

able to interact with a substrate via hydrogen bonding. Thus, metal complexes
equipped with this type of ligand may act both as metal catalyst and organocatalyst.
This concept proved to be very efficient for the asymmetric hydrogenation of
β,β-disubstituted nitroolefins such as β-nitro-α-methylstyrene derivatives [23] and
β-amidonitroalkenes [24] (Scheme 2.9).



https://www.twirpx.org & http://chemistry-chemists.com

2.2 Asymmetric Hydrogenation with Rhodium Catalysts 31

CO2Et
+   H2

[Rh(cod)2]SbF6 (1 mol%)

L17 (1.1 mol%)

10  bar
CH2Cl2, RT, 24 h

>95% yield
P

O

MeO OMe
Ar

CO2Et

P

O

MeO OMe
Ar

*

Ar= Ph (96% ee), 4-FC6H4 (91% ee), 4-NO2C6H4 (95% ee), 2-MeOC6H4 (97% ee)

 2-thienyl (98% ee), 2-furyl (90% ee)

N
F

OH

Bn

+  H2

[Rh(nbd) ]BF  (5 mol%)2 4

L18 (6 mol%)

MeOH, 20 °C, 16 h

N

OH

Bn
H

Cl

conv. 99%
(3S,4R) :(3R,4S) > 99:1

F

6.2 bar

Scheme 2.8 Asymmetric hydrogenation of specific substrates with rhodium precursors and
ferrocenyl bisphosphine ligands.

+   H2

[Rh(cod)Cl]2 (1 mol%)

L19 (1.1 mol%)

5  bar
iPrOH, 35 °C, 24 h

>90% yield

Ar= Ph (99% ee), 4-MeC6H4 (96% ee), 4-MeOC6H4 (99% ee), 2-MeOC6H4 (86% ee)

4-tBuC6H4 (99% ee), 3-FC6H4 (98% ee), 2-furyl (98% ee)

Ar

NO2

Ar

NO2

+   H2

[Rh(nbd)2]BF4 (1 mol%)                 H
L19 (1.1 mol%)

50  bar
CH2Cl2, RT, 24 h

>90% conversion

Ar= Ph (96% ee), 4-MeC6H4 (96% ee), 4-MeOC6H4 (94% ee), 3-MeOC6H4 (94% ee)

4-tBuC6H4 (95% ee), 3-FC6H4 (96% ee), 2-ClC6H4 (92% ee), 2-furyl (90% ee)

Ar

AcN NO2

Ar

NO2AcN
H

Scheme 2.9 Asymmetric hydrogenation of nitroalkenes with
rhodium/bis(phosphine)–thiourea L19.

2.2.3 Chiral Phosphine–Phosphoramidite and Phosphine–Phosphite
Ligands

Phosphine–phosphoramidite ligands L20–L22 (Scheme 2.10) containing the opti-
cally pure atropoisomeric 1,1′-bi(2-binaphthol) have been prepared and evaluated
in the asymmetric hydrogenation of functionalized olefins. Catalysts prepared from
[Rh(cod)2]BF4 and L20, L21, or L22 generated productive hydrogenation catalysts,



https://www.twirpx.org & http://chemistry-chemists.com

32 2 Asymmetric (Transfer) Hydrogenation of Functionalized Alkenes During the Past Decade

NP

O

O

R2P
R1

R1

R= iPr, R1= H

R= iPr, R1= Me

N P

O

O

PPh2

R

L22 R= nBu, Ph, 1-naphthyl

P

O

O

PPh2

H
N

O

P
NPh

Ph

PPh2

O

L21L20

L23

OP

O

O

( )n
PPh2

L24 n= 1–4

OP

O

O

tBu

tBu

O P

O

O

Ph

OMe

R2P

L27    R= Ph(a), Cy(b)

PPh2

L25

OP

O

O

tBu

tBu

L26

PtBu2

Scheme 2.10 Selected phosphine–phosphoramidite and phosphine–phosphite ligands.

leading to excellent enantioselectivities for α-acetamido cinnamates 1 (95–99% ee),
enamides (94–99% ee), and α-enol ester phosphonates (87–99% ee) [25–27]. The lig-
and L23 is not based on binaphthol but includes a chiral phosphorus atom at the
phosphoramidite moiety. The [Rh(cod)(L23)]BF4 complex used at 0.1mol% of cat-
alyst loading promoted the complete and highly enantioselective hydrogenation of
selected substrateswithin three hours at room temperature under 15 bar of hydrogen
(Scheme 2.11) [28].
At this stage, it is interesting to note that symmetrical bis(phosphoramidite)

ligands where the two nitrogen atoms are part of a chiral 1,2-diamine tether
are much less efficient in terms of reactivity and enantioselectivity than the
phosphine–phosphoramidite ligands [29].
Phosphine–phosphite bidentate ligands L24 [30], L25 [31], and L27 [32] have also

been recently investigated in rhodium-catalyzed asymmetric hydrogenation. The
best results are gathered in Scheme 2.11. It appears that these ligands also have
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Scheme 2.11 Asymmetric hydrogenation with Rh/phosphine–phosphoramidite systems.

interesting properties for the asymmetric hydrogenation of the classical model sub-
strates. [Rh(nbd)(L26)]BF4 has been used with success in hydrogenation of a large
scope of trisubstituted enol esters to produce optically active esters with chirality at
the α-carbon [33].

2.2.4 Self-assembled Diphosphine Ligands

After the emergence of monodentate phosphine, phosphoramide, and phosphite
ligands at the turn of the 2000s [34], a way to close the gap between mono- and
bidentate ligands by self-assembling was rapidly investigated. This was done
by the association in the same ligand of a chiral phosphorus-containing moiety
with a motif able to generate hydrogen-bonding interactions, which stabilize the
formation of chelated forms, “pseudobidentate ligands,” around the rhodium
center. It was achieved by introducing amides [35], sulfonamides [36], ureas
[37] (Scheme 2.12, L28[Rh] and L29[Rh]), and even two different functional-
ized phosphorus-containing moieties [38]. In most case, the chiral information
was dictated by the chiral phosphorus group, which was a phosphine [35, 37],
a phosphonite [35], a phosphoramidite [36, 38], or a phosphite [39]. Excellent
enantioselectivities were obtained with some assembled systems for the asym-
metric hydrogenation of α-dehydroamino esters [35, 36, 39], itaconic esters [35],
and α-hydroxymethyl acrylates, cyclic enamides, and methyl α-acetamidomethyl
cinnamate (Scheme 2.13).
The supramolecular interaction of a phosphine–phosphoramidite equipped with

pyridine groups with zinc–salphen (or a porphyrin template) generated a catalytic
system able to hydrogenate dimethyl itaconate at 25 ∘C under 10 bar of hydrogen in
more than 99% ee, whereas the free ligand provided very low conversion (2%) under
similar conditions (Scheme 2.12, ligand L30) [40].

2.2.5 Monodentate Phosphorus Ligands

Monodentate phosphorus ligands have become popular in the 2000s because of their
easy preparation, stability, and efficiency in asymmetric hydrogenation associated
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Scheme 2.12 Examples of self-assembling systems for asymmetric hydrogenation.

with rhodium precursors [34]. However, in the field of hydrogenation of functional-
ized olefins, very few new ligands have been studied during the past decade. Some
novel structures featuring bulky carboranes L32, L33, or chiral moieties derived
from pinene L31 and amino acids L34 are presented in Scheme 2.14. Rhodium
species derived from these ligands were active in hydrogenation of α-dehydroamino
esters, but the enantioselectivities were not improved as compared to previous
results [41–43].

2.2.6 Asymmetric Transfer Hydrogenation with Rhodium Catalysts

The field of asymmetric transfer hydrogenation with rhodium catalysts was pio-
neered by Brunner and Leitner at the end of the 1980s [44]. The catalytic system
and further examples were based on a rhodium(I) precursor associated with a chi-
ral bisphosphine ligand such as L35 [44] and L36 [45] or a monodentate ligand
such as L37 [46] with ammonium formate as hydrogen source (Scheme 2.15). The
transfer hydrogenation of the model substrates of type 1 and 3 took place but with
moderate to acceptable enantiomeric excess (up to 97% in the case of itaconic acid
with L37). Performing the reaction in aqueous medium with the water-soluble lig-
and L38 did not improve the results [47]. On the other hand, asymmetric hydro-
genation of β-methyl-β-aryl-nitroalkenes was efficiently performed using sodium
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Scheme 2.13 Selected efficient asymmetric hydrogenation with self-assembled rhodium
catalysts.
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Scheme 2.14 Some monodentate phosphorus ligands.

formate/formic acid as hydrogen source and [RhCp*Cl2]2 (1 mol%) in the presence
of the diamine ligand L39 at 28 ∘C in water leading to enantioselectivities located in
the range 78–90%, depending on the nature of the aryl group [48]. It can be noted
that these values are slightly lower than those obtained in hydrogenation with the
ferrocenyl ligand L19 (Scheme 2.9) [23].
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Scheme 2.15 Some chiral ligands used in asymmetric transfer hydrogenation with
rhodium catalysts.

2.3 Asymmetric Hydrogenation with Iridium Catalysts

During the past 20 years, iridium-catalyzed asymmetric hydrogenation of
alkenes has known a tremendous development [2]. Besides bisphosphine
ligands, a variety of bidentate ligands associated to a cationic iridium center
have been introduced in iridium-catalyzed hydrogenation. They mainly consist
in phosphine–(thio)oxazoline, phosphine–imidazole, phosphonite–oxazoline,
phosphite–oxazoline, phosphine–carboxylate, phosphine–carbene, and oxazoline–
N-heterocyclic carbene.

2.3.1 Chiral Bidentate Ferrocenyl Ligands

LigandL19 (Scheme 2.5) combining a ferrocenyl bisphosphine group and a thiourea
group, which has been applied for asymmetric hydrogenation of β,β-disubstituted
nitroolefins with a rhodium catalyst (Scheme 2.9), has also found useful application
in the iridium-catalyzed hydrogenation of α-fluoro-β-enamino esters, leading to full
conversion with excellent enantioselectivities and diastereoselectivities (>25 : 1 dr)
(Scheme 2.17) [49]. The ferrocenyl ligand L40 based on a spiranic chiral moiety
(Scheme 2.16) provided remarkably high enantioselectivities (inmost cases>99%) in
the hydrogenation of β-acetamidonitroalkenes both with aryl and alkyl substituents
in β-position (Scheme 2.17) [50]. The iridium complex containing the P,N-ligandL41
(Scheme 2.16) promoted the enantioselective hydrogenation of α- and β-substituted
acrylic esters and amides with enantioselectivities up to 92% at room temperature,
but a long reaction time of 72 hours and 62 bar of hydrogen pressure were required
to reach high conversions [51].
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Scheme 2.16 Some ferrocenyl ligands used in asymmetric iridium-catalyzed
hydrogenation.
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Scheme 2.17 Asymmetric hydrogenation with iridium–ferrocenyl ligands.

2.3.2 Other Chiral Bidentate P,N-ligands

Most of the phosphine–oxazoline and other ligands reported in Schemes 2.18 and
2.19 have been evaluated in the asymmetric hydrogenation of less-common sub-
strates. For instance, apart from the ligands of type L51, which gave satisfactory (up
to 98% ee) andmoderate (19–83% ee) enantioselectivities with α-dehydroamido acid
esters and aliphatic β-dehydroamido acid esters, respectively, these types of ligands
have been scarcely studied [52]. On the other hand, α- and β-substituted cinnamates
have been successfully hydrogenated, leading to good enantioselectivities with var-
ious ligands as shown in the selection gathered in Scheme 2.20.
A variety of acrylic acids have also been enantioselectively hydrogenated (ee> 95%

inmost cases) under lowhydrogen pressure (3–15 bar) inmethanolwith iridium cat-
alysts equipped with a bidentate spirophosphine–oxazoline ligand such as L46 [58].
The neutral Ir(cod)(L52) containing the related anionic phosphine–carboxy ligand
L52 not only provided enantioselectivities in the range 94–99.4% in hydrogenation
of acrylic acids but also allowed the enantioselective hydrogenation of challenging
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Scheme 2.18 Phosphine–oxazoline ligands used in asymmetric hydrogenation with
iridium.

3-alkyl-3-methylenepropionic acids, where the double bond and the acid group are
in remote positions [59].
Enamines having a terminal or trisubstituted double bond corresponding

to α-styrene derivatives including cyclic substrates have been hydrogenated in
dichloromethane at −20 ∘C to 25 ∘C under 10–50 bar of hydrogen pressure in
the presence of iridium catalysts equipped with ligands L42 [60] and L43a [61].
Excellent conversions were obtained with enantiomeric excesses, depending on the
association of ligand/substrate but reaching more than 80% in most cases (up to
92% ee).
The iridium complex [Ir(cod)(L43b)]BARF revealed extremely high activity and

enantioselectivity for the formation of optically active nitriles from α,β-unsaturated
nitriles of (E)-configuration in methanol at 0 ∘C under 100 bar of hydrogen pressure
(Scheme 2.21) [61].
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Ar                 Catalyst H2

(bar)   

Solvent Temp.   Time 

(h)    
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(%)         

ee

(%)     

References

Ph [Ir(cod)(L45)]BARF 50 DCM rt 24 >99 90 [53]

p-MeOC6H4 [Ir(cod)(L45)]BARF 50 DCM 24 >99 92 [53]

Ph [Ir(cod)(L47)]BARF 50 DCM 17 >99 93 [54a]

Ph [Ir(cod)(L48a)]BARF 50 DCM 17 99 98 [55a]

Ph [Ir(cod)(L49)]BARF 50 DCM 2 100 96 [56a]

p-MeOC6H4 [Ir(cod)(L49)]BARF 50 DCM 2 100 96 [56a]

p-ClC6H4 [Ir(cod)(L49)]BARF 50 DCM 2 100 95 [56a]

Ph [Ir(cod)(L50)]BARF 50 DCM 4 100 94 [56b]

p-MeC6H4 [Ir(cod)2]BARF + L55 50 DCM 4 100 97 [57]

p-MeOC6H4 [Ir(cod)2]BARF + L55 50 DCM 4 98 96 [57]
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Ar

Me CO2Et

H Ar1

CO2EtMe

*

Iridium catalyst
+   H2

rt

rt

rt

rt

rt

rt

rt

rt

rt

rt

Scheme 2.20 Asymmetric hydrogenation of ethyl β-methyl cinnamates with iridium
catalysts.

The iridium complexes incorporating the bidentate oxazoline–aminophosphine
L44 or oxazoline–phosphonite L50 ligands are among the best catalysts for the chal-
lenging enantioselective hydrogenation of cyclic enamides (Scheme 2.22) [56, 62].
Anderssonhas developed a series of aminophosphine–(thio)oxazoline iridiumcat-

alysts such as L48a,b with chiral ligands based on a bicyclic core. These catalysts
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Scheme 2.21 Asymmetric hydrogenation of acrylic nitriles with an iridium catalyst.
Source: Based on Müller and Pfaltz [61].

Scheme 2.22 Asymmetric hydrogenation of cyclic enamides with iridium catalysts. Source:
Salomo et al. [62] and Biosca et al. [56].

showed excellent properties for the enantioselective hydrogenation of a variety of
unsaturated sulfones including (E)- and (Z)-vinylic, (E)-allylic and homoallylic lin-
ear sulfones [55] (Scheme 2.23), and cyclic sulfones (Scheme 2.24) [55]. In most
cases, full hydrogenation of the unsaturated substrates under 50 bar of hydrogen
pressure at room temperature in dichloromethane and high enantiomeric excesses
were obtained.
In addition, the complex based on L48c generated a highly efficient catalyst for

the asymmetric hydrogenation of tetrasubstituted olefins, especially those derived
from difunctionalized maleates [55]. As shown in Scheme 2.25, tetrasubstituted
(Z)-maleate derivatives were hydrogenated in high yield with perfect diastereos-
electivity and excellent enantioselectivity. The high enantioselectivities obtained
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Scheme 2.24 Asymmetric hydrogenation of cyclic sulfones with iridium catalysts. Source:
Based on Zhou et al. [55].

for these challenging substrates were attributed to the substitution of the oxazoline
ring of the chiral ligand by two electron-rich p-methoxyphenyl substituents.
Allylic alcohols represent another class of functionalized olefins that have

been hydrogenated in the presence of iridium catalysts. Satisfactory enantiomeric
excesses (>90%) have been obtained from 3,3-disubstituted allylic alcohols with
the phosphine–imidazole ligand L47 [56] and phosphine–thiaoxazolines [55]. The
iridium complex [Ir(cod)(L53]BARF featuring anN-heterocyclic carbene–oxazoline
bidentate ligand has shown remarkable activity for the asymmetric hydrogenation
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Scheme 2.25 Chiral succinates from asymmetric hydrogenation of tetrasubstituted
maleates.

of chiral trisubstituted olefinic substrates with high stereo- and enantioselectivities.
A variety of unprotected and protected allylic alcohols have thus been hydrogenated
with high diastereo- and enantioselectivities resulting from matching of the chiral
catalysts with substrates (Scheme 2.26) [63]. It is noteworthy that the same catalyst
made possible the enantioselective access to Homo-Roche ester derivatives upon
enantioselective hydrogenation of a trisubstituted acrylic ester surrounded by an
allylic hydroxy group (Scheme 2.26) [63].
Finally, it is worth noting that monodentate phosphoramidite ligands based on

the binaphthol core have revealed poor efficiency in asymmetric hydrogenation of
β-dehydroamino esters with iridium complexes [64]. On the other hand, iridium
complexes based on a spirophosphoramidite ligand such as L54 are highly efficient
for the synthesis of tetrahydroisoquinolines by asymmetric hydrogenation of the
corresponding enamines featuring an exocyclic alkylidene moiety under 1 bar of
hydrogen at room temperature in the presence of 5mol% of I2 as additive [65].

2.3.3 Asymmetric Transfer Hydrogenation with Iridium Catalysts

As far as asymmetric transfer hydrogenation of functionalized olefins with iridium
catalysts is concerned, there are very few examples. A recent article reports on
transfer hydrogenation of chalcone with a chiral IrCl(cod)(NHC) catalyst with
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Scheme 2.26 Asymmetric hydrogenation of trisubstituted allylic derivatives.

isopropanol as hydrogen donor under basic conditions, but there is no chemoselec-
tivity, both C=C and C=O bonds being reduced with very low enantioselectivities
[66]. Much better results were obtained for the reduction of nitroolefins with
aqueous formic acid at room temperature in the presence of the iridium complex
based on the diamine L56 (Scheme 2.27) [67].

2.4 Asymmetric Hydrogenation with Other Transition
Metal Catalysts

2.4.1 Asymmetric Hydrogenation with Ruthenium Catalysts

Asymmetric hydrogenation of functionalized olefins such as 1–4 (Scheme 2.2) has
been initially studied in depth with the help of ruthenium catalysts featuring an
optically pure diphosphine ligand such as those derived from binaphthyl (L57)
and biphenyl (L58, L60–L63) structures and other skeletons such as Duphos (L60)
(Scheme 2.28) [2, 68]. During the past decade, much less results have appeared on
this topic.
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Scheme 2.27 Iridium-catalyzed asymmetric transfer hydrogenation of nitroolefins. Source:
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Scheme 2.28 Some typically atropoisomeric ligands used in ruthenium-catalyzed
hydrogenation. Source: Ref. [2], Genêt [2], and Kitamura et al. [68].

A direct access to Roche ester derivatives in high yields and enantioselectivities
has been obtained from the in situ generated catalytic system initially developed by
Genêt et al. [69] based on the association of Ru(cod)(methylallyl)2, an optically pure
biphenyl ligand, andHBF4 inmethanol under 5 bar of hydrogen at 20 ∘C for 24 hours
(Scheme 2.29) [70].
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Scheme 2.29 Ruthenium-catalyzed enantioselective hydrogenation of tert-butyl
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CO2Me

AcOH (1 equiv) 97% ee

[72]

AcOH.H2N

Scheme 2.30 Preparation of optically active amines via ruthenium catalysis. Source:
Steinhuebel et al. [71] and Mattei et al. [72].

A few examples of asymmetric hydrogenation of β-enamine amides and esters fea-
turing an unprotectedNH2 group leading to biologically active products of industrial
interest have been successfully hydrogenated with ruthenium catalysts equipped
with the same type of ligand (Scheme 2.30) [71, 72].
Following initial works based on ruthenium–Binap (L57) [73], trisubstituted

enamides derived from 2-tetralones and 2-chromanones, where the carbon–carbon
double bond is embedded in a six-membered ring, have been more efficiently
hydrogenated (ee> 94%) with ruthenium catalysts involving the Synphos ligand
L60 [74, 75].
Asymmetric transfer hydrogenation of prochiral functionalized alkenes has been

scarcely studied with ruthenium catalysts. The first examples dealing mainly with
acrylic acid derivatives appeared back to the 1990swith secondary alcohols or formic
acid as hydrogen donor and chiral Binap or diamine derivatives as ligands [76]. Nev-
ertheless, efficient catalytic systems based on ruthenium have been developed in
asymmetric hydrogenation of ketones, enones, and imine substrates [3].
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2.4.2 Asymmetric Hydrogenation with Palladium Catalysts

Asymmetric hydrogenation of carbon–carbon double bonds with palladium
catalysts has been less explored than with the previously reported metals [77].
During the past decade, enesulfonamides have been investigated with Pd(O2CCF3)2
as metal precursor associated with chiral diphosphine ligands. In most cases,
the reactions were performed in TFE as solvent under relatively high hydrogen
pressure (14–48 bar). JosiPhos (L64) appeared to be the most appropriate ligand for
the formation of six-membered cyclic sulfonamides in more than 95% enantiose-
lectivity corresponding to enantioselective hydrogenation of an endocyclic double
bond (Scheme 2.31) [78], whereas the hydrogenation of an exocyclic double bond
was more favorably promoted at room temperature by the binaphane ligand L65
(Scheme 2.32) [78].
Finally, the tetrasubstituted double bond of cyclic β-(arylsulfonamido)acrylates

was carried out under similar conditionswith theDuanPhos ligandL66 bringing the
chiral information, and enantioselectivities ranging from 87% to 93% were obtained
in the presence of trifluoroacetic acid as additive [79]. Mechanistic studies, mainly
deuterium labeling, revealed that during these hydrogenations (Schemes 2.31–2.33),
N-sulfonylimines, tautomers of enesulfonamides, were formed as intermediates and
that the presence of acidic proton played a crucial role.
Recently, using Binap (L57) as chiral ligand, hydantoin derivatives featuring an

exocyclic double bond have been hydrogenated with moderate enantioselectivities

CF3CH2OH, 70 °C, 16 h

Pd(O2CCF3)2(L64) (2 mol%)
+   H2

28 bar

NH
S

O O

R2

R1

NH
S

O O

R2

R1

*

NH
S

O O

Ph*

Isolated yields > 96%

98% ee

NH
S

O O

Ph*

96% ee

NH
S

O O

*

98% ee

NH
S

O O

97% ee

NH
S

O O

*

95% ee
OMe

NH
S

O O

*

98% ee
F

NH
S

O O

*

98% ee
Cl

L64: (R,Sp)-JosiPhos Fe
Ph2P

H

PCy2

Me

Scheme 2.31 Palladium-catalyzed enantioselective hydrogenation of cyclic
enesulfonamides.
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CF3CH2OH, RT, 16 h

Pd(O2CCF3)2(L65) (2 mol%)
+   H2

42 bar

Isolated yields: 97%

L65 : (S,S)-f-Binaphane

Fe

NH
S

O
O

R

NH
S

O
O

R

R= Me (86% ee); Et(92% ee); tBu (96% ee), Bn (87% ee)

P

P

*

Scheme 2.32 Palladium-catalyzed enantioselective hydrogenation of exocyclic
enesulfonamides. Source: Based on Yu et al. [78].

CF3CO2H (1 equiv.)

CF3CH2OH, 70 °C, 16 h

Pd(O2CCF3)2(L66) (2 mol%)
+   H2

14 bar

Isolated yields: 97%

L66 : Duanphos

RO2C NHSO2Ar RO2C NHSO2Ar

PP H

H

tBu tBu

R= Me, Et, iPr, nBu, nHex, Bn, PhCH2CH2

Ar= Ph, 4-MeC6H4 87% < ee < 93%

Scheme 2.33 Palladium-catalyzed enantioselective hydrogenation of cyclic
tetrasubstituted β-enamide esters.

except in the case of 2-methoxy- and 2-methylphenyl derivatives, which gave 88%
and 90% ee, respectively (Scheme 2.34) [80].
It can be noted that optically pure mono- and biscarbene ligands have also been

involved in asymmetric hydrogenation of allylic alcohols and acrylic esters with
some success but with limited scope [81].
If palladium-catalyzed hydrogen-transfer reactions from alcohols to unsatu-

rated systems are known, there are not many asymmetric versions, especially
in reduction of functionalized carbon–carbon double bonds [82]. Among
them, the chemoselective hydrogenation of 3-methylcyclohexenone into
3-methylcyclohexanone in 40% yield with an enantiomeric excess of 30% was
obtained using 3mol% of Pd(OAc)2(Me-Duphos) (L59 with R = Me) as catalyst
and formic acid/triethylamine as hydrogen donor [83]. Later on, the binuclear
palladium catalysts, [Pd(OH)(Binap)]2[OTf]2 or [Pd(OH2)2(Binap)][OTf], were
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Brönsted acid (4 mol%)

CF3CH2OH, 70 °C, 24 h

Pd(O2CCF3)2(L57) (2 mol%)
+   H2

40 bar
HN

NH

Ar

O

O HN

NH

Ar

O

O

*

Ar= C6H5, 4-MeOC6H4, 4-BrC6H4, 4-ClC6H4, 3-ClC6H4,2-ClC6H4  (21% < ee <63%)

       2-MeO C6H4 (88% ee), 2-MeC6H4 (90% ee)

Isolated yield > 88%

Scheme 2.34 Palladium-catalyzed enantioselective hydrogenation of prochiral
hydantoins. Source: Based on Ma et al. [80].

also found to be efficient for the chemoselective asymmetric hydrogenation of
conjugated enones into chiral ketones in ethanol as hydrogen donor at room
temperature [84].

2.5 Asymmetric (Transfer) Hydrogenation with First-row
Transition Metal Catalysts

Recently, earth-abundant first-row transition metals have found applications in
hydrogen-transfer reaction. The asymmetric (transfer) hydrogenation of ketones,
imines, and alkenes with these metals has been recently reviewed [85]. For the
enantioselective hydrogenation of functionalized alkenes such as enamides, promis-
ing systems have been obtained with cobalt (CoCl2 (10mol%) or Co(CH2SiMe3)2
(1mol%)) associated to a diphosphine ligand such as Quinox (L3) or Duphos
(L59) operating at room temperature under 35 bar of hydrogen pressure [86].
In transfer hydrogenation, nickel catalysts equipped with a diphosphine ligand
such as (S)-Binapine (L67, Scheme 2.35) or DuPhos (L59) have led to excellent
enantioselectivities with β-dehydroamino esters (94–99% ee), α-dehydroamino
esters (86–88% ee), and β,β-disubstituted acrylic esters (54–94% ee) [87].

L67: (S)-Binapine

P

P

tBu

tBu

H

H

Scheme 2.35 (S)-Binapine ligand.

2.6 Conclusion

Asymmetric hydrogenation of prochiral functionalized olefins has been the subject
of numerous studies initially carried out with rhodium and ruthenium catalysts.
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Many catalytic systems involving a huge variety of ligands have led to efficient
systems for the enantioselective hydrogenation of α- and β-dehydroamino acid
derivatives and acrylic acids and esters, enamides as model substrates. During the
past decade, rhodium systems have still been explored intensively, and new efficient
iridium-based catalysts have been developed, especially with phosphine–oxazoline
ligands. At the same time, new families of prochiral substrates such as enesulfon-
amides and nitroalkenes have been investigated with specific biologically active
molecules targets as final objectives. It must also be noted that first-row transition
metals are emerging in the field.

Abbreviations
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3.1 Introduction

The asymmetric hydrogenation of ketones is one of the powerful methods that
provides synthetically useful secondary alcohols in optically active form [1–3]. In
comparison to asymmetric reductions using stoichiometric metal–hydride reagents
modified or catalyzed by a chiral compound, or those by biochemical methods
with enzymes, the asymmetric hydrogenation has several advantages. (i) The
most distinct advantage over the other methods from a synthetic point of view is
the cleanliness and effectiveness of the reaction. When an appropriate catalyst is
selected, the reaction proceeds almost quantitatively in a highly enantioselective
manner without formation of undesirable by-products. The atom efficiency of the
reaction is 100%. (ii) The reducing agent in the reaction is molecular hydrogen, H2,
which is a low-cost and readily available reagent. (iii) Catalyst loading required in
the reaction could be quite low. It can be reduced as low asmillionth of the substrate
in the best cases. These advantages feature the asymmetric hydrogenation as an
economical and environmentally benign synthetic method. Thus, the asymmetric
hydrogenation is regarded as indispensable core technology for preparing chiral
nonracemic molecules in modern organic synthesis, especially in those of large
scale. Transfer hydrogenation with a simple organic compound such as formic acid
(formate) and 2-propanol as a hydride source is an alternative reaction. This process
does not require pressure of hydrogen, although a dehydrogenated by-product
(carbon dioxide, acetone, etc.) is formed. For readers’ convenience, frequently used
abbreviations of chiral diphosphines and diamines and their structures are shown
in Figures 3.1 and 3.2.

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
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Figure 3.1 Abbreviation of representative phosphines with their structures.
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Figure 3.2 Abbreviation of representative amines with their structures.

3.2 Asymmetric (Transfer) Hydrogenation of Alkyl
Ketones

Strict discrimination between two alkyl (sp3-carbon) groups under artificial chiral
environment is a longstanding problem to be solved in the area of organic synthesis,
because no general chemical principles for this differentiation have been reported.
Many studies on asymmetric hydrogenation of simple alkyl ketones are found in the
literatures; however, reports of better than 80% ee are quite few, andmost of them are
hydrogenation of alkyl methyl ketones. For example, hydrogenation of cyclohexyl
methyl ketonewith the Ru–XylBINAP/DAIPEN system, which gives excellent selec-
tivity in the asymmetric hydrogenation of aromatic ketones (briefly discussed later)
[4], afforded the corresponding alcohol in 85% ee, while the reaction of 2-nonanone
gave the nearly racemic alcohol (Scheme 3.1) [5].
In an early investigation, several 2-alkanones were hydrogenated over tar-

taric acid–NaBr-modified Raney nickel in moderate selectivity (63–80% ee)
(Scheme 3.2) [6].
Hydrogenations on a polymer-supported metal catalyst were also reported to give

moderate selectivity in the case of 2-hexanone; however, the scope of the reactions
was not fully investigated (Scheme 3.3) [7].
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Scheme 3.1 Asymmetric hydrogenation of alkyl methyl ketones. Source: Based on Noyori
and Ohkuma [5].

O OH
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60 °C, 4 d

Scheme 3.2 Asymmetric hydrogenation of 2-octanone. Source: Based on Osawa [6].
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Scheme 3.3 Asymmetric hydrogenation of 2-hexanone with polymer-supported metal
catalyst. Source: Modified from Wei et al. [7].

Among the reported methods for asymmetric hydrogenation of dialkyl ketones
to date, the reactions with the Rh–PennPhos catalytic system [8] and the
Ru–BINAP/picolylamine (PICA) system [9] seemed to have relatively wide
substrate scope.
TheRh–PennPhos system showedmedium tohigh enantioselectivity in the hydro-

genation of various types of alkyl methyl ketones, though the relatively high cat-
alyst loadings and the long reaction time were required to achieve the maximum
conversion (Table 3.1) [8]. Addition of 2,6-lutidine and KBr was crucial to obtain
high conversion and stereoselectivity. It was suggested that the substitution of chlo-
ride by bromide on the Rh complex changed the electronic nature of the catalyst,
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Table 3.1 Asymmetric hydrogenation of alkyl methyl ketones by Rh–PennPhos system.

H2 (30 atm), 2,6-lutidine, KBr

MeOH, rt

[RhCl(cod)]2, (R,S,R,S)-Me-PennPhos

R

O

R

OH

1a–f a–f

(S/C = 100, as monomer)

Entry Substrate R Time (h) Yield (%) ee (%)

1 1a t-Bu 96 51 94
2 1b c-C6H11 106 90 92
3 1c i-Pr 94 99 84
4 1d i-Bu 75 66 85
5 1e Ph(CH2)2 56 99 73
6 1f n-Bu 48 96 75

Source: Based on Jiang et al. [8].

resulting in the improvement of the catalytic efficiency. The use of noncoordinating
and weaker bases such as 2,6-lutidine accelerated the reductive elimination of the
intermediatewithout formation of undesired resting species.High enantioselectivity
was obtained for relatively bulky ketones 1a and 1b (Entries 1 and 2). The stereos-
electivity decreased in the reaction of ketones with smaller alkyl groups. However,
hydrogenation of the ketones with unbranched alkyl groups 1e and 1f gave the cor-
responding secondary alcohols 2e and 2f in still moderate enantioselectivities of 73%
(Entry 5) and 75% (Entry 6).
Chiral RuXY(binap)(1,2-diamine) complexes (X, Y = Cl, Cl, or H, η1-BH4)

are known to promote rapid enantioselective hydrogenation of various simple
nonfunctionalized ketones in 2-propanol with [4, 5, 9] or without [10, 11] a strong
base. A proposed catalytic cycle for the hydrogenation of acetophenone with
trans-RuH(η1-BH4)[(S)-xylbinap][(S,S)-dpen] in 2-propanol based on kinetic and
spectroscopic experiments is shown in Scheme 3.4 [10].
The excellent catalytic activity of this catalyst is rationalized by a nonclassical

“metal–ligand cooperative mechanism” using the NH functionality. The precata-
lyst A is converted to the cationic species B with the loss of BH4

− moiety in an
alcoholic solvent. Then, B is transformed to the active RuH2 species D through
H2-coordinated cationic intermediate C. This process is promoted by a base.
Then, the ketone is reduced by D, resulting in the alcoholic product and the
16-electron Ru–amide complex E. This species is readily protonated in an alcoholic
solvent to regenerate the cationic amino complex B. Complex E partially returns
to D by reaction with H2. The ketone is hydrogenated in the outer coordination
sphere of D, where neither ketone/Ru nor alkoxy/Ru interaction is involved,
through the six-membered pericyclic-type transition state (TS) F. The reaction
with RuCl2(diphosphine)(diamine) (A′)/alkaline base system is also suggested to
proceed via basically the same catalytic cycle.
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Scheme 3.4 Mechanism of the asymmetric hydrogenation with BINAP/DPEN–Ru(II)
catalyst. Source: Based on Sandoval et al. [10].

TSmodels in hydrogenation of acetophenonewith the (S)-TolBINAP/(S,S)-DPEN–
RuH2 catalyst are depicted in Figure 3.3 [10]. (S)-TolBINAP and (S,S)-DPEN bind
to the Ru center in a same plane constructing the C2-symmetric RuH2 complex
corresponding to D in Scheme 3.4. The axially directed hydrogens (Hax) are more
reactive than the equatorial ones, because the H𝛿−–Ru𝛿+–N𝛿−–Hax

𝛿+ moiety with
a smaller dihedral angle suitably interacts with the C𝛿+=O𝛿− group. Therefore,
the hydride on Ru and the amine proton are concomitantly transferred onto the
carbonyl carbon and the oxygen, respectively. A ketone approaches the difunctional
reaction site in a manner that minimizes steric repulsion and maximizes electronic
attractive interaction. The GSi is a preferable TS to the diastereomeric GRe, because
the Re-TS suffers serious nonbonded repulsion between the aromatic groups of
TolBINAP and the larger substituent of the ketone. The secondary attractive
interaction between the NHeq and the phenyl ring could further stabilize the GSi in
the case of aromatic ketones.
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Figure 3.3 Transition state models for hydrogenation of ketone catalyzed by
Ru(II)–(S)-tolBINAP/(S,S)-DPEN system. Source: Sandoval et al. [10]. © 2003 American
Chemical Society.

In contrast to the case of less-hindered ketones, tert-alkyl ketones resisted this
hydrogenation obviously by a steric reason. For example, RuCl2[(S)-tolbinap][(S,S)-
dpen] with a base hydrogenated tert-butyl methyl ketone (1a) in 2-propanol at 9 atm
H2 to give (S)-2a in only 20% yield and 14% ee [12]. This problem was overcome
by replacement of the symmetrical 1,2-diamine ligand with an unsymmetrical
NH2/pyridine hybrid ligand, α-PICA. In this reaction, ethanol was a suitable solvent
instead of 2-propanol. The new BINAP/PICA-based Ru catalyst system allowed
practical asymmetric hydrogenation of a wide range of tert-alkyl ketones (Table 3.2)
[12]. The reaction was able to be carried out under an atmospheric pressure of
hydrogen (Entry 2). When R was an isopropyl group (3b, tert-alkyl sec-alkyl ketone),
the hydrogenation hardly proceeded probably due to the steric hindrance (Entry 5).
It was reported that asymmetric hydrogenation of cyclohexyl methyl ketone

(1b) catalyzed by an Ru(II)–indan–ambox complex gave alcohol (R)-2b in a highly
stereoselective manner (95% ee) (Scheme 3.5) [13]. Unfortunately, this catalytic
system afforded unsatisfactory selectivity in the hydrogenation of pinacolone (1a)
and 3-methyl-2-butanone (3b) (42% ee (R) and 65% ee (R), each).
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Table 3.2 Asymmetric hydrogenation of tert-alkyl ketones with the Ru–BINAP/PICA
system.a)

H , t-BuOK2

EtOH, rt

RuCl2[(S)-tolbinap](pica)

t-Bu R

O

t-Bu R

OH

1a, 3a,b 2a,4a , b

Entry Substrate R S/C H2 (atm) Time (h) Yield (%) ee (%)

1 1a Me 2000 5 5 100 97
2 1a Me 2000 1 9 100 98
3 1a Me 100 000 20 24 100 88
4 3a n-C8H17 2300 5 5 100 97
5 3b i-Pr 2020 8 24 <5 ndb)

a) For simplicity, the table lists results with the Ru(II)–(S)-TolBINAP complex, though some
experiments were actually performed with the (R)-complex, in which the configuration of the
product was also opposite to that shown in the table.

b) Not determined.
Source: Based on Ohkuma et al. [12].

O OH

RuCl2(PPh3)[(S,R)-indan–ambox]

H2 (5 atm), t-BuOK

>99%, 95% ee

i-PrOH, rt, 15 h

1b (R)-2b1b : base : cat. = 100 : 5 : 1

Scheme 3.5 Asymmetric hydrogenation of cyclohexyl methyl ketone. Source: Based on Li
et al. [13].

As another recent example, chiral ruthenabicyclic complex 5 was applied to the
asymmetric hydrogenation of ketones, which are difficult substrates to reduce with
high reactivity and enantioselectivity using original Ru(II)–diphosphine/diamine
systems (Scheme 3.6) [14]. It is noteworthy that quite a large turnover number (TON)
was achieved in this catalytic system, though the enantioselectivity was moderate.
More recently, nonnoble metal catalysts for the asymmetric hydrogenation of

aliphatic ketones with high selectivity have been developed. For example, hydro-
genation of 1b with an Mn complex 6 gave (R)-2b in 84% ee (Scheme 3.7) [15]. It is
considered that the asymmetric induction derives from the approach of the ketone
group perpendicular to the N—H and Mn—H groups in the cis position with either
the Re or Si enantioface (Figure 3.4). The different steric interaction between the
ketone substituents and methyl groups of the chiral phosphorus ligand in R and S
configurations is suggested to be the origin of asymmetric induction.
There are few reports of asymmetric transfer hydrogenation (ATH) that gives

high enantioselectivity with respect to dialkyl ketones. Transfer hydrogenation
of aliphatic ketones catalyzed by Ru complexes linked to the secondary face of
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Scheme 3.7 Asymmetric hydrogenation of cyclohexyl methyl ketone with Mn(I) catalyst.
Source: Based on Garbe et al. [15].

β-cyclodextrin is an outstanding example [16]. Woggon and Schlatter envisaged that
the ruthenium arene complexes Ru-7 (Figures 3.5 and 3.6) would simultaneously
bind lipophilic molecules and participate in orientation and activation of the
substrates, being useful for the enantioselective reduction of nonconjugated ketones
by ruthenium complex-catalyzed transfer hydrogenations [17, 18]. The catalyst
was prepared in situ prior to the catalytic reaction by mixing the CD ligand 7
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Table 3.3 Asymmetric transfer hydrogenation of dialkyl ketones by Ru-7 catalytic system.

H2O–DMF (3:1), 12 h

Ru-7

R1 R2

O

R1 R2

OH

1,8 2 , 9

HCO2Na

cat. : subst. : HCO2Na = 1:10:100

Entry Substrate Catalyst R1 R2 Temp. (∘C) Yield (%) ee (%)

1 1g Ru-7a (E)-(CH3)2C=CH
(CH2)2C(CH3)=CH
(CH2)2

CH3 50 35 98

2 1g Ru-7b (E)-(CH3)2C=CH
(CH2)2C(CH3)=CH
(CH2)2

CH3 25 76 93

3 1h Ru-7a (CH3)2C=CH (CH2)2 CH3 50 95 90
4 Ru-7b 25 99 86
5 1i Ru-7a (CH3)2CH (CH2)3 CH3 50 60 89
6 1f Ru-7a n-Bu CH3 50 72 70
7 Ru-7b 25 98 74
8 1j Ru-7a CH3(CH2)5 CH3 50 80 89
9 Ru-7b 25 99 89
10 1k Ru-7a CH3(CH2)6 CH3 50 55 91
11 Ru-7b 25 99 93
12 1l Ru-7a CH3(CH2)7 CH3 50 56 91
13 Ru-7b 25 80 93
14 1m Ru-7b CH3(CH2)9 CH3 25 37 93
15 8a Ru-7b CH3(CH2)5 CH3CH2 25 55 91
16 8b Ru-7b CH3(CH2)4 CH3CH2 25 61 77
17 1b Ru-7b c-C6H11 CH3 25 99 85
18 1n Ru-7b c-C6H11CH2 CH3 25 40 82

with [RuCl2(η6-C6H6)]2 in H2O–DMF (3 : 1). The representative results are shown
in Table 3.3. Although the yields vary to a certain extent, the enantiomeric excesses
are quite consistent in the series, around 90% ee in favor of the S-configuration.
It should be noted that high-level differentiation of two sp3-carbons with similar
steric bulkiness was achieved in several cases (Entries 1, 11, and 15). Unfortunately,
X-ray crystallographic analysis of the complexes was not carried out. Binding of
a substrate into the cavity of β-cyclodextrin derivatives was supported by NOE
experiments.
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3.3 Asymmetric Hydrogenation of 𝛂,𝛃-Unsaturated
Ketones

3.3.1 Alkenyl Alkyl Ketones

The key issue of the enantioselective hydrogenation of α,β-unsaturated ketones
(alkenyl alkyl ketones) is differentiation between sp3- and sp2-carbon which are
located on each side of the carbonyl group. In this point of view, the situation is
similar to that of hydrogenation of aromatic ketones (alkyl aryl ketones). However,
it is not always easy to reduce the carbonyl group keeping the carbon–carbon
double bond unchanged, since the C=C double-bond moieties of the conjugate
alkenes (substrates) and allylic alcohols (products) are both readily reduced with
conventional hydrogenation catalysts. The asymmetric (transfer) hydrogenation
catalyzed by Ru–diphosphine/diamine systems provides the best way to perform
this transformation.
Results of the asymmetric hydrogenation of benzylideneacetone (10a), which is a

typical substrate as α,β-unsaturated ketone, catalyzed by Ru–diphosphine/diamine
complexes are shown in Table 3.4 [4, 19–22]. The sense of enantioselectivity
was the same as that observed in the reaction of alkyl aryl ketones, and this
indicated that the reaction proceeds through the same mechanism as depicted
in Scheme 3.4 and Figure 3.3. When the hydrogenation is conducted with
RuCl2[(S)-xylbinap][(S)-daipen] as a precatalyst (see Scheme 3.4), it is recom-
mended to use K2CO3 instead of the strong base t-BuOK for activation of the
precatalyst in order to avoid base-promoted oligomerization and/or decomposition
of base-labile substrates (Entry 1). The use of (S)-XylP-Phos/(S,S)-DPEN–RuCl2
complex gave a similar result (Entry 2). The strong base t-BuOKwas preferably used
for achieving higher reaction rate when the hydrogenation was catalyzed by the
Ru complex with XylPHANEPHOS, XylSDP, or C3*-XylTunePhos as a diphosphine
ligand (Entries 3–5).
An aliphatic enone, 3-nonen-2-one (10b), was prone to polymerize in the presence

of alkoxide base and required the use of K2CO3 to obtain the allylic alcohol product
(R)-11b in high yield. While the hydrogenation of 10a, a typical substrate, gave the
allylic alcohol (R)-11a in equally high ee independent of the catalytic systems listed
in Table 3.4, 10b was hydrogenated with higher enantioselectivity catalyzed by the
XylBINAP/DAIPEN system than the XylP-Phos/DPEN system (Scheme 3.8) [4, 19].
Hydrogenation of 10b using the RuH(η1-BH4) complex (S,S)-12 without an addi-

tional base proceeded smoothly to afford the desired product in close to perfect ee
(Scheme 3.9) [11].
The XylBINAP/DAIPEN system is also effective in the asymmetric hydrogenation

of sterically more-hindered α,β-unsaturated ketones 10c and 10d to give the corre-
sponding secondary alcohols in moderate to high ee (Scheme 3.10) [4].
More recently, highly enantioselective hydrogenation of sterically hindered

enones catalyzed by Ru complexes with a rigid chiral diamine and an achiral
diphosphine has been reported [23]. A TON as high as 50 000 was achieved in
the hydrogenation of a typical substrate 10e (Scheme 3.11). The stairlike rigid
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Table 3.4 Asymmetric hydrogenation of benzylideneacetone with
Ru–diphosphine/diamine complexes.a)

Ph CH3

O

Ph CH3

OHRuCl2(diphosphine)
[(S,S)- or (S)-diamine]

H2, Base

i-PrOH, rt

10a 11a

Entry Diphosphine Diamine S/C Base
H2
(atm)

Time
(h)

Yield
(%)

ee
(%) References

1 (S)-XylBINAP (S)-DAIPEN 100 000 K2CO3 80 43 100 97 [4]
2 (S)-XylP-Phos (S,S)-DPEN 10 000 K2CO3 34 15 >99.9 97.1 [19]
3 (R)-XylPHANPHOS (S,S)-DPEN 3000 t-BuOK 5.5 1 >99 97 [20]
4 (R)-XylSDP (S,S)-DPEN 5000 t-BuOK 50 3 100 96 [21]
5 (S)-C3

*-XylTunePhos (S)-DAIPEN 10 000 t-BuOK 10 4 >99.9 97.4 [22]

a) For simplicity, the table lists results with Ru(II)–(S,S)- or (S)-diamine complexes, though some
experiments were actually performed with the corresponding enantiomers, in which the
configuration of the product was also opposite to that shown in the table.

Source: Ohkuma et al. [4], Wu and Chan [19], and Li et al. [22].

O OH
RuCl2[(S)-xylbinap][(S)-daipen]

H2 (8 atm), K2CO3

98%, 97% ee

i-PrOH, rt, 15 h

(S/C = 2000)

10b (R)-11b

O OH
RuCl2[(S)-xylP-Phos][(S,S)-dpen]

H2 (24 atm), K2CO3

91.8%, 93.4% ee

i-PrOH, rt, 15 h

(S/C = 2000)

10b (R)-11b

Scheme 3.8 Asymmetric hydrogenation of 3-nonen-2-one. Sources: Ohkuma et al. [4] and
Wu and Chan [19].

P

Ru
P

O

N
N

H
H

O

Figure 3.7 Favored
transition state model for
Ru–DPEphos/(S,S)-BIDN
complex.

chiral cyclic BIDN crafts a flat and open chiral
environment at the N,N′-ligated portion of the corre-
sponding Ru-phosphine/amine complex, whereas the
two trans-located and free-rotated phenyl groups of
the DPEN lead the equatorially oriented N,N′-ligated
five-membered ring to be more crowded. This orien-
tation is considered to lead to the sterically hindered
enones entering the chiral pocket easily (Figure 3.7, see
also Figure 3.3).
Asymmetric reduction of chalcones, a kind of

alkenyl aryl ketones, to the allylic alcohols in high
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O OH
(S,S)-12

H2 (8 atm)

i-PrOH, 25 °C, 16 h

10b (R)-11b    95%, 99% ee

(S/C = 4000)

P

P

N

N

Ru

H

H

H2Xyl2

Xyl2

BH3

(S,S)-12

H2

Scheme 3.9 Asymmetric hydrogenation of 3-nonen-2-one using Ru–BH4 complex without
external base. Source: Based on Ohkuma et al. [11].

O OHRuCl2[(S)-xylbinap][(S)-daipen]

H2 (8 atm), K2CO3

100%, 86% ee

Ph Ph
i-PrOH, rt, 20 h

(S/C = 2000)

10c (R)-11c

O OH
RuCl2[(S)-xylbinap][(S)-daipen]

H2 (8 atm), t-BuOK

100%, 93% ee

i-PrOH, rt, 16 h

(S/C = 10 000)

10d (R)-11d

Scheme 3.10 Asymmetric hydrogenation of hindered α,β-unsaturated ketones. Source:
Based on Ohkuma et al. [4].

O OHRuCl2[DPEphos][(S,S)-bidn]

H2 (10 atm), t-BuOK

99%, 93% ee

Ph Ph
i-PrOH, 25 °C, 72 h

(S/C = 50 000)

10e (R)-11e

Scheme 3.11 Asymmetric hydrogenation of α,β-unsaturated ketone with high catalyst
turnover.

enantioselectivity is a quite difficult subject, because precise discrimination
between alkenyl (sp2-carbon) and aryl (sp2-carbon) groups is required. Even enzy-
matic methods have not achieved this asymmetric transformation. For instance, the
hydrogenation of chalcone using the Ru–XylBINAP/DPEN catalytic system gave the
corresponding alcohol in only 42% ee [5]. This difficult problem was circumvented
using the Ru–TolBINAP/DMAPEN catalytic system described in the former section
[24].
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Table 3.5 Asymmetric hydrogenation of alkenyl aryl ketones with the
Ru–TolBINAP/DMAPEN system.

H2 (8 atm), t-BuOK

i-PrOH, 0 °C

13 14

Ar R2

R1O

Ar R2

R1OH
RuCl2[(S)-tolbinap][(R)-dmapen]

15

Ar R2

R1O

+

Entry Substrate Ar R1 R2 S/C
Time
(h)

Yielda)
(%)

ee
(%)

1 13a Ph H Ph 1000 5 99 (1) 97
2b) 13a Ph H Ph 10 000 3 99 (1) 97
3 13b 4-CH3C6H4 H Ph 1000 4 >99 (<1) 98
4 13c 4-FC6H4 H Ph 1000 3 96 (1) 96
5c) 13d 2-Naphthyl H Ph 1000 5 96 (1) 95
6c),d) 13e 2-Furyl H Ph 1000 8 98 (<1) 92
7 13f Ph H 4-CH3C6H4 1000 13 93 (1) 97
8 13g Ph H 4-ClC6H4 1000 5 99 (<1) 97
9e) 13h Ph CH3 Ph 1000 43 97 (<1) 89
10 13i Ph H t-Bu 1000 8 86 (<1) 97

a) Yield of the saturated ketone 15 is shown in parentheses.
b) Under 40 atm H2.
c) Reaction in a 2 : 1 mixture of 2-propanol and DMF.
d) 1 equiv of PPh3 to the Ru complex was added.
e) Under 50 atm H2.

The representative data are shown in Table 3.5. Hydrogenation of chalcones
substituted by electron-donating or -withdrawing groups 13a–c proceeded very well
with the Ru–(S)-TolBINAP/(R)-DMAPEN catalytic system in 2-propanol (Entries
1–4). Formation of saturated ketones and alcohols was efficiently suppressed when
this reaction was conducted at 0 ∘C. The 2′-naphthyl substrate 13d was also a good
substrate for this reaction (Entry 5). For hydrogenation of 2′-furyl enone 13e, an
addition of triphenylphosphine (1 equiv to Ru) was required to eliminate the unde-
sired saturated by-products (Entry 6). Triphenylphosphine is believed to inhibit
the coordination of the allylic alcohols 14 to the ruthenium center responsible for
the isomerization to the saturated ketones 15. Substituents on the β-phenyl group
(R2 in the Scheme) had little effect on the enantioselectivity of the hydrogenation
(Entries 1, 7, and 8). The β,β-disubstituted enone, 13h, was a difficult substrate to
hydrogenate because of steric hindrance at the β-position. Complete conversion
with a substrate/catalyst molar ratio (S/C) of 1000 is achieved after 43 hours
under 50 atm of H2, affording 14h in 89% ee (Entry 9). The tert-butyl-substituted
enone 13i, though this is not categorized in chalcones, was also hydrogenated
with an excellent enantioselectivity, while the reactivity was relatively low
(Entry 10).
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HRe (favored) HSi (disfavored)

N N

MeH

H

O

Me

H

H

C
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Ph
N N

MeH

H

O

Me

H

H
Ph

R
C

PP

NMe2H2N

Me

Me

Me
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PP

NMe2H2N

Me

Me

Me
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(to (S)-alcohol) (to (R)-alcohol)

C

O
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O

Repulsive
Interaction

R = CH=CHPh

V-shaped channel

Figure 3.8 Enantioface selection in the asymmetric hydrogenation of 13a by
Ru(II)–(S)-TolBINAP/(R)-DMAPEN complex.

The stereoselectivity is reasonably explained using TS models depicted in
Figure 3.8, which are closely related to those in Figure 3.3. Ketone 13a approaches
the catalyst reaction site with the Re face or Si face. The Re-face-selected TS, HRe,
affording (S)-14a is more favored than the Si-face-selected TS, HSi, resulting in
(R)-14a. The “sickle-shaped” vinylic group of 13a fits well with the “V-shaped
channel” of TolBINAP’s Arax–P–Areq (Ar = 4-CH3C6H4) structure in the TS HRe,
while TSHSi sustains serious nonbonded repulsion between the widespread phenyl
group of 13a and the narrow TolBINAP’s V-shaped channel.
Recently, a related complex, RuCl2[(S)-dm-segphos][(S)-dmapen], turned out

to show excellent catalytic activity to double asymmetric hydrogenation of linear
β,β-disubstituted α,β-unsaturated ketones to the γ-substituted secondary alcohols in
high diastereo- and enantioselectivities (Scheme 3.12) [25]. A mechanism including
cooperative action of two independent catalytic cycles is postulated. One of these
cycles contributes to the enantioselective hydrogenation of the enone into the chiral

O OHRuCl2[(S)-dm-segphos][(S)-dmapen]

H2 (50 atm), t-BuOK

95% (dr 11:1)

Ph Ph
i-PrOH–t-BuOH (3 : 1)

(S/C = 300)

10e (2R,4S)-15

98% ee
0 °C, 8 h, then 25 °C, 32 h

Scheme 3.12 Double asymmetric hydrogenation of α,β-unsaturated ketone. Source: Based
on Arai et al. [25].
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O OHRuCl[(R,R)-Tsdpen][η6-p-cymene]

HCO2H/Et3N

89%, 39% ee

Ph Ph
*

(S/C = 200)

CH2Cl2, 30 °C, 28 h

10a 11a

(Absolute configuration was not identified.)

Scheme 3.13 Asymmetric transfer hydrogenation of α,β-unsaturated ketone. Source:
Based on Xue et al. [26].

allylic alcohol, and the other takes part in the diastereoselective hydrogenation of
the allylic alcohols into the γ-substituted secondary alcohols.
Compared to hydrogenation, there have been much less examples of ATH of

alkenyl alkyl ketones that show high enantioselectivity. It was reported that transfer
hydrogenation of benzylideneacetone (10a)with a typical Ru(II)–p-cymene/TsDPEN
catalyst gave the allylic alcohol 11a in unsatisfactory selectivity (Scheme 3.13) [26].
An ether-tethered Ru–arene complex 16, which was found to be a highly active

catalyst for ATH, was applied to the reduction of 1-Cyclohexenyl methyl ketone
(17); however, there remained plenty room for improvement in the enantioselec-
tivity (Scheme 3.14) [27].

Ru

(R,R)-16 (S/C = 200)

HCO2H/Et3N (5 : 2)

>99% conversion

30 °C, 5 d

17 (R)-18

TsN
N

Cl

Ph

Ph H

O

(R,R)-16

O OH

71% ee

Scheme 3.14 Asymmetric transfer hydrogenation of 1-cyclohexenyl methyl ketone with
ether-tethered Ru–arene complex. Source: Based on Parekh et al. [27].

3.3.2 Alkynyl Alkyl Ketones

Catalytic asymmetric hydrogenation of alkynyl ketones, which requires differ-
entiation between sp3- and sp-carbon groups, is difficult due to producing the
side products mainly caused by undesirable 1,4-addition reactions because of
intrinsic serious instability of alkynyl ketones under basic conditions. At the
moment, few practical methods are reported on the enantioselective preparation
of propargylic alcohols through the hydrogenation of alkynyl ketones. Hydro-
genation of alkynyl ketones with Ru(OTf)[(S,S)-Tsdpen](η6-p-cymeme) ((S,S)-19)
or Cp*Ir(OTf)[(S,S)-Msdpen] ((S,S)-20) without base is likely the most suitable
method to obtain chiral propargylic alcohols in high enantiomeric purity [28]. The
representative results are summarized in Table 3.6. Asymmetric hydrogenation
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Table 3.6 Asymmetric hydrogenation of alkynyl ketones with
Ru(OTf)[(S,S)-Tsdpen](η6-p-cymeme) or Cp*Ir(OTf)[(S,S)-Msdpen] precatalyst.

CH3OH, 50 °C

15–24 h21 22

R2

O

catalyst 19 or 20

R1

R2

OH

R1

H2

Ru

N
NTfO

Ts

H
H

Ir

N
NTfO

Ms

H
H

(S,S)-19
(S,S)-20

Entry Substrate Precatalyst R1 R2 S/C H2 (atm) Yield (%) ee (%)

1 21a 19 TBS CH3 1000 10 94 97
2a) 21a 19 TBS CH3 5000 50 96 95
3 21a 20 TBS CH3 1000 10 73 93
4 21b 19 TBS C2H5 1000 20 91 95
5 21c 19 TBS n-C9H19 1000 20 94 96
6 21d 19 TBS c-C6H11 1000 10 94 96
7 21e 19 TBS Ph 100 10 16 9
8b) 21f 19 TBS CH2Cl 200 10 94 96
9 21g 19 TBDPS CH3 1000 10 98 95
10 21h 19 TIPS CH3 1000 10 98 96
11 21i 19 TMS n-C9H19 200 10 63 93
12 21j 19 Ph CH3 200 10 78 92
13 21k 19 4-ClC6H4 CH3 200 10 92 88
14 21l 19 4-CH3C6H4 CH3 200 10 88 94
15 21m 19 t-Bu CH3 200 20 61c) 89
16 21n 19 1-Cyclohexenyl CH3 200 10 78 95

a) This reaction using 8.46mmol of 21a was conducted for 40 hours.
b) Reaction at 30 ∘C.
c) A small amount (c. 4–5%) of impurity was included.
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of 21a with ((S,S)-19) in methanol under 10 atm of H2 at 50 ∘C was completed in
15 hours to afford the S propargylic alcohol 22a in 97% ee (Entry 1). The reaction
with an S/C of 5000 under 50 atm of H2 for 40 hours gave 22a in 95% ee almost
quantitatively (Entry 2). The isoelectronic complex ((S,S)-20) exhibited relatively
lower reactivity and enantioselectivity for this reaction (Entry 3). In the hydro-
genation of the ethyl and n-nonyl ketones (21b and 21c), a condition of 20 atm
of H2 was required to achieve a high yield of >90% in 15 hours (Entries 4 and 5).
The reaction rate and the enantioselectivity were significantly decreased in the
hydrogenation of the phenyl ketone 21e (Entry 7). The hydrogenation of other
alkynyl ketones gave similar results under the regular conditions or with slightly
increased catalyst loadings (Entries 6, 8–16). The sense of enantioselectivity was
consistent throughout these substrates.
Catalytic ATH of alkynyl ketones is also a good method to obtain chiral propar-

gylic alcohols with high enantiomeric excess. It was reported that the chiral
16-electron Ru complexes 23 are excellent catalysts for the carbonyl-selective
asymmetric reduction with 2-propanol [29]. The asymmetric reduction, normally
with a 0.1–1M 2-propanol solution of a ketone, proceeds under neutral conditions
at room temperature with an S/C of 100–200, giving the corresponding propargylic
alcohols in up to 98% ee and in >99% yield. The Ru catalysts 23 can be conveniently
generated in situ by mixing the 18-electron precursors 24 and KOH in a 1 : 1.2
molar ratio. The selected data are listed in Table 3.7. Various acetylenic ketones
21 can be reduced to chiral propargylic alcohols 22 in good yields. The ee values
are consistently high regardless of the bulkiness of R2 substituents from methyl to
tert-butyl. 2-Propanol is the best hydrogen donor. Attempted reduction of 21a using
a 1 : 1 formic acid/triethylamine mixture in THF containing (S,S)-23b (S/C = 200,
THF, 28 ∘C, 20 hours) gave (S)-22a in 91% ee but only 55% yield.
Recently, a chiral iridium complex was found to show excellent catalytic activity

for the ATH of alkynyl ketones in the presence of both sodium formate and ethanol
as hydrogen sources without the addition of any base (Scheme 3.15) [30].
The ATH of 21j was performed under the conditions, (S)-25, HCO2Na, in EtOH

at 60 ∘C, to give (R)-22j of 96% ee in almost quantitative yield. Considering that
ethanol is a renewable resource and a feedstock for the chemical industry, as well
as an environmental- and human-friendly solvent, this protocol provides a practical
and sustainable method for the preparation of optically active propargylic alcohols,
although relatively large amount of the catalyst (S/C = 100) is required.

3.4 Asymmetric Hydrogenation of 𝛂-Aminoketones

Asymmetric hydrogenation of α-aminoketones is an important transformation to
produce synthetically useful vicinal aminoalcohols in optically active form. As an
early example, dimethylaminoacetone (26a) was successfully hydrogenated with
axially chiral diphosphine–Ru complexes to afford the aminoalcohol 27a in high ee
(Scheme 3.16) [31]. An aromatic substrate 26b was reduced as well as the aliphatic
substrate.
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Table 3.7 Asymmetric transfer hydrogenation of alkynyl ketones with Ru arene complexes.

i-PrOH, 28 °C

21 22

R2

O complex 23 or 24

R1

R2

OH

R1

Ru

N
N

Ts

H

(S,S)-23

Ru

N
NCl

Ts

H
H

(S,S)-24

Rn Rn

a: η6-arene = mesitylene

b: η6-arene = p-cymene

(S/C = 200)

Entry Substrate Precatalyst R1 R2 Methoda)
Time
(h)

Yield
(%)

ee
(%)

1 21j (S,S)-23a Ph CH3 A 20 87 98
2 21j (S,S)-23b Ph CH3 A 20 >99 97
3 21j (S,S)-24a Ph CH3 B 4 >99 97
4 21j (S,S)-24b Ph CH3 B 18 94 96
5 21o (S,S)-24a Ph C2H5 B 12 97 97
6 21p (S,S)-24a Ph i-Pr B 5 98 99
7 21q (S,S)-24a Ph c-C6H11 B 13 >99 98
8b) 21r (S,S)-24a Ph t-Bu B 13 84 98
9 21s (S,S)-24a n-Bu CH3 B 6 70 98
10 21t (S,S)-24a n-Bu i-Pr B 6 90 >99
11 21u (S,S)-23b TMS CH3 A 12 >99 98
12 21v (S,S)-23b TMS n-C4H9 A 12 86 98
13c) 21w (S,S)-23b TMS n-C5H11 A 15 98 99
14 21x (S,S)-23b TMS i-Pr A 12 >99 99

a) Method A, 21 : 23 = 200 : 1; method B, 21 : 24 : KOH = 200 : 1 : 1.2.
b) S/C = 100.
c) (R,R)-23b was used, giving (R)-22x.

Use of cationic iodide complex 28 instead of the neutral Ru(OAc)2(binap) complex
improved the ee up to 99.4%, though the reason was not clarified (Scheme 3.17)
[32, 33].
Higher catalyst TON and lower H2 pressure were achieved using RuCl2

(diphosphine)(1,2-diamine) complexes with a slight sacrifice of the enantiofa-
cial selectivity (Scheme 3.18) [34]. When 1.0M solution of α-aminoketone 26a
in 2-propanol containing trans-RuCl2[(R)-xylbinap][(R)-daipen] and t-C4H9OK
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EtOH, 60 °C, 8 h

21j (R)-22j

CH3

O complex (S)-25

Ph

CH3

OH

Ph

(S/C = 100)

99%, 96% ee

P

N

Ir

N

H
Cl

H
H

CH3

Ar2

(S)-25

Ar = 3,5-(t-Bu)2C6H3

HCO2Na (2 equiv)

Scheme 3.15 Asymmetric transfer hydrogenation of alkynyl methyl ketone. Source: Based
on Zhang et al. [30].

CH3OH, rt

26a: R = CH3 (S)-27a

R

O Ru(OAc)2[(S)-binap]

72%, 96% ee

(CH3)2N
R

OH

(CH3)2N

26b: R = C6H5 (S)-27b 85%, 95% ee

S/C = 780, 50 atm, 12 h

S/C = 490, 100 atm, 24 h

H2

Scheme 3.16 Asymmetric hydrogenation of α-amino ketones: early examples. Source:
Based on Kitamura et al. [31].

EtOH–CH2Cl2 (5 : 5)

26a (S)-27a

CH3

O
Ru complex 28 (S/C = 1100)

100%, 99.4% ee

(CH3)2N
CH3

OH

(CH3)2N

H2 (105 atm)

30 °C, 40 h

Ru

P

P I

+

I–

Ph2

(S)-28

Ph2

Scheme 3.17 Asymmetric hydrogenation of α-amino ketone with cationic ruthenium
iodide complex. Source: Mashima et al. [32] and Mashima et al. [33].

(ketone:Ru:base molar ratio = 2000 : 1 : 16) was stirred under 8 atm of H2 at 25 ∘C
for four hours, the amino alcohol (S)-27a was produced in a 92% ee and 99%
yield. Pure S amino alcohol was obtained via its crystalline hydrochloride. The
Ru–diphosphine/diamine catalyst is much more reactive than the earlier devised
diamine-free Ru–BINAP catalysts described above, which requires the assistance of
heteroatom/Ru interaction and shows an opposite sense of asymmetric induction.
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i-PrOH, 25 °C, 4 h

26a (S)-27a

CH3

O
RuCl2[(R)-xylbinap][(R)-daipen]

99%, 92% ee

(CH3)2N
CH3

OH

(CH3)2N

H2 (8 atm), t-BuOK

(S/C = 2000)

Scheme 3.18 Asymmetric hydrogenation of α-amino ketone with
RuCl2(diphosphine)(1,2-diamine) complex. Source: Based on Ohkuma et al. [34].

Compared to hydrogenation with gaseous hydrogen, transfer hydrogenation
of α-aminoketones is much less explored. It is reported that transfer hydrogena-
tion of a range of α-aminoketones with formic acid–triethylamine, catalyzed by
RuCl[(R,R)-TsDPEN](η6-p-cymene), produces the corresponding β-amino alcohols.
While the excellent enantioselectivity was obtained in the reaction with aromatic
amino ketones, the selectivity was unsatisfactory in the case of an aliphatic amino
ketone (Scheme 3.19) [35].

AcOEt, rt, 6–7 hR

O
RuCl[(R,R)-Tsdpen](η6-p-cymene)

Et2N
R

OH

Et2N

HCO2H–Et3N (5 : 2)

(S/C = 400)

29a: R = Ph

29b: R = CH3 (R)-30b   50%, 60% ee

(R)-30a   73%, 98% ee

Scheme 3.19 Asymmetric transfer hydrogenation of α-amino ketones. Source: Based on
Kosmalski et al. [35].

(R)-3-Quinuclidinol ((R)-32) is an important building block for the syntheses
of muscarinic receptor ligands such as solifenacin (M3 receptor antagonist).
Asymmetric hydrogenation of 31 to (R)-32 catalyzed by chiral metal complexes is a
straightforward chemical procedure. Several practicalmethods have been developed
to achieve this important transformation (Table 3.8) [14, 36–38]. The reaction with
a Ru(II)–(R)-DM-SEGPHOS/(S)-DM-DAIPEN catalyst afforded (R)-32 in 97% ee
(S/C = 1000), but the catalytic activity was not sufficient for practical large-scale
synthesis (Entry 1). A practical procedure for the synthesis of (R)-32 at a 4.3-kg scale
was achieved using Ru(II)–XylSkewPhos/PICA complex, though recrystallization
was required to obtain enantiomerically pure 32 (Entry 2). Both high catalyst
turnover and high ee were accomplished by a combination of BINAP and IPHANE,
which was readily derived from a tartrate (Entry 3). Previously mentioned Ru
complex 5 also gave a satisfactory result (Entry 4).
Recently, an Mn(I) complex bearing a lutidine-based chiral PNN ligand has been

found to show high activities and good to excellent enantioselectivities in the asym-
metric hydrogenation of α-aminoketones (Scheme 3.20) [39]. Hydrogenation of
ketone 33withMn complex 35 gave amino alcohol 34, which is the key intermediate
for the synthesis of phenylephrine, in 95% ee. It should be noted that high catalytic
performance was achieved using a chiral catalyst made of an earth-abundant metal.
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Table 3.8 Asymmetric hydrogenation of 3-quinuclidinone with the
Ru–diphosphine/diamine systems.a)

31 (R)-32

N

O

N

OH

H

H2, Ru cat.

t-BuOK

Entry Precatalyst S/C H2 (atm) Conditions Yield (%) ee (%) References

1 RuCl2[(R)-dm-
segphos][(S)-
dm-daipen]

1000 30 i-PrOH,
30 ∘C, 16 h

97.5 97 [36]

2 RuBr2[(S,S)-
xylskew-
phos](pica)

100 000 15 EtOH,
30–45 ∘C, 4 h

>99 (82)b) 88 (>99)b) [37]

3 RuCl2[(S)-
binap][(R)-
iphane]

50 000 50 i-PrOH,
25 ∘C, 24 h

99 97 [38]

4 RuCl[(R)-
daipena][(R)-
dm-segphos]
((RN,RP)-5)

100 000 10 i-PrOH,
5–30 ∘C, 6 h

92 95 [14]

a) For simplicity, the table lists results with the Ru(II) complex that gives (R)-32, though some
experiments were actually performed with the enantiomeric complex, in which the
configuration of the product was also opposite to that shown in the table.

b) The numerical value after recrystallization is shown in parentheses.
Source: Matsumura et al. [14], Takenaka [36], and Arai et al. [38].

MeOH, rt, 16 h

t-BuOK (1.02 equiv)

(S,S)-35 (S/C = 100)

HFIP (10 mol%)

33 (R)-34 99%, 95% ee

Nt-Bu Mn CO

CO

Br
P

NH

i-Pr

Ph

Ph

HO

O

N

Me

Ph

(S,S)-35

+ H2

(30 atm)

HO

OH

N

Me

Ph

Scheme 3.20 Asymmetric hydrogenation of α-aminoketone with Mn(I) complex bearing a
lutidine-based chiral PNN ligand. Source: Based on Zhang et al. [39].

3.5 Asymmetric Hydrogenation of 𝛂-hydroxyketones

Asymmetric hydrogenation of α-hydroxyketones is one of the reliable procedures
to obtain optically active 1,2-diols that are useful chiral building blocks. However,
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MeOH, 65 °C, 7 hH3C

O
(NH2Me2)[{RuCl[(R)-segphos]}2(µ-Cl)3]

H2 (30 atm)

36a (R)-37a

100%, 99.5% ee

100%, 98.5% ee

OH
H3C

OH

OH

S/C = 3000

S/C = 10 000

Scheme 3.21 Asymmetric hydrogenation of acetol with Ru(II)–SEGPHOS catalyst. Source:
Based on Saito et al. [40].

this asymmetric transformation is still difficult even with modern, well-defined
molecular catalysts, and not so many examples are found in the literature. As
an early successful example, hydrogenation of hydroxyacetone (acetol, 36a)
with a Ru(II)–SEGPHOS catalyst afforded (R)-1,2-propanediol (37a) in excellent
enantioselectivity (Scheme 3.21) [40].
A broad range of α-hydroxyketones were hydrogenated in highly enantioselective

manner using Ru(II) complex in combination with thiophene-based modular phos-
phine ligands (Table 3.9) [41]. A series of sterically less-demanding 1,2-diols could
be obtained in good yields and with excellent enantioselectivities. Not only linear
substrates (36a–d, Entries 1–6) but also branched substrates (36e, f, Entries 7 and
8) were reduced to the corresponding diols with high optical purity. This method
could be applicable to sterically more demanding tert-butyl ketone 36g (Entry 9),
cycloalkyl ketone 36h (Entry 10), and α-hydroxyacetophenone (36i) (Entry 11).
In addition to the abovementioned Ru(II)–diphosphine catalytic system,

Ru(II)–arene/TsDPEN or isoelectronic Cp*Ir/MsDPEN complexes were found to
show excellent catalytic activity. When hydrogenation of α-hydroxyacetophenone
(36i) using Cp*Ir(OTf)[(S,S)-Msdpen] as a precatalyst in methanol under 10 atm
of H2 at 60 ∘C was conducted for 15 hours, (R)-1-phenyl-1,2-ethanediol [(R)-37i]
was produced in 96% ee and 97% yield (Scheme 3.22) [42]. It is worth noting that
Ru(OTf)[(S,S)-TsDPEN](η6-p-cymene), which is an efficient catalyst for asymmetric
hydrogenation of α-chloro aromatic ketones [43], was virtually inert for the reaction
of the electronically related α-hydroxyketones.
The catalyst system was applied to the asymmetric hydrogenation of a series

of α-hydroxyketones (Table 3.10). The reactivity was markedly influenced by the
electronic properties of the substrates. Thus, a hydroxyketone 36k bearing an
electron-donating MeO group at the 4′ position was not converted at all under the
standard reaction conditions, while the hydrogenation of 36j substituted by an
electron-attracting CN group at the 4′ position proceeded smoothly (Entries 2 and
3). Complete conversion was achieved with a high level of enantioselectivity in the
hydrogenation of 4′-F- and 4′-Cl-substituted ketones, 36l and 36m, at an S/C of 3000
under otherwise identical conditions. 2-Thienyl ketone 36n was converted to the
chiral alcohol 37nwith nearly perfect enantioselectivity, leaving the heteroaromatic
ring intact. This catalytic system was also effective in hydrogenation of hydroxyace-
tone (36a), the simplest aliphatic α-hydroxy ketone, producing (R)-1,2-propanediol
[(R)-37a] in 80% ee.
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Table 3.9 Asymmetric hydrogenation of α-hydroxyketones with the Ru–thiophene-based
diphosphine system.

MeOH, 60 °CR

O

Ru(methallyl)2(cod)

H2

36a–i (R)-37a–i

OH
R

OH

OH

ligand 38

HBr (5 equiv vs Ru)
+

S

P(2-MeC6H4)2P

38

Entry R S/C H2 (atm) Time (h) Yield (%) ee (%)

1 CH3 (36a) 100 80 12 78a) 96
2 CH3 (36a) 1000 80 17 80 95
3 CH3 (36a) 10 000 80 48 85 94
4 CH3(CH2)2 (36b) 100 80 12 74a) 94
5 CH3(CH2)4 (36c) 100 50 12 82 97
6 Ph(CH2)3 (36d) 100 50 12 81 96
7 (CH3)2CH (36e) 100 50 12 77a) 96
8 (CH3)2CHCH2 (36f) 100 50 12 81 91
9 t-Bu (36g) 100 50 36 93 93
10 cyclo-C5H9 (36h) 100 50 12 84 95
11 Ph (36i) 100 50 12 90 98

a) Yield of doubly acylated product.
Source: Based on Kadyrov et al. [41].

MeOH, 60 °C, 15 hPh

O
Ir or Ru cat. (S/C = 6000)

H2 (10 atm)

36i (R)-37i

97%, 96% ee

<1%

OH
Ph

OH

OH

Cp*Ir(OTf)[(S,S)-Msdpen]

Ru(OTf)[(S,S)-TsDPEN](η6-p-cymene)

Scheme 3.22 Asymmetric hydrogenation of α-hydroxy ketone with Ru(II)–arene/TsDPEN
or isoelectronic Cp*Ir/MsDPEN complexes. Source: Based on Ohkuma et al. [42].

In marked contrast to the inactivity of Ru(II)–arene/TsDPEN complex in the reac-
tion mentioned above, a similar complex which contains a linking group (tether)
between the TsDPEN unit and the arene ring on the ruthenium atom was found to
catalyze the hydrogenation nicely to afford the corresponding diol in almost perfect
enantioselectivity (Scheme 3.23) [44].
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Table 3.10 Asymmetric hydrogenation of α-hydroxyketones with the Cp*Ir/MsDPEN
complex.

MeOH, 60 °C, 15 hR

O
Cp*Ir(OTf)[(S,S)-Msdpen]

H2 (10 atm)

36a, i–n 37a, i–n

OH
R

OH

OH

Entry R S/C Yielda)(%) ee (%)

1 C6H5 (36i) 6000 97 (94) 96
2 4-NCC6H4 (36j) 1000 >99 (94) 94
3 4-MeOC6H4 (36k) 10 000 <1 ndb)

4 4-FC6H4 (36l) 3000 >99 (93) 96
5 4-ClC6H4 (36m) 3000 >99 (91) 96
6 2-Thienyl (36n) 100 >99 (97) 99
7 CH3 (36a) 100 97 (90) 80

a) Determined by 1H NMR analysis. Isolated yield is stated in parentheses.
b) Not determined.

MeOH, 60 °C, 24 hPh

O
(R,R)-39 (S/C = 500)

H2 (30 atm)

36i (S)-37i

>99%, >99.5% ee

OH
Ph

OH

OH

Ru (R,R)-39
N N

Cl
H

PhPh

Ts

Scheme 3.23 Asymmetric hydrogenation of α-hydroxy ketone with tethered
Ru(II)–arene/TsDPEN complex. Source: Based on Jolley et al. [44].

Transfer hydrogenation of α-hydroxyketones is scarcely explored. It is reported
that transfer hydrogenation of hydroxyacetone (36a) to 1,2-propanediol (37a) using
Ru(II)–arene/TsDPEN is bound to silica gel (Scheme 3.24) [45].

3.6 Asymmetric Hydrogenation of 𝛂-Oxophosphonates

Catalytic enantioselective hydrogenation of α-oxophosphonates is less common
compared to the above examples. It was not until 2009 that the first example
was reported by Beletskaya and coworkers. Asymmetric hydrogenation of
α-oxophosphonates gave the corresponding α-hydroxyphosphonates in almost
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i-PrOH–H2O, 40 °C, 15 h

O
(R,R)-40 (S/C = 95 000)

KOH

36a (R)-37a

>99% conv., >99% ee

OH

OH

OH

Ru
(R,R)-40

Cl

PhPh

O2
S N NH2

Si

O

O

OMe

SiO2

Scheme 3.24 Asymmetric transfer hydrogenation of acetol with silica-supported
Ru(II)–arene/TsDPEN complex. Source: Based on Yue et al. [45].

quantitative yields by employing Pd(OCOCF3)2/(R)-MeO-BIPHEP catalytic system,
though the enantiomeric purity of the products was not satisfactory (Scheme 3.25)
[46].

99%, 55% ee

MeO

O

P(Oi-Pr)2

O
MeO

OH

P(Oi-Pr)2

O

H2 (1 atm)

Pd(OCOCF3)2/(R)-MeO-BIPHEP

(S/C = 20)

CF3CH2OH, 80 °C, 6 h

Scheme 3.25 Asymmetric hydrogenation of α-oxophosphonate with
Pd(OCOCF3)2/(R)-MeO-BIPHEP catalyst. Source: Based on Goulioukina et al. [46].

More recently, the enantiomeric purity of the products was largely improved using
a catalytic system that comprised [Rh(cod)2]BF4/chiral phosphine–phosphoramidite
ligands (Scheme 3.26) [47]. Thus, hydrogenation of aromatic α-oxophosphonate
41a afforded α-hydroxyphosphonate 42a in 87% ee, whereas hydrogenation of alkyl
α-oxophosphonate 41b resulted in the formation of 42b in 50% ee.

42a

R

O

P(OMe)2

O

R

OH

P(OMe)2

O

H2 (30 atm)

[Rh(cod)2]BF4, (Rc,Ra)-43

(S/C = 100)

CH2Cl2, rt, 24 h

O

O

PN

PPh2

Et

(   c,Ra)-43R

93%, 87% ee

42b 92%, 50% ee

41a: R = Ph

41b: R = Me

Scheme 3.26 Asymmetric hydrogenation of α-oxophosphonate with [Rh(cod)2]BF4/chiral
phosphine–phosphoramidite catalyst. Source: Based on Li et al. [47].
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Unlike the asymmetric reduction of functionalized ketones described above,
reduction of α-oxophosphonates is achieved in better enantioselectivity via
transfer hydrogenation than those by hydrogenation with H2. Ru(II)-catalyzed
transfer hydrogenation of aliphatic α-oxophosphonates 41c–e proceeded to pro-
vide enantiopure products 42c–e in high yield, while the reduction of aromatic
α-oxophosphonate 41a under the same reaction conditions provided 42a in 84% ee
(Scheme 3.27) [48].

42c 94%, >99% ee

R

O

P(OMe)2

O

R

OH

P(OMe)2

O

[RuCl2(η6-p-cymene)]2 (2 mol%)

44 (8 mol%)

DMSO, rt, 10 h

HCO2H–Et3N (5 : 2)

OH

P(OMe)2

O

Ph

OH

P(OMe)2

O

OH

P(OMe)2

O

n-Bu

premixed at 60 °C for 30 min

OH

P(OMe)2

O

NH2

N
H

Ph

Ph SO2(2,6-Ph2C6H3)

44

42d 91%, >99% ee 42e 94%, >99% ee

42a 95%, 84% ee

41 42

Scheme 3.27 Asymmetric transfer hydrogenation of α-oxophosphonates. Source: Based on
Corbett and Johnson [48].

R

O

P(Oi-Pr)2

O

R

OH

P(Oi-Pr)2

O

[Cp*IrCl2]2 (1 mol%)

ligand 45 (2 mol%)

H2O, rt

76%, 87% ee

58%, >99% ee

R = Ph

R = CH2CH2Ph

NH2

N
H

Ph

Ph S
45

O

O

N

N
n-Bu

+

Cl–

premixed
for 30 min

HCO2Na

Scheme 3.28 Asymmetric transfer hydrogenation of α-oxophosphonates in aqueous
solution. Source: Based on Sun et al. [49].

Ir(III)-catalyzed ATH of α-oxophosphonates in aqueous solution was achieved
using imidazolium ion-tethered TsDPEN ligands (Scheme 3.28) [49]. Also in this
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case, aliphatic α-oxophosphonates gave superior enantioselectivity to aromatic
α-oxophosphonates.

3.7 Summary and Conclusions

Among various catalytic systems for asymmetric hydrogenation, the Ru(II)–
diphosphine/diamine catalytic system is applied to a wide range of asymmetric
hydrogenation of ketones, enabled by the structural diversity of these types of Ru
catalysts. The development of chiral Ru(II)–diphosphine/PICA catalysts expanded
the substrate scope to tert-alkyl ketones. Hardly accessible asymmetric hydro-
genation of alkenyl ketones was achieved using the Ru(II)–TolBINAP/DMAPEN
catalyst with a unique shape-selected chiral environment. A range of alkynyl
ketones were successfully hydrogenated in a highly enantioselective manner by
employing a catalytic amount of Ru(OTf)(TsDPEN)(η6-arene) or the isoelectronic
Cp*Ir(OTf)(MsDPEN) under base-free conditions. A series of α-functionalized
ketones were also enantioselectively hydrogenated by the use of an appropriate
combination of the ligands. Though there has been less exploration of transfer
hydrogenation to these substrates, some interesting achievements were reported in
specific cases.
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4.1 Introduction

Chiral alcohols are versatile building blocks for the synthesis of pharmaceuticals,
agrochemicals, flavors and fragrances, and natural products. Considerable efforts
have been devoted to the development of highly efficient asymmetric catalysis
for the synthesis of various chiral alcohols over the past decades [1]. Ketones
are readily available bulk chemicals and represent one of the most common
families of unsaturated compounds. Hydrogen (H2) is a clean, cheap, and abundant
resource. Transition-metal-catalyzed asymmetric hydrogenation of ketones with
hydrogen is recognized as one of the most clean, effective, atom-economical, and
environmentally benign methods for the preparation of enantiomerically enriched
alcohols (Figure 4.1a). In addition, catalytic asymmetric transfer hydrogenation
of ketones with hydrogen donors such as 2-propanol or formate, originated from
Meerwein–Ponndorf–Verley reduction, is also an operationally simple and safe
method for preparation of chiral optically active alcohols (Figure 4.1b). In the past
few decades, transition-metal-catalyzed asymmetric hydrogenation and transfer
hydrogenation of ketones have been intensively studied. A variety of chiralmetal cat-
alysts such as rhodium, ruthenium, iridium, iron, and manganese complexes with
the chiral ligands such as monophosphines, diphosphines, phosphine–oxazolines,
diamines, and tridentate phosphine-containing ligands have been developed [2–6].
Many of these chiral metal catalysts showed high activity and enantioselectivity
in the hydrogenation of ketones. Some of them have been successfully applied
in industrial preparation of chiral alcohols. In this chapter, we review the recent
advances of the transition-metal-catalyzed asymmetric hydrogenation and transfer
hydrogenation of aryl and heteroaryl ketones. Because chiral metal catalysts play
a critical role in the asymmetric hydrogenation and transfer hydrogenation of
ketones, and almost every breakthrough in this field is related to the development
of chiral catalysts, this chapter is organized from the perspective of the development
of chiral transition metal catalysts.

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
Edited by Virginie Ratovelomanana-Vidal and Phannarath Phansavath.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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O

R2R1 + H2

Chiral metal catalysts
OH

R2R1 *

(R1, R2 = alkyl, aryl, etc.)

(a)  Asymmetric hydrogenation of ketones

O

R2R1 + [H]
Chiral metal catalysts

OH

R2R1 *

(R1, R2 = alkyl, aryl, etc.)

(b)  Asymmetric transfer hydrogenation of ketones

Hydrogen donor [H]: iPrOH, EtOH, HCO2H/Et3N, HCO2Na, etc.

Figure 4.1 Asymmetric hydrogenation (a) and transfer hydrogenation (b) of ketones.

4.2 Asymmetric Hydrogenation of Aryl and Heteroaryl
Ketones

In 1970, Schrock andOsborn reported the first example of catalytic hydrogenation of
ketones using cationic rhodium complexes of phosphine ligands [7]. Subsequently,
Scorrano and Takegami et al. independently used chiral phosphine ligands in this
reaction, achieving the asymmetric hydrogenation of ketones [8, 9]. Since then,
rhodium- and ruthenium-catalyzed asymmetric hydrogenation of ketones has
received intensive studies by employing chiral phosphine ligands including BINAP
ligands [10, 11]. However, although a variety of functionalized ketones can be hydro-
genated to chiral secondary alcohols in high enantioselectivity by chiral rhodium
and ruthenium catalysts, the asymmetric hydrogenation of simple ketones such as
aryl alkyl ketones is still a challenge. In addition, as reported by Takaya and cowork-
ers in 1993, the chiral iridium complexes of BINAP and achiral aminophosphine
ligands (e.g. (R)-1) showed high enantioselectivity (up to 95% ee) for the hydrogena-
tion of aryl ketones, but limited to the cycloalkanone substrates (Figure 4.2) [12].
A breakthrough for the catalytic asymmetric hydrogenation of aryl ketones was
achieved by Noyori and coworkers in 1995, when they developed highly efficient
chiral RuCl2–BINAP/diamine catalysts [13]. After this work, they soon found that
RuCl2–(S)-Tol-BINAP/(S,S)-DPEN ((S,S,S)-2) had a super activity (turnover num-
bers, TONs, 2 400 000) in the hydrogenation of acetophenone (Figure 4.2) [14]. The
activity of the catalyst (S,S,S)-2was extremely high, representing the highest level at
that time; however, the enantioselectivity (80% ee) was not very satisfactory at high
TON. The enantioselectivity was improved by the combination of (S)-Xyl-BINAP
with (S)-DaiPEN to form the catalyst RuCl2–(S)-Xyl-BINAP/(S)-DaiPEN ((S,S)-3)
[15, 16]. The hydrogenation of acetophenone catalyzed by (S,S)-3 at TONs of
100 000 afforded (R)-1-phenylethanol in 99% ee. With catalyst (S,S)-3, various
ortho-, meta-, and para-substituted acetophenones have been hydrogenated in
high enantioselectivity. The high performance of Noyori’s RuCl2–BINAPs/diamine



https://www.twirpx.org & http://chemistry-chemists.com

4.2 Asymmetric Hydrogenation of Aryl and Heteroaryl Ketones 89

O

RAr
+ H2

RuCl2–BINAPs/diamine

KOtBu, iPrOH

OH

RAr
*

Ph2
P

P
P

Ru

Cl

Cl

H2
N Ph

PhN
H2

Xyl2
P

P
Xyl2

Ru

Cl

Cl

H2
N

An

N
H2

An

80% ee, TON = 2 400 000, for

acetophenone (45 atm, 30 °C, 48 h)

94–100% ee

TON up to 100 000

Note: Xyl = 3,5-dimethylphenyl; An = 4-methoxyphenyl

(R = alkyl)

X

O

R + H2

X

OH

R

*

(50–70 atm)
dioxane/MeOH (5 : 1) or

THF/MeOH (5 : 1)

90 °C, 22–75 h 64–91%

84–95% ee
(n = 1, 2; X = CH2, O, S)

( )n ( )n

P
Ph2

Ph2

Ph2

P
P

Ir
PhP

NMe2

2

(R)-1  Ir-(R)-BINAP/aminophosphine

~0.5 mol% (R)-1

(S,S,S)-2 (S,S)-3

Figure 4.2 The early typical examples of asymmetric hydrogenation of aryl ketones.

catalysts attracted considerable attention in the following years, resulting in the
development of a wide range of chiral ruthenium-diphosphine/diamine catalysts.
To date, many efficient chiral transition metal catalysts such as Ru, Ir, Fe,

and Mn complexes of chiral ligands including monophosphines, diphosphines,
phosphine–oxazolines, and tridentate phosphine-containing ligands have been
developed for the asymmetric hydrogenation of aryl ketones. Among these chiral
catalysts, the iridium catalyst of chiral tridentate spiro pyridine-aminophosphine
SpiroPAP ligands developed by Xie and Zhou [17] and the lutidine-based chiral
pincer manganese catalysts recently developed by Ding and coworkers [18] showed
extremely high activity and enantioselectivity. Transition-metal-catalyzed asym-
metric hydrogenation of aryl ketones has become one of the most appealing and
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useful methods for the preparation of optically active alcohols and is also utilized in
the production of chiral pharmaceuticals.

4.2.1 Chiral Ruthenium Catalysts

Since Noyori and coworkers reported Ru–BINAP/diamine catalysts and achieved
high enantioselectivity in the asymmetric hydrogenation of aryl ketones [13], a vari-
ety of chiral ruthenium catalysts have been developed in the following years. In addi-
tion to the ruthenium-diphosphine/diamine catalysts, the ruthenium complexes of
phosphine–oxazoline ligands, Ts-diamine ligands, tridentate phosphine-containing
ligands, etc. were also developed as the catalysts for the asymmetric hydrogenation
of aryl ketones.

4.2.1.1 Chiral Ruthenium-Diphosphine/Diamine Catalysts
Noyori-type ruthenium-diphosphine/diamine catalysts contain two types of ligands.
In theory, changing any of themwith chiral or achiral diphosphine ligand or diamine
ligand can formnew chiral ruthenium catalysts.Mechanism studies showed that the
ruthenium-diphosphine/diamine catalyzes the hydrogenation of ketones through a
metal–ligand bifunctional pathway (Figure 4.3) [19, 20]. Hydrogen is activated by
a catalyst and transferred to the ketone group via a precyclic six-membered ring
between the catalyst and the substrate (H𝛿−—Ru—N—H𝛿+ with C𝛿+—O𝛿−). In con-
sequence, at least oneN—Hmoiety, preferably anNH2 group, is required in this type
of catalysts.
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In 2000, Burk et al. introduced a planar-chiral diphosphine ligand Xyl-PhanePhos
into ruthenium-diphosphine/diamine complexes and developed the catalyst
RuCl2–Xyl-Phanephos/DPEN (e.g. (R,R,R)-4, Figure 4.4) [21]. The catalyst (R,R,R)-4
provides 98–99.5% ee with TONs up to 40 000 for the asymmetric hydrogenation
of a range of aryl and heteroaryl ketones. In 2002, Chan and coworkers [22]
developed the catalyst RuCl2–(R)-Xyl-P-Phos/(R,R)-DPEN ((R,R,R)-5) containing
an axial-chiral diphosphine ligand Xyl-P-Phos and diamine DPEN (Figure 4.4)
and achieved 93.3 to >99.9% ee in the asymmetric hydrogenation of substituted
acetophenones with up to 100 000 of TONs. Later on, the catalyst (R,R,R)-5 was
also demonstrated to be highly efficient for the hydrogenation of heteroaryl ketones
(TONs up to 10 000, 97–99.0% ee) [23]. At the same time, Zhou and coworkers
reported chiral ruthenium catalysts with spiro diphosphine ligands SDPs and found
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that the RuCl2–(S)-Xyl-SDP/(R,R)-DPEN ((S,R,R)-6) (Figure 4.4) can catalyze the
asymmetric hydrogenation of aryl and heteroaryl ketones in 98–99.5% ee with
up to 100 000 of TONs [24]. It is worth mentioning that the nature of the aryl
groups on the phosphorus atoms of chiral diphosphine ligands is important for
the aforementioned ruthenium catalysts, and the 3,5-dimethylphenyl groups (Xyl)
on the phosphorus atoms are generally required for obtaining high TON and high
enantioselectivity (Figure 4.4).
Many other ruthenium-diphosphine/diamine catalysts require chiral diamine

DaiPEN, which is more expensive than the diamine DPEN, for achieving high TON
and high enantioselectivity. For example, the catalyst RuCl2–(S)-Xyl-HexaPHEMP/
(S)-DaiPEN ((S,S)-7) is more active than the corresponding ruthenium catalyst with
(S,S)-DPEN ligand (Figure 4.4) [25]. The ruthenium catalyst RuCl2–(R)-4,4′-TMS-
BINAP/(R)-DaiPEN ((R,R)-8) (Figure 4.4) bearing a diphosphine 4,4′-substituted-
BINAP and a diamine DaiPEN affords 96.1–99.8% ee with up to 1 000 000 of TONs
for the hydrogenation of aryl ketones [26, 27]. The ruthenium catalyst (S,S)-9
(Figure 4.4) containing a C3*-TunePhos ligand developed by Zhang and coworkers
in 2009 also shows high enantioselectivity (97.0–99.8% ee) with TONs up to 945 000
for the hydrogenation of aryl and heteroaryl ketones [28].
Introducing two chiral/achiral monophosphines and other types of diphosphines

into the ruthenium-diphosphine/diamine complexes leads to several efficient chiral
ruthenium catalysts for the asymmetric hydrogenation of aryl ketones. In 2004,
Wills and coworkers found that the ruthenium catalyst (S,S,S)-10 (Figure 4.4)
containing two BINOL-based monophosphonite ligands (S)-BrXuPhos gives
75–99% ee with TONs up to 8000 for the hydrogenation of aryl ketones [29, 30].
The ruthenium catalyst (R,R,R)-11 (Figure 4.4) with two monophosphoramidite
ligands (R)-PipPhos developed by de Vries and coworkers shows modest to high
enantioselectivity (65–97% ee) [31]. In 2005, Ding and coworkers introduced a
series of achiral bulky triaryl phosphine ligand PAr3 into the ruthenium complexes
with diamine (R,R)-DPEN and found that the catalyst (R,R)-12 (Figure 4.4) gives
87–97% ee with TONs up to 10 000 for the hydrogenation of aryl and heteroaryl
ketones [32]. This result indicates a new approach for the design of chiral ruthe-
nium catalysts. Following this work, the ruthenium catalyst (R,R)-13 (Figure 4.4)
bearing an achiral benzophenone-based bisphosphine DPBP ligand and a diamine
(R,R)-DPEN independently developed by Ding and coworkers [33] and Mikami
et al. [34] also shows good to high enantioselectivity (up to 10 000 of TONs, 90–99%
ee) for the hydrogenation of aryl ketones. In addition, although it gives relatively
lower enantioselectivity in the hydrogenation of simple aryl and heteroaryl ketones
(80–92% ee), the ruthenium catalyst (R,R,S,S,R,R)-14 (Figure 4.4) bearing a chiral
bisdihydrobenzooxaphosphole (R,R,S,S)-MeO-BIBOP ligand shows high enantios-
electivity (94–98% ee) with up to 100 000 of TONs for the hydrogenation of aryl and
heteroaryl cyclic ketones [35].
New chiral ruthenium-diphosphine/diamine catalysts also can be achieved by

changing diamine ligands (Figure 4.5). To solve the problem of slow reaction rate
and poor enantioselectivity of the hydrogenation of benzo-fused cyclic ketones such
as tetralone, Noyori and coworkers [36] replaced the 1,2-chiral diamine ligands
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with chiral 1,4-diamine in the chiral ruthenium-diphosphine/diamine complexes
to develop the catalyst RuCl2–BINAP/IPHAN (3,4-O-isopropylidene-hexane-2,5-
diamine) (S,R)-15 (Figure 4.5). The catalyst (S,R)-15 is highly efficient for the
asymmetric hydrogenation of α-tetralone-type cyclic ketones, providing the
corresponding chiral cyclic alcohols in 80–99% ee with TONs up to 55 000. In
contrast, the chiral ruthenium catalyst (S,S)-3 bearing a DaiPEN ligand gives a low
enantioselectivity (30% ee) for the hydrogenation of 1-tetralone. In the same year,
Genov and Ager [37] developed ruthenium catalysts containing 2-(alkylthio)amines
which have only one NH2 group and are efficient for the hydrogenations of aryl
and heteroaryl ketones. For example, the catalyst (R,R)-16 (Figure 4.5) bearing an
achiral 2-tert-butylthioethylamine (ThioEA) gives 93% ee with TONs up to 1000
in the asymmetric hydrogenation of 3′,5′-bis(trifluoromethyl)acetophenone. The
catalyst (R,R)-16 represents the first example of chiral ruthenium catalysts bearing
an achiral amine ligand for the asymmetric hydrogenation of ketones. Then,
Noyori and coworkers [38] reported Tol-BINAP-based chiral ruthenium catalyst
(S)-17 (Figure 4.5) with an achiral and unsymmetric NH2/pyridine hybrid ligand,
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α-picolyamine (PICA). The catalyst (S)-17 shows 90–98% ee with TONs up to 2400
for the hydrogenation of aryl tert-butyl ketones. Subsequently, they found that the
catalyst (S)-17 is also efficient for the hydrogenation of aryl tert-butyldimethylsilyl
ketones, providing the corresponding α-hydroxysilanes in 95–96% ee with TONs
up to 10 000 [39]. Encouraged by these results, Ohkuma and coworkers used
2-dimethylamino-1-phenylethyl amine (DMAPEN), an unsymmetrical amine
with one NH2 group as ligand, and developed BINAP-based chiral ruthenium
catalyst (S,R)-18 (Figure 4.5) [40]. The catalyst (S,R)-18 gives moderate to good
enantioselectivity for the hydrogenations of aryl alkyl ketones (81–95% ee) [41] and
aryl vinyl ketones (89–98% ee) with TONs up to 10 000 [42].
The NH2–benzimidazole BIMA ligand was applied in Josiphos-based ruthenium

catalysts by Sandoval and coworkers in 2009 [43]. In the presence of suitable addi-
tives such as triphenylphosphine, the catalyst (S,R,S)-19 (Figure 4.5) shows high
enantioselectivity (82–99% ee) and high TONs (up to 50 000) for the hydrogenation
of aryl and heteroaryl ketones. Subsequently, they combined NH2–benzimidazole
BIMA ligand with DIOP ligand to develop a more efficient ruthenium catalyst
(S,S,S)-20 (Figure 4.5) [44].Without triphenylphosphine additive, catalyst (S,S,S)-20
affords 96–99% ee with TONs up to 100 000 for the hydrogenation of aryl ketones
including α-tetralone-type cyclic ketones and 2′-chlorobenzophenone.
Huang and coworkers combined achiral diphosphine DPPF ligand with chiral

NH-type 1,2-diamine 1,1′-biisoindoline ligand ((R,R)-BIDN) to develop a new chiral
ruthenium catalyst (R,R)-21 (Figure 4.5) [45]. This catalyst has good to excellent
enantioselectivity (88–99% ee) with TONs up to 100 000 for hydrogenation of
aryl and heteroaryl ketones. This result indicates that the NH-type diamines are
also suitable ligands for chiral ruthenium-diphosphine/diamine catalysts. In the
synthesis of potential cholesteryl transfer protein (CETP) inhibitors, Rodríguez
et al. [35] found that the combination of a chiral bisdihydrobenzooxaphosphole
(R,R,S,S)-MeO-BIBOP ligandwith achiral PICA ligand is superior to that with chiral
diamine (R,R)-DPEN ligand, resulting in the catalyst (R,R,S,S)-22a (Figure 4.5).
The catalyst (R,R,S,S)-22a gives up to 98% ee with TONs up to 19 600 for the
hydrogenation of heteroaryl cyclic ketone. In addition, the catalyst (R,R,S,S)-22b
with an achiral quinolin-8-amine ligand shows 96% ee and up to 100 000 of TONs
for the hydrogenation of α-tetralone-type cyclic ketones, but the enantioselectivity
is low for the hydrogenation of simple aryl and heteroaryl ketones. In the inves-
tigation of asymmetric hydrogenation of poly-substituted aryl ketones, Ohkuma
and coworkers [46] found that the ruthenium–Skewphos/PICA complexes (S,S)-23
and (S,S)-24 (Figure 4.5) are efficient catalysts. The catalysts (S,S)-23b and (S,S)-24
(Figure 4.5) afford up to 99% ee with TONs up to10 000 in the asymmetric hydro-
genation of a series of poly-substituted aryl ketones. In an industrial-scale (50 kg)
hydrogenation of 2′,6′-dichloro-3′-fluoroacetophenone, the catalyst (S,S)-23a
gives the corresponding chiral alcohol, a key intermediate for the synthesis of the
medicine crizotinib, in 96% isolated yield and 98% ee with TONs of 10 000.
Typical chiral RuCl2–diphosphine/diamine catalysts require strong base

to generate active catalysts, limiting the scope of the substrates. In order to
avoid such a drawback Noyori and coworkers developed BH4

− anion-bounded
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ruthenium–BINAP/diamine complexes such as (S,S,S)-25 (Figure 4.5) by the
reaction of RuCl2–BINAP/diamine complexes with excess sodium borohy-
dride (25 equiv) [47]. Since such ruthenium complexes have been activated
by sodium borohydride, they can hydrogenate ketones under base-free con-
ditions. With catalyst (S,S,S)-25, several base-sensitive aryl ketones such as
3-(dimethylamino)-1-phenylpropan-1-one have been hydrogenated to the cor-
responding chiral alcohols in high yields (99–100%) and 97–99% ee with TONs
up to 100 000. The chiral ruthenium catalyst (S,S)-26 (Figure 4.5) with a unique
ruthenabicyclo[2.2.1] skeleton was reported by Ohkuma and coworkers in 2011
[48]. This new type of catalyst exhibits a remarkably high activity in the asymmetric
hydrogenation of ketones. Its turnover frequency (TOF) reaches 35 000min−1 with
enantioselectivity up to >99% ee, and the scope of substrate is superior to that of
the chiral ruthenium-diphosphine/diamine catalyst (S,S)-3. Moreover, this chiral
ruthenium catalyst is very stable and its ruthenabicyclic structure maintained
during the hydrogenation.

4.2.1.2 Chiral Arene–Ruthenium-Diamine Catalysts
Chiral arene–ruthenium-diamine complexes such as (η6-arene)Ru–Ts-DPEN
complexes are another type of metal-NH bifunctional catalysts, but their catalytic
performances differ from that of RuCl2–diphosphine/diamine complexes. In
2001, Ikariya and coworkers reported that the Cp*Ru-1,2-diamine complex (S)-27
(Figure 4.6) is an efficient catalyst for the asymmetric transfer hydrogenation of aryl
ketones [49]. With catalyst (S)-27, several aromatic ketones were hydrogenated to
chiral alcohols in moderate enantioselectivities (64–85% ee), but only one example
(3-methyl-1-phenylbutan-1-one) gives 95% ee. Subsequently, Brandt and Andersson
et al. introduced quincorine-amine containing one primary and one tertiary
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amino groups, and found that its RuCp*-1,2-diamine complex (1S,2R,4S,5R)-28
(Figure 4.6) was an efficient catalyst for the asymmetric hydrogenation of aromatic
ketones (up to 90% ee) [50]. In 2006, Noyori and coworkers reported that the
ruthenium complexes (S,S)-29a and 29b (Figure 4.6) containing a chiral Ts-DPEN
ligand showed high enantioselectivity for the hydrogenation of 4-chromanones, a
type of challenging substrates which have acidic α-H of the carbonyl group [51].
The catalyst (S,S)-29b with a triflate anion has higher activity than the catalyst
(S,S)-29a with a chloride anion. For example, the catalyst (S,S)-29b affords 100%
yield with 97% ee, while the catalyst (S,S)-29a affords 64% yield with 95% ee in the
hydrogenation of chroman-4-one with 0.03% mol catalyst. In 2008, Ikariya et al.
reported that the well-defined triflylamide-tethered η6-arene/N-Ts-DPEN ruthe-
nium catalyst (S,S)-30 (Figure 4.6) afforded high enantioselectivities (91–98% ee)
for the hydrogenation of aromatic ketones with TONs up to 1000 [52]. Subsequently,
they found that the (η6-arene)Ru–Ts-DPEN catalyst (S,S)-31 (Figure 4.6) chelating
with an oxo-chain tether affords as high as >99% ee and up to 5000 of TONs for the
hydrogenation of aryl cycloketones including 4-chromanone [53]. The all-carbon
chain-tethered ruthenium catalyst (S,S)-32 (Figure 4.6) was developed by Wills
and coworkers in 2012 for asymmetric hydrogenation of aromatic ketones, giving
up to 99.5% ee and 1000 of TONs for the hydrogenation of acyclic/cyclic ketones
including 4-chromanone [54].

4.2.1.3 Chiral Ruthenium–Phosphine–Oxazoline Catalysts
Asymmetric hydrogenation of aromatic ketones catalyzed by ruthenium complexes
of chiral phosphine–oxazoline ligands was initially described by Naud et al. in
2006 [55]. They reported that chiral ruthenium catalyst (Sa,S)-33 (Figure 4.7) in
situ generated from RuCl2(PPh3)3 and chiral phosphine–oxazoline ligand bearing a
ferrocene backbone is highly efficient for the hydrogenation of aromatic ketones.
This ruthenium catalyst can tolerate high substrate concentration and provides a
pilot process (140 kg, S/C = 20 000, 20 atm H2, and 95–96% ee) for the synthesis of
optically active 3,5-bistrifluoromethyl phenyl ethanol, a chiral building block for
an NK-1 receptor antagonist [56]. In 2011, Weissensteiner and coworkers reported
that the ruthenium catalyst (Ra,R,R)-34 (Figure 4.7) of a phosphine–oxazoline
ligand containing ferrocenylethyl backbone also gave excellent enantioselectivities
(97–99% ee) for asymmetric hydrogenation of aromatic ketones, albeit with relative
higher catalyst loading (4mol%) [57]. In 2012, Zhang and coworkers reported
that chiral bimetallic ruthenium catalyst (Sa,S)-35 (Figure 4.7) bearing a chiral
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phosphine–oxazoline ligand (RuPHOX) with a ruthenocenyl backbone shows
excellent enantioselectivity (92–99.7% ee) for the asymmetric hydrogenation of
acyclic aromatic and heteroaromatic ketones and cyclic aromatic ketones [58].
Subsequently, they found that the catalyst (Sa,S)-35 is very stable to moisture and
air and is highly efficient for the asymmetric hydrogenation of β-amino aromatic
ketones (quantitative yield, up to 99.9% ee, and up to 2000 of TONs), providing an
effective method for the syntheses of the key chiral intermediates of chiral drugs
such fluoxetine, tomoxetine, and nisoxetine [59].

4.2.1.4 Chiral Ruthenium Catalysts Containing Tridentate Pincer Ligands
The chiral ruthenium catalysts bearing tridendate pincer ligands also showed
high enantioselectivity for the asymmetric hydrogenation of aryl ketones. In 2007,
Clark et al. reported that the chiral ruthenium catalyst (R,R)-36a (Figure 4.8)
with a chiral tridentate PNN ligand derived from trans-1,2-diaminocyclohexane
gives moderate to high enantioselectivity (up to 94% ee) for the asymmetric
hydrogenation of tert-butyl aryl ketones with TONs up to 200 [60, 61]. Subse-
quently, they changed the terminal amino group of the PNN ligand to hydroxy
group and found that the corresponding chiral catalyst (R,R)-36b has higher
enantioselectivity (up to 97% ee) for hydrogenation of tert-alkyl aryl ketones [62].
The chiral ruthenium catalyst (Sp,S,R)-37 (Figure 4.8) containing a CNN-type
ligand 1-(pyridine-2-yl)methylamine-type (MePyme) and a Josiphos diphos-
phine ligand, developed by Baratta et al. in 2007 [63], showed 87–99% ee with
TONs of 5000 for the hydrogenation of aryl ketones [64]. The similar catalyst
(Sa,S)-38 (Figure 4.8) containing an achiral 2-aminomethylbenzo[h]quinolone
gave higher enantioselectivity (90–99% ee) and higher activity (TONs up to
10 000) [65]. These results indicated that the metal–carbon bond affords the
chiral ruthenium catalysts high thermal stability and prevents deactivation of
catalyst. In 2010, Zhang and coworkers found that chiral ruthenium catalyst
(S,R)-39 (Figure 4.8) with a chiral tridentate NNN-type Inda-ambox ligand
gives good to high enantioselectivity (80–97% ee) with TONs up to 100 for
the asymmetric hydrogenation of aryl ketones [66]. The NH moiety of the
Inda-ambox ligand in the catalyst (S,R)-39 is crucial for obtaining high activity and
enantioselectivity.
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4.2.1.5 Chiral Ruthenium Catalysts Containing Tetradentate Ligands
The chiral ruthenium complexes of tetradentate ligands with or without NH group
have been studied as catalysts for the asymmetric hydrogenation of aryl ketones.
In 2006, Kitamura and coworkers reported that the chiral ruthenium catalyst hav-
ing a chiral tetradentate NNNN-type ligand (S)-40 (Figure 4.9) with a binaphthyl
skeleton gives up to 99% ee for the hydrogenation of aromatic ketones (TONs of
100) [67]. The catalyst Ru-(S)-40 can be used under base-free conditions. The ruthe-
nium catalyst (R,R)-41b (Figure 4.9) bearing a chiral diimine-type SNNS ligand was
developed by Mezzetti and Santoro et al. in 2013. It showed good to high enantios-
electivity (83–95% ee) for the hydrogenation of aromatic ketones (TONs up to 2000)
[68]. The bulky tert-butyl groups on the sulfur atoms of the ligand in the catalyst
(R,R)-41 are necessary for achieving high enantioselectivity. The catalyst (R,R)-41a
which has no tert-butyl groups on the phenyl rings of the ligand gives extremely high
activity with TONs up to 900 000 for the hydrogenation of acetophenone, albeit the
enantioselectivity is low (61–68% ee). Furthermore, the ruthenium catalyst (R,R)-42
(Figure 4.9) derived by saturating the imine moieties of the catalyst (R,R)-41b to
two NH groups also provides high activity for the asymmetric hydrogenation of ace-
tophenone (TONs up to 100 000) with a moderate enantioselectivity (61% ee).

4.2.2 Chiral Iridium Catalysts

Chiral iridium catalysts have been widely used for the asymmetric hydrogenations
of olefins and imines. Recent progress in asymmetric hydrogenations indicated that
chiral iridium catalysts are also highly efficient for the asymmetric hydrogenation of
ketones. Therefore, a great attention has been paid to develop efficient chiral iridium
catalysts for asymmetric hydrogenation of ketones in the past decade.
In 2007, Manoury and Peruzzini et al. described that the chiral iridium catalysts

(S)-43 (Figure 4.10) with planar-chiral phosphine-thioether ligands are efficient for
the hydrogenation of aryl ketones with moderate to high enantioselectivity [69].
However, the substrate scope is very narrow; only two acetophenone-type ketones
(4-Me, 4-F) have enantioselectivity up to 90% ee. In 2011, Xie and Zhou et al.
reported that the chiral spiro iridium catalyst Ir-(S)-SpiroAP ((S)-44, Figure 4.10)
with a chiral spiro aminophosphine SpiroAP ligand gives high to excellent enan-
tioselectivity (89–97% ee) with TONs up to 10 000 for the hydrogenation of aryl
and heteroaryl ketones including α-tetralone [70]. The catalyst was found to lose
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the activity by forming an iridium complex having two SpiroAP ligands in the
hydrogenation reaction. To overcome the deactivation of the iridium catalyst,
they introduced an additional coordinating pyridyl moiety to the SpiroAP ligand,
making it a tridentate pyridine-aminophosphine ligand SpiroPAP. This tridentate
ligand stabilizes the catalyst (R)-45 (Figure 4.10) by preventing the coordination
of the second ligand [17]. The catalyst (R)-45 shows an extremely high efficiency
for the asymmetric hydrogenation of aromatic ketones, providing chiral alcohols in
excellent enantioselectivity (96–99.9% ee) with TONs up to 4 550 000. This iridium
catalyst is successfully applied in the enantioselective syntheses of chiral drugs such
as (S)-rivastigmine [71], (S)-crizotinib [72], and montelukast sodium [73]. Kempe
and coworkers found in 2011 that chiral iridium complex (R)-46 (Figure 4.10) with
an imidazo[1,5-b]pyridazine-type ligand also gives excellent enantioselectivity (up
to 99% ee) for the asymmetric hydrogenation of aromatic ketones [74]. This catalyst
also shows high efficiency, and TONs reaches 174 000. The catalyst (R)-46 converted
to complex (R)-47 (Figure 4.10) under the reaction condition in which iridium
is coordinated with a nitrogen atom and an oxygen atom. The complex (R)-47 is
believed to be the active catalyst in the hydrogenation reaction.
Due to the excellent performances of the aforementioned chiral iridium catalysts,

especially chiral spiro iridium catalyst Ir-SpiroPAP ((R)-45), the search for new effi-
cient chiral iridium catalysts for asymmetric hydrogenation of ketones has attracted
intensive attention over the past several years. In 2016, Zhang and coworkers
reported that the chiral iridium catalyst containing a tridentate ferrocene-based
aminophosphoxazoline ligand (S,S,Rp)-48 ((S,S,Rp)-f-amphox, Figure 4.10) affords
excellent enantioselectivity (94 to >99.9% ee) for the asymmetric hydrogenation
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of aryl and heteroaryl ketones [75]. The TONs of the catalyst Ir-(S,S,Rp)-48 are
up to 1 000 000. Subsequently, they developed chiral tridentate aminophosphine
ligands based on Ugi’s amine and found that the iridium complexes of these ligands
give comparable activity and enantioselectivity for asymmetric hydrogenation of
ketones. For example, the chiral iridium catalyst (S,S,Rp)-49 containing a tridentate
aminophosphine acid ligand ((S,S,Rp)-f-ampha, Figure 4.10) shows 96–99.7%
ee with TONs up to 500 000 for the asymmetric hydrogenation of aryl ketones
[76]. The iridium catalysts (S,S,Rp)-50a and 50b (Figure 4.10) having tridentate
aminophosphine alcohol ligands give 90–99.7% ee and up to 200 000 of TONs
for the asymmetric hydrogenation of aryl ketones [77]. Control experiments and
density functional theory (DFT) calculations show that the carboxylic group in
(S,S,Rp)-49 and the hydroxyl group in (S,S,Rp)-50a play a key role for achieving
high activity and enantioselectivity. The iridium catalyst (R,Sp)-51 (Figure 4.10)
with a ferrocene-based aminophosphine–sulfonamide ligand (f-Amphamide,
Figure 4.10) developed by Zhang and coworkers [78] in 2018 shows 92–99% ee
for the asymmetric hydrogenation of aryl and heteroaryl ketones with TONs up
to 200 000. A series of tridentate ferrocene-based aminophosphine–sulfonamide
ligands (R,Sp)-52 (f-diaphos, Figure 4.10) were synthesized by Zhong [79]. The irid-
ium complex of (R,Sp)-52 gives 99% ee for the hydrogenation of aryl and heteroaryl
ketones and 82–98% ee for the hydrogenation of diaryl ketones. Xie and Zhang et al.
found that the iridium catalyst with ferrocene-based phosphine–oxazoline ligand
(S,R,Sp)-53 (Figure 4.10) shows good to excellent enantioselectivity (80–99% ee) for
the hydrogenation of aryl ketones and diaryl ketones with TON up to 20 000 [80].
These results indicate that the iridium complex of phosphine–oxazoline ligand can
catalyze the asymmetric hydrogenation of ketones even without NH group.

4.2.3 Other Chiral Metal Catalysts

Except for chiral ruthenium and iridium catalysts, other chiral metal catalysts
such as Os, Fe, and Mn catalysts also have been developed for the asymmetric
hydrogenation of aromatic ketones. In 2008, Barratta et al. developed chiral osmium
catalyst (Sp,S,R)-54 (Figure 4.11) containing a Josiphos diphosphine ligand by
simply changing the central metal of chiral ruthenium complex (Sp,S,R)-37 to
osmium [81]. The catalyst (Sp,S,R)-54 gives up to 98% ee with TON up to 50 000
for the asymmetric hydrogenation of aryl ketones. Subsequently, they found that
the chiral osmium catalyst (Sp,S,R)-55 (Figure 4.11), which is also obtained by the
replacement of the ruthenium atom of the corresponding complex analogue to
(Sp,S)-38 with osmium atom, shows comparable activity (TON up to 10 000) and
enantioselectivity (up to 99% ee) with the catalyst (Sp,S,R)-54 [65]. Chiral osmium
catalyst (Ra,R,R)-56 (Figure 4.11) bearing a diphosphine ligand (Ra)-xyl-BINAP
and a diamine ligand (R,R)-DPEN also shows good enantioselectivity and slightly
lower activity for the hydrogenation of aryl ketones [82]. In addition, the chi-
ral osmium catalyst (Ra,R,R)-57 (Figure 4.11) containing a diphosphine ligand
(Ra)-Xyl-MeOBiphep and a diamine ligand (R,R)-DPEN gives higher activity (TONs
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up to 200 000) but lower enantioselectivity (90% ee) in the hydrogenation of aryl
ketones [82].
The first example of iron-catalyzed asymmetric hydrogenation of aryl ketones was

reported by Morris and coworkers in 2008 [83]. Since then, many chiral iron cata-
lysts have been developed, but only a few of them gave enantioselectivity higher than
90% ee in the asymmetric hydrogenation of aryl ketones [84]. In 2014, Morris and
coworkers found that the chiral iron dicarbonyl complex (S,S)-58 (Figure 4.11) with
an imine-type PNP ligand shows up to 85% eewith TONsup to 5000 for the asymmet-
ric hydrogenation of aryl and heteroaryl ketones after in situ activation with LiAlH4
and 2-methyl-2-butanol [85]. Later on, they developed a series of chiral iron cata-
lysts containing chiral pincer ligands. The iron catalyst (S,S)-59 (Figure 4.11) having
a chiral amino-type PNP ligand showed 62–96% ee with TONs up to 1000 [86]. The
chiral iron complex of Fe3(CO)12 and a 22-membered macrocyclic phosphine ligand
(R,R)-60 (Figure 4.11), which was developed by Xiao and Gao et al. in 2014, gave
moderate to excellent enantioselectivities (60–99% ee) in the asymmetric hydrogena-
tion of aryl ketones. However, this iron-catalyzed hydrogenation of ketones appears
to be a heterogeneous reaction [87].
In recent years, chiral manganese complexes of pincer ligands have been applied

in the asymmetric hydrogenation of aryl ketones. In 2017, Clarke and cowork-
ers reported that the chiral manganese catalyst (S,Rp)-61 (Figure 4.12) bearing
a tridentate ferrocene-based PNN-type pincer ligand gives 61–91% ee for the
asymmetric hydrogenation of aryl ketones (TON = 100) [88]. Also, in 2017, Beller
and coworkers reported that the chiral manganese catalyst (R,R)-62 (Figure 4.12)
with a PNP-type pincer ligand affords moderate to good enantioselectivity in the
hydrogenation of cyclic aryl ketones, such as α-tetralone (80% ee) and α-indanone
(84% ee), and heteroaryl ketones (70–74% ee) [89]. However, very low enantiose-
lectivities are observed for the hydrogenation of simple aryl ketones (18–20% ee).
The chiral manganese complex (R,R)-63 (Figure 4.12) of pyridine-based chiral
PNN-type pincer ligand developed by Han and Ding et al. in 2019 shows high
activity and enantioselectivity for the asymmetric hydrogenation of aryl ketones



https://www.twirpx.org & http://chemistry-chemists.com

102 4 Asymmetric (Transfer) Hydrogenation of Aryl and Heteroaryl Ketones

Fe
P
Ph2

N
H

N

Mn

CO

CO

CO

+

Br–

(R,Sp)-61

P

H
N

Mn
P

CO

CO
CO

(R,R)-62

+

Br–

Fe

Ph2P

N N

NMn

OC COCO

iPr

iPr

(S,Rp)-64

+

Br–

PPh2

PPh2O

O

(R)-67

PPh2

PPh2

(S,S)-65

Fe PPh2

N

Me

(R,Sp)-66

PXyl2
N N

P
Ph2Cl

P
Ph2

Co

HH
Cl

(R,R)-68

N

N
Mn

P

Br

CO
CO Ph

Ph

(R,R)-63

iPr

H

tBu

Figure 4.12 Other chiral metal catalysts and related chiral ligands.

[18]. With catalyst (R,R)-63, a wide range of aryl, heteroaryl ketones, benzo-fused
cyclic ketones, and ortho-substituted benzophenones are hydrogenated to the
corresponding chiral alcohols in 85–98% ee with TONs up to 9800. Zhong and
coworkers found that the chiral manganese catalyst (S,Rp)-64 (Figure 4.12) bearing
a tridentate ferrocene-based imidazole–iminophosphine PNN-type ligand gives up
to 99% ee for the asymmetric hydrogenation of ortho-substituted benzophenones
[90]. The activity of catalyst (S,Rp)-64 is very high, and the TON reaches 13 000
for the hydrogenation of (2-bromo-3-methylphenyl)(4-methoxyphenyl)methanone.
This protocol has been applied in the gram-scale synthesis of the key intermediate
of chiral medicine (S)-neobenodine. The chiral manganese catalyst (S,Rp)-64
was also evaluated in the asymmetric hydrogenation of diaryl ketones without
ortho-substitutions, and very low enantioselectivity was observed (<20% ee).
Copper-catalyzed asymmetric hydrogenation of aryl ketones was firstly reported

by Shimizu et al. in 2007 [91]. They found that the chiral copper catalyst generated
in situ from [Cu(NO3)(P(3,5-xylyl)3] and (S,S)-BDPP ((S,S)-65, Figure 4.12) gives
good enantioselectivity (81–91% ee) for the hydrogenation of aryl ketones with
ortho-substitutions (Me,MeO, CF3) andmoderate enantioselectivity (56–64% ee) for
the hydrogenation of aryl ketones without ortho-substitutions (TON = 500). Subse-
quently, Hatcher and Johnson et al. reported in 2013 that the chiral copper catalyst
containing ferrocene-based diphosphine ligand N-Me-3,5-Xylyl-BoPhoz ((R,Sp)-66)
(Figure 4.12) is highly enantioselective. Employing the copper catalyst in situ gen-
erated from Cu(OAc)2, P(3,5-xylyl)3, and (R,Sp)-66, a range of aryl and heteroaryl
ketones were hydrogenated to chiral alcohols with 66–96% ee (TON = 66) [92]. In
addition, chiral palladium and cobalt complexes are also applied in the asymmetric
hydrogenation of aryl ketones. In 2011, Bao and Zhou et al. reported that in the
presence of Brønsted acids such as salicylic acid in 2,2,2-trifluoroethanol (TFE), the
chiral palladium complex of chiral diphosphine ligand (R)-67 ((R)-C4-TunePhos)
(Figure 4.12) affords up to 88% ee for the asymmetric hydrogenation of aryl ketones
(TON = 50) [93]. In 2016, Li and coworkers described that the chiral cobalt catalyst
(R,R)-68 (Figure 4.12) containing a semioxidated tetradentate PNNP-type ligand
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provides moderate to high enantioselectivity in the hydrogenation of aryl ketones
(TON = 50) [94].

4.3 Asymmetric Transfer Hydrogenation of Aryl
and Heteroaryl Ketones

Transition-metal-catalyzed asymmetric transfer hydrogenation of ketones was
first reported in the early 1980s [95–97]. Since then, it has received increasing
attention due to its operational simplicity, safety, and no need of special instruments
for high pressure. However, although many chiral metal catalysts have been
developed in the first decade, the enantioselectivities of the asymmetric transfer
hydrogenation of ketones were poor until 1990s. In 1993, Evans et al. found that
the chiral samarium complex (R,R)-69 (Figure 4.13) bearing an amino-alcohol
ligand affords 92–97% ee for asymmetric hydrogenation of aryl ketones with
2-propanol as hydrogen donor [98]. However, the high catalyst loading (5mol%)
makes this catalyst unpractical. In 1995, Noyori and coworkers reported that
the chiral ruthenium complex (S,S)-29a with a diamine ligand (S,S)-Ts-DPEN
((1S,2S)-N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine) gives 72–98% ee for
the asymmetric transfer hydrogenation of aryl ketoneswith 2-propanol at a low cata-
lyst loading (0.5–0.2mol%) [99]. Later, they found that this type of chiral ruthenium
catalyst shows higher efficiency if a mixture of formic acid and triethylamine is used
as hydrogen donor. The loading of catalyst (S,S)-29a can be reduced to 0.1mol%
without significant loss of activity and enantioselectivity [100]. These landmark
works have further stimulated investigations on the development of chiral ligands
and catalysts for the asymmetric transfer hydrogenation of aryl ketones. As a result,
a wide range of chiral ligands and catalysts have been developed. Typical examples
include chiral ruthenium complexes (S,S)-70 (Figure 4.13) bearing a tetradentate
diphosphine–diamine ligand developed by Noyori and coworkers in 1996 [101]
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and (R)-71 (Figure 4.13) containing a tridentate bis(oxazolinylmethyl)amine
ligand developed by Zhang and coworkers in 1998 [102]. These chiral ruthenium
catalysts also showed good to high enantioselectivities for the asymmetric transfer
hydrogenation of aryl ketones with 2-propanol as hydrogen donor.
After more than 30 years of development, the asymmetric transfer hydrogenation

of aryl ketones has become a useful method for the synthesis of chiral alcohols. A
large number of chiral transition-metal catalysts have been synthesized and used
in the asymmetric transfer hydrogenation of aryl ketones. In the following discus-
sions, we focus on the development of chiral catalysts in the asymmetric transfer
hydrogenation of aryl and heteroaryl ketones, especially the important progress in
the recent decade.

4.3.1 Chiral Ruthenium Catalysts

Although many chiral transition-metal catalysts have been developed for the asym-
metric transfer hydrogenation of aryl ketones, the efficient catalysts are dominated
by chiral ruthenium catalysts, in particular, chiral arene–ruthenium complexes
bearing chiral N-sulfonylated 1,2-diamines [3, 103]. In addition, chiral-ruthenium
complexes bearing chiral amino-alcohol ligands, diphosphine ligands, tridentate
NNN- and CNN-type of pincer ligands, etc. are also widely used in the asymmetric
transfer hydrogenation of aryl ketones.

4.3.1.1 Chiral Arene Ruthenium–N-Sulfonylated 1,2-Diamine Complexes
Since initiated by Noyori and coworkers in 1995 [99], chiral arene ruthenium–N-
sulfonylated 1,2-diamine complexes have received considerable attention due to
their excellent catalytic activity and enantioselectivity for the asymmetric transfer
hydrogenation of ketones. A wide range of arene ruthenium complexes with
modified N-sulfonylated 1,2-diamine ligands have been developed over the past
decades.
In 2004, Wills and coworkers reported the tethered chiral Ru–N-Ts-DPEN com-

plex (S,S)-72 (Figure 4.14), which is obtained by connecting the N-Ts-DPEN ligand
and the aromatic ring of Noyori’s Ru–Ts-DPEN catalyst through a sulfonyl linker
[104]. The tethered chiral ruthenium complex (S,S)-72 gives 90–96% ee and 84–98%
ee for the asymmetric transfer hydrogenations of aryl ketones and benzo-fused cyclic
ketones, respectively (TONs up to 1000). Later, they designed a “reverse-tethered”
Ru–Ts-DPENcomplex (S,S)-73a (Figure 4.14), which has a three-carbon-atom linker
and found it to bemore effective than the catalyst (S,S)-72 [105]. The reaction rate of
(S,S)-73a exceeds those reported for the untethered chiral Ru–Ts-DPEN complexes,
and the catalyst loading of (S,S)-73a can be lowered to 0.01mol%. By systematically
tailoring the length of the tether,Wills and coworkers prepared the catalyst (S,S)-73b
with a “four-carbon” tether, which has a fast rate in the asymmetric transfer hydro-
genations of aryl ketones and ketopyridines (TONs up to 10 000) [106]. In 2013, the
tethered chiral Ru–Ts-DPEN complexes with electron-rich arene rings were devel-
oped by an “arene-exchange” approach. The catalyst (S,S)-73cwith a para-methoxy
group at the arene ring was found to be efficient for the transfer hydrogenations
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of aryl, heteroaryl, and benzo-fused cyclic ketones. When the hydrogenation was
performed at a higher temperature, a faster reaction rate was observed [107]. The
tethered ruthenium catalysts (S,S)-73a and 73c are also effective for the asymmetric
transfer hydrogenation of electron-rich aryl ketones containing amine and methoxy
groups on the phenyl ring (up to 98% ee) [108]. Changing the steric hindrance
and electronic property of the arene sulfonyl group of the tethered ruthenium
Ts-DPEN complexes has a significant effect on the reactivity and enantioselectivity
of the catalysts [109]. For example, the catalyst (S,S)-74 (Figure 4.14) having a
2,4,6-(iPr)3C6H2SO2 requires a longer reaction time and/or an increase of temper-
ature to complete the reaction. The benzyl-tethered arene-Ru–Ts-DPEN complexes
such as (S,S)-75 (Figure 4.14) were less effective than the parent ruthenium complex
(S,S)-73c although comparable enantioselectivitieswere observed [110]. In addition,
Wakeham et al. found that the tethered ruthenium catalyst (S,S)-73a is also effective
for the asymmetric transfer hydrogenation of aryl ketones with cis-1,4-butenediol
as hydrogen donor, providing chiral alcohols with 75 to >99% ee [111].
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In 2011, Ikariya and coworkers reported that the oxo-tethered Ru–Ts-DPEN
complex (R,R)-31 exhibits excellent performance in terms of activity and selectivity
for both asymmetric hydrogenation (see Section 4.2.1.2) and transfer hydrogenation
of simple ketones under neutral conditions without any cocatalyst [52]. With
(R,R)-31 as catalyst and HCO2H/Et3N (5 : 2) as hydrogen donor, a wide range of
aryl, heteroaryl, and benzo-fused cyclic ketones are hydrogenated to the corre-
sponding chiral alcohols with 94 to >99% yield and 84 to >99% ee. The catalytic
activity of (R,R)-31 can be maintained after 4 days of reaction, and the TON is up to
30 000, being the highest activity among the series of arene-Ru–Ts-DPEN catalysts.
The catalyst (R,R)-31 is also effective for the asymmetric transfer hydrogenation
of unsymmetrical benzophenones, producing chiral benzhydrols with good to
excellent enantioselectivity (77 to >99% ee) [112]. Following this work, Zhou
and coworkers found that chiral ruthenium (R,R)-31 can catalyze the asymmet-
ric transfer hydrogenation of ortho-substituted aryl N-heteroaryl ketones and
non-ortho-substituted N-oxide of aryl N-heteroaryl ketones with HCO2Na/H2O as
hydrogen donor in 70–99.9% ee [113].
The sulfamoyl-tethered chiral ruthenium–N-sulfamoylated 1,2-diamine com-

plex (S,S)-76 (Figure 4.14) is introduced by Mohar and coworkers in 2013,
which gives up to >99.9% ee for the transfer hydrogenation of 1-naphthyl
ketones (TON = 1000) [114]. Later, they reversed the tether and developed chiral
ruthenium–N-sulfamoylated 1,2-diamine complexes (S,S)-77a and 77b (Figure 4.14)
and found them to be effective catalysts for the asymmetric transfer hydrogenation of
aryl, heteroaryl, and benzo-fused cyclic ketones (TONs up to 1000, 86 to >99.9% ee)
[115]. In 2018, Kayaki and coworkers developed oxo-tethered ruthenium complexes
(S,S)-78a and 78b (Figure 4.14) from N-pentafluorobenzenesulfonyl-1,2-diamine
(Fs-DPEN) and obtained 88–96% ee in asymmetric transfer hydrogenation of aryl
ketones (TON up to 1000) [116].
The modification of the chiral diamine ligands of Noyori’s Ru–Ts-DPEN cat-

alysts also led to several efficient chiral ruthenium catalysts for the asymmetric
transfer hydrogenation of aryl ketones. In 2003, Deng and coworkers synthesized
a water-soluble chiral N-tosylated ortho-sulfonated 1,2-diphenylethlenediamine
ligand and its ruthenium complex (R,R)-79 (Figure 4.14), which gave 81–98% ee
for the asymmetric transfer hydrogenation of aryl, heteroaryl, and benzo-fused
cyclic ketones with HCO2Na as hydrogen donor in aqueous media (TON = 100)
[117]. The chiral ruthenium catalyst (R,R)-79 can be reused without loss of enan-
tioselectivity, albeit its activity slightly declines. The “roofed” ruthenium catalyst
(S,R)-80 (Figure 4.14) with an N-Ts-cis-1,2-diamine ligand based on a rigid and
steric bulky 1,10-dihydro-9,10-ethanoanthracene backbone, developed by Ishizuka
and coworkers in 2005, also showed good to high enantioselectivities (66–99%
ee) for the asymmetric transfer hydrogenation of aryl and benzo-fused cyclic
ketones (TON = 200) [118]. The ruthenium catalyst (R,S)-81 (Figure 4.14) con-
taining a syn-3-(α-aminobenzyl)-benzo-γ-sultam ligand, developed by Mohar and
coworkers in 2016, affords excellent enantioselectivity (99% ee) for the asymmetric
transfer hydrogenation of benzo-fused cyclic ketones (TONs up to 1000) [119].
In 2015, Charette and coworkers modified Noyori’s Ru–Ts-DPEN catalyst with a
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tetraarylphosphonium and made it to be a recyclable ruthenium catalyst (R,R)-82
(Figure 4.14) [120]. The catalyst (R,R)-82 gives 91–98% ee for the hydrogenation of
aryl, heteroaryl, and benzo-fused cyclic ketones and can be reused in four cycles
without any significant loss of activity. The water-soluble ruthenium catalyst
(S,S)-83 (Figure 4.14), developed by Gebbink and coworkers in 2012 by introducing
an alkyl sulfonate tail to the arene group of Noyori’s Ru–Ts-DPEN catalyst, gives
94% ee for the asymmetric transfer hydrogenation of acetophenone [121]. However,
although the enantioselectivity remained, the activity of the catalyst decreased
significantly in second recycling run of reaction. The tridentate azametallacycles
ruthenium catalyst (S,S)-84 (Figure 4.14), developed by Dub and Kayaki et al., gives
93–98% ee for the transfer hydrogenation of aryl ketones (TON = 200), which are
comparable with those obtained by the catalyst Ru–Fs-DPEN [122].
To expand the scope of asymmetric transfer hydrogenations of aryl ketones, Dong

and coworkers used Noyori’s (R,R)-85 (Figure 4.15) to reduce 1,4- or 1,5-keto alco-
hols to the corresponding chiral diols [123]. In the reaction, (R,R)-85 hydrogenated
the ketone group of the substrate, then the primary alcohol is dehydrogenated to
aldehyde, and a hemiacetal is subsequently formed and further dehydrogenated
by (R,R)-85 to afford the desired lactone. Thus, the final result is that the use of
catalyst (R,R)-85 enables the asymmetric transfer hydrogenation of aryl ketone
with itself as hydrogen donors. In 2016, Vyas and Bhanage reported that the
ruthenium catalyst (R,R)-29a is effective for the asymmetric transfer hydrogenation
of dibenzo-fused-azepine-diones with formic acid/trimethylamine as hydrogen
donor, providing the corresponding chiral alcohols with up to 99% ee (TON = 50)
[124]. The chiral ruthenium catalyst (R,R)-86 (Figure 4.15) has been applied in
the enantioselective synthesis of (+)-erythro mefloquine [125]. The asymmetric
transfer hydrogenation of pyridyl ketone with (R,R)-86 at a catalyst loading of
0.1mol% affords the corresponding chiral diaryl methanol in 91% yield and 98% ee.

4.3.1.2 Chiral Ruthenium Catalysts with Other Bidentate Ligands
In addition to the chiral arene–ruthenium–N-sulfonyl-1,2-diamine catalysts, many
other chiral ruthenium catalysts containing bidentate ligands, such as 1,2-amino
alcohols, aminothiols, and phosphine–oxazolines, have also been studied in the
asymmetric transfer hydrogenation of ketones. In 1996, Noyori and coworkers
reported that arene–ruthenium complexes of chiral β-amino alcohols give high
enantioselectivity for the reduction of aryl ketones with 2-propanol as hydro-
gen donor [126]. For example, the ruthenium catalyst generated in situ from
[RuCl2(η6-C6Me6)]2 and chiral amino alcohol (S,S)-87 (Figure 4.16) provides 94%
yield and 92% ee for the asymmetric transfer hydrogenation of acetophenone
(TON = 200). Subsequently, Andersson and coworkers found that the chiral
ruthenium complex of 2-aza-norboryl amino alcohol 88 (Figure 4.16) shows high
activity and enantioselectivity for aryl and pyridyl ketone substrates [127]. The
hydrogenation of acetophenone with 2-propanol gives 96% ee at a low catalyst
loading (0.02mol%). Good to high enantioselectivities (89–99% ee) are observed for
the hydrogenation of pyridyl ketones (TONs up to 1000). In 2002, Adolfsson and
coworkers described that the ruthenium catalyst coordinated with N-Boc-protected
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Figure 4.15 Chiral arene ruthenium N-Ts-diamine complexes-catalyzed asymmetric
transfer hydrogenations.

L-valine-modified 1,2-amino alcohol (S,R)-89 (Figure 4.16) gives 84–96% ee for the
transfer hydrogenation of a series of aryl ketones (TON = 200) [128, 129]. Several
years later, they found that the N-Boc-protected L-alanine-modified 1,2-amino
alcohol (S,S)-90 (Figure 4.16) shows high enantioselectivity (95–99% ee) for the
reduction of electron-rich aryl ketones [130]. In 2011, Diéguez, Pàmies, and
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Adolfsson and coworkers prepared a series of N-Boc-protected L-alanine-modified
sugar amino-alcohol ligands and found that the furanoside-based amino alcohol 91
(Figure 4.16) derived from D-glucose shows excellent enantioselectivity (98 to >99%
ee) for the asymmetric transfer hydrogenation of aryl ketones (TON = 200) [131].
Later, they found that the N-Boc-protected L-alanine-modified sugar amino-alcohol
ligand 92 (Figure 4.16) derived from D-mannose gave up to 99% ee for a wide range
of aryl ketones, heteroaryl, and benzo-fused cyclic ketones (TON = 400) [132]. In
addition, the pipecoline-derived chiral protic aminothiol ligand (S)-93 (Figure 4.16),
introduced by Ikariya and coworkers in 2009, shows good to high enantioselectivi-
ties (75–98% ee) for a wide range of aryl, heteroaryl, and benzo-fused cyclic ketones
[133]. Chiral acylthiourea ligands (R)-/(S)-94 (Figure 4.16), developed by Karvembu
and coworkers in 2014 from (S)-/(R)-1-phenylethylamine, also show moderate to
high enantioselectivity (43–99% ee) for the asymmetric transfer hydrogenation of a
range of aryl ketones (TON = 200) [134, 135].
The chiral ruthenium complexes of diphosphine ligand and diamine ligand,

initially developed by Noyori et al. for the asymmetric hydrogenation of ketones, are
also proven to be highly efficient catalysts for the asymmetric transfer hydrogenation
of aryl ketones. In 2004, Baratta et al. found that 2-(aminomethyl)pyridine (ampy)
has a strong ligand acceleration effect in the transfer hydrogenation catalyzed by
cyclometalated ruthenium complex of (2,6-dimethylphenyl)diphenylphosphane
[136]. Subsequently, they evaluated several chiral diphosphine ligands in combina-
tion with 2-(aminomethyl)pyridine and found that the chiral ruthenium catalyst
(S,S)-95 (Figure 4.17) with Skewphos ligand and the catalyst (R,Sp)-96a (Figure 4.17)
with Josiphos ligand afforded high activity and good to high enantioselectivities
(83–94% ee) for the transfer hydrogenation of aryl and heteroaryl ketone at low
catalyst loading (TONs up to 10 000) [137]. In order to improve the enantioselec-
tivity of the catalysts, they introduced Pyme ligand and found that the matched
chiral ruthenium catalyst (R,R,Sp)-96b has very high enantioselectivity (95–99% ee)
for the transfer hydrogenation of aryl ketones (TON = 2000) [63]. Recently, Xu
and Xing et al. reported that the chiral ruthenium catalyst (R)-97 (Figure 4.17)
bearing an achiral diphosphine ligand and a chiral 1-(pyridine-2-yl)methylamine
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ligand provides 82–97% ee for the asymmetric transfer hydrogenation of aryl and
heteroaryl ketones (TON = 1000) [138].
The aforementioned chiral ruthenium catalysts with chiral bidentate ligands

contain at least an NH or NH2 moiety. However, the ruthenium complexes with
bidentate chiral ligands such as phosphine–oxazoline ligands and diphosphine
ligands, which have no NH or NH2 moiety, also can be used as catalysts for the
asymmetric transfer hydrogenation of aryl ketones. The chiral phosphine–oxazoline
ligands are introduced into ruthenium-catalyzed asymmetric transfer hydrogena-
tion of ketones by Langer and Helmchen in 1996 [139]. With the ruthenium catalyst
generated in situ from RuCl2(PPh3)3 and chiral phosphine–oxazoline ligand (S)-98
(Figure 4.17), three aryl ketones were hydrogenated to chiral alcohols with up to
94% ee in 2-propanol with TONs of 1000. Subsequently, Sammakia and Stangeland
described that the chiral ruthenium catalyst (S,Sp)-99c (Figure 4.17) with a chiral
ferrocene-based phosphine–oxazoline ligand affords 84–95% ee in the transfer
hydrogenation of aryl ketones (TON = 500) [140]. Almost at the same time, Dai
and coworkers reported that the ruthenium complex of ligand (S,Sp)-99b and its
diastereoisomer show high activity and moderate enantioselectivity (59–85% ee) for
the transfer hydrogenation of aryl ketones and α-tetralone (TONs up to 50 000) [141].
In 1999, Uemura and Hidai et al. obtained the molecular structure of ruthenium
complex (S,Sp)-100a (Figure 4.17) of chiral ferrocene-based phosphine–oxazoline
ligand and found that the isolated chiral ruthenium complex affords excellent
enantioselectivities (96.6 to >99.7% ee) for the asymmetric transfer hydrogenation
of aryl ketones and 2-acetofurone (TON = 200) [142]. In 2012, Weissensteiner
and coworkers developed a series of chiral ruthenium complexes (R,Rox,Rp)-101
(Figure 4.17) of ferrocene-based phosphine–oxazoline ligands and found they
have comparable activity and lower enantioselectivity (50–98% ee) than those
obtained with chiral ruthenium complex of (S,Sp)-100a in the asymmetric transfer
hydrogenation of aryl ketones [143].
Although the chiral ruthenium complexes derived from chiral diphosphine

ligands combined with 2-(aminomethyl)pyridine ligands are demonstrated to be
highly effective catalysts for asymmetric transfer hydrogenation of aryl ketones,
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the chiral ruthenium complexes of chiral diphosphonite ligands are rarely used in
this reaction. In 2006, Reetz and Li reported that the BINOL-derived diphosphonite
(R,R)-102 (Figure 4.17) is a suitable ligand for the ruthenium-catalyzed asymmetric
transfer hydrogenation of aryl ketones [144].With the catalyst Ru-(R,R)-102, a series
of aryl ketones are hydrogenated to chiral alcohols with 93–99% ee (TON = 200).

4.3.1.3 Chiral Ruthenium Catalysts Containing Tridentate and Tetradentate
Ligands
Chiral ruthenium complexes of tridentate and tetradentate ligands are also demon-
strated to be effective catalysts for the asymmetric transfer hydrogenation of aryl
ketones. After the development of chiral ruthenium catalyst (R)-71 bearing triden-
tate bis(oxazolinylmethyl)amine ligand for the asymmetric transfer hydrogenation
of aryl ketones [3, 103], Zhang et al. reported chiral ruthenium catalysts having
tridentate PNP- and NPN-type pincer ligands. But these catalysts only show low to
moderate level of enantioselectivity in the asymmetric transfer hydrogenation of
aryl ketones [145–147]. Following these works, Gimeno and coworkers described
in 2004 that chiral ruthenium complexes (S,S)-103 (Figure 4.18) of Ph-pybox ligand
are active catalysts for the asymmetric transfer hydrogenation of acetophenone
with high enantioselectivity (up to 95% ee) [148]. With these ruthenium catalysts a
variety of aryl ketones are reduced to chiral alcohols with good to high enantiose-
lectivities (70–94% ee). In 2007, Beller and coworkers reported that the ruthenium
complex (R,R)-104 (Figure 4.18) of pyridine-bisimidazoline ligand shows mod-
erate to excellent enantioselectivities for the asymmetric transfer hydrogenation
of aryl ketones [149]. The ruthenium catalyst (R,R)-104, generated in situ from
[RuCl2(C6H6)]2, gives higher enantioselectivity comparing to the catalyst generated
from [RuCl2(PPh3)3]. In 2011, Yu and coworkers developed chiral ruthenium com-
plexes (R)-105 (Figure 4.18) of benzimidazolyl-oxazolyl ligands [150]. These chiral
ruthenium complexes bearing unsymmetrical tridentate NNN-type pincer ligands
exhibit high catalytic activity in asymmetric transfer hydrogenation of aryl ketones.
Using chiral ruthenium complex (R)-105b as catalyst, a wide range of aryl ketones
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are reduced to chiral alcohols in 79–97% ee with TONs up to 1000. Subsequently,
they used a pyrazolyl to replace the benzimidazolyl moiety in ruthenium complexes
(R)-105 and developed a new type of chiral ruthenium catalysts (R)-106 (Figure 4.18)
[151]. The catalyst (R)-106a gives comparable enantioselectivity (73–99% ee) to
the catalyst (R)-105b under similar reaction conditions but has relatively lower
catalytic activity. The catalysts (R)-105 were then modified by introducing NHTs
functional group on the benzimidazolyl ring, resulting in the chiral ruthenium
catalysts (R)-107 (Figure 4.18). The catalyst (R)-107a exhibits excellent activity
and enantioselectivity for the asymmetric transfer hydrogenation of aryl ketones
(TON = 1000, 85 to >99.9% ee) [152].
The Josiphos-based ruthenium complex (S,R,Rp)-37 bearing a chiral CNN-type

1-(pyridine-2-yl)methylamine (Pyme) ligand, developed by Baratta et al. in 2009,
gives high activity and enantioselectivity (93–99% ee) for the asymmetric transfer
hydrogenation of aryl and heteroaryl ketones (TONs up to 50 000) [65]. In 2010, they
further found that the chiral ruthenium catalyst (R,S,Sp)-108 (Figure 4.18) contain-
ing an (R, Sp)-Josiphos ligand and an (S)-2-(1-aminoethyl)-6-(2-naphthyl)pyridine
ligand also shows high activity and enantioselectivity for the asymmetric transfer
hydrogenation of aryl and heteroaryl ketones (TONs up to 20 000, 86–99% ee) [153].
In addition, the ruthenium catalysts (S,S)-109 (Figure 4.18), generated in situ from
Ru3(CO)12 and chiral tetradentate diiminodiphosphine ligands (Figure 4.18), are
effective for the asymmetric transfer hydrogenation of aryl ketones (TON = 200, up
to 99% ee) [154].

4.3.2 Chiral Rhodium and Iridium Catalysts

The earlier examples of rhodium- and iridium-catalyzed asymmetric transfer
hydrogenation of aryl ketones were achieved using chiral diphosphine ligands
with 2-propanol as hydrogen donor, but with low enantioselectivity (<50% ee)
[155–158]. Later, Randaccio and coworkers improved the enantioselectivity up to
80% ee in the reduction of tert-butyl phenyl ketone by employing chiral iridium
complex (S)-110 (Figure 4.19) of Schiff base ligand [159]. In 1991, Pfaltz and
coworkers found that the chiral iridium catalyst (S)-111 (Figure 4.19) bearing
a chiral bisoxazoline ligand gives up to 91% ee for the transfer hydrogenation
of aryl ketones [160]. In 1998, Mashima and Tani et al. significantly improved
the enantioselectivity of rhodium- and iridium-catalyzed asymmetric transfer
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hydrogenation of aryl ketones by introducing chiral rhodium catalyst (R,R)-112a
and iridium catalyst (R,R)-112b (Figure 4.19) bearing a chiral N-Ts-diamine ligand
(R,R)-N-Ts-DPEN (up to 99% ee and 96% ee, respectively) [161]. Simultaneously,
Ikariya and Noyori et al. described that the chiral rhodium catalyst (R,R)-113a and
iridium catalyst (R,R)-113b (Figure 4.19) containing a chiral N-Ts-diamine ligand
(1R,2R)-N-(p-toluenesulfonyl)-1,2-cyclohexanediamine ((R,R)-N-Ts-DACH) give
slightly better enantioselectivity than the correspondingN-Ts-DPEN-based catalysts
(R,R)-112a and 112b in the asymmetric transfer hydrogenation of aryl ketones and
benzo-fused cyclic ketones (up to >99% ee and 97% ee, respectively) [162].

4.3.2.1 Chiral Rhodium and Iridium Complexes Containing Diamine
and Related Ligands
Since Ikariya and Noyori et al. reported that the chiral rhodium and iridium
complexes of N-Ts-diamine ligands are effective catalysts for the asymmetric trans-
fer hydrogenation of aryl ketones [162], a variety of chiral rhodium and iridium
catalysts containing N-Ts-diamines and related ligands have been developed in
the past decade. In 2005, Wills and coworkers reported that a tethered chiral
rhodium complex (R,R)-114a (Figure 4.20) of N-Ts-1,2-diphenylethylenediamine
ligand is an effective catalyst for the asymmetric transfer hydrogenation of aryl
ketones with activity over the corresponding untethered rhodium complex [163].
Using formic acid/triethylamine as both solvent and hydrogen donor, the catalyst
(R,R)-114a affords excellent enantioselectivity (95–99.9% ee) in the asymmetric
transfer hydrogenation of aryl ketones and tetralone (TON = 200). Later, they
found that the tethered chiral rhodium complex (R,R)-115a (Figure 4.20) of
N-Ts-1,2-cyclohexanediamine ligand gives moderate to excellent enantioselectivity
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(62–99.4% ee, TON = 200) for a range of aryl and heteroaryl ketones and tetralone
[164]. With sodium formate in water as the reducing agent, the catalyst (R,R)-115a
generally gives rapid reaction and high enantioselectivity in the asymmetric
transfer hydrogenation. The most remarkable feature of the catalyst (R,R)-115a is
its stability. When the catalyst loading was reduced to 0.001mol%, it still provided
100% conversion and 98% ee for the hydrogenations of 2-acetylthiophene and
2-acetylfuran. Further modifications to the tethering phenyl ring of the catalysts
(R,R)-114a [165, 166] and (R,R)-115a [167] lead to new chiral rhodium catalysts
(R,R)-114b–e and (R,R)-115b, which also show good yields and moderate to excel-
lent enantioselectivities (64 to >99% ee) for the hydrogenations of aryl, heteroaryl,
and benzo-fused ketones (TON = 200). Although the properties of the substituents
on the phenyl tethering ring of the catalyst (R,R)-114 did not alter the stereochemical
outcome of the reaction, the catalysts bearing an electron-donating group exhibited
a higher activity than those having an electron-withdrawing group [166].
In 2005, Xiao and coworkers found that the chiral rhodium catalyst (R,R)-113a

with a chiral diamine ligandN-Ts-DACHhas superior activity and enantioselectivity
(0.25 hours, 95% ee) than the corresponding ruthenium catalyst (R,R)-86 (2 hours,
85% ee) for the asymmetric transfer hydrogenation of acetophenone, while the irid-
ium catalyst (R,R)-113b has slightly lower enantioselectivity (1 hour, 93% ee) [168].
With the chiral rhodium catalyst (R,R)-113a, a wide range of aryl, heteroaryl, and
benzo-fused ketones were hydrogenated to optically active alcohols in high yields
with good to excellent enantioselectivities (77–99% ee). In addition, the reduction of
2-acetylfuran with (R,R)-113a affords 1-(furan-2-yl)ethan-1-ol with 99% ee and 1000
of TONs within 1.5 hour in the open air. They also evaluated the chiral metal cata-
lysts with chiral diamine ligand N-Ts-DPEN for asymmetric transfer hydrogenation
of acetophenone using formate in water as reductant. The results showed that the
rhodium catalyst (R,R)-112a (0.5 hour, 97% ee) is superior to the iridium catalyst
(R,R)-112b (3 hour, 93% ee) and ruthenium catalyst (R,R)-29a (1 hour, 95% ee) [169].
With the rhodium catalyst (R,R)-112a and iridium catalyst (R,R)-112b, a series of
aryl, heteroaryl, and benzo-fused cyclic ketones were reduced with up to 99% ee.
In 2007, Deng and coworkers reported that the chiral rhodium catalyst (S,S)-116

(Figure 4.20) containing a water-soluble diamine ligand N-Ts-DPEN with two
ortho-amino groups on the phenyl rings gives 88–98% ee for the asymmetric
transfer hydrogenation of aryl, heteroaryl, and benzo-fused cyclic ketones. Com-
parable results (82 to >99% ee) are obtained by the chiral rhodium catalyst
(R,R)-117 (Figure 4.20) with two meta-guanidinium groups on the phenyl rings
of the diamine ligand [170]. Recently, they developed a chiral double-chain
surfactant-N-Ts-DPEN-type ligand and found that its rhodium complex (S,S)-118
(Figure 4.20) can self-assemble into vesicular aggregates in water and gives up to
99% yield and 99% ee for asymmetric transfer hydrogenation of acetophenone.
When the catalyst loading was lowered to 0.1mol%, the reaction still gave 97% ee
with 94% conversion [171]. The lipophilic rhodium catalyst (R,R)-119 (Figure 4.20)
bearing a chiral diamine ligand N-Ts-DPEN with a C12H25-tail, reported by Adolf-
sson et al. in 2008, shows moderate to high enantioselectivity (76–97% ee) for the
transfer hydrogenation of a range of aryl ketones in water with formate as hydrogen
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donor in the presence of sodium dodecylsulfonate (TON = 100) [172]. In 2014, Ni
and coworkers tethered an imidazolium to the N-Ts-DPEN ligand and developed a
water-soluble chiral rhodium catalyst (R,R)-120 (Figure 4.20) [173]. Using catalyst
(R,R)-120, a range of aryl, heteroaryl, and benzo-fused ketones were hydrogenated
to chiral alcohols in 67–98% ee with 54–100% conversions (TON = 500). In addition,
Zhou and coworkers demonstrated that the N-Ms-DPEN-derived chiral iridium
catalyst (S,S)-121 (Figure 4.20) is highly enantioselective (up to 98% ee) for the
transfer hydrogenation of non-ortho-substituted aryl ortho-N-oxide heteroaryl
ketones in the mixed solvent of water and isopropanol [174]. This asymmetric
transfer hydrogenation was successfully utilized to the enantioselective synthesis of
bepotastine besilate.
In 2006, Adolfsson and coworkers found that the Boc-amino acid thioamide

ligand (S,S)-122 (Figure 4.21), derived from (S)-valine and (S)-1-phenylethanamine,
is effective for the rhodium-catalyzed asymmetric transfer hydrogenation of
aryl ketones in 2-propanol [175]. With the rhodium catalyst generated in situ
from [RhCl2Cp*]2 and (S,S)-122, several aryl ketones and 3-pyridyl ketones are
hydrogenated to the corresponding chiral alcohols with 91–97% ee (TON = 200).
However, the corresponding Boc-amino amide ligand provides lower enantiose-
lectivity. By screening a series of N-Boc-amino acid-modified 1,2-amino-alcohol
ligands they found that the ligand (S,S)-123 (Figure 4.21) having anN-Boc-protected
L-phenylalanine moiety provides up to 98% ee in the rhodium-catalyzed hydrogena-
tion of aryl ketones (TON = 100) [176]. Subsequently, they systematically evaluated
amino acid-based thioamides, hydroxamic acids, and hydrazides as chiral ligands
in the rhodium-catalyzed asymmetric transfer hydrogenation of acetophenone
[177]. The catalysts containing thioamide ligands derived from L-valine selectively
generate R-product ((S,S)-122, 95% ee, Figure 4.21), and the L-valine/hydroxamic
acid and L-valine/hydrazide-based ligands selectively form (S)-product ((S)-124,
97% ee; (S)-125, 91% ee, Figure 4.21). Adolfsson and Diéguez et al. developed a
series ofN-Boc-protected amino amide and thioamide ligands from easily accessible
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D-xylose and D-glucose in 2012 and found that the furanoside-based thioamide
ligands (S)-126a and 126b (Figure 4.21) show high enantioselectivity in the
rhodium-catalyzed transfer hydrogenation of aryl ketones (TON = 200, up to 99%
ee) [178]. They also evaluated pyranoside-based N-Boc-protected amino acid amide
and thioamide ligands in 2014. Among these ligands, the thioamide ligand (S)-127
(Figure 4.21) containing anN-Boc-protected L-valine provides moderate to excellent
enantioselectivities (55–99% ee) for the rhodium-catalyzed transfer hydrogenation
of aryl ketone [179]. The C2-symmetric ferrocenyl phosphinite ligand (R,R)-128
(Figure 4.21), developed by Baysal and coworkers in 2015, is found to be effective
for iridium- and rhodium-catalyzed asymmetric transfer hydrogenation of aryl
ketones (up to 98% ee and 99% ee, respectively) [180, 181]. Recently, Chen and
Xiao reported that the chiral iridium catalyst (S)-129 (Figure 4.21) bearing an
oxazoline-carboxylate ligand shows good to excellent enantioselectivities for the
asymmetric transfer hydrogenation of aryl ketones [182]. They found that both the
nature of the amine and its ratio with the reductant HCO2H have effect on the enan-
tioselectivity of the hydrogenation. Among the tested amines, the HCO2H—iPrNH2
(2 : 1) mixture gives the highest enantioselectivity. With this reductant, a range of
aryl ketones are hydrogenated to chiral alcohols with 90–99% ee (TON = 100).

4.3.2.2 Chiral Rhodium and Iridium Catalysts Containing Other Ligands
Chiral tetradentate PNNP-type ligands derived from chiral 1,2-diamines are well
studied for asymmetric transfer hydrogenation of aryl ketones [183]. In addition
to the aforementioned chiral ruthenium complexes of PNNP-type ligands, chiral
rhodium and iridium complexes of tetradentate diaminodiphosphine ligands such
as (S,S)-130 (Figure 4.22) also show high catalytic activity and enantioselectivity in
the asymmetric transfer hydrogenation of aryl ketones. In 2004, Gao and coworkers
reported that the chiral iridium catalysts, generated in situ from [IrHCl2(COD)]2
and (S,S)-130, give enantioselectivity up to 99% ee for the asymmetric transfer
hydrogenation of aryl ketones [184]. Lowering the catalyst loading to 0.025 or
0.013mol% gave no significant loss in enantioselectivity. They also found that the
chiral rhodium and iridium catalysts, generated in situ from the metal–hydride
precursors and PNNP-type ligands, exhibit excellent activity and good enantiose-
lectivity in the asymmetric transfer hydrogenation of aryl ketones in 2-propanol
without base [185]. The best results are obtained by the chiral iridium catalyst
generated from [IrH(CO)(PPh3)3] and ligand (S,S)-130 (up to 97% ee). The catalyst
loading can be reduced to 0.05mol%, albeit the enantioselectivity was slightly low-
ered [186]. The dimerized diaminodiphosphine ligand (R,R,R,R)-131 (Figure 4.22)
[187] and macrocycle ligand (R,R,R′,R′)-132 (Figure 4.22) [188] also give high
enantioselectivity (up to 99% ee) in the iridium- and rhodium-catalyzed asymmetric
transfer hydrogenation of aryl alkyl ketones.
In 2015, Xie and Zhou et al. reported that the chiral spiro iridium catalyst (R)-45

bearing a tridentate spiro pyridine-aminophosphine SpiroPAP ligand is highly
efficient for the asymmetric transfer hydrogenation of aryl ketones with ethanol as
hydrogen donor [189].With the catalyst (R)-45, a series of aryl ketones were reduced
to chiral alcohols in high yields and enantioselectivity (TON = 1000, 90–98% ee).
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Yoshida and Yanagisawa and coworkers reported in 2015 that the chiral iridium
catalyst (R)-133 (Figure 4.22) bearing a chiral bicyclicN-heterocyclic carbene ligand
affords high enantioselectivity (up to 98% ee) with TONs up to 4500 for the asym-
metric transfer hydrogenation of aryl ketones [190]. The chiral bis-cyclometalated
iridium complex Λ-134 (Figure 4.22) with metal-centered chirality, developed by
Gong and Meggers et al. gave 51–99% ee with TONs up to 25 500 for a wide range of
aryl, heteroaryl, and benzo-fused ketones [191]. The pyrazole coligand significantly
improved the catalytic activity and enantioselectivity of the iridium catalyst Λ-134.
The hydrogenation is proposed to undergo viametal–ligand cooperativemechanism
(bifunctional catalysis). In addition, Mikami et al. reported in 2006 that the chiral
rhodium catalyst (S,S)-135 (Figure 4.22) bearing an achiral benzophenone-based
diphosphine ligand and a chiral 1,2-diphenylethylenediamine also affords high
enantioselectivity (up to 99% ee) in the asymmetric transfer hydrogenation of aryl
ketones [192].

4.3.3 Other Chiral Metal Catalysts

In addition to aforementioned chiral ruthenium, rhodium, and iridium catalysts,
other chiral transition-metal catalysts are also used in the asymmetric transfer
hydrogenation of aryl ketones. For example, the iron catalysts containing chiral
multidentate aminophosphine ligands and the osmium and manganese com-
plexes containing chiral tridentate pincer ligands have shown high activity and
enantioselectivity in this transformation.
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4.3.3.1 Chiral Iron Catalysts
In 2004, Gao and coworkers reported that chiral iron complex generated in situ from
[Et3NH][HFe3(CO)11] and chiral tetradentate diaminophosphine ligand (S,S)-130
(Figure 4.22) is an efficient catalyst for the asymmetric transfer hydrogenation of aryl
ketones [193]. Higher enantioselectivities are obtained for aryl alky ketones with a
bulkier alkyl group (Et, 72% ee; iPr, 78% ee; and tBu, 93% ee at TONs of 100). This rep-
resents the first example of the iron-catalyzed asymmetric transfer hydrogenation of
ketones. Later, they found that the iron complex of macrocycle aminophosphine lig-
and (R,R,R′,R′)-132 (Figure 4.22) gives excellent enantioselectivity (90–99% ee) for a
range of aryl and heteroaryl ketones [194].
In 2008, Morris and coworkers reported that the chiral iron catalyst (R,R)-136a

(Figure 4.23)with diiminodiphosphine ligand is efficient for the asymmetric transfer
hydrogenation of aryl ketones undermild conditions, butwith low enantioselectivity
(for acetophenone: TON = 400, 29% ee) [83]. Later, they found that the iron catalyst
(R,R)-137b (Figure 4.23) with diiminodiphosphine ligand significantly improves the
activity and selectivity of the reaction (for acetophenone: TON= 2000, 82% ee) [195].
The catalysts (R,R)-136b and (R,R)-137a are also efficient for the asymmetric trans-
fer hydrogenation of aryl ketones [196]. A systematical evaluation on the diamine
unit of the ligand in the catalysts (R,R)-138 (Figure 4.23) showed that the activity of
the catalyst increases with the size of the R group on the backbone of ligand [197].
The steric and electronic properties of the aryl groups on the phosphine atoms of
ligands also show significant effect on both activity and enantioselectivity. The cat-
alyst (R,R)-138d with 4-methylphenyl groups has higher activity, and the catalyst

(R,R)-136a R = (CH2)4

(R,R)-136b R = Ph

2+

[BF4
–]2

RR

N N

P
Ph2

P
Ph2

Fe

CO

N

Me

[BPh4
–]2

(R,R)-137a R = (CH2)4

(R,R)-137b R = Ph

RR

N N

P
Ph2

P
Ph2

Fe

CO

N

Me

2+

(S,S)-139a Ar = Arʹ = Ph

(S,S)-139b Ar = Ph, Arʹ = 4-MeC6H4

(S,S)-139c Ar = Arʹ = 3,5-(Me)2C6H3

N

P
Ar2

P
Arʹ2

Fe

CO

Cl
+

PhPh
H

BF4
–

[BPh4
–]2

(R,R)-138a R = (CH2)4, Rʹ = Ph

(R,R)-138b R = Ph, Rʹ = Ph

(R,R)-138c R =  4-MeOC6H4, Rʹ = Ph

(R,R)-138d R = Ph, Rʹ = 4-MeC6H4

(R,R)-138e R = Ph, Rʹ = 3,5-(Me)2C6H3

(R,R)-138f R = Ph, Rʹ = Et

RR

N N

P
Rʹ2

P
Rʹ2

Fe

CO

Br 2+

2+

[BF4
–]2

N

N

P

P
FePh

Ph

N
tBuN

tBu

(S,S,S,S)-140

2+

[BF4
–]2

N

N

P

P
FePh

Ph

N
RN

R

(S,S,S,S)-141a R = CEt3
(S,S,S,S)-141b R = NiPr2

H

H

2+

[BF4
–]2

N

N

P

P
FePh

Ph

N
RN

R

H

H

(S,S,S,S)-142a R = CEt3
(S,S,S,S)-142b R = NiPr2

+

BF4
–

N

N

P

P
FePh

Ph

N
CEt3

H

H

H

(S,S,S,S)-143

N

Figure 4.23 Chiral iron complexes of tetradentate PNNP-type ligands.



https://www.twirpx.org & http://chemistry-chemists.com

4.3 Asymmetric Transfer Hydrogenation of Aryl and Heteroaryl Ketones 119

(R,R)-138e with 3,5-dimethylphenyl groups on the phosphorus atoms has higher
enantioselectivity [198].However, the replacement of the phenyl groups on the phos-
phorus atoms of ligand by alkyl groups such as ethyl, isopropyl, and cyclohexyl leads
to a decrease or complete loss of activity of the catalyst [199]. The chiral iron cat-
alysts (S,S)-139 (Figure 4.23) bearing partially saturated amine(imine)diphosphine
ligands also have been studied. They show lower activity and enantioselectivity than
the corresponding catalysts 138 [200].
In 2014, Mezzetti and coworkers reported that the diamagnetic bis(acetonitrile)

iron catalyst (S,S,S,S)-140 (Figure 4.23) bearing aC2-sysmmetric diiminephosphine-
type 14-membered N2P2 macrocycle ligand affords up to 91% ee in the asymmet-
ric transfer hydrogenations of aryl, heteroaryl, and benzo-fused cyclic ketones
(TON = 100) [201]. The chiral iron catalysts bearing a diaminophosphine-type
14-membered N2P2 macrocycle ligand were also investigated [202]. It was found
that the iron catalysts (S,S,S,S)-141a and 141b (Figure 4.23) have excellent enan-
tioselectivities (86–99% ee and 87–99% ee, respectively) for the hydrogenation
of aryl ketones (TON = 1000). In particular, these catalysts are highly efficient
for the hydrogenation of industrially useful substrates such as tert-butyl phenyl
ketone (99.7% yield, 99.4% ee) [203]. Later, they changed the linker between the
phosphines and developed a new family of chiral iron catalysts (S,S,S,S)-142a
and 142b (Figure 4.23) bearing a chiral diaminophosphine-type 15-membered
N2P2 macrocycle ligand. These catalysts showed excellent enantioselectivity (up
to 99.6% ee) for a broad scope of aryl and heteroaryl ketones (TON = 1000) [204].
The chiral iron hydride catalyst (S,S,S,S)-143 (Figure 4.23) is able to catalyze the
asymmetric transfer hydrogenation of aryl ketones under base-free condition [205].

4.3.3.2 Chiral Osmium Catalysts
Chiral osmium complex (Sp,S,R)-54 (Figure 4.11) containing a CNN-type ligand,
developed by Barratta et al. in 2008, is a highly efficient catalyst for asym-
metric transfer hydrogenation of aryl ketones (TONs up to 20 000, 90–97% ee)
[81]. Higher activity and enantioselectivity were obtained by osmium catalyst
(R,S,Rp)-144 (Figure 4.24) containing a 2-naphthyl moiety on the chiral CNN
pincer ligand [153]. For example, the asymmetric transfer hydrogenation of
1-(3,5-dimethoxyphenyl)ethanone catalyzed by 0.002mol% of (R,S,Rp)-144 yields
the chiral alcohol with 97% ee. In 2013, Gamasa and coworkers showed that the
chiral osmium catalyst (S,S)-145 (Figure 4.24) bearing a iPr-pybox ligand gives
90–94% ee for the asymmetric transfer hydrogenation of aryl ketones [206]. The chi-
ral osmium catalyst (S,S)-146 (Figure 4.24) bearing a diamine (S,S)-Ts-DPEN ligand,
reported by Sadler and coworkers in 2015, is also highly effective for the asymmetric
transfer hydrogenation of aryl ketones (TONs up to 200, 96–98% ee) [207].

4.3.3.3 Other Chiral Metal Catalysts
Recently, the chiral manganese, nickel, and cobalt complexes of tridentate and mul-
tidentate aminophosphine ligands have also been used as catalysts in the asym-
metric transfer hydrogenation of aryl ketones. For example, the chiral manganese
catalyst (R,R,Sp)-147 (Figure 4.24) bearing a ferrocene-based tridentate PNP-type
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iminophosphine ligand, developed by Zirakzadeh and Kirchner et al. in 2017, gives
up to 86% ee in the asymmetric transfer hydrogenation of aryl ketones [208]. The
nickel catalyst (R,R)-148 (Figure 4.24) having a chiralmultidentate aminophosphine
ligand, developed by Dong and Gao et al. in 2012, can reduce aryl ketones to chiral
alcohols with up to 84% ee [209]. Gao and coworkers also found that the cobalt cata-
lyst formedwith (S,S)-130 (Figure 4.22) bearing a chiral diaminodiphosphine ligand
affords up to 63% ee in the asymmetric transfer hydrogenation of aryl ketones [210].

4.4 Summary

Transition-metal-catalyzed asymmetric hydrogenation and asymmetric transfer
hydrogenation of aryl ketones with hydrogen or other hydrogen sources such as
alcohols and formates have been intensively studied during the past decades. Many
chiral transition-metal catalysts containing various chiral ligands have been devel-
oped for the asymmetric hydrogenation and transfer hydrogenation of aryl ketones,
providing a wide range of chiral secondary alcohols in high enantioselectivity.
Among the efficient chiral catalysts in this area, the chiral ruthenium complexes
are predominant, especially those ligated with chiral diphosphine/diamine ligands
(for asymmetric hydrogenation) and chiral N-tosylethylenediamine ligands (for
asymmetric transfer hydrogenation). Several other types of chiral catalysts includ-
ing iridium and osmium complexes of tridentate ligands also show high activity
and enantioselectivity for the asymmetric hydrogenation and/or asymmetric
transfer hydrogenation of aryl ketones. The most prominent example is the chiral
iridium catalyst bearing a chiral spiro pyridine-aminophosphine SpiroPAP ligand,
which shows extremely high activity and enantioselectivity for the asymmetric
hydrogenation of aryl ketones. The chiral iron and manganese catalysts have also
been demonstrated to be highly efficient and enantioselective for the asymmetric
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hydrogenation and transfer hydrogenation of aryl ketones. For example, the chiral
manganese catalysts bearing a tridentate PNN type of pincer ligand afford very
high activity and enantioselectivity in the hydrogenation of aryl ketones, which are
comparable with chiral precious metal catalysts.
Although a remarkable progress has been made and several chiral metal catalysts

exhibited comparable or even superior efficiency to enzyme, there are still many
challenges existing in the transition-metal-catalyzed asymmetric hydrogenation and
transfer hydrogenation of aryl and heteroaryl ketones to be solved. The efficient
catalysts for the enantioselective hydrogenation of the aryl ketones having steri-
cally bulky alkyl groups and the diaryl ketones having no-ortho substituents are
scarce. The chiral abundant metal catalysts are often associated with a narrow sub-
strate scope and are far from meeting the needs of practical applications. Although
asymmetric transfer hydrogenation is operationally simple and safe, its efficiency
and substrate range are not as good as asymmetric hydrogenation. To address these
problems, the development of highly efficient chiral metal catalysts, especially inex-
pensive abundant metal catalysts, is still the focus in the area of asymmetric hydro-
genation and asymmetric transfer hydrogenation of aryl and heteroaryl ketones.
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115 Kišić, A., Stephan, M., and Mohar, B. (2015). Adv. Synth. Catal. 357: 2540–2546.
116 Mitsunami, A., Ikeda, M., Nakamura, H. et al. (2018). Org. Lett. 20: 5213–5218.
117 Ma, Y., Liu, H., Chen, L. et al. (2003). Org. Lett. 5: 2103–2106.
118 Matsunaga, H., Ishizuka, T., and Kunieda, T. (2005). Tetrahedron Lett. 46:

3645–3648.
119 Rast, S., Modec, B., Stephan, M., and Mohar, B. (2016). Org. Biomol. Chem. 14:

2112–2120.
120 Zimbron, J.M., Dauphinais, M., and Charette, A.B. (2015). Green Chem. 17:

3255–3259.
121 Virboul, M.A.N. and Gebbink, R.J.M.K. (2012). Organometallics 31: 85–91.
122 Dub, P.A., Matsunami, A., Kuwata, S., and Kayaki, Y. (2019). J. Am. Chem. Soc.

141: 2661–2667.
123 Murphy, S.K. and Dong, V.M. (2013). J. Am. Chem. Soc. 135: 5553–5556.
124 Vyas, V.K. and Bhanage, B.M. (2016). Org. Chem. Front. 3: 614–619.
125 Hems, W.P., Jackson, W.P., Nightingale, P., and Bryant, R. (2012). Org. Process

Res. Dev. 16: 461–463.
126 Takehara, J., Hashiguchi, S., Fujii, A. et al. (1996). Chem. Commun.: 233–234.
127 Nordin, S.J.M., Roth, P., Tarnai, T. et al. (2001). Chem. Eur. J. 7: 1431–1436.
128 Pastor, I.M., Västilä, P., and Adolfsson, H. (2002). Chem. Commun.: 2046–2047.
129 Pastor, I.M., Västilä, P., and Adolfsson, H. (2003). Chem. Eur. J. 9: 4031–4045.
130 Wettergren, J., Bøgevig, A., Portier, M., and Adolfsson, H. (2006). Adv. Synth.

Catal. 348: 1277–1282.
131 Coll, M., Pàmies, O., Adolfsson, H., and Diéguez, M. (2011). Chem. Commun.

47: 12188–12190.
132 Margalef, J., Slagbrand, T., Tinnis, F. et al. (2016). Adv. Synth. Catal. 358:

4006–4018.
133 Ito, M., Shibata, Y., Watanable, A., and Ikariya, T. (2009). Synlett: 1621–1626.



https://www.twirpx.org & http://chemistry-chemists.com

126 4 Asymmetric (Transfer) Hydrogenation of Aryl and Heteroaryl Ketones

134 Sheeba, M.M., Tamizh, M.M., Farrugia, L.J. et al. (2014). Organometallics 33:
540–550.

135 Sheeba, M.M., Preethi, S., Nijamudheen, A. et al. (2015). Catal. Sci. Tecnol. 5:
4790–4799.

136 Baratta, W., Da Ros, P., Del Zotto, A. et al. (2004). Angew. Chem. Int. Ed. 43:
3584–3588.

137 Baratta, W., Herdtweck, E., Siega, K. et al. (2005). Organometallics 24:
1660–1669.

138 Chen, F., He, D., Chen, L. et al. (2019). ACS Catal. 9: 5562–5566.
139 Langer, T. and Helmchen, G. (1996). Tetrahedron Lett. 37: 1381–1384.
140 Sammakia, T. and Stangeland, E.L. (1997). J. Org. Chem. 62: 6104–6105.
141 Du, X.-D., Dai, L.-X., Hou, X.-L. et al. (1998). Chin. J. Chem. 16: 90–93.
142 Nishibayashi, Y., Takei, I., Uemura, S., and Hidai, M. (1999). Organometallics

18: 2291–2293.
143 Zirakzadeh, A., Schuecker, R., Gorgas, N. et al. (2012). Organometallics 31:

4241–4250.
144 Reetz, M.R. and Li, X. (2006). J. Am. Chem. Soc. 128: 1044–1045.
145 Jiang, Q., Van Plew, D., Murtuza, S., and Zhang, X. (1996). Tetrahedron Lett. 37:

797–800.
146 Jiang, Y., Jiang, Q., Zhu, G., and Zhang, X. (1997). Tetrahedron Lett. 38:

215–218.
147 Jiang, Y., Jiang, Q., Zhu, G., and Zhang, X. (1997). Tetrahedron Lett. 38:

6565–6568.
148 Cuervo, D., Gamasa, M.P., and Gimeno, J. (2004). Chem. Eur. J. 10: 425–432.
149 Enthaler, S., Hagemann, B., Bhor, S. et al. (2007). Adv. Synth. Catal. 349:

853–860.
150 Ye, W., Zhao, M., Du, W. et al. (2011). Chem. Eur. J. 17: 4737–4741.
151 Ye, W., Zhao, M., and Yu, Z. (2012). Chem. Eur. J. 18: 10843–10846.
152 Chai, H., Liu, T., and Yu, Z. (2017). Organometallics 36: 4136–4144.
153 Barratta, W., Benedetti, F., Zotto, A.D. et al. (2010). Organometallics 29:

3563–3570.
154 Zhang, H., Yang, C.-B., Li, Y.-Y. et al. (2003). Chem. Commun.: 142–143.
155 Spogliarich, R., Zassinovich, G., Kaspar, J., and Graziani, M. (1982). J. Mol.

Catal. 16: 359–361.
156 Kvintovics, P., Bakos, J., and Heil, B. (1985). J. Mol. Catal. 32: 111–114.
157 Krause, H.W. and Bhatnagar, A.K. (1986). J. Organomet. Chem. 302: 265–267.
158 Spogliarich, R., Kašpar, J., Graziani, M., and Morandini, F. (1986). J.

Organomet. Chem. 306: 407–412.
159 Zassinovich, G., Bettella, R., Mestroni, G. et al. (1989). J. Organomet. Chem. 370:

187–202.
160 Müller, D., Umbricht, G., Weber, B., and Pfaltz, A. (1991). Helv. Chim. Acta. 74:

232–240.
161 Mashima, K., Abe, T., and Tani, K. (1998). Chem. Lett.: 1199–1200.
162 Murata, K., Ikariya, T., and Noyori, R. (1999). J. Org. Chem. 64: 2186–2187.



https://www.twirpx.org & http://chemistry-chemists.com

References 127

163 Matharu, D.S., Morris, D.J., Kawamoto, A.M. et al. (2005). Org. Lett. 7:
5489–5491.

164 Matharu, D.S., Morris, D.J., Clarkson, G.J., and Wills, M. (2006). Chem. Com-
mun.: 3232–3234.

165 Echeverria, P.-G., Férard, C., Phansavath, P., and Ratovelomanana-Vidal, V.
(2015). Catal. Commun. 62: 95–99.

166 Zheng, L.-S., Llopis, Q., Echeverria, P.-G. et al. (2017). J. Org. Chem. 82:
5607–5615.

167 Matharu, D.S., Martins, J.E.D., and Wills, M. (2008). Chem. Asian J. 3:
1374–1383.

168 Wu, X., Vinci, D., Ikariya, T., and Xiao, J. (2005). Chem. Commun.: 4447–4449.
169 Wu, X., Li, X., Zanotti-Gerosa, A. et al. (2008). Chem. Eur. J. 14: 2209–2222.
170 Tang, Y., Li, X., Lian, C. et al. (2011). Tetrahedron: Asymmetry 22: 1530–1535.
171 Li, J., Lin, Z., Huang, Q. et al. (2017). Green Chem. 19: 5367–5370.
172 Ahfford, K., Lind, J., Mäler, L., and Adolfsson, H. (2008). Green Chem. 10:

832–835.
173 Kang, G., Lin, S., Shiwakoti, A., and Ni, B. (2014). Catal. Commun. 57: 111–114.
174 Liu, Q., Wang, C., Zhou, H. et al. (2018). Org. Lett. 20: 971–974.
175 Zaitsev, A.B. and Adolfsson, H. (2006). Org. Lett. 8: 5129–5132.
176 Wettergren, J., Zaitsev, A.B., and Adolfsson, H. (2007). Adv. Synth. Catal. 349:

2556–2562.
177 Ahfford, K., Ekström, J., Zaitsev, A.B. et al. (2009). Chem. Eur. J. 15:

11197–11209.
178 Coll, M., Ahlford, K., Pàmies, O. et al. (2012). Adv. Synth. Catal. 354: 415–427.
179 Coll, M., Pàmies, O., and Diéguez, M. (2014). Adv. Synth. Catal. 356: 2293–2302.
180 Ak, B., Aydemir, M., Durap, F. et al. (2015). Tetrahedron: Asymmetry 26:

1307–1313.
181 Ak, B., Aydemir, M., Durap, F. et al. (2015). Inorg. Chim. Acta 438: 42–51.
182 Zhou, G., Aboo, A.H., Robertson, C.M. et al. (2018). ACS Catal. 8: 8020–8026.
183 Li, Y.-Y., Dong, Z.-R., Zhang, J.-N., and Gao, J.-X. (2011). Sci. Sin. Chim. 41:

654–662.
184 Chen, J.-S., Li, Y.-Y., Dong, Z.-R. et al. (2004). Tetrahedron Lett. 45: 8415–8418.
185 Dong, Z.-R., Li, Y.-Y., Chen, J.-S. et al. (2005). Org. Lett. 7: 1043–1045.
186 Xing, Y., Chen, J.-S., Dong, Z.-R. et al. (2006). Tetrahedron Lett. 47: 4501–4503.
187 Tao, M., Wu, F., Li, T. et al. (2017). Chin. Chem. Lett. 28: 97–100.
188 Zhang, W.-J., Ruan, S.-H., Shen, W.-Y. et al. (2019). Catal. Commun. 119:

153–158.
189 Liu, W.-P., Yuan, M.-L., Yang, X.-H. et al. (2015). Chem. Commun. 51:

6123–6125.
190 Yoshida, K., Kamimura, T., Kuwabara, H., and Yanagisawa, A. (2015). Chem.

Commun. 51: 15442–15445.
191 Tian, C., Gong, L., and Meggers, E. (2016). Chem. Commun. 52: 4207–4210.
192 Mikami, K., Wakabayashi, K., Yusa, Y., and Aikawa, K. (2006). Chem. Com-

mun.: 2365–2367.
193 Chen, J.S., Chen, L.L., Xing, Y. et al. (2004). Acta Chim. Sinica 62: 1745–1750.



https://www.twirpx.org & http://chemistry-chemists.com

128 4 Asymmetric (Transfer) Hydrogenation of Aryl and Heteroaryl Ketones

194 Yu, S., Shen, W., Li, Y. et al. (2012). Adv. Synth. Catal. 354: 818–822.
195 Mikhailine, A., Lough, A.J., and Morris, R.H. (2009). J. Am. Chem. Soc. 131:

1394–1395.
196 Meyer, N., Lough, A.J., and Morris, R.H. (2009). Chem. Eur. J. 15: 5605–5610.
197 Mikhailine, A.A. and Morris, R.H. (2010). Inorg. Chem. 49: 11039–11044.
198 Sues, P.E., Lough, A.J., and Morris, R.H. (2011). Organometallics 30: 4418–4431.
199 Lagaditis, P.O., Lough, A.J., and Morris, R.H. (2010). Inorg. Chem. 49:

10057–10066.
200 Zou, W., Lough, A.J., Li, Y.F., and Morris, R.H. (2013). Science 342: 1080–1083.
201 Bigler, R. and Mezzetti, A. (2014). Org. Lett. 16: 6460–6463.
202 Bigler, R., Huber, R., and Mezzetti, A. (2015). Angew. Chem. Int. Ed. 54:

5171–5174.
203 Bigler, R. and Mezzetti, A. (2016). Org. Process Res. Dev. 20: 253–261.
204 Bigler, R., Huber, R., Stöckli, M., and Mezzetti, A. (2016). ACS Catal. 6:

6455–6464.
205 De Luca, L. and Mezzetti, A. (2017). Angew. Chem. Int. Ed. 56: 11949–11953.
206 Vega, E., Lastra, V.E., and Gamasa, M.P. (2013). Inorg. Chem. 52: 6193–6198.
207 Coverdale, J.P.C., Sanzhez-Cano, C., Clarkson, G.J. et al. (2015). Chem. Eur. J.

21: 8043–8046.
208 Zirakzadeh, A., de Aguiar, S.R.M.M., Stöger, B. et al. (2017). ChemCatChem 9:

1744–1748.
209 Dong, Z.-R., Li, Y.-Y., Yu, S.-L. et al. (2012). Chin. Chem. Lett. 23: 533–536.
210 Li, Y.-Y., Yu, S.-L., Shen, W.-Y., and Gao, J.-X. (2015). Acc. Chem. Res. 48:

2587–2598.



https://www.twirpx.org & http://chemistry-chemists.com

129

5

Asymmetric (Transfer) Hydrogenation of Substituted
Ketones Through Dynamic Kinetic Resolution
Pierre-Georges Echeverria, Tahar Ayad, Phannarath Phansavath and Virginie
Ratovelomanana-Vidal

PSL University, Chimie ParisTech-CNRS, Institute of Chemistry for Life & Health Sciences, CSB2D Team,
11 rue Pierre et Marie Curie, Paris, France

5.1 Introduction

Because enantiomerically enriched alcohols are highly valuable and versatile inter-
mediates for the preparation of pharmaceutical agents, agrochemicals, fragrances,
or advancedmaterials, the development of efficient and straightforward approaches
to these compounds has been the object of numerous studies. In this regard,
transition-metal-catalyzed asymmetric homogeneous hydrogenation (AH) [1] and
asymmetric transfer hydrogenation (ATH) [2] of ketones appear as very efficient
methods to synthesize chiral alcohols with high levels of stereoselectivity. Initial
work carried out in this area used ruthenium(II) catalysts associated to the BINAP
diphosphine ligand developed byNoyori and coworkers for theAHof functionalized
ketones [3]. On the other hand, Noyori et al. developed Ru complexes bearing an
N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine (TsDPEN) ligand for the ATH
of nonfunctionalized ketones, using either isopropanol or formate salts as the hydro-
gen donors [4]. Since these initial reports, extensive efforts have been displayed
toward the synthesis of modified Ru(II) complexes or the development of other
transition-metal catalysts such as rhodium and iridium derivatives bearing various
chiral ligands for both the AH and ATH of ketones. In this context, combination
of both methods with a dynamic kinetic resolution (DKR) process allows a highly
efficient route to chiral alcohols bearing two or more stereogenic centers from sub-
stituted ketones. Particularly, in 1989, the pioneering works of Noyori et al. [5] and
Genêt and coworkers [6] led to the first examples of homogeneous enantioselective
ruthenium-catalyzed hydrogenations of racemic α-acetamido β-keto esters via DKR
using, respectively, BinapRu(II) and ChiraphosRu(II) catalysts. The hydrogenation
reaction of racemic 2-acylamino-3-oxobutyrate delivered the corresponding syn L-
and D-threonine derivatives with high levels of diastereo- and enantioselectivities
(up to 98% ee, syn/anti up to 99 : 1). This chapter presents progress achieved from
2007 to May 2019 in the field of asymmetric (transfer) hydrogenation of substituted
ketones through DKR [7] with a particular focus on the development of new

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
Edited by Virginie Ratovelomanana-Vidal and Phannarath Phansavath.
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catalytic systems and highlights the utility of such homogeneous catalytic processes
with examples of industrial applications and total syntheses of biorelevant targets.

5.2 𝛂-Substituted Ketones

In 2007, researchers from Merck published the enantioselective synthesis of Taran-
abant, a drug used for the treatment of obesity employing an Ru-catalyzed enantios-
elective reduction of ketone via DKR as a key step. After thorough evaluation of the
reaction conditions, the anti-compound was obtained with excellent stereoselectiv-
ity (dr = 9 : 1, ee = 94%) on 6.6 kg scale (Scheme 5.1) [8].

Br
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Cl
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Cl

dr = 9/1
ee = 94%

[Ru] (0.15 mol%)
t-BuOK (20 mol%)

H2 (90 psi)
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[Scale: 6.6 kg]
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Arʹ

Arʹ

Ar = 3,5-diMe-C6H5, Arʹ = p-MeOPh

Scheme 5.1 Enantioselective synthesis of Taranabant. Source: Based on Chen et al. [8].

Along with the synthesis of enantiopure α-hydroxy acetals, Ohkuma and cowork-
ers reported an efficient protocol for the ruthenium-mediated AH of α-amido
ketones via DKR. With this method, perfect syn-selectivity was observed with
excellent enantioselectivity (up to 99% ee). The same system was applied to
α-alkoxy ketones leading to anti compounds (anti/syn up to 97 : 3) with excellent
enantioselectivity (up to 98% ee). To explain the diastereocontrol, the authors
suggested a Felkin–Anh-type transition state simply based on group size difference
(Scheme 5.2) [9].
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Scheme 5.2 AH of α-branched aromatic ketones. Source: Arai and coworkers [9].
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Scheme 5.3 Enantio- and diastereoselective synthesis of chiral amino alcohols via
ruthenium-catalyzed AH of α-amino aliphatic ketones.

In 2009, Zhou et al. reported the AH of acyclic racemic α-amino aliphatic ketones
viaDKRusing [RuCl2{(S)-SDPs}{(R,R)-DPEN}], ((S)-SDPs: (S)-(−)-7,7′-Bis(diphenyl-
phosphino)-2,2′,3,3′-tetrahydro-1,1′-spirobiindene;DPEN: (1R,2R)-(+)-1,2-Diamino-
1,2-diphenylethane), catalyst, and t-BuOK under 50 atm of H2 in isopropanol
at room temperature (Scheme 5.3). With this system, a large variety of
α-N,N-dialkylamino aliphatic ketones were hydrogenated with excellent diastere-
oselectivity (up to >99 : 1) and enantioselectivity (up to 99.9% ee) [10].
The same year, Hamada et al. published an Ni-catalyzed AH of nonactivated

substituted aromatic α-aminoketone hydrochlorides catalyzed by homogeneous
chiral nickel catalyst in the presence of NaBArF in toluene. Anti-products were
obtained in perfect diastereoselectivity (up to >99 : 1) and good enantioselectivity
(up to 96% ee). Interestingly, they observed a strong solvent effect: when the
reaction was carried out in acetic acid on enantiopure α-aminoketone, racemization
was suppressed and anti or syn products were obtained, depending on the ligand
configuration (Scheme 5.4) [11].
The group of Itsuno demonstrated the AH of racemic α-(N-benzoyl-N-methyla-

mino)propiophenone through DKR using polymer-immobilized catalyst. They
showed that a combination of (S)-BINAP and (R,R)-supported diamine was a
matched pair to obtain high stereoselectivity. They also observed that the nature of
the cross-linking agent (degree and structure) affected the catalytic activity. Finally,
the catalytic systemwas easily recycled at least five times without any loss of activity
and stereoselectivity (Scheme 5.5) [13].
An Ru-catalyzed enantioselective synthesis of chiral cyclic and acyclic β-aryloxy

alcohols through DKR was described by the group of Zhou with excellent levels
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Scheme 5.4 Homogeneous chiral nickel-catalyzed AH of substituted aromatic
α-aminoketone hydrochlorides through DKR. Source: Based on Hibino et al. [11].
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Scheme 5.5 Polymer-immobilized catalyst for AH of racemic α-(N-benzoyl-N-
methylamino)propiophenone. Source: Based on Chiwara et al. [12].
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Scheme 5.6 Enantioselective synthesis of chiral β-aryloxy alcohols by AH via DKR. Source:
Based on Bai et al. [12].

of stereoselectivity (anti/syn up to >99 : 1 and ee up to 99.1%). This method was
successfully applied to the enantioselective synthesis of potential nonsteroidal glu-
cocorticoid modulators (Scheme 5.6) [12].
Asymmetric hydrogenation of diverse aryl heterocycloalkyl ketones catalyzed

by [RuCl2((S)-Binap)((R)-DMAPEN)] through DKR was developed in 2011 by the
group of Ohkuma (Scheme 5.7) providing the corresponding alcohols in 95–100%

Y

X

O

R
n

n = 1, 2 Y

X

OH

R
t-BuOK (20 mol%)

i-PrOH, 25°C, 20 h

[RuCl2((S)-Binap)((R)-DMAPEN)]

X = O, CH2; Y = NBz, NBoc, CH2

R = Ph, 3-ClC6H4, 2-thienyl

95–100% yield
syn/anti > 99:1, 99% ee

H2 (10 atm) [Ru] (0.005–0.5 mol%)

O OH

O O

(S,S)-reboxetine succinate

N
H2

O

O

EtO

X = NBz, NBoc; Y = CH2
R = Ph

95–100% yield
syn/anti > 2:98, 94–97% ee

n

Ph2

Ph2

P

P

Ru

Cl

Cl

Me2
N

N
H2

Ph

[Ru]

Scheme 5.7 Ru-catalyzed asymmetric hydrogenation of aryl heterocycloalkyl ketones.
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yields with diastereoselectivities, depending on the X group present on the hetero-
cyclic scaffolds (up to >99 : 1) and enantioselectivities up to 99%. Hydrogenation
of ketones led to syn selectivities (X = O or CH2), whereas high anti selectivities
were obtained for heterocycles bearing a bulkier NBz or NBoc substituent. The
hydrogenation could be carried out with catalyst loading up to S/C = 20 000
without sacrificing the catalytic efficiency. This method was used to synthesize
(S,S)-reboxetine succinate, a selective norepinephrine uptake inhibitor [14].
In 2012, Chung et al. from Merck Research Laboratories reported a practical

Ru-catalyzed DKR asymmetric hydrogenation to access a new glucagon receptor
antagonist drug candidate for the treatment of type 2 diabetes (Scheme 5.8). After
screening the hydrogenation conditions, [RuCl2((S)-xyl-Segphos)((S)-DAIPEN)],
[Ru], was selected among several catalysts for further development producing
the targeted alcohol in 94% yield with excellent anti diastereoselectivity (>99%
dr) and enantioselectivity (>98.5%). The hydrogenation reaction was successfully
performed on 110 kg scale at S/C = 5000 [15].
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Scheme 5.8 Ru-catalyzed DKR/AH to access a new glucagon receptor antagonist.

In 2013, Chen and coworkers developed a concise synthesis of (+)-conocarpan
and (+)-obtusafuran, natural dihydrobenzofuran neolignan derivatives, based
on asymmetric hydrogenations via DKR (Scheme 5.9). Optimizations of the
reaction conditions to access (+)-conocarpan demonstrated that 0.1 mol%
of [RuCl2((S)-xyl-Segphos)((S)-DAIPEN)] catalyst in the presence of t-BuOK
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Scheme 5.9 Concise synthesis of (+)-conocarpan and (+)-obtusafuran.
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facilitated the epimerization, delivering the corresponding alcohol in 95% yield
with high anti selectivities (99.1% ee, >50 : 1 dr) [16].
Zhang and coworkers reported in 2017 a spectacular highly diastereo-

and enantioselective synthesis of chiral amino alcohols, which are impor-
tant structural motifs found in many natural products and pharmaceuticals,
through Ir-f-amphox-catalyzed AH via DKR [17]. After optimization of the
reaction parameters, a wide variety of racemic α-amino β-unfunctionalized
N,N-disubstituted ketones were smoothly converted into the corresponding
α-amino β-unfunctionalized alcohols in quantitative yields with excellent diastereo-
and enantioselectivities (all products >99 : 1 dr, and >99% ee with turnover number
(TON) up to 100 000). Importantly, this process provides a powerful low cost and
extremely green synthetic strategy for the synthesis of key chiral intermediates of
the preclinical antitumor agent (S,S)-R116010 (Scheme 5.10).
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Cs2CO3 (1 mol%), i-PrOH, H2 (20 atm),

r.t., S/C = 5000
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N
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Scheme 5.10 Asymmetric synthesis of α-amino β-unfunctionalized alcohols.

In 2015, Chung, Scott, and coworkers from Merck & Co Process Chemistry
Department described a convergent synthetic route to Omarigliptin, a long-acting
DPP-4 inhibitor for the treatment of type 2 diabetes. The process development
for manufacturing scale involved an Ru-catalyzed ATH via DKR of a racemic
N-Boc-α-substituted ketone to produce the desired anti 1,2-amino alcohol
(Scheme 5.11). The best catalytic performance was achieved using 0.1mol% of the
oxo-tethered Ru(II) catalyst, [RuCl((R,R)-TsDENEB)], (R,R)-[Ru], in the presence
of 5 equiv of HCO2H/Et3N (5 : 2) as the hydrogen source and 3 equiv of DABCO
allowing to improve the diastereoselectivity (96 : 4 dr) and enantioselectivity
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Scheme 5.11 Convergent synthetic route to Omarigliptin.
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(>99% ee) with 93% yield. This synthetic route is amenable to multikilogram-scale
production [18].

5.3 𝛂-Substituted Cyclic Ketones

Zhou and coworkers devised a highly enantioselective synthesis of cis-cyclic
amino alcohols using AH by DKR (Scheme 5.12). The reaction was performed
using [RuCl2{(S)-SDPs}{(R,R)-DPEN}], [Ru], to deliver the corresponding
N,N-disubstituted cis-α-aminocycloalkanols with perfect diastereoselectivity
(cis/trans >99 : 1) and excellent enantioselectivity (up to 99.9% ee) [19].
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Scheme 5.12 Enantioselective synthesis of cis-α-aminocycloalkanols by AH via DKR.

In 2012, the same group published a ruthenium-catalyzed hydrogenation of
racemic α-arylcyclohexanones through DKR using an RuCl2-SDPs/diamine catalyst
(SDPs=7,7′-bis(diarylphosphino)-1,1′spirobiindane). A range of enantiomerically
enriched cis α-arylcyclohexanols were obtained in 68–98% yields (cis/trans >99 : 1)
and enantioselectivities varying from 57% to 99% (Scheme 5.13). Enantioselectiv-
ities and reactivities of the hydrogenation decreased with α-arylcyclohexanones
bearing ortho-substituents. Based on this reaction, (−)-α-lycorane, (−)-CP 55940,
a potent cannabinoid receptor agonist, and tetrahydrocannabinol derivatives were
prepared [20].
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Scheme 5.13 Preparation of (−)-α-lycorane and (−)-CP 55940.

Xie and Zhou employed a highly efficient ruthenium-catalyzed asymmetric
hydrogenation of racemic α-aryloxy cyclohexanones to access (−)-galanthamine,
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and (−)-lycoramine alkaloids, active as acetylcholinesterase inhibitors, using
RuCl2-(S)-SDP-(R,R)-DPEN, (Sa,R,R)-[Ru] (Scheme 5.14). The corresponding cis
alcohols (cis/trans >99 : 1) were prepared in 99% yield and 97% ee value [21].
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Scheme 5.14 Synthesis of (−)-galanthamine and (−)-lycoramine.

Zhang and coworkers demonstrated that Ir/f-amphol complex is an effective cata-
lyst for the AH of racemic methyl-substituted benzo-fused five- to seven-membered
cyclic ketones involving a DKR process [22]. As shown in Scheme 5.15, the cor-
responding enantioenriched cyclic alcohols were obtained with good to excellent
results, depending on the size of the benzo-fused ring.

[Ir(COD)Cl]2/f-amphol

t-BuONa (X mol%), i-PrOH, H2 (50 atm), r.t.

n = 1–3
PAr2 Fe
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N
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n
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n

OH HOOH
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95% yield

99% ee, 95:5 dr

S/C = 5000, X = 1
96% yield

99% ee, 81:19 dr

S/C = 1000, X = 5
75% yield

99% ee, 97:3 dr

f-amphol

* *

Scheme 5.15 Asymmetric synthesis of benzo-fused five to seven-membered cyclic
alcohols.

In 2018, Kozlowski and coworkers described the first examples of Cu-mediated
AH of 2-substituted-1-tetralones and related heteroaryl ketones via DKR involving
a new class of tunable heterophosphole dimeric ligands [23]. Mechanistic studies
revealed that the reaction proceeded via in situ formation of a novel heteroligated
dimeric copper hydride transition state incorporating two Cu atoms, where different
ligands can be coordinated to each Cu. Under optimized conditions using 5mol% of
Cu complex containing the electron-poor azaphosphole N-BABIPhos in combina-
tion with the electron-rich P(3,5-xylyl) phosphine in t-AmylOH, various enantioen-
riched tetralols that possess two contiguous stereogenic centers were obtained in
moderate to excellent yields and selectivities at room temperature (Scheme 5.16).
Efforts by Lassaletta, Fernández, and coworkers established ATH via DKR as an

efficient process to deliver cis-α-substituted cycloalkanols (Scheme 5.17). Various
cyclic α-substituted ketones were reacted in the presence of 0.5mol% of chiral cat-
alyst [RuCl(𝜂6-p-cymene)(S,S)-TsDPEN] in the azeotropic mixture HCO2H/Et3N to
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CuCl2 (5 mol%), N-BABIPhos (5 mol%)

P(3,5-xylyl)3 (5 mol%), t-BuOK (0.25 equiv)

H2 (400-700 psi), 20°C, t-AmylOH, 24  h

N-BABIPhos

R

O

50–  95% yield

52 –94% ee

76:24–>99:1 dr

R

OH

Ar
Het

Ar
Het

P

Piv
N

N
Piv

P

t-Bu

t-Bu

R = aryl, alkyl, OH

Scheme 5.16 Asymmetric synthesis of two-substituted-1-tetralols.

30–92% yield

cis/trans = 75:25 to > 99/1

ercis = 79/21 to > 99/1

R1 = Me, H

R2 = Me, OAc, C6H5, (CH2)2CN

X = O, CH2

n = 0, 1, 2

n

X

R1

O

R2

n
X

R1

OH

R2

[RuCl(η6-p-cymene)(S,S)-TsDPEN]

(0.5 mol%)

HCOOH/Et3N (5:2 or 1.2:1)

r.t., 1–12 days

Ru
TsN

NH2

Ph
Ph

Cl

Scheme 5.17 Enantioselective synthesis of cis-α-substituted cycloalkanols and
trans-cycloalkyl amines.

furnish the targeted products with a high level of stereoselectivity (cis/trans up to
>99 : 1 and er up to >99 : 1) [24].
In 2016, Bhanage et al. presented the Ru-catalyzed DKR/ATH of rac-α-heteroaryl

amino bicyclic alkanones in the presence of HCO2H/Et3N (5 : 2) as the hydrogen
source in a highly enantio- and diastereoselective manner to access biologically
important cis-β-heteroaryl amino cycloalkanols. However, monocyclic substrates
were obtainedwith low to good enantiocontrol (Scheme 5.18) [25]. In 2018, the same
group further reported Ru/prolinamide-catalyzed DKR/ATH of rac-α-heteroaryl-
and sulfonyl-substituted monocyclic alkanones using sodium formate as the

O

R1

n

OH

R1

n

Condition A: 
[Ru] (S/C = 100)
HCO2H/Et3N (5:2), 
CH2Cl2, 27°C, 6h

Condition B: 
[Ru(p-cymene)Cl2]2 / L
(S/C = 25)
HCO2Na, H2O, 50°C, 24h

n = 1,2,3; X = N, CH; Y = N,CH

O

NH

iPriPr

N
H

Ru

TsN
N

Ph
Ph

Cl

H

O

L

N

NN
Ph

OH

N

NNOH

N

NOH OH

N

NN

Ph

94% yield
99/1 dr
99.9% ee

92% yield
99/1 dr
88.3% ee

78% yield
99/1 dr
80.2% ee

94% yield
94/6 dr
25.2% ee

96% yield
99/1 dr
35% ee

Condition A Condition B
87% yield
98/2 dr
81.1% ee

Condition A Condition BCondition ACondition A

SO2Ph

OH

90% yield
99/1 dr
95.6% ee

Condition B

N
YX

R2

R1 = ; SO2Ar

[Ru]

Scheme 5.18 Ru-catalyzed DKR/ATH of rac-α-heteroaryl amino mono- or bicyclic
alkanones. Source: Vyas and Bhanage [25].



https://www.twirpx.org & http://chemistry-chemists.com

138 5 Asymmetric (Transfer) Hydrogenation of Substituted Ketones Through Dynamic Kinetic Resolution

hydrogen source and water as a solvent. Themethod showed high stereoselectivities
for six- or seven-membered substrates, but five-membered substrates gave low
enantioselectivities (Scheme 5.18).
In 2017, Metz and co-worker [26] reported a simple method for prepar-

ing enantioenriched isoflavanones such as (R)-dihydrodaidzein, through
ruthenium-catalyzed DKR/ATH of easily available racemic substrates followed by
oxidation of the resulting isoflavanols (Scheme 5.19).

O

R1

R2

O
R4

O

R1

R2

OH
R3

HCO2H/Et3N (3:1)
EtOAc, 4 °C, 3 – 7 h

R1 = H; R2 = OAc, OMe, OMOM; 

R3 = H, OAc, OMe, OMOM

90–95% yield
>99% ee
single isomer

OHO

O
OH

(R)-dihydrodaidzein
97% ee

(R,R)-[Ru] (S/C = 20) Ru
TsN

NH

Ph
Ph

Cl
O

(R,R)-[Ru]

Scheme 5.19 Ruthenium-catalyzed DKR/ATH approach to enantioenriched isoflavanones.
Source: Based on Metz and co-worker [26].

In 2016, Fang et al. reported a new strategy for the total synthesis of daldininA and
concentricolide using Ru-catalyzed DKR/ATH of the corresponding ketones in the
presence of sodium formate as the hydrogen source undermild conditions. Daldinin
A could be transformed into daldinins B and C. The protocol showed a mild, facile,
and practical access to a variety of syn dihydrobenzofuran and phthalide motifs in
enantiomerically pure form (Scheme 5.20) [27].

O

O

O

HO

O

O

HO

HO

O

O
HCO2Na/CTAB

CH2Cl2/H2O

25 °C, 6 h

78% yield (major)
99% ee

Daldinin A

O

HO

O

O
HO

HO
O

OH

Daldinin B
93% de

Daldinin C
89% yield

O

O

O

Concentricolide
82 yield, 97% ee

O

HO

HO

O

O

minor

Ru
TsN

N
Ph

Ph

Cl(R,R)-[Ru] (S/C = 50)

(R,R)-[Ru]

H
H

Scheme 5.20 Total synthesis of daldinin A and concentricolide using Ru-catalyzed
DKR/ATH. Source: Based on Fang et al. [27].

In 2017, Fang et al. reportedRu-catalyzedDKR/ATHof rac-2,3-dihydrobenzofuran
α-substituted ketones to obtain cis-2,3-dihydrobenzofuran-3-ols in CH2Cl2/water
under mild conditions (Scheme 5.21). This mild, efficient route proceeded with
excellent stereoselectivities and offers an interesting alternative to the asymmetric
hydrogenation of benzofurans [29]. Before Fang’s work, McErlean and cowork-
ers reported in 2016 the preparation of compound A (78% yield, 73% ee, after
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O
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O

R1
O

R2

OH
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5.0 equiv HCO2Na, 20 mol% CTAB
CH2Cl2/H2O (1:1), 25 °C

R1 = H, 5-Cl, 5-Br, 5-OMe, 6-Me, 6-F, 

6-Cl, 7-Me, 7-OMe, 7-Cl, R2 = iPrOH;

R1 = H, R2 = Me, iPr, 1-hydroxyethyl,

furan-2-ylmethyl, PhCH2

up to 87% yield
97: 3 to >99:1 dr
80–99% ee

Ru
TsN

N
Ph

Ph

Cl

O

O

CO2Et O

O

Br

H

HH

H
(+)-Panacene

(R,R)-[Ru] (S/C = 200)

O

O O
H

Hthen PPTS
ATH/DKR

78% yield, 73% ee

96% ee
After recrystallization

A

(R,R)-[Ru]

H
H

(S,S)-[Ru]

Scheme 5.21 Ru-catalyzed DKR/ATH of rac-2,3-dihydrobenzofuran α-substituted ketones.
Source: Based on Alnafta et al. [28].

recrystallization in 96% ee) through ATH/DKR, and the latter was used in the total
synthesis of (+)-Panacene (Scheme 5.21) [28].
In 2018, Fang and coworkers depicted an effective method for the synthesis of

cis-2,3-dihydrobenzofuran-3-ol derivatives through ATH of benzofuran-3-(2H)-ones
using Ru(II)complex-mediated DKR [30]. To achieve high catalytic performance,
the reaction required to be carried out in methanol with an optimum temperature
of 65 ∘C in the presence of 0.5mol% of [RuCl(p-cymene){(R,R)-TsDPEN}] as a
catalyst in combination with cetyltrimethylammonium bromide as phase-transfer
catalyst and HCO2Na as a hydrogen donor. Under these conditions, several dihy-
drobenzofuranols containing three stereocenters were obtained in low to high
yields (31−90%), with high to excellent asymmetric inductions (98 : 2 to >99 : 1 dr,
85−99% ee), albeit the substrate scope amenable to this transformation was rather
limited (Scheme 5.22).

[RuCl(p-cymene){(R,R)-TsDPEN}] (0.5 mol%)

HCO2Na (5 equiv), CTAB (20 mol%)
MeOH, 65 °C, 5 h

O
R

31–90% yield

85–99% ee

98 : 2–>99 : 1 dr

R = alkyl, CH2Ar, CH2Het

Ru
TsN

NH2

Ph
Ph

ClO

O O
R

OH

HO

Scheme 5.22 Asymmetric synthesis of cis-2,3-dihydrobenzofuran-3-ol derivatives.

In 2016, Bhanage and coworkers achieved a highly stereoselective syn-
thesis of biologically relevant cis-β-heteroaryl amino cycloalkanols through
Ru(II)-catalyzed ATH relying upon the kinetic conversion of stereolabile
2-substituted 1-cycloalkanones [25a]. Optimized conditions were established
using an Ru-(R,R)-TsDPEN-tethered complex as a catalyst in combination with
HCO2H/Et3N (5 : 2) as a hydrogen source at 27 ∘C in dichloromethane. Through
this protocol, different β-heteroaryl amino cycloalkanols with two contiguous chiral
centers were obtained in yields up to 96% and generally with high to excellent
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HCOOH/Et3N (5 : 2), 27 °C

CH2Cl2, 6 h, (S/C = 100)

N

O

59.1  – 96% yield

25.2–99.9% ee

92 : 8 –  99 : 1dr

n = 1, 2, 3
X = N, CH; Y= N, C
R = H, aryl, alkyl

n

YX

R
N

OH

n

YX

R Ru
TsN

NH

Ph
Ph

Cl

[Ru]

[Ru]

Scheme 5.23 Asymmetric synthesis of cis-β-heteroaryl amino cycloalkanols.

selectivity, depending on the substitution pattern on the heteroaryl groups as well
as the cycloalkanone ring size (Scheme 5.23). For example, it turned out that the
cyclopentanone substituted by an imidazole nucleus at the two-position was not
a suitable substrate for this reaction (25.2% ee). Moreover, the usefulness of this
methodology has been demonstrated by the synthesis of an antileishmanial agent
and a chiral ionic liquid.
In 2019, Zhang, Guo, and coworkers described an efficient synthetic route

for the construction of valuable chiral carbocyclic nucleosides through ATH via
DKR of rac-𝛼-(purin-9-yl)cyclopentones [31]. Optimal results were obtained by
performing the reaction in dioxane at room temperature in the presence of 1mol%
of N-pentafluorophenyl sulfonyl-DPEN-based Ru(II) complex and an azeotropic
(1 : 1) mixture of HCO2H and Et3N as the hydrogen source. Under these conditions,
a broad range of optically active cis-β-(purin-9-yl)cyclopentanols were obtained in
high yields (78–97%), with moderate to excellent enantioselectivities (70–99% ee)
and uniformly high diastereoselectivities (cis/trans >20 : 1) (Scheme 5.24).

[RuCl(R,R)-FsDPEN(p-cymene)] (1 mol%)

HCOOH/Et3N (1:1), dioxane, 27 °C, 24 h

78–97% yield

70–99% ee

dr (cis/trans) >20 : 1

R = H, NH2, NMe2, Cl

R1 = H, OR, NR2, SR, Cl, Br, Ph

Ru
FsN

NH2

Ph
Ph

Cl

Fs = C6F5-SO2

N

N
N

N

R1

R

OH
N

N
N

N

R1

R

O

Scheme 5.24 Asymmetric synthesis of cis-β-(purin-9-yl)cyclopentanols.

In 2013, McErlean and coworkers reported a scalable and flexible enantios-
elective synthesis of synthetic strigolactone (+)-GR24 (Scheme 5.25) based on
ruthenium-catalyzed ATH. Both enantiomers of GR24 could be accessed using
this strategy. Particularly, DKR of a racemic indanone using 4mol% of Noyori’s
complex (S,S)-[Ru] and HCO2H/i-Pr2NEt as the hydrogen source provided after
acid-mediated epimerization the desired chiral lactone (syn/anti >99 : 1) in 80%
yield and 92% ee which was upgraded to >99% after a single recrystallization.
The same sequence performed using (R,R)-[Ru] as a catalyst delivered the
corresponding (−)-GR24 and epi-(−)-GR24 strigolactone with equal facility [32].
In 2017, Mohar et al. demonstrated the effectiveness of the ansa-Ru(II) complex

developed in their group, containing the enantiopure piperidino-SO2DPEN(CH2)4
(𝜂6-Ph) ligand in the asymmetricDKR-transfer hydrogenation ofα-(N-sulfonylimino)
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CO2Et

O

80% yield
syn/anti > 99:1

92% ee (99% ee
after recrystallization)

i-PrOH, 40 °C,
overnight, then PPTS,

HCO2H, i-Pr2NEt

reflux overnight (+)–GR24

O O O
O

O O O

(S,S)-[Ru] (4 mol%)

Ru
TsN

NH2

Ph
Ph

Cl

(S,S)-[Ru]

Scheme 5.25 Scalable and flexible enantioselective synthesis of synthetic strigolactone
(+)-GR24.

and α-(N-sulfonylamino) aryl ketones [33]. Remarkably, this protocol could be per-
formed with a very low catalyst loading (S/C = 10 000) in an HCO2H/Et3N mixture
at 60 ∘C, leading to enantioenriched functionalized benzo-γ- and benzo-δ-sultams
in excellent yields (97–100%), with high diastereomeric ratios (97 : 3 to >99 : 9 dr)
and perfect enantioselectivities (99–99.9% ee) (Scheme 5.26).

[Ru(S,S)-PipSO2-DPEN(CH2)4Ph]

HCOOH/Et3N (3 :2), 60 °C

(S/C = 1000–10 000), 2 h
S
O2

N

R

O

97–100% yield

99–>99.9% ee

97:3–99:9 dr

R = H, aryl, COMe, HCPh

S
O2

NH

R

OH

Ru

N

N

Ph

Ph

H
H

R2NS

NR2 = N

O

O

[Ru(S,S)-PipSO2-DPEN(CH2)4Ph]

Scheme 5.26 Asymmetric synthesis of functionalized benzo-γ- and benzo-δ-sultams.

In 2019, our group reported the first synthesis of optically active cis-3-(hydroxyme-
thyl)-chroman-4-ols from 3-formylchromone derivatives through Rh(III)-catalyzed
ATHcombinedwith aDKRprocess undermild conditions (Scheme5.27) [34]. Inten-
sive experiments revealed that the best results were obtained in dichloromethane
at 30 ∘C using 0.5mol% of the in-house developed TsDPEN-based tethered Rh(III)
complex in the presence of the formic acid/triethylamine combination (5 : 2).
Under these conditions, a wide range of 3-formylchromones that possess either
electron-donating or -withdrawing groups on the phenyl ring were smoothly
reduced, in a single operation, to the corresponding 3-(hydroxymethyl)chromanols
in good isolated yields (72–92%) with uniformly high enantioselectivities
(97–99% ee) and excellent levels of diastereoselectivities (92 : 8–98 : 2 dr).

[Rh] (0.5 mol%)

HCO2H/Et3N (5:2), CH2Cl2, 30°C, 24–65h

72–92% yield

97–>99% ee

92:8–98:2 dr

R = H, Me, Et, i-Pr, Br, Cl, F

R

O

O O

R

O

OH OH

Rh

TsN NH

Ph Ph

Cl
MeO

[Rh]

Scheme 5.27 Asymmetric synthesis of cis-3-(hydroxymethyl)-chroman-4-ols. Source:
Modified from He et al. [34].

Ruthenium-catalyzed ATH of 2-aroyl-1-tetralones was described in 2011 by
Zhang and coworkers using [RuCl2(p-cymene)]2 combined with (1S,2S)-TsDPEN
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O O

Ar HCO2H/Et3N (5:2)

Dioxane, 50°C

67–85% yield
syn/anti = 92:8 to >99:1

93–99%ee

Ar =  Ph, 4-MeC6H4, 3-MeC6H4, 4-MeOC6H4,
3-MeOC6H4, 4-ClC6H4, 4-BrC6H4, 4-IC6H4,
4-FC6H4, 2-thienyl, 2-naphthyl

OH O

Ar

(S,S)-[Ru] (2.5 mol%)

Ru
TsN

NH2

Ph
Ph

Cl

(S,S)-[Ru]

Scheme 5.28 Ruthenium-catalyzed asymmetric transfer hydrogenation of
2-aroyl-1-tetralones.

(TsDPEN = N-(tosyl)-1,2-diphenylethylenediamine), i.e. (S,S)-[Ru] complex
in HCO2H/Et3N (5 : 2) as the hydrogen source (Scheme 5.28). The ATH/DKR
reaction afforded the corresponding 2-aroyl-1-tetralols in yields ranging from 67%
to 85% with diastereomeric ratios up to >99 : 1 (syn/anti) and ee values up to
99% ee. Conversions <5% were observed with ortho-substituted phenyl groups
(o-ClC6H4, 2,4-Cl2C6H3). Better results were obtained with phenyl groups bearing
an electron-donating substituent at the para or meta position of the aryl ring.
Finally, significantly lower stereoselectivities (50% ee, 72/28 dr) were achieved with
a cyclohexyl diketone derivative demonstrating the crucial role of the fused ring
system [35].
A highly stereoselective synthesis of α-CF3-substituted 1,3-diols from α-CF3C(O)-

substituted benzofused five- to seven-membered cyclic ketones via Ru(II)-catalyzed
ATH under DKR process was disclosed by Mohar and coworkers in 2016 using an
ansa-Ru(II) complex containing the enantiopure piperidino-SO2DPEN-(CH2)3(𝜂6-Ph)
ligand (Scheme 5.29) [36]. In particular, by applying milder conditions (S/C = 2000,
40 ∘C), a single DKR occurred to furnish the monoreduced alcohol intermediate
with high levels of selectivity, while running the reaction at 60 ∘Cwith a higher cata-
lyst loading (S/C = 500–1000) delivered various α-CF3-substituted 1,3-diols bearing
three contiguous stereocenters in high yield (86–97%) and excellent asymmetric
induction (>99.9 dr, 98 to >99.9% ee), through an unprecedented double DKR.

86–97% yield

73–> 99.9% ee

> 99.9% dr

(S/C = 100–1000)

N-R2SO2-[Ru(S,S)-DPEN]

HCOOH/Et3N (3:2), PhCl, 

60 °C, 2.5–24 h 

OH OH

CF3

(S/C = 1000–2000)

N-R2SO2-[Ru(S,S)-DPEN]

HCOOH/Et3N (3:2), PhCl, 

40 °C, 15–34h  
X

O O

CF3

X

O OH

CF3

X

R R R

51–92% yield

64– >99.9% ee

> 99.1% dr

R = H, 5-Br, 6-OH, 7-OH, 7-NHAc

X = CH2, O, S

n= 0,1,2

n nn

Scheme 5.29 Asymmetric synthesis of benzofused cyclic α-CF3-substituted 1,3-diols.

5.4 𝛂,𝛂′-Disubstituted Cyclic Ketones

In 2013, Zhou,Xie, and coworkers disclosed the ruthenium-catalyzedhydrogenation
of racemic α,α′-disubstituted cyclic ketones through DKR to produce chiral alco-
hols with three contiguous stereocenters in a one-step procedure (Scheme 5.30).
RuCl2(Sa)-Xyl-SDP-(R,R)-DPEN, (Sa,R,R)-[Ru], catalyzed at S/C = 1000 the
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KOt-Bu, i-PrOH, 25–30 °C, 50 h

86–98% yield
cis,cis/cis,trans >99:1
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Scheme 5.30 Ruthenium-catalyzed hydrogenation of racemic α,α′-disubstituted cyclic
ketones.

hydrogenation of α-ethoxycarbonyl-alkyl-α′-arylcyclic ketones to the corresponding
diols in up to 98% yield with excellent cis,cis selectivities (cis,cis/cis,trans: >99 : 1)
and ee values up to 99.9% ee. Surprisingly, both the keto and ester groups were
reduced under 50 atm of hydrogen pressure at room temperature for 50 hours.
Lower enantioselectivity (75% ee) was attained with a five-membered ring, whereas
six- and seven-membered rings led to higher enantioinductions (respectively, up
to 99.9% ee and 96% ee). The authors demonstrated that both the aryl and ester
groups were crucial to get high enantioselectivity. This method was used for the
asymmetric total synthesis of (+)-γ-lycorane [37].

5.5 𝛂,𝛃-Disubstituted Cyclic Ketones

In 2016, Zhou, Xie, and coworkers devoted their efforts to the development of
iridium-catalyzed transfer hydrogenation of racemic 2-(3-methoxy-2,5-dimethyl-
phenyl)-3-(ethoxycarbonyl)cyclopentanone via DKR to access the chiral aryl-
substituted cyclopentane core framework of the naturally occurring hamigeran
family bearing three contiguous stereocenters. Chiral iridium complex (R)-[Ir],
having a spiro pyridine-aminophosphine ligand, was the best catalyst delivering
the desired optically active cyclopentanol in 97% with 99% ee and >99 : 1 trans/cis
diastereoselectivity (Scheme 5.31) [38].

O

COOEt

Me

Me

OMe HO

COOEt

Me

Me

OMe
t-BuOK, EtOH, r.t., 20 h

H2 (8 atm)

(R)-[Ir] (0.1 mol%)

97% yield
trans/cis > 99:1

99% ee

H

NN

P
Ir

Ar2 Cl

H

(R)-[Ir] (Ar = 3,5-di-t-Bu-C6H3)

H

tBu

Scheme 5.31 ATH of 2-(3-methoxy-2,5-dimethylphenyl)-3-(ethoxycarbonyl)
cyclopentanone. Source: Modified from Lin et al. [38].

A practical and effective method for the construction of chiral chromanols
with 1,3-distereocenters from β-substituted chromanones has been achieved by
Ashley and coworkers [39]. This procedure tolerated a wide variety of functional
groups and involves a highly selective ketone ATH step combined with an efficient
DBU-mediated racemization of the β-stereocenter through a conjugate elimination/
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conjugate addition process. Under optimal conditions, the reaction performed
well using either Ru-TsDENEB or TsDPEN-mesitylene complexes at 40 ∘C
with DBU/HCO2H as a hydrogen source, delivering synthetically useful chroman
derivatives in high yields (71–96%) with moderate to excellent diastereoselectiv-
ities (2.3 : 1 to >50 : 1 dr) and high levels of enantioselectivities (93 to >99% ee)
(Scheme 5.32).

[RuCl(S,S)-TsDPEN(mesitylene)] (1 mol%)

DBU/HCO2H (3:3 to 12 :4), CH3CN, 

40°C, 24h

71–96% yield

93–>99% ee

2.3:1–>50:1 dr

X = O, N

R = H, MeO, Br, Cl, CN

R1 = alkyl, Ph, R2 = H

R1, R2 = –(CH2)3–, –(CH2)4–

Ru
TsN

NH2

Ph
Ph

ClR

X

O

R1

R

X

OH

R1

R2 R2

[RuCl(S,S)-TsDPEN(mesitylene)]

Scheme 5.32 Asymmetric synthesis of chromanols with 1,3-distereocenters.

Moreover, it turned out that the ansa-Ru[PipSO2DPEN(CH2)4Ph] complex was
also an effective catalyst for the construction of indanol derivatives bearing multiple
contiguous stereocenters via a DKR−ATH process [40]. As shown in Scheme 5.33,
the reaction was conducted at 60 ∘C in HCO2H/Et3N (3 : 2) mixture as a hydro-
gen donor at low catalyst loading (S/C = 1000) allowed the conversion of various
functionalized racemic 2,3-disubstituted 1-indanones, which possess two stereola-
bile centers, into the corresponding 2,3-disubstituted-1-indanols in stereopure forms
(up to>99% dr, up to 99.9% ee) andmoderate to high isolated yields (42–97% yields).

(S,S)-PipSO2-DPEN-Ru(II) cat.

HCOOH/Et3N (3:2), 60 °C

(S/C = 1000), 1.5–170 h

R1

O

42–97% yield

up to 99.9% ee

>99% dr

Z = CO2Me, CN, C(O)R2

R = H, Me, Cl
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H
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O

O
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OH
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R

n

n = 1, 2

(S,S)-PipSO2-DPEN-Ru(II) cat.

Scheme 5.33 Asymmetric synthesis of 2,3-disubstituted-1-indanols.

5.6 𝛂-Substituted 𝛃-Keto Esters

5.6.1 𝛂-Amino 𝛃-Keto Esters

In 2004, Hamada [41] and Genêt and Vidal [42] reported simultaneously the
synthesis of anti α-amino-β-hydroxyesters via Ru-catalyzed AH through DKR of
α-amino-β-ketoesters. Following these pioneering results, Hamada and coworkers
described thorough investigations toward substituent effects and mechanistic
investigations. They showed that aromatic ketones inhibited the stereochemical
outcome of the reaction, and only racemic products were obtained. Interestingly,
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NH2.HCl

H2 (100 atm)
[RuCl2L*]

(3.8-4.6 mol%)

solvent, 50°C
3–48h

17–100% yield
anti/syn = 66/34 to > 99/1

22–98% ee

Solvent = MeOH, H2O, n-PrOH, i-PrOH, t-BuOH, CH3CN, 
CH2Cl2, toluene, PhCl, (CH2Cl)2, (CH2OH)2

L* = BINAP, MeO-BIPHEP
R = cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl, Et, n-Pr, t-Bu
Rʹ = Me, Et, i-Pr, Bn

PhCOCl
Et3N

r.t., 1 h
R

OH

ORʹ

O

NHCOPh

Scheme 5.34 Anti-selective AH of α-amino-β-keto esters through DKR. Source: Modified
from Makino et al. [43].

according to deuterated experiments, the authors highlighted that the enol form
was hydrogenated during this process (Scheme 5.34) [43].
To overcome the limitations associated with Ru catalysts, the group of

Hamada devised two generations of Ir catalysts for the synthesis of anti
α-amino-β-hydroxyesters. While the use of the first-generation catalyst [44]
involved harsh reaction conditions (high hydrogen pressure (100 bar) and high
catalyst loading), the authors designed a new Ir catalyst which allowed the use of
milder conditions by replacing the additive NaI by NaBArF [45]. These optimized
DKR hydrogenation reaction conditions were applied to a series of diversely substi-
tuted aryl α-amino-β-keto esters bearing both electron-donating and -withdrawing
groups on the aromatic ring with perfect diastereoselectivity (anti/syn >99/1) and
excellent enantioselectivity (up to 96% ee). The authors also pointed out that the
enantioselectivity was higher when the hydrogen pressure was lower. Finally, these
conditions also allowed the transformation of alkyl α-amino-β-keto esters with high
stereoselectivity (Scheme 5.35).

R

O

OMe

O

NH2.HCl

1. [Ir(cod)Cl]2 (0.5 mol%), 
(S)-MeOBIPHEP (1.3 mol%)
NaBArF.3H2O (1 mol%)

R

OH

OMe

O

NHBz

9–100% yield
anti/syn > 99 :1

67–96% ee

R = C6H5, 4-MeC6H4, 3-MeC6H4, 4-t-BuC6H4, 
4-BnOC6H4, 4-BrC6H4, 3-ClC6H4, 3-FC6H4, 
3,4-(OCH2O)C6H3, 2-naphthyl, 3-Cl-4-BrC6H3,
2-thienyl, 2-furyl, i-Pr, cyclohexyl, t-Bu

H2 (4.5 atm), AcONa (1 equiv)
AcOH, r.t., 96 h

2. BzCl, Et3N, THF

Scheme 5.35 Ir-catalyzed AH of α-amino-β-keto ester hydrochlorides.

In 2008, Hamada and coworkers displayed an Ni-catalyzed AH of various
β-keto-α-amino acid esters through DKR using Ni(OAc)2.4H2O and a chi-
ral ferrocenylphosphine in a mixture of TFE/AcOH (1 : 4) under 100 atm of
H2 (Scheme 5.36). Under optimized reaction conditions, a large variety of
anti-β-hydroxy-α-amino acid esters were obtained with perfect diastereoselectivity
(>99/1) and good to excellent enantioselectivity (up to 95% ee) [46].
In 2009, our group reported the first asymmetric synthesis of gymnangiamide, a

cytotoxic pentapeptide. The key feature of this approach relied on AH through DKR
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R = C6H5, 2-MeC6H4, 3-MeC6H4, 3-FC6H4, 
3-ClC6H4, 3-BrC6H4, 4-MeC6H4, 4-tBuC6H4, 
4-BnOC6H4, 4-NO2C6H4, 4-CO2MeC6H4, 
3,4-(OCH2O)C6H3, 2-naphthyl, 2-thienyl, 
cyclohexyl, t-Bu
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Scheme 5.36 Ni-catalyzed AH of α-amino-β-keto ester hydrochlorides through DKR.
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CH2Cl2, 60 °C
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OOH
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Scheme 5.37 Asymmetric total synthesis and stereochemical revision of gymnangiamide.

using 1mol% of [RuCl((R)-SYNPHOS)2(𝜇-Cl)3][NH2Me2] under 120 bar of hydro-
gen in dichloromethane at 60 ∘C (Scheme 5.37). The two contiguous stereocenters
were established with perfect stereoselectivity (de> 99% and ee> 99%) [47].
Our group also elaborated a flexible, concise, and enantioselective synthesis

of the naturally occurring bioactive ceramide symbioramide. This convergent
route involved the Ru(II)-SYNPHOS-catalyzed hydrogenation of readily accessible
racemic α-amino β-keto-ester derivatives through a DKR process (Scheme 5.38)
affording the corresponding anti and syn aminoalcohols in enantioselectivities
up to 98% ee and diastereoselectivities up to 98%. This flexible method enabled
an efficient access to seven structural isomers of symbioramide as well with high
asymmetric induction [48].

C15H31

O

NHCOPh

O

OMe C15H31

OH

NHCOPh

O

OEt

88% yield
syn/anti = 99:1, 98% ee
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O
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O
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OH
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O
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66% yield (2 steps)
anti/syn = 97.5:2.5, 96% ee
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CH2Cl2/MeOH, 50°C, 24h

2. Et3N, Et2O/MeOH, r.t.

C15H31

OH
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O
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O
Symbioramide

C14H29

OH

 CH2Cl2, 8 °C, 96 h
PPh2
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(R)-Synphos

O

O

O
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Scheme 5.38 A flexible approach to symbioramide and isomers.
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Scheme 5.39 Synthesis of the C44–C65 fragments of mirabalin.

Continuing a long-established interest in metal-catalyzed reductions/DKR
process, we reported the synthesis of the C44–C65 fragments of mirabalin, a
cytotoxic macrolide isolated in 2008 from the marine sponge Siliquariaspon-
gia mirabilis (Scheme 5.39). The key feature of this approach relied on the
Ru(II)-SYNPHOS-catalyzed DKR of readily accessible racemic α-amino β-keto
ester hydrochlorides under mild reaction conditions, using 1mol% of the in-house
developed Ru-SYNPHOS catalyst [Ru]. This process, scaled to 25 g, provided an
efficient access to the corresponding N-protected anti amino alcohol in 92% yield
and high levels of enantio- and diastereoselectivities (97% de, 98% ee) [49].
In 2004, Hamada [41] and our group [42] described the first examples of

anti-selective Ru-catalyzed asymmetric hydrogenation of α-amino β-keto ester
hydrochlorides through a DKR process. In 2014, we reported the Ir-SYNPHOS-
catalyzed hydrogenation of α-amino β-keto ester hydrochlorides using 1.5mol% of
the cationic dinuclear iridium(III) catalyst [(Ir(H)[(S)-SYNPHOS])2(𝜇-I)3]I, [Ir],
and AcONa in acetic acid (Scheme 5.40). The reaction provided access to diversely
functionalized enantioenriched anti α-amino β-hydroxy ester hydrochloride deriva-
tives containing alkyl, electron-donating, and -withdrawing substituents on the
aryl groups with excellent anti diastereoselectivities (anti/syn up to 99 : 1) and
enantioinductions (up to 90% ee) [50].

R

O

NH2.HCl
R

OH

NHCOPh

O

OMe OMe

O

AcONa, AcOH, 40°C, 24 h

PhCOCl, Et3N, CH2Cl2, 0 °C to r.t.

58–87% yield
anti/syn = 83:17 to 99:1

62–90% ee

R = Ph, 2-MeC6H4, 3-MeC6H4,
4-MeC6H4, 4-MeOC6H4, 4-BrC6H4, 
4-ClC6H4,  4-FC6H4, 2-thienyl,  
cyclohexyl, C15H31
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I

I

I
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HHPh2
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Ph2
P

Ph2P I
O

O
O

O O

O
O

O

[Ir]

Scheme 5.40 Ir-SYNPHOS-catalyzed AH of α-amino β-keto ester hydrochlorides.

Because chiral anti β-hydroxy-α-amino acid derivatives are important structural
motifs found in a wide variety of bioactive active and natural products, several
stereoselective approaches to access such compounds have been reported, from
which AH and ATH of α-substituted-β-keto esters, amides, and phosphonates
are attractive methods. In 2010, Somfai and coworkers detailed the synthesis of
chiral anti β-hydroxy-α-amino acids using 10mol% of (S,S)-[Ru] complex prepared
from [RuCl2(benzene)]2 in combination with (S,S)-BnDPAE, in an azeotropic
mixture of HCO2H/Et3N (5 : 2) as the hydrogen donor. The Ru-catalyzed ATH



https://www.twirpx.org & http://chemistry-chemists.com

148 5 Asymmetric (Transfer) Hydrogenation of Substituted Ketones Through Dynamic Kinetic Resolution

O

NHBoc

OH

NHBoc

O

OR2 OR2

O

R1 R1

(S,S)-[Ru]  (10 mol%)

HCO2H/Et3N (5:2)

i-PrOH, r.t., 5-7d

69–95% yield
anti/syn > 99:1

32–98% ee

R1 = H, 2-OMe, 2-Br, 4-F, 4-Br, 3-Br, 3-Cl, 3,4-(OMe)2
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Scheme 5.41 Synthesis of chiral anti β-hydroxy-α-amino acids. Source: Based on
Seashore-Ludlow et al. [51].

proceeded in 69–95% yield with excellent diastereoselectivities (anti/syn> 99 : 1)
and enantioselectivities (up to 98% ee) (Scheme 5.41) [51].
In 2011, Liu, Shultz, and coworkers from Merck Research Laboratories

published a highly enantioselective Ru-catalyzed transfer hydrogenation
providing enriched anti aryl β-hydroxy α-amino ester derivatives via DKR
using [RuCl(p-cymene)((R,R)-C6F5SO2DPEN)] complex, (R,R)-[Ru], having an
electron-deficient perfluorinated ligand (Scheme 5.42). The ATH of aryl β-keto
α-amino ester was conducted in HCO2H/Et3N (5 : 2) as the hydrogen donor, with
a slow addition of HCO2H over five hours, to achieve the best stereoselectivi-
ties (42 : 1 dr, 91% ee). A series of diversely functionalized anti aryl β-hydroxy
α-amino esters bearing both electron-donating and -withdrawing substituents on
the aromatic ring were successfully synthesized in yields up to 99%, enantiofacial
discrimination up to >97% ee, and diastereoselectivities up to >99 : 1 dr. The abso-
lute stereochemical assignment of the anti products was established by chemical
derivatization and vibrational circular dichroism spectroscopy [52].

(R,R)-[Ru] (1.5mol%)

HCO2H/Et3N (5:2)

CH2Cl2, 35W°C, 13–17 h

R1

O

NHR2

R1

OH

NHR2

O

OR3 OR3

O

80-99% yield
anti/syn = 6:1 to >99:1

72–97% ee

R1 = Ph, 3-MeOC6H4, 3-MeC6H4, 2-furyl
3-CF3C6H4, 4-ClC6H4, 3,4-(MeO)2C6H3, 
R2 = Boc, Cbz R3 = Me, Et

Ru
TsN

NH2

Ph
Ph

Cl

(R,R)-[Ru]

Scheme 5.42 Ru-catalyzed ATH of aryl β-keto α-amino esters.

In 2012, Somfai and coworkers succeeded in developing an operationally
simple and enantioselective synthesis of anti β-hydroxy α-amido esters through
ATH/DKR in aqueous media using HCO2Na in emulsions and tetrabutylammo-
nium iodide (Scheme 5.43). The Ru-catalyzed transfer hydrogenation of α-amido
β-keto esters had a broad substrate scope including aryl-, heteroaryl-, alkenyl-,
and alkyl-substituted compounds. This new emulsion-based approach proceeded
in good yields utilizing the preformed catalyst (S,S)-[Ru] at S/C = 33 for three to
five days with high diastereo- and enantioinductions (anti/syn up to 95 : 5, up to
98% ee) [53].
The same group reported the ATH in nondegassed water using Tween 20 [poly-

oxyethylene (20) sorbitan monolaurate] as a neutral surfactant to overcome solu-
bility issues. The Tween 20 was the best for [RuCl2(benzene)2] and (S,S)-BnDPAE
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Scheme 5.43 Synthesis of anti β-hydroxy α-amido esters by ATH in emulsions.
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Scheme 5.44 Asymmetric hydrogen transfer in water. Source: Based on Seashore-Ludlow
et al. [54].

catalyst combination. The procedure led to good yields ranging from 68% to 85%,
anti/syn diastereoselectivities up to 23 : 1, and ee values up to 96% ee for a wide
range of substrates (Scheme 5.44) [54].
In 2015, our group disclosed a flexible and atom-economical synthesis of

the four stereoisomers of (+)-(1R,2R)-thiamphenicol, used for its antibacterial
activities against several Gram-positive and -negative microorganisms, through
both AH/DKR and ATH/DKR processes of a racemic α-amido β-ketoester
(Scheme 5.45). ATH catalyzed by [RuCl(𝜂6-mesitylene)((S,S)-TsDPEN)] or
[RuCl(𝜂6-mesitylene)((R,R)-TsDPEN)] complex with HCO2H/Et3N (5 : 2) as
the hydrogen donor delivered at 50 ∘C, respectively, the anti (2R,3R)- and
(2S,3S)-isomers, in 77% and 95% isolated yields and in high anti diastereoselectivities
(anti/syn = 97 : 3) and enantioselectivities up to 94% ee. The ruthenium-catalyzed
asymmetric hydrogenation, conducted under 120 bar of hydrogen pressure at 50 ∘C
using the in situ generated Ru(II)-SYNPHOS developed in our group, provided the
corresponding (2S,3R) and (2R,3S) syn alcohols in high yields and stereoselectivities
(syn/anti> 99 : 1, 90% ee). Notably, the complementarity of AH and ATH was
demonstrated through the efficient access to all syn and anti stereoisomers of the
antibacterial thiamphenicol [55].

(+)-(1R,2R)-thiamphenicol
syn/anti > 99:1, 90% ee

MeO2S

OH

N O

Cl Cl

H

(–)-(1S,2S)-thiamphenicol
syn/anti > 99:1, 90% ee

MeO2S

OH

N O

Cl Cl

H

(+)-(1R,2S)-thiamphenicol
anti/syn = 97:3, 92% ee

MeO2S

OH

N O

Cl Cl

H

(+)-(1S,2R)-thiamphenicol
anti/syn = 97:3, 94% ee

MeO2S

OH

N O

Cl Cl

H

OH OH OH OH

Scheme 5.45 Synthesis of all stereoisomers of (+)-(1R,2R)-thiamphenicol.

In 2015, we established the first ATH of racemic α-amino β-keto ester hydrochlo-
rides (Scheme 5.46). The ruthenium-tethered complex (S,S)-[Ru], combined
with ammonium formate as the hydrogen donor, yielded the corresponding anti
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Scheme 5.46 ATH of racemic α-amino β-keto ester hydrochlorides.

alcohols through DKR in good yields up to 90%, diastereo- and enantioselec-
tivities (anti/syn up to 83 : 17, up to 99% ee). This ATH proceeded with high
functional group tolerance with α-amino β-keto ester hydrochlorides having both
electron-donating and -withdrawing substituents on the aryl moieties. Interestingly,
heteroaromatic-substituted α-amino β-keto ester hydrochlorides underwent the
ATH in yields up to 79% delivering predominantly the syn isomers with an excellent
level of enantioselectivity (>98% ee) albeit moderate diastereoselectivities (syn/anti
up to 68 : 32) [56].
In 2016, Chen and coworkers disclosed the asymmetric synthesis of florfenicol,

a fluorinated analog of thiamphenicol having a broad spectrum of antibacte-
rial activity, using Ru-chloramphenicol base ligand-mediated ATH of N-boc
α-amino-β-ketoester combined with a DKR process [57]. The reaction carried out in
water at 25 ∘C using 10mol% of catalyst in the presence of 20mol% of Tween 20 and
HCO2Na proceeded smoothly to furnish the anti-(2S,3S)-α-Boc-amino-β-hydroxyl
ester bearing two adjacent stereocenters in 85% yield, 92% diastereoselectivity,
and acceptable enantioselectivity of 78% ee that could be improved to 85% after
recrystallization (Scheme 5.47). It should be noted that by salting out the reaction
with 20% citric acid, followed by neutralization with saturated NaHCO3 and back-
extraction with dichloromethane, the chloramphenicol base ligand was recovered
in 94% yield.

Ligand (5 mol%)

RuCl2(arene)2 (10 mol%)

Tween 20 (0.2 equiv)

HCO2Na (5 equiv)

H2O, 25 °C, 48h

NHBoc

O

85% yield
78% ee
92% de

OH

HN

OTBS

O2NMeO2S

O

OEt

NHBoc

OH

MeO2S

O

OEt

HN

OH

MeO2S

F

O

CHCl2

Florfenicol

Chloramphenicol-based ligand

Scheme 5.47 Asymmetric synthesis of anti-(2S,3S)-α-Boc-amino-β-hydroxyl ester.

In 2017, Wang et al. developed a highly efficient method to access enantiomeri-
cally pure syn aryl β-hydroxy α-dibenzylamino esters through the ATH/DKR of aryl
α-dibenzylamino β-keto esters, in high yields (78–98%)with excellent diastereoselec-
tivities (>20 : 1 dr) and enantioselectivities (94 to 99% ee). Furthermore, this method
was applied for the gram-scale preparation of droxidopa (Scheme 5.48) [58].
Touge and coworkers reported in 2019 the first example of ATH in a pipes-in-series

flow reactor using oxo-tethered Ru(II)complex-mediated DKR on a production scale
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Scheme 5.48 Synthesis of syn aryl β-hydroxy α-dibenzylamino esters. Source: Based on
Sun et al. [58].

[59]. Under optimized reaction conditions using 0.1mol% RuCl(R,R)-TsDENEB
catalyst under 0.95MPa N2 at 85 ∘C in the presence of HCO2H/Et3N (2 : 0.3), the
methyl 2-acetamido-3-oxooctadecanoate was reduced to the corresponding anti
β-hydroxy α-amido ester, with excellent yield (96.2%) and acceptable diastereos-
electivity (69.4% de). Further NaBH4 reduction, followed by NaOH-mediated
deacetylation and subsequent condensation with methyl stearate, gave 58 kg of
the target ceramide D-erythro-CER[NDS] with near-perfect enantiocontrol (>99%
de, >99% ee) after crystallization. It is noteworthy that this robust process was
efficiently performed at a >50-kg scale with no isolation of intermediates and no
expensive reagents (Scheme 5.49).

RuCl(R,R)-TsDENEB (0.1 mol%)
HCO2H (2.0 equiv)

Et3N (0.3 equiv), THF, 85 °C, 6h

N2 (0.95 MPa)

C15H31

NHAc

O

77.4 kg
96.2% yield, 69.4% de

O

OMe C15H31

NHAc

OH O

OMe Ru
TsN
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Ph
Ph

Cl
O

CH3

RuCl(R,R)-TsDENEB

C15H31

NHCOC17H35

OH OH

80.0 kg

D-erythro-CER[NDS], 58 kg
47% yield (4 steps)
> 99% de, >99% ee

Scheme 5.49 Asymmetric synthesis of anti β-hydroxy α-amido ester.

5.6.2 Other 𝛂-Substituted 𝛃-Keto Esters

In 2010, our group succeeded in developing the hemisynthesis of taxotere based
on Ru-catalyzed asymmetric hydrogenation. A DKR was efficiently applied on an
α-chloro-β-ketoester to furnish anti-α-chloro-β-hydroxyester in excellent diastereos-
electivity (96% de) and enantioselectivity (92% ee). This optimized process provided
the key anti configuration of the two contiguous stereocenters (Scheme 5.50) [60].
In 2011, Zhang and coworkers achieved the asymmetric hydrogen-transfer hydro-

genation reaction of 2-chloro-3-oxo esters using [RuCl2(p-cymene){(S,S)-TsDPEN}],
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Scheme 5.50 Hemisynthesis of Taxotere through Ru-DIFLUORPHOS-catalyzed AH/DKR.
Source: Based on Prévost et al. [60].

(S,S)-[Ru], and HCO2H/Et3N as the hydrogen source through a DKR process under
mild conditions to access diverse syn 2-chloro 3-hydroxy esters in yields ranging
from 50% to 85% and good diastereo- and enantioselectivities (syn/anti up to 88 : 12,
59–98% ee). This stereoselective approach allowed the preparation of syn alcohols as
key intermediates for the synthesis bioactive molecules (Scheme 5.51) [61].

R1

O

Cl

O

OR2

(S,S)-[Ru] (1.25 mol%)

HCO2H/Et3N (5:2)

CH2Cl2, r.t., 12h

50–85% yield
syn/anti = 51:49 to 88:12

59–98% ee

R1 =  Ph, 4-MeOC6H4, 4-FC6H4, 4-BrC6H4, 
2-MeC6H4, 3-MeC6H4, 1-naphthyl,

2,4-Cl2C6H3, 2-thienyl, 2-furyl; R2  = Me, Et

R1

OH

Cl

O

OR2 Ru
TsN

NH2

Ph
Ph

Cl

(S,S)-[Ru]

Scheme 5.51 Synthesis of syn 2-chloro 3-hydroxy esters via ATH/DKR. Source: Based on
Bai et al. [61].

In 2013, Wills and coworkers completed the ATH of a series of functionalized
acetylenic ketones and diketones using tethered Ru(II)TsDPEN-derived catalysts
in dichloromethane and an azeotropic mixture of HCO2H/Et3N (5 : 2) as the
hydrogen donor. For this study, α-methylated acetylenic β-ketoesters delivered the
syn products, and the DKR proceeded in high yields (76–99%) and diastereo- and
enantioselectivities (syn/anti up to 31 : 1, 98–99% ee). Thioester derivatives were
not reduced under these reaction conditions even at a catalyst loading of 10mol%
(Scheme 5.52) [62].

CH2Cl2, r.t., 48 h

(R,R)-[Ru] (0.5–3 mol%)

HCO2H/Et3N (5:2)

O

Me

O

OEt

R

OH

Me

O

OEt

R

76–99% yield
syn/anti = 11:1 to 31:1

98-99% ee

R = Ph, n-Bu, (CH2)2OBn, C(Me)2OBn

Ru
TsN

NH2

Ph
Ph

Cl NTs
N

Ph

Ph

Ru

Cl

H

or

(R,R)-[Ru]

Scheme 5.52 Asymmetric transfer hydrogenation of functionalized acetylenic ketones.
Source: Modified from Fang and Wills [62].

A highly enantioselective synthesis of syn-1,2-diols was reported in 2010 by our
group. The pivotal operation relied on Ru-catalyzed transfer hydrogenation through
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R1

O

OR2

[RuCl(η6-mesitylene)(S,S)-TsDPEN]

(S/C = 200)

HCOOH/Et3N (5:2) (1.4 equiv)

80 to > 99% conv

dr = 70:30 to > 99:1

98 to > 99% eesyn

R1 = C6H5, 4-MeC6H4, 2-MeOC6H4, 3-MeOC6H4, 

4-MeOC6H4, 3,5-diMeOC6H3, 2-BrC6H4, 3-BrC6H4, 

4-BrC6H4, 4-FC6H4, 4-CF3C6H4, 2-thienyl, 2-furyl, 

cinnamyl, 4-BnOC6H4

R2 = Me, Et, Bn, PMB

O

OMe R1

OH
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O

OMe
Ru

TsN
NH2

Ph
Ph

Cl

[RuCl(η6-mesitylene)(S,S)-TsDPEN]

CH2Cl2, 30 °C

Scheme 5.53 Diastereo- and enantioselective synthesis of syn-1,2-diol derivatives
through ATH via DKR.

DKR of α-alkoxy-substituted β-ketoesters (Scheme 5.53). High stereocontrol of two
contiguous stereocenters was efficiently accomplished on a large range of substrates
bearing either electron-donating or -withdrawing groups as well as heteroaryl rings
with high levels of diastereoselectivities (dr = 70/30 to >99/1) and enantioselectivi-
ties (98 to >99% ee) [63].
Differentiated syn 1,2-diol derivatives are useful building blocks in organic

synthesis and natural product synthesis. Our group outlined the first enantio- and
diastereoselective Ru(II)-TsDPEN and Rh(III)-catalyzed ATH of racemic α-alkoxy
β-ketoesters under mild reaction conditions at 30 ∘C using the azeotropic mixture
of HCO2H/Et3N (5 : 2) as hydrogen source. This method had a broad scope and
tolerated a range of diverse α-alkoxy β-ketoesters containing aryl and heteroaryl-,
alkenyl-, alkynyl-, and alkyl-substituted ketones furnishing the corresponding syn
α-hydroxy β-ketoesters with excellent diastereo- and enantiocontrol (syn/anti up
to 99 : 1, up to 99% ee). No reaction occurred with alkenyl ortho-substituted aryl
α-alkoxy β-ketoesters (Scheme 5.54) [64, 65].
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(S,S)-[Ru] or (S,S)-[Rh] (0.5 mol%)

HCO2H/NEt3 (5:2)

CH2Cl2, 30 °C, 20 h
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74–99% ee
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R2 = Me, Et, Bn, PMB
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OH
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OH

O

OEt

AZ-242 Tesaglitazar

OMs
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OEt
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OEt
HO

ee > 95%

Ru
TsN

NH2

Ph
Ph
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TsN

NH2

Ph
Ph

Cl

(S,S)-[Ru]              (S,S)-[Rh]

Scheme 5.54 Asymmetric transfer hydrogenation of racemic α-alkoxy β-ketoesters.
Source: [64] Monnereau et al. [65].

In 2019, we reported a straightforward and atom-economical access to valuable
α-methoxy β-hydroxyesters involving the ATH of racemic α-alkoxy β-ketoesters
through DKR in ecofriendly solvents [66]. The reaction efficiently proceeded in
an open flask with 0.5mol% of a new N-pentafluorophenylsulfonyl-DPEN-based
tethered Rh(III) complex in 2-MeTHFwith formic acid/triethylamine (5 : 2) at 30 ∘C
or in water with sodium formate (5.0 equiv) and cetyltrimethylammonium bromide
(0.2 equiv) as surfactants at 40 ∘C (Scheme 5.55). Under these optimized condi-
tions, a wide variety of monodifferentiated β-hydroxyester derivatives featuring
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[RhClCp*(R,R)-FsDPEN] (0.5 mol%)

HCOOH/Et3N (5:2), 2-MeTHF, 30°C

or

[RhClCp*(R,R)-FsDPEN] (0.5 mol%)

HCOONa (5 equiv), CTBA (0.2 equiv)

H2O, 40 °C

Ar

OMe

O

68– 98% yield

88– >99% ee 

95:5– >99:1 dr

O

OMe Ar

OMe

OH O

OMe Rh

FsN NH

Ph Ph

Cl

[RhClCp*(R,R)-FsDPEN]

Ar =  aryl, heteroaryl

Scheme 5.55 Asymmetric synthesis of monodifferentiated β-hydroxyester derivatives.

aryl substituents that bear either electron-donating or -deficient groups as well
as heteroaryl rings were obtained in high yields (up to 98%) with high levels of
diastereoselectivities (up to >99 : 1), and excellent ee values (up to >99%).
In 2016, Mohar and coworkers developed the synthesis of γ-sultam-coredN,N lig-

ands. The authors showed that enantiopure syn and anti 3-(α-aminobenzyl)-benzo-
γ-sultam ligands were effective in the Ru-catalyzed ATH of aryl ketones using
the azeotropic mixture of HCO2H/Et3N (5 : 2) as hydride donor (Scheme 5.56).
Particularly, (R,R)-[Ru] prepared from [RuCl2(p-cymene)]2 reduced the racemic
2- or 3-methoxycarbonyl-1-indanones into the corresponding chiral indanol deriva-
tives with enantioselectivities up to >99% ee and high cis diastereoselectivities
(cis/trans ranging from 95 : 5 to 97 : 3). Comparable results were observed with
2-methoxycarbonyl-substituted α-tetralones (99% ee, cis/trans = 98 : 2) although
no diastereoselectivity was obtained (cis/trans = 50 : 50) for the ATH of 3- and
4-methoxycarbonyl-α-tetralones, while displaying excellent enantioselectivities
(>99% ee) [67].

O

n
CO2Me

OH

n
(CH2Cl)2, 40 °C, 3–6 h

HCO2H/Et3N (5:2)

n = 1, 2

n = 2  cis/trans =  50:50 to 98:2
> 99% ee, > 99% conv

CO2Me

(R,R)-[Ru] (0.5–1 mol%)

n = 1  cis/trans = 95:5 to 97:3
> 99% ee, 100% conv

Ru
N

NH2

Ph

O2S Cl

(R,R)-    [Ru]

Scheme 5.56 Application of γ-sultam-cored N,N ligands in ATH of aryl ketones.

Synthesis of a key intermediate of fluorinated β-lactam antibiotics was achieved
using ATH upon DKR. In 2009, the group of Mohar described the asymmet-
ric reduction of ethyl 2-benzamidomethyl-4-fluoro-3-oxo-butanoate using
[RuCl(𝜂6-1,3,5-Et3C6H3)(S,S)-Me2NSO2DPEN] as a catalyst and the mixture
HCO2H/Et3N (5 : 2) as the hydrogen source (Scheme 5.57). With these optimized

syn/anti = 83:17

eesyn = 96%

O

F
OEt

O

NHBz

OH

F
OEt

O

NHBz

[RuCl(η6-1,3,5-Et3C6H3)(S,S)-Me2NSO2DPEN]

(0.5 mol%)

HCOOH/Et3N (5:2)
NH

TMSO

F

OAc

O

H

DMF, r.t., 24 h, quant.

Scheme 5.57 Stereoselective synthesis of a key intermediate of fluorinated β-lactam
antibiotic.
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conditions, the syn isomer was obtained in 60% yield with good diastereoselectivity
(syn/anti = 83 : 17) and excellent enantioselectivity (96% ee) [68].
Leveraging similar principles, the same authors reported the stereoselective syn-

thesis of fluorinated analogs of sanfetrinemandLK-157. The key step of the synthesis
relied on ATH via DKR of ethyl 2-benzamidomethyl-3-oxo-4,4,4-trifluorobutanoate
using in situ generated Ru catalyst in the presence of HCO2H/Et3N (5 : 2). The
reaction proceeded smoothly in DMF at room temperature to furnish syn-ethyl
(2S,3S)-2-benzamidomethyl-3-hydroxy-4,4,4-trifluorobutanoate in 84% yield with
excellent diastereoselectivity (syn/anti = 94 : 6) and perfect enantioselectivity
(ee> 99%). The authors pointed out that the diastereoselectivity was highly depen-
dent on the substrate concentration and the nature of the 𝜂6-arene (Scheme 5.58)
[69].

syn/anti = 94:6

eesyn > 99%

eeanti = 52%

F3C

O

OEt

O

NHBz

F3C

OH

OEt

O

NHBz

[RuCl2(η6-C6Me6)]2 (0.2 mol%)

L (0.4 mol%)

HCO2H/Et3N (5:2) NHPh

NH2Ph

SO

O

N

L

DMF (0.25 M), r.t., 12 h
84% yield

Scheme 5.58 ATH via DKR of ethyl 2-benzamidomethyl-3-oxo-4,4,4-trifluorobutanoate.

In 2013, Zhang and coworkers elaborated a convenient method to access
β′-hydroxy-β-amino acids via asymmetric hydrogenation using in situ gen-
erated [RuCl2(p-cymene)]2–(S)-DTBM-SunPhos as a catalyst. The DKR of
β′-keto-β-amino esters proceeded with the highest levels of diastereo- (up
to 98.8% de) and enantioinductions (up to 99.9% ee) when conducted in
dichloromethane/2,2,2-trifluoroethanol (TFE) or 1,2-dichloroethane/TFE com-
binations as solvents. Interestingly, [RuCl2(p-cymene)]2-(S)-DTBM-SunPhos
complex exhibited better activity and selectivity in this mixed-solvent systems than
the corresponding [RuI2(p-cymene)]2-(S)-DTBM-SunPhos (Scheme 5.59) [70].

O O

OR1

N
H

syn/anti up to >99:1
up to 99.9% ee

H2 (50 bar)

[RuCl2(p-cymene)]2-(S)-SunPhos (1 mol%)

CH2Cl2/TFE (3:1), 70 °C, 20h

R1 = Et, CH2CF3, i-Pr

R2 = OBn, pTol

O

R2

OH O

OR1

N
H O

R2

O

O

O

O

PPh2

PPh2

(S)-SunPhos

Scheme 5.59 Synthesis of β′-hydroxy-β-amino acids via Ru-catalyzed AH. Source: Based
on Li et al. [70].

In 2016, Hu and coworkers described a new class of sterically demanding chiral
ferrocenyl P,N,N-ligands which proved to be very effective in the Ir-catalyzed
AH of numerous α-alkyl-substituted acyclic β-aryl-β-ketoesters containing alkyl,
electron-donating, and -withdrawing aryl groups via DKR [71]. Under optimized
reaction conditions, a low catalyst loading of 0.01mol% allowed for the first
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time the synthesis of various enantioenriched anti-β-hydroxyesters, which are
useful building blocks, in high yields with high diastereoselectivities and excellent
enantioselectivities up to 99%. Importantly, this study revealed that the introduction
of an additional stereocenter at the pyridinylmethyl position, which significantly
increased the rigidity of these ligands, was crucial to achieve high levels of selectivity
(Scheme 5.60).

[Ir(COD)Cl]2 (0.005 mol%)

(ScRpRc)-P,N,N-ligand (0.011 mol%)

t-BuOK (5 mol%), H2 (20 bar)

r.t., MeOH
90– 96% yield

63– 99% ee

91:9– 95:5 dr

Ar

O O

OMe

R

Ar

OH O

OMe

R

Ar = aryl, thiophene 
R = Me, Et, Bn

Fe

Ph2P
H
N

N

(Sc,Rp,Rc)-P,N,N-ligand

Scheme 5.60 Synthesis of α-substituted anti-β-hydroxyesters.

Chiral cyclopentanols are common and privileged motifs in natural products,
pharmaceuticals, and many bioactive molecules. In 2017, Zhou and coworkers
disclosed a highly efficient preparation of chiral cycloalkanols that bear three
contiguous stereocenters through Ir-catalyzed AH of tetrasubstituted cyclic enones
coupled with a DKR process [72]. This method involved a one-pot sequential
reduction of the C=C bond of the substrates to first install the β-alkyl-substituted
tertiary chiral center, followed by AH of the C=O bond of the resulting β-ketoesters
enones via DKR. Using (R)-Ir-SpiroPAP catalyst, numerous cyclopentanols as well
as cyclohexanols were obtained with excellent enantioselectivities (92 to >99.9%
ee) and diastereoselectivities (dr 95 : 5 to >99 : 1). This practical method has been
successfully applied to the synthesis of all stereoisomers of the antiulcer drug
rosaprostol (Scheme 5.61).

O
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*

OH

CO2Et

R

[Ir(R)-SpiroPAP] (0.1 mol %)

t-BuOK (1 mol%), H2 (10 atm), EtOH
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P

N
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H

N
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H

Ar = 3,5-(t-Bu)2-C6H3
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n

HO

CO2H

(+)-(1R,2S,5S)-rosaprostol
(–)-(1R,2S,5R)-rosaprostol

5

[Ir(R)-SpiroPAP]

*
*
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Scheme 5.61 Asymmetric synthesis of cyclopentanols and cyclohexanols.

5.7 𝛂-Substituted 𝛃-Keto Amides

In 2013, scientists from Eli Lilly Company reported an efficient route to access
serotonin norepinephrine reuptake inhibitors (SNRIs), active in the treatment of
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Scheme 5.62 Asymmetric syntheses of serotonin norepinephrine reuptake inhibitors.

chronic painful conditions. The strategy was based on enantio- and diastereoselec-
tive Ru-catalyzed hydrogenation of a β-keto-γ-lactam derivative via a DKR process
(Scheme 5.62). Hydrogenation screening experiments demonstrated that higher
stereoselectivities (96% ee, 94% de) were attained using [Ru(OAc)2((S)-tol-BINAP)]
complex compared to [Ru(OAc)2((S)-BINAP)] or [Ru(OAc)2((S)-xyl-BINAP)] in
i-PrOH compared to EtOH or MeOH. The authors established that additives
promoted the hydrogenation of β-keto-γ-lactam with catalytic amounts of HCl
(6mol%) and LiCl (1mol%) that enabled higher yields up to 93%. Interestingly,
studies employing online NMR andHPLC to observe the rate and equilibrium of the
DKR hydrogenation showed that one enantiomer of the racemic β-keto-γ-lactam
was reduced faster than the interconversion between the enantiomers [73].
With the idea to develop an efficient route to access optically active β-hydroxy-γ-

lactams, a structural motif common to several bioactive compounds, the
group of Maguire showed that Ru-tol-BINAP catalyst enabled the reduction
of β-keto-γ-lactams through asymmetric DKR hydrogenation [74]. It was found
that this method required the use of HCl and LiCl as additives and was generally
applicable across a range of substrates, other than those with sterically demanding
tert-butyl substituent close to the site of hydrogenation when isopropanol was used
as solvent, leading to a wide range of substituted β-hydroxy-γ-lactams with high
to excellent diastereoselectivities (up to >98% de) and selectivities (up to 97% ee)
(Scheme 5.63).

Ar = 4-MeC6H4

P

P

Ru

Ar Ar

Ar Ar

O
O

CH3

O
O

[Ru(OAc)2((S)-tol-BINAP)]

N
Bn

O

R

O
N
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HO

R

O

[Ru(OAc)2((S)-tol-BINAP)] (S/C=280)
H

 H2 (85-90 psi), HCl (6 mol%), LiCl (1 mol%)

65 °C, i-PrOH

R = i-Pr, t-Bu, cyclopropyl, cyclohexyl, Ph up to 97% ee
up to > 98% de

Scheme 5.63 Asymmetric synthesis of substituted β-hydroxy-γ-lactams.

In 2017, Zhou and coworkers obtained similar results in terms of both reac-
tivity and selectivity for the Ir-catalyzed AH of racemic β-keto lactams via
DKR under mild reaction conditions [75]. After intensive experiments, it was
found that using 0.1mol% of Ir-(R)-SpiroSAP as a catalyst in combination
with 0.1 equiv of KOH as base in methanol, a series of racemic β-keto lactams
including β-keto γ-, δ-, and ε-lactams were reduced to the corresponding chiral
β-hydroxy lactams in high yields with excellent diastereo- and enantioselectivities
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Scheme 5.64 Asymmetric synthesis of substituted β-hydroxy-𝛾-lactams.

with turnover numbers up to 5000. An example of the potential utility of this
efficient method was demonstrated by the preparation of stereochemically
pure (S)-N-methyl-1-((R)-pyrrolidin-3-yl)etha-1-amine, a chiral intermediate of
fluoroquinolone antibiotic premafloxacin (Scheme 5.64).
In 2013, Lee and coworkers reported theRu-catalyzedATHof 2-benzoylmorpholin-

3-ones. The reduced (2R,3S)- or (2S,3R)-2-(hydroxyphenylmethyl)morpholin-3-ones
were produced using 0.5mol% of the ruthenium complex (R,R)-[Ru] and
HCO2H/Et3N (5 : 2) azeotropic mixture as the hydrogen donor in up to 98%
yield with high diastereo- and enantioselectivities (anti/syn up to 99 : 1, 95–99%
ee) (Scheme 5.65). This method was used to access all four stereoisomers of the
antidepressant reboxetine [76].
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Ph
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Scheme 5.65 Synthesis of (hydroxyphenylmethyl)morpholin-3-one derivatives.

In 2013, Kumaraswamy and coworkers reported the ATH/DKR reaction for the
enantioenriched synthesis of a series of δ/γ-alkoxy-β-hydroxy-α-alkyl-substituted
Weinreb amides (Scheme 5.66). The reduction was conducted using 1mol% of
[Ru(p-cymene)((R,R)-TsDPEN)], (R,R)-[Ru], in isopropanol at 55 ∘C for 24 hours

(R,R)-[Ru]

R1

O

R2

N

O

OMe

K2CO3, 55°C, 24h

(R,R)-[Ru] (1 mol%), i-PrOH
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R1 = CH2OBn, (CH2)2OBn, CH2CH=CH,OCH2CH=CH
R2 = Me, CH2CH=CH

75–95% yield
syn/anti = 70:30 to 95:5

65–98% ee

Ru
TsN

NH

Ph
Ph

Scheme 5.66 Synthesis of δ/γ-alkoxy-β-hydroxy-α-alkyl-substituted Weinreb amides.
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with 10mol% of K2CO3 providing the syn alcohols with high stereoselectivities
(syn/anti 70 : 30 to 95 : 5, up to 98% ee). Interestingly, the benzyloxy-tethered sub-
strates without Weinreb amides led to the corresponding α-hydroxy-β-methylketo
derivatives with high diastereoselectivities (syn/anti up to 92 : 8) and good ee
values (up to 97% ee). To expand the utility of this method, this transformation was
scaled to 10 g and applied to the synthesis of a key intermediate of natural product
(−)-brevisamide [77].
In 2015, the same group also accomplished an Ru(II)-catalyzed ATH of a racemic

acetylenic-β-keto-α-methyl Weinreb amide to access an advanced intermediate of
the crocacin family bearing consecutive anti–anti–syn stereogenic centers. This
approach to the natural product (+)-crocacin C allowed to install the key syn
configuration of the stereotetrad motif (Scheme 5.67). The ATH/DKR was carried
out at 50 ∘C using [RuCl(p-cymene)((R,R)-TsDPEN)] at S/C = 33 in HCO2H/Et3N
(5 : 2). The enantioenriched acetylenic α-methylated β-hydroxy Weinreb amide was
obtained in 60% yield, 92% ee, and syn diastereoselectivity (syn/anti 92 : 8). Of note,
a better catalytic activity (94% yield, 98% ee, and syn/anti 94 : 6) was achieved at a
lower catalyst loading (S/C = 100) for the same transformation using the isolated
16-electron Ru-TsDPEN amido complex (R,R)-[Ru] [78].
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O
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Scheme 5.67 Synthesis of acetylenic α-methylated β-hydroxy Weinreb amide.

In 2014, Wills and coworkers investigated the Ru-catalyzed ATH of N-benzyl
5-acetyluracil using (R,R)- or (S,S)-[Ru] complexes in HCO2H/Et3N (5 : 2)
(Scheme 5.68). Interestingly, (R,R)-[Ru] gave the reduced product in 92% yield
with a 4 : 1 diastereomeric ratio and 33% ee, while (S,S)-[Ru] led to comparable
stereoselectivity delivering the same major diastereoisomer. The relative and
absolute configurations of the diastereoisomers were not determined. This study
suggested that conjugate addition occurred first, resulting in the formation of an
enol intermediate, which would tautomerize to give racemic ketone for which the
reduction may then proceed via a (dynamic)kinetic resolution process [79].
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O

O

BnN NH
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O
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*
*

r.t., 17 h

(R,R)- or (S,S)-[Ru] (0.8 mol%)

HCO2H/Et3N (5:2)

100% conv
dr = 4:1

92% ee (major diastereomer)

BnN NH

O

O

O

H

NTs
N

Ph

Ph

Ru

Cl

H

(S,S)-[Ru]

Scheme 5.68 Asymmetric transfer hydrogenation of N-benzyl 5-acetyluracil.

In 2019, Mohar and coworkers reported a highly efficient trans-selective
ATH via DKR of α,β-dehydro-α-acetamido and α-acetamido benzocyclic ketones
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catalyzed by a new ansa-Ru(II) complex bearing an enantiomerically pure
ent-syn-N,N-ULTAM(CH2)3Ph ligand [80]. Under optimized reaction condi-
tions employing 0.5mol% of ansa-[RuCl-syn-ULTAM-(CH2)3Ph] complex in
chlorobenzene with an HCO2H/Et3N (3 : 2) mixture at 60 ∘C, a wide variety of
ent-trans-β-amido alcohols were prepared in moderate to good yields with high
diastereomeric ratios and excellent enantioselectivities (Scheme 5.69). Interestingly,
stereochemically pure trans-products could be easily obtained after a single recrys-
tallization from ethyl acetate or trituration with acetonitrile (all products >99% ee,
dr >99 : 1).

ansa-
[RuCl-syn-(3R,1′S)-ULTAM-(CH2)3Ph]

HCO2H/Et3N (3 : 2), PhCl, 60 °C, 3 h

(S/C = 500)

NHAc

O

44–83% yield

> 99% ee   recrystallization
> 99 : 1 dr

n = 1, 2
R = H, Me, MeO, Br, F

n

Ru
N

NH

Ph

Cl
NHAc

OH

n

O2
S

R R

or trituration
ansa-[RuCl(syn-(3R,1′S)-ULTAM-(CH2)3Ph]

Scheme 5.69 Asymmetric synthesis of trans-β-amido alcohols.

5.8 𝛂-Substituted 𝛃-Keto Sulfones, Sulfonamides,
and Phosphonates

Because of their unique biological activities as well as their potential uses as
peptide mimics, chiral β-hydroxy α-amino phosphonates have attracted con-
siderable attention. Zhang and coworkers disclosed in 2012 the Ru-catalyzed
asymmetric hydrogenation of α-substituted β-keto phosphonates employing
[RuCl(benzene)((S)-SunPhos)]Cl as a catalyst delivering the corresponding syn
β-hydroxy phosphonates with high diastereo- and enantioselectivities (up to 96 : 4
syn/anti, up to >99.8% ee (Scheme 5.70) [81].

O

P(OR2)2

O

R1

OH

P(OR2)2

O

R1

H2 (10 bar)

MeOH, 50 °C,19h

[RuCl(benzene)(S)-SunPhos]Cl (0.5 mol%)

> 99% conv
syn/anti = 94:6 to 96:4

98.6–99.8% ee

R1 = Me, Et, Br

R2 = Me, Et

O

O

O

O

PPh2

PPh2

(S)-SunPhos

Scheme 5.70 Synthesis of chiral β-hydroxy α-amino phosphonates. Source: Based on Tao
et al. [81].

In 2013, the same group published a convenient approach to synthesize
β-hydroxy α-amino phosphonates through Ru-catalyzed hydrogenation/DKR pro-
cess of α-amido β-keto phosphonates (Scheme 5.71). Remarkable stereoselectivities
(up to 99 : 1 syn/anti, up to 99.8% ee) were obtained for the corresponding syn
α-amido β-hydroxy phosphonates using [RuCl(benzene)((S)-SunPhos)]Cl as a
catalyst. A dramatic enhancement of both diastereo- and enantioselectivities was
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R1

O
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O

NHR2

H2 (10 bar)

[RuCl(benzene)(S)-SunPhos]Cl (1 mol%)

CeCl3.7H2O, MeOH, 50 °C, 24h

R1 = Ph, 2-MeC6H4, 3-MeC6H4, 4-MeC6H4, 

4-MeOC6H4, 4-FC6H4, 4-ClC6H4, 4-BrC6H4, 

4-CF3C6H4, 2-furyl, Me, Et, i-Pr, Bn

R2 = CH3CO, Cbz, PhCO

68–85% yield
syn/anti = 55:45 to 99:1

91.7–99.8% ee

O

O

O

O

PPh2

PPh2

(S)-SunPhos

Scheme 5.71 Synthesis of β-hydroxy α-amino phosphonates using additives.

observed after addition of CeCl3⋅7H2O, demonstrating the crucial role of additives
in the stereochemical outcome of the reduction [82].
In 2014, Lee and coworkers focused on the ATH of readily available racemic

2-substituted α-alkoxy β-ketophosphonates using HCO2H/Et3N (1 : 5) as the hydro-
gen source and solvent, along with the well-defined chiral [RuCl((R,R)TsDPEN)
mesitylene] catalyst, (R,R)-[Ru] (Scheme 5.72). The corresponding syn 2-substituted
α-alkoxy-β-hydroxy phosphonates bearing 2-aryl-, 2-heteroaryl-, 2-alkyl-, and
2-alkenyl groups were prepared in yields ranging from 95% to 99% and excellent
levels of diastereo- and enantioselectivities (syn/anti up to 99 : 1, up to 99% ee) [83].

R1 P(OR3)2

OR2

O O

R1 P(OR3)2

OR2

OH O

0.3 M, 35 °C, 2–6h

(R,R)-[Ru] (0.5 mol%)

HCO2H/Et3N (1:5)

R1 = alkyl, (hetero)aryl, alkenyl
R2 = Me, Bn
R3 = Me, Et

95–99% yield
syn/anti = 60:40 to 99:1

44–99% ee

Ru
TsN

NH2

Ph
Ph

Cl

(R,R)-[Ru]

Scheme 5.72 Synthesis of syn 2-substituted α-alkoxy-β-hydroxy phosphonates.

In 2009, Zhang and coworkers developed an enantioselective synthesis of
β-hydroxy sulfones using ATH with DKR (Scheme 5.73). Under the best operating
conditions using in situ generated Noyori catalyst (1.3mol%) and HCO2H/Et3N
(5 : 2), a wide variety of optically active β-hydroxy sulfones were obtained in low to

R1

O

R2

SO2R3

[RuCl2(η6-p-cymene)]2 (1.3 mol%)

(S,S)-TsDPEN (2.5 mol%)

HCOOH/Et3N (5:2)

5–96% yield
dr = 51:49 to > 99/1

ee = 57 to > 99%
S/C = 40 to 160

R1 = C6H5, 4-iPrC6H4, 4-MeOC6H4, 4-BrC6H4, 

4-ClC6H4, 2-ClC6H4, 2,4-diClOC6H3, 2-furyl, 2-naphtyl

R2 = Me, Et, Br

R3 = C6H5, Et

n = 1, 2

R1

OH

R3

SO2R3

n

O

SO2Ph

n

OH

SO2Ph

DMF, 50°C

Scheme 5.73 Enantioselective synthesis of β-hydroxy sulfones through ATH/DKR.
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excellent yields (5–96%), with moderate to excellent diastereoselectivities (dr up to
>99/1) and moderate to excellent enantioselectivities (ee up to >99%) [84].
Because enantiomerically enriched β-hydroxy sulfonamides and β-hydroxy sul-

fones are key building blocks to access bioactive compounds and pharmaceuticals,
Wang and coworkers realized in 2013 a cascade asymmetric hydrogenation/DKR
of racemic cyclic β-keto sulfonamides and β-keto sulfones derived from α-indanone
or α-tetralone (Scheme 5.74). The corresponding cis β-hydroxy sulfonamides
and β-hydroxy sulfones were produced in methanol at room temperature under
40 atm of hydrogen pressure in yields of 92–97%, with excellent stereoselec-
tivities (cis/trans: >99 : 1, 98% ee) utilizing 0.4mol% of the cationic complex
[Ru(OTf)(p-cymene)((R,R)-TsDPEN)], (R,R)-[Ru] [85].

O

S

O

O

R

OH

S

O

O

R
 MeOH, 24h, r.t.

R = Ph, 4-ClC6H4-NH

n

n = 1, 2

n

92–97% yield
cis/trans > 99:1

98% ee

H2 (40 atm)

(R,R)-[Ru] (0.4 mol%)
Ru

TsN
NH2

Ph
Ph

OTf

(R,R)-[Ru]

Scheme 5.74 Synthesis of β-hydroxy sulfonamides and β-hydroxy sulfones.

In 2011, Zhang and coworkers described the ATH through DKR of cyclic
α-tetralone and α-indanone derivatives (Scheme 5.75). β-Ketosulfonamides
underwent Ru-catalyzed ATH/DKR with HCO2H/Et3N (5 : 2) as the hydrogen
source in dioxane at room temperature with high ee values (up to 99% ee) and
diastereoselectivities (up to >99 : 1 dr) using (S,S)-[Ru] as a catalyst [86].

Dioxane, r.t., 24 h

(S,S)-[Ru] (1 mol%)

 n = 1, 88% yield, dr > 99:1, 98% ee
 n = 2, 91% yield, dr > 99:1, 99% ee

HCO2H/Et3N (5:2)

O

S

O

O

NHAr
(  )n

OH

S

O

O

NHAr
*

*

(  )n

Ar = 4-ClC6H4

Ru
TsN

NH2

Ph
Ph

Cl

(S,S)-[Ru]

Scheme 5.75 Enantioselective synthesis of β-hydroxysulfonamides.

In 2018, Lv and Zhang et al. described an efficient ATH–DKR process for
α-sulfonamide-β-ketones using a chiral Ru(II) catalyst with HCO2H/Et3N
azeotropic mixture as the hydrogen donor under mild conditions, to provide
the corresponding α-substituted β-hydroxy sulfonamides in good yields with
excellent diastereo- and enantioselectivities (Scheme 5.76) [87].
Recently, Cheng and coworkers developed an operationally simple, one-pot

two-step asymmetric organic transformation of α-bromoindenones into the cor-
responding optically active β-hydroxy sulfones, involving a bromide substitution
with sodium arylsulfinate followed by in situ ATH of the resulting β-keto sulfones
coupled with a DKR process [88]. Under the best operating conditions, using
[RuCl2(S,S)-TsDPEN(mesitylene)] as a catalyst, and HCO2Na as a hydrogen source
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Scheme 5.76 ATH-DKR of α-sulfonamide-β-ketones. Source: Based on Xiong et al. [87].

in a mixture of cosolvent H2O/i-PrOH (1 : 3) at 60 ∘C, a set of optically pure vicinal
stereocenters β-hydroxy sulfones were obtained in high yields (89−97%), with excel-
lent enantioselectivities (92−99%) and high diastereomeric ratios (91 : 9–99 : 1),
regardless of the electronic features or position of the substituents bonded to the
aryl group (Scheme 5.77).

[RuCl(S,S)-TsDPEN(mesitylene)] (5 mol%)

HCO2Na (10 equiv)

H2O/i-PrOH (1 : 3), 60 °C, 5 h

Br

O

ArSO2Na

89–97% yield

92–99% ee

91 : 9–99 : 1 dr

n = 1, 2
R = H, 5-Br, 5-Cl, 6-MeO
Ar = aryl

n Ru
TsN

NH2

Ph
Ph

Cl
R

S

OH

n
R

Ar
O

O

[RuCl(S,S)-TsDPEN(mesitylene)]

Scheme 5.77 Asymmetric synthesis of β-hydroxy sulfones from α-bromoindenones.

5.9 𝛃-Substituted 𝛂-Keto Esters and Phosphonates

In 2013, Johnson and coworkers accomplished the first DKR of β-aryl α-keto
esters via Ru-catalyzed ATH using a new α-naphthyl/diphenylbenzene sulfon-
amide catalyst (S,S)-[Ru], prepared from [RuCl2(p-cymene)]2 and a DPEN-based
ligand (Scheme 5.78). The reaction generated three contiguous stereocenters
through a reduction/lactonization sequence allowing the direct access to trisub-
stituted γ-butyrolactones in yields up to 94%, with remarkable diastereocontrol
(diastereoselection >20 : 1) and high enantioinductions (up to 93% ee) [89].
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CO2Me

82–94% yield
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R = Ph, 2-MeC6H4, 4-MeC6H4, 4-MeO-C6H4,
4-ClC6H4, 4-CN-C6H4, 2-furyl, 3,4-(OCH2O)C6H4, 
N-Ts-indol-3-yl, N-Boc-indol-3-yl

HCO2H/Et3N (5:2) Ru
Ar2O2SN

NH2

Ar1

Ar1

Cl

Ar1 = 𝛼-Np, Ar2 = 2,6-Ph2C6H3

(S,S)-[Ru]

Scheme 5.78 Synthesis of functionalized γ-butyrolactones through ATH of β-aryl α-keto
esters.
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Scheme 5.79 Asymmetric synthesis of glycolic acid scaffolds.

The same group developed the chemoselective ATH/DKR of α,δ-diketo esters
using privileged (arene)RuCl(monosulfonamide) complexes such as (S,S)-[Ru]
(Scheme 5.79). The selective reduction of the α-keto ester in the presence of an aryl
ketone provided the exclusive formation of the corresponding δ-keto α-hydroxy
ester as a single diastereomer in yields ranging from 70% to 97% and ee values up
to 98% ee for substrates having electron-donating, -withdrawing, and heteroaryl
substituents at the β-position. Additionally, the ATH/DKR of β-chloro α-keto esters
has been realized with a remarkable ligand-controlled inversion of the preference
for the syn-selectivity to deliver the corresponding anti-chlorohydrins. Excellent
levels of chemo-, enantio-, and diastereocontrol were achieved in the ATH/DKR
of β-aryl β-chloro-α-ketoesters for a series of aliphatic and aromatic compounds
(anti/syn up to >20 : 1, up to 98% ee) [90].
The same group studied the ATH/DKR of α,δ-diketo esters to give the syn prod-

ucts with high diastereoselectivities and good enantioselectivities. Interestingly, the
reaction conditions allowed the chemoselective reduction of the α-keto ester in the
presence of an aryl ketone. The authors used this strategy to achieve the asymmetric
total synthesis of theα-benzylidene-γ-butyrolactonenatural productsmegacerotonic
acid and shimobashiric acid A (Scheme 5.80) [91].
This DKR/ATH approach was also used to achieve anti-chlorohydrins

with high diastereo- and enantio-inductions starting from a wide range of
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Scheme 5.80 Ru-catalyzed ATH/DKR of α,δ-diketo esters. Source: Steward and coworkers
[91].
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Scheme 5.81 Stereoselective synthesis of anti-chlorohydrins through DKR/ATH. Source:
Based on Steward et al. [89].

β-chloro-α-ketoesters. However, low diastereoselectivities for β-fluoro-α-ketoesters
were observed (Scheme 5.81) [91].
In 2013, Johnson and coworkers presented an approach to access enantioenriched

anti-α-hydroxy-β-amino acid derivatives by enantioconvergent Ru(II)-catalyzed
ATH of racemic α-keto esters readily prepared from the corresponding α-diazo
esters by oxidation with oxone (Scheme 5.82). With the exception of aliphatic
β-substituted substrates, yields ranging from 40% to 87% and routinely high levels of
diastereo- and enantioselectivity were attained using (S,S)-[Ru] as a catalyst with
heteroaromatic as well as electron-donating and -withdrawing aromatic systems
(anti/syn up to >20 : 1, up to 98% ee) [92].
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Scheme 5.82 Asymmetric synthesis of anti-β-amino α-hydroxyesters.

In 2013, Somfai and coworkers established the Ru-catalyzed ATH/DKR
of β-amido α-keto esters to the corresponding anti β-amido α-hydroxy esters
(Scheme 5.83). Using [RuCl(p-cymene)((R,R)-FsDPEN)], (R,R)-[Ru], as a cat-
alyst and HCO2H/Et3N as the hydrogen source, the transfer hydrogenation
proceeded much faster than on the regioisomeric α-amido β-keto esters and
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Scheme 5.83 Synthesis of anti β-amido α-hydroxy esters.
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produced the anti aromatic and heteroaromatic compounds with good diastere-
omeric ratio and high enantioselectivities (up to 98% ee) as the only detectable
products [93].
In 2013, Johnson and coworkers elaborated the first highly selective Ru-catalyzed

ATH of acyl phosphonates using a DKR process with an unexpected reversal
in facial selectivity as compared to the ATH of α-keto esters (Scheme 5.84).
[RuCl2(p-cymene)]2 combined with a bulky α-naphthyl ethylenediamine-derived
ligand allowed the preparation of (S,S)-[Ru] as a catalyst to provide the cor-
responding reduced products with the highest diastereoselectivities (dr up to
>20 : 1). The reaction accommodated various electron-donating and -withdrawing
groups, including heteroaromatic, linear, and cyclic aliphatic substituents as well,
yielding β-stereogenic α-hydroxy phosphonic acid derivatives in high yields and
enantioselectivities up to 99% ee [94].
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Scheme 5.84 Catalytic ATH of racemic acyl phosphonates.

5.10 𝛃-Alkoxy Ketones

In 2015, Chen and coworkers demonstrated that a series of 3-(2-oxo-arylethyl)
isobenzofuran-1(3H)-ones were efficiently reduced under mild conditions
to the corresponding enantiomerically enriched phthalide derivatives bear-
ing 1,3-diastereocenters using 0.2mol% of [RuCl(mesitylene)((S,S)-TsDPEN)],
(S,S)-[Ru], as a catalyst andHCO2H/Et3Nas thehydrogendonor in dichloromethane
at 40 ∘C (Scheme 5.85). The 3-(2-hydroxy-2-arylethyl)isobenzoburan-1(3H)ones
were produced in good yields (90–97%) and enantioselectivities up to 99% but mod-
erate diastereomeric ratios ranging from 69 : 31 to 90 : 10. Phthalide frameworks are
structural subunits found in a large number of natural products, exhibiting a range
of biological activities [95].
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Scheme 5.85 Dynamic kinetic resolution of phthalide derivatives.
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5.11 1,2-Diketones

Synthesis of syn-1,2-diols by ATH through DKR of symmetrical benzils using
[RuCl(𝜂6-p-cymene)(S,S)-TsDPEN] in a mixture of HCO2H/Et3N was disclosed
by Noyori, Ikariya et al. in 1999 (Scheme 5.86). High levels of stereoselectivity
were achieved when the arene moiety was adorned in para position with either
electron-donating substituents or electron-withdrawing groups (dl/meso = 94.2/5.8
to 98.6/1.4 and ee> 99%) in moderate to perfect yields (67–100%) [96].

67–100% yield
dl/meso = 94.2:5.8 to 98.6:1.4

ee > 99%

Ar = C
6
H

5
, 4-MeC

6
H

4
, 4-MeOC

6
H

4
, 4-FC

6
H

4

Ru
TsN

NH
2

Ph
Ph

Cl
Ar

Ar

O

O

[RuCl(η6-p-cymene)(S,S)-TsDPEN]

S/C = 200 or 1000 

HCO
2
H/Et

3
N (1:1–1.7:1)

 
DMF, 35–40°C, 24–48h

Ar

OH

OH

Ar
Ar

Ar

O

OH

[RuCl(η6-p-cymene)(S,S)-TsDPEN]

Scheme 5.86 A stereoselective synthesis of hydrobenzoins via ATH of benzils.

5.12 𝛃-Substituted Ketones

Our group described in 2018 the first example of Ru-promoted ATH-DKR of
β-amino ketones to give enantioenriched 1,3-aminoalcohols bearing a valuable
tetrahydroisoquinoline scaffold, through epimerization of the β-stereocenter by
an intermolecular elimination (retro-Mannich)/addition process [97]. Under
optimal conditions, using [RuCl(S,S)-TsDPEN(benzene)] in dichloromethane in
the presence of an azeotropic 5 : 2 mixture of HCO2H and Et3N as hydrogen
source at 30 ∘C, various ring-substituted β-amino ketones that contained either
electron-donating or -withdrawing substituents in ortho, meta, and para posi-
tions on the aryl groups R1 and R2 were reduced to their corresponding syn
2-(1,2,3,4-tetrahydro-1-isoquinolyl)ethanol derivatives in good yields (60–85%) with
diastereomeric ratios up to 71 : 29 and excellent enantioselectivities (up to 99% ee)
(Scheme 5.87).

[RuCl(S,S)-TsDPEN(benzene)] (1.2 mol%)

HCOOH/Et3N (5/2), CH2Cl2, 30 °C, 24 h

60–85% yield
81–99% ee

51 : 49–71 : 29 dr

Ru
TsN

NH2

Ph
Ph

Cl

N

O

R1

R2 N

OH

+

R1

R2 N

OH

R1

R2

R1 = alkyl, aryl

R2 = aryl, heteroaryl
 [RuCl(S,S)-TsDPEN(benzene)]

Scheme 5.87 Synthesis of syn 2-(1,2,3,4-tetrahydro-1-isoquinolyl)ethanol derivatives.

Wang and coworkers disclosed an elegant one-pot synthesis of biologically
relevant 3,4-dihydro-2H-pyran-carbonitriles through Ru-catalyzed ATH of racemic
α-aryl-γ-keto malononitriles coupled with a DKR process [98]. By employing
the widely used chiral [RuCl(S,S)-TsDPEN(mesitylene)] in combination with
HCO2Na as a hydrogen source in a mixture of H2O/i-PrOH (1 : 3) at 60 ∘C,
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diversely substituted 3,4-dihydro-2H-pyran-carbonitriles were obtained in high
yields (71−99%), with excellent enantioselectivities (90−99%) and moderate
to high diastereomeric ratios (80 : 20–98 : 2). From a mechanistic point of
view, this method involved an Et3N-mediated retro-Michael addition, followed
by an ATH/DKR process and a subsequent spontaneous diastereoselective
cyclization reaction of the hydrogenation products to deliver enantioenriched
3,4-dihydro-2H-pyran-carbonitriles (Scheme 5.88).

[RuCl(S,S)-TsDPEN(mesitylene)] (2 mol%)

HCO2Na (10 equiv), Et3N (1 equiv)

H2O/i-PrOH (1 : 3), 60 °C, 5–12 h

71–99% yield

90–99% ee

80 : 20–98 : 2 dr

Ar = aryl, heteroaryl

Ar1 = aryl

Ru
TsN

NH2

Ph
Ph

Cl

[RuCl(S,S)-TsDPEN(mesitylene)]

Ar Ar1/H

NC CN
O

CN

NH2

Ar Ar1/H

Scheme 5.88 Asymmetric synthesis of 3,4-dihydro-2H-pyran-carbonitriles.

5.13 𝛂-Substituted Aldehydes

In 2009, Zhou and coworkers explored the AH of racemic α-aryl aldehydes upon
DKR catalyzed by ruthenium complexes of chiral spirodiphosphines. Substrates
bearing a small alkyl group (R = Me, Et, Bn) led to lower enantioselectivity
(40–53% ee), while a bulkier alkyl group (R = iPr, tBu, c-pent, c-hex) gave higher
enantioselectivity (71–81% ee). Furthermore, position and electronic properties
of the substituents on the aryloxy moiety had no influence on the stereochemical
outcome of the reaction (Scheme 5.89) [99].

[Ru] (0.1 mol%)
t-BuOK (0.02 M)

H2 (50 atm)

IPA, r.t., 8–10h
100% conv

92–98% yield
40–81% ee

Ru

Cl

Cl

H
N

2

N
H2

Ar2
P

P
Ar2

[Ru]

O

O

R
X

O

OH

R
X

Ar = 3,5-Me2-4-MeOC6H2

R = iPr, Me, Et, Bn, c-pent, c-hex, t-Bu
X = H, 4-Me, 4-MeO, 4-Cl, 4-tBu, 3-Me,
3-MeO, 3-Br, 2-Me, 2-MeO, 1-naphthyl

Scheme 5.89 Enantioselective synthesis of chiral β-aryloxy alcohols by AH via DKR.
Source: Modified from Zhou et al. [99].

Interestingly, the group of Zhang showcased the use of ATH/DKR to synthesize
optically pure β-sulfonyl primary alcohols (Scheme 5.90). Starting from racemic
branched aldehydes, no new stereogenic center was created during the reaction,
but, thanks to the DKR principle, a wide variety of enantiopure hydroxy sulfones
were obtained with excellent yield (up to 92%) and good enantioselectivity (up to
90% ee) using [RuCl(𝜂6-p-cymene)(S,S)-TsDPEN] and HCO2H/Et3N (5 : 2) as the
reducing agents [100].
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[RuCl(η6-p-cymene)(S,S)-TsDPEN]

S/C = 80

HCO2H/Et3N (5:2)

62–92% yield
18–90% ee

R1 = C6H5, 2-MeC6H4, 3-MeC6H4, 4-MeC6H4, 

3,5-diMeC6H3, 2-ClC6H4, 4-ClC6H4, 4-BrC6H4, 

4-MeOC6H4, 1-naphthyl, 2-naphthyl,Bn, Me, PhCH=CH

R2 = C6H5, 4-MeC6H4

CHO

SO2R
2 SO2R2

R1R1 CH2OH

Ru
TsN

NH2

Ph
Ph

Cl

[RuCl(η6-p-cymene)(S,S)-TsDPEN]

DMF, r.t., 12 h

Scheme 5.90 DKR of racemic α-sulfonylaldehydes via ATH.

5.14 Summary and Conclusions

The homogeneous asymmetric reduction of ketone derivatives allows a straightfor-
ward and atom-economical access to enantiomerically enriched alcohols which are
valuable intermediates for the manufacture of pharmaceuticals and fine chemicals.
Transition-metal-mediated asymmetric hydrogenation and transfer hydrogenation
are particularly efficient tools for this transformation, especially when combined
with a DKR process. A range of ruthenium, rhodium, and iridium complexes were
developed for the asymmetric (transfer) hydrogenation of substituted ketones. Valu-
able building blocks bearing up to three stereogenic centers were easily prepared
that way in one single step with very high levels of enantio- and diastereoselectivity
in good to excellent yields.
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6.1 Introduction

Since the seminal work in the development of chiral catalysts for asymmetric hydro-
genation by Knowles [1] and Horner [2] in the late 1960s, and the first commercial
application of asymmetric hydrogenation in the early 1970s by Monsanto in the
production of the anti-Parkinsonian drug L-DOPA [3], asymmetric hydrogenation
has developed into a powerful chemical transformation [4].
However, the development in the early 1980s was mainly focused on chiral Rh

catalysts, and the substrate scope was limited to α-dehydroamino acids. One of the
key milestones in the development of asymmetric hydrogenation was the discovery
of BINAP [2,2′-bis(diphenylphosphino)-1,1′-binaphthyl] by Noyori and coworkers,
which opened up opportunities to broaden the scope of utility of asymmetric
hydrogenation [5]. A wide variety of prochiral olefin and ketone substrates were
hydrogenated with excellent enantioselectivity [6]. For their pioneering and con-
tinuous excellent work, Knowles [3] and Noyori [7] were awarded the Nobel Prize
in 2001.
Over the past few decades, thousands of efficient and powerful chiral phosphorus

ligands with diverse structures have been developed for asymmetric hydrogenation;
several representative chiral phosphorus ligands are shown in Figure 6.1 [4, 8].
Numerous unsaturated compounds, such as enamides [9], ketones [10], olefins [11],
imines [12], and so on, can be hydrogenated in excellent enantioselectivities. Based
on the privileges of high atom economy, high reactivity, mild reaction conditions,
high cost efficiency, and environmental benign, asymmetric hydrogenation has
been intensively employed in the pharmaceutical, agrochemical, fragrance, and
flavor industries.
Several overviews of asymmetric hydrogenation in industrial processes have been

published [13]. The examples below relate to applications that can be considered
significant to the implementation of the methodology. The chapter is not intended
to discusswhat specific ligand or class of ligands are best for a specific substrate class,

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
Edited by Virginie Ratovelomanana-Vidal and Phannarath Phansavath.
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although some of the factors influencing catalyst choice are given in the illustrative
examples. Additional examples of asymmetric hydrogenation used in industry are
given throughout this chapter.

6.2 Industrial Applications of Asymmetric
Hydrogenation

6.2.1 Asymmetric Hydrogenation of Enamide

6.2.1.1 L-DOPA

L-DOPA (1) is the precursor to the neurotransmitters dopamine, norepinephrine,
and epinephrine. As a drug, it is used in the clinical treatment of Parkinson’s disease
and dopamine-responsive dystonia [14].
Monsanto Corporation developed the practical synthesis of L-DOPA via asymmet-

ric hydrogenation using DIPAMP as ligand, due to its high catalytic efficiency in
Rh-catalyzed asymmetric hydrogenation of dehydroamino acids [15]. The success
of the synthesis of L-DOPA constituted a milestone work, which has enlightened
chemists to realize the power of asymmetric hydrogenation for the synthesis of chiral
compounds. In the process of manufacture, the synthesis of the enamide 2 is a little
long, and the nitrogen acyl group has to be removed after the reduction (Scheme 6.1).
The asymmetric induction is not perfect; enantioenrichment of the reduction prod-
uct 3 can be achieved through crystallization from the reaction mixture.
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Scheme 6.1 Synthesis of L-DOPA.
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6.2.1.2 Ramipril

Ramipril (4) [16], patented in 1981 and approved for medical use in 1989, belongs to
a class of angiotensin converting enzyme (ACE) inhibitors, which are used for treat-
ing high blood pressure and congestive heart failure, and also for preventing kidney
failure due to high blood pressure and diabetes. The sales amounted to $940million
in 2017, consuming 54 tons of active pharmaceutical ingredients (APIs).
The traditional synthetic route is 10 steps to prepare the precursor of 5 from com-

mercially available materials, followed by resolution using (S)-(+)-mandelic acid
and crystallization (Scheme 6.2). The synthesis efficiency is rather low, and a large
number of wastes will be produced, resulting in serious pollution. Every 40 tons of
products produce 60 tons of waste [17].

O
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Scheme 6.2 Traditional synthetic route of Ramipril.

Zhang group cooperated with Chiral Quest Inc. and employed Rh/DuanPhos
catalytic system for the asymmetric hydrogenation achieving the highly enantios-
elective synthesis of the key intermediate 5 (up to 80 000 turnover number (TON),
>99% ee) on a ton scale (Scheme 6.3). One kilogram of catalyst can produce 36 tons
of products. The process was patented by Chiral Quest Inc. [18]. To the best of our
knowledge, this process represents one of the most concise and economical routes
for the synthesis of Ramipril, and the TON is also the best one for hydrogenation
of conjugated enamides for the synthesis of chiral γ,δ-unsaturated amino acid
derivatives. This is a simple and more environmentally friendly route to the
Ramipril intermediate. A significant cost reduction in the synthesis of Ramipril
was realized. More than 30 tons of the Ramipril intermediate have been made by
this route.
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Scheme 6.3 Synthetic route of Ramipril developed by Chiral Quest Inc.

6.2.1.3 Sitagliptin

Sitagliptin, an oral antihyperglycemic of the dipeptidyl peptidase-4 (DPP-4)
inhibitor, is the key component of the medications Januvia and Janumet [19]. The
sales amounted to $10.5 billion in 2017, consuming 420 tons of APIs.
Merck developed the hydrogenation of the unprotected β-enamine amide 7

depicted as the final step for the production of Sitagliptin (Scheme 6.4). The
β-enamine amide with the entire structure of sitagliptin 6 can be prepared in a
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Scheme 6.4 Synthetic route for Sitagliptin developed by Merck.
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one-pot process in 82% overall isolated yield. Hydrogenation of 7 in the presence
of NH4Cl (0.15mol%), [Rh(COD)Cl]2 (0.15mol%), and tBu-Josiphos (0.155mol%)
in MeOH under 250 psi of hydrogen at 50 ∘C for 16–18 hours was proved to be
extremely robust and afforded 6 in 98% yield and 95% ee reproducibly (TON = 666)
[20]. This manufacturing process represents an important breakthrough for the
catalytic synthesis of chiral β-amino acids and received the Presidential Green
Chemistry Challenge Award (2006) for alternative synthetic pathways and the
IChemE Astra-Zeneca Award for excellence in Green Chemistry and Chemical
Engineering (2005).
Mechanistic studies of this transformation indicate that the hydrogenation plausi-

bly proceeded through the imine tautomer. Kinetic studies showed that the reaction
rate slowed down over the course of the hydrogenation. The binding of the hydro-
genated product 6 to the rhodiummetal catalyst could have an adverse effect on the
reaction rate and the asymmetric environment of the catalyst. Although the observed
enantioselectivity did not change throughout the course of the hydrogenation, prod-
uct inhibition of the catalyst was confirmed by a product-doping experiment unam-
biguously (Scheme 6.5).
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In Merck’s approach, some drawbacks cannot be ignored: low catalytic efficiency,
product inhibition, low conversion number, high catalyst consumption, and low
optical purity (95% ee). Chiral Quest Inc. developed a more efficient asymmetric
hydrogenation route using Rh/DuanPhos complex (Scheme 6.6) [21]. Due to
the potential amine inhibition of the catalyst, N-acylated β-enamine ester 8 was
employed as the substrate. This strategy exhibits excellent activity and enantiose-
lectivity (S/C = 10 000, 99% ee). One kilogram of catalyst can produce 2.4 tons of
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the product. At present, the key intermediate 9 has achieved 50 tons of industrial
synthesis, and the new process reduces the cost by 15%.

6.2.1.4 (R)-3-Amino-1-butanol

Enantiomerically pure amino alcohols and their derivatives are of great impor-
tance in synthetic and pharmaceutical chemistry. (R)-3-Amino-1-butanol (10) is
the key intermediate to synthesize Dolutegravir [22]. Dolutegravir, designed and
developed by GSK and Shionogi, is an integrase inhibitor for the treatment of the
human immunodeficiency virus (HIV). Dolutegravir sodium (11) has been widely
used worldwide since its launch into the market in 2013. The sales were $5.6 billion
in 2017.
Zhang group and Chiral Quest Inc. developed an asymmetric hydrogenation

route using Rh/DuanPhos complex to achieve the β-amino ester 13 firstly and
then hydrolysis to form β-amino acid 14 (Scheme 6.7) [23]. N-acylated β-enamine
ester 12 was employed as the substrate of the asymmetric hydrogenation, and this
strategy exhibits excellent activity and enantioselectivity (S/C = 4000, 99% ee).
One kilogram of catalyst can produce >1000 kg of product. At present, the key
intermediate (hydrogenation product) has achieved 50 tons of industrial synthesis.
In addition, β-amino acids and their derivatives are important building blocks

in chiral pharmaceuticals as shown in Figure 6.2. In 1999, Zhang group reported
the first highly efficient asymmetric synthesis of β-amino acid derivatives via
rhodium-catalyzed hydrogenation of β-(acylamino)acrylates using Rh-BICP and
Rh-DuPhos catalytic systems [24].
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[23e].
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Figure 6.2 Pharmaceuticals with β-amino acids motifs.

6.2.1.5 (S)-2,6-Dimethyltyrosine

(S)-2,6-Dimethyltyrosine (15) is the key intermediate to synthesize eluxadoline
[25] and some clinical candidates, as shown in Figure 6.3 [26]. Although the
structure of 15 is simple, its 2,6-dimethyl substituents make the assembly of this
unnatural amino acid to be rather challenging. To date, two major approaches
have been developed for preparing (S)-2,6-dimethyltyrosine and its derivatives.
One is alkylation of protected (2,6-dimethyl-4-hydroxy)benzyl halides with
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glycine-derived chiral synthons [27], while another one is asymmetric hydro-
genation of (Z)-2-acetamido-3-(4-acetoxy-2,6-dimethyl-phenyl)-2-propenoate 16 to
afford enantioenriched 17, and the asymmetric hydrogenation approach allows for
the synthesis of (S)-2,6-dimethyltyrosine (15) on a large scale [28].
The asymmetric hydrogenation route shown in Scheme 6.8 had been previously

demonstrated on kilogram scale [29]. In this process, the key steps were a modified
palladium-catalyzed Heck coupling of 4-iodo-3,5-dimethylphenyl acetate with
methyl 2-acetamidoacrylate and hydrogenation of the resulting sterically hindered
dehydroamino ester 16 using [Rh(1,5-COD)(R,R-DIPAMP)]BF4 as catalyst under
relatively forcing conditions (60 ∘C, 60 psi) and high catalyst loading (1mol%)
(Scheme 6.8). However, the hydrogenation proceeded slowly, producing the corre-
sponding α-amino ester 17 in 87% yield with 92% ee. One kilogram of catalyst just
produces only 40 kg of product. The hydrolysis of 17 with 12N hydrochloric acid
provided (S)-2,6-dimethyltyrosine hydrochloride 15⋅HCl in 97% yield with no loss
of optical purity.

Scheme 6.8 Synthetic route for (S)-2,6-dimethyltyrosine using Rh-(R,R-DIPAMP) catalyst.

Chiral Quest Inc. developed a new route to (S)-2,6-dimethyltyrosine using
Rh/Duanphos-asymmetric hydrogenation, and the hydrogenation substrate 16 was
prepared from the Horner–Emmons reagent with the sterically hindered aldehyde
(Scheme 6.9) [23]. This strategy exhibits excellent activity and enantioselectivity

Scheme 6.9 Synthetic route for (S)-2,6-dimethyltyrosine developed by Chiral Quest Inc.
Source: Hoge et al. [9a], Sun et al. [9b], Chen et al. [9c], Geng et al. [9d], Zhang et al. [9e],
and Liu et al. [9f].
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(S/C = 3000, >98% ee). This method is now routinely used for α-amino acid man-
ufacture. The new process has high catalytic efficiency and can produce 1.3 tons of
pharmaceutical intermediates with 1 kg of catalyst. The annual output of the key
intermediates amounted to 60 tons. Chiral Quest Inc. has become the sole supplier
of (S)-2,6-dimethyltyrosine.

6.2.1.6 Apremilast

Apremilast (19) is a novel anti-inflammatory drug, acting as the first
phosphodiesterase-4 (PDE4) inhibitor used in psoriasis (Ps) and psoriatic arthri-
tis (PsA) treatment [30]. Apremilast’s sales amounted to $1.5 billion in 2017,
consuming 1.3 tons of APIs.
In recent years, the development of technologies for the catalytic asymmetric

hydrogenation of unprotected enamines has been reported [31], including the
well-documented process for the synthesis of the diabetes drug Sitagliptin shown
in Scheme 6.4. Celgene Corporation developed an analogous enantioselective
enamine (20) reduction which comprises the most promising and concise route
to the key aminosulfone intermediate 21. It was established that 0.5mol% catalyst
with 1.0mol% ligand under 90 psi hydrogen gas at 50 ∘C was sufficient enough to
achieve >99.5% conversion within 18 hours. The product could be conveniently
isolated by conversion into its N-Ac-L-leucine salt, resulting in a chiral upgrade to
99.2% ee and 80% isolated yield (Scheme 6.10).
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6.2.2 Asymmetric Hydrogenation of Ketone

6.2.2.1 Duloxetine

(S)-Duloxetine (22) is an antidepressant drug targeting the presynaptic cell. It is a
dual inhibitor preventing the reuptake of serotonin and norepinephrine. In addi-
tion to being an important pharmaceutical in the short-term treatment of major
depressive disorders, it can be used to treat urinary incontinence and obsessive com-
pulsive disorder [32]. Duloxetine’s sales amounted to $1.5 billion in 2017, consuming
135 tons of APIs.
In addition to Resolution-Racemization-Recycle (RRR) synthesis [33], Duloxetine

can be prepared by an asymmetric reduction of the ketone 23 (Scheme 6.11). The
PhanePhos (24) variation of the Noyori method was used and resulted in 93.4% ee.
The enantiopurity could be increased during downstream processes.
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Scheme 6.11 Synthesis of duloxetine developed by Eli Lilly.

A more efficient approach would be the direct asymmetric hydrogenation of the
secondary γ-secondary amino ketone. Zhang and Chiral Quest Inc. have solved
this problem by the use of a rhodium catalyst with the ligand DuanPhos [34].
They explored the reduction of β-secondary-amino ketone with a low catalyst
loading of the Rh–DuanPhos complex (S/C = 10 000, Scheme 6.12). The described
catalytic system is highly efficient in terms of both enantioselectivity and reactivity
(>99% conversion, >99% ee). The route provides one of the shortest (three steps
overall) syntheses of Duloxetine, avoiding resolution and the harsh conditions in
N-demethylation steps. Asymmetric hydrogenation reactions (1000 l) have been
successfully completed and could be repeatable at a catalyst loading of S/C = 9000.
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Scheme 6.12 Synthesis of duloxetine developed by Chiral Quest Inc.

It has been put into operation in Jiangxi factories with an annual output of 28 tons.
Compared with the traditional route, the total cost in this environment-friendly
“green” process is reduced by 74%, and the amount of waste produced in the process
was reduced by 82%.

6.2.2.2 Dorzolamide

Dorzolamide (26) is a carbonic anhydrase inhibitor and used to lower intraocular
pressure in open-angle glaucoma and ocular hypertension [35].
Chiral Quest Inc. developed the ruthenium-catalyzed asymmetric hydrogena-

tion of methyl acetoacetate [36] for the enantioselective synthesis of methyl
(R)-3-hydroxybutyrate, which is a very important chiral building block for the
synthesis of Dorzolamide (Scheme 6.13). Up to 99% ee values (S/C >100 000)
were achieved using chiral diphosphine C3*-TunePhos as ligand. Asymmetric
hydrogenation of methyl acetoacetate requires a Hastelloy reactor, and Chiral Quest
Inc. has a 1000 l Hastelloy hydrogenation vessel. Manufacture of the cis-hydroxy
sulfone intermediate for Dorzolamide is underway at Chiral Quest Inc., Suzhou.
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Scheme 6.13 Synthetic route for Dorzolamide developed by Chiral Quest Inc.
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C3*-TunePhos, a derivative of the Cn-TunePhos (n = 0–6) series, was developed
by Zhang group in 2000 [37]. The procedures to synthesize these privileged ligands
suffer from long synthetic routes and limited possibilities for derivatization [38]. An
improved and divergent preparation to five C3*-TunePhos derivatives is shown in
Scheme 6.14 [39].
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Scheme 6.14 Improved synthetic route to C3*-TunePhos Source: Tan et al. [39a] and Zuo
et al. [39b].

6.2.2.3 (R)-1-(3,5-Bis(trifluoromethyl)-phenyl)ethanol

(R)-1-(3,5-Bis(trifluoromethyl)-phenyl)ethanol (27) is used as a building block for
NK-1 receptor antagonists, for example, aprepitant, fosaprepitant, and rolapitant
(Figure 6.4). Different groups have reported syntheses of this compound. In addition
to reduction with the CBS reagent or via enzymatic methodology, transfer hydro-
genation and hydrogenation approaches have been developed [40, 41].
Merck has used an asymmetric hydrogen transfer reaction to prepare 27,

presumably due to its operational simplicity (Scheme 6.15) [40]. Although a
series of patented monotosyl diamines proved to be the best ligands in terms of
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Scheme 6.15 Transfer hydrogenation for (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethanol.
Source: Hansen et al. [40a] and Brands et al. [40b].

enantioselectivity, the Merck group settled on cis-1-amino-2-indanol, because
it was patent free. The enantioselectivity from the reduction was not, however,
high enough to be used for the downstream reactions, but formation of a DABCO
inclusion complex allowed for the necessary upgrade. The scale-up of the process
was smoothly scaled to 40 kg batches.
Huang et al. described an efficient and practical pilot process for the synthe-

sis of 27 using RuCl2[(R)-Diop][(R)-D-Me-BIMAH] complex catalyst with an
S/C ratio of 20 000 under 30 atm H2 at 25 ∘C (Scheme 6.16). Scale-up to 5 kg
scale was experimentally performed four times. All four batches proceeded
smoothly in 99.9% conversion after 16-hour periods and afforded crude (R)-1-(3,5-
bis(trifluoromethyl)phenyl)ethanol with 89.3–89.4% ee. The combined batches of
crude product were recrystallized from heptane with 1,4-diazabicyclo[2.2.2]octane
(DABCO) to afford the desired product (60–65% yield, 98–98.75% ee) in a reasonably
acceptable cost according to the reported Hansen protocol [42].

Scheme 6.16 Synthetic route for (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethanol developed
by Huang et al.

Zhang group reported the achievements in the practical asymmetric hydrogena-
tions of awide range of unfunctionalized ketones in ideal-approaching enantioselec-
tivities (>99% ee) with only a ppm level of C3*–TunePhos/diamine-Ru(II) catalysts
(TON up to 1 000 000) (Scheme 6.17). It is noteworthy that the result (99.6% ee)

Scheme 6.17 Synthetic route for (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethanol using
C3*-TunePhos/diamine-Ru(II) catalysts.
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justified the potential utility of this Ru-C3*–TunePhos complex in the practical syn-
thesis of aprepitant, and 1000 kg of the intermediate has been made [43].
Recently, Zhang group successfully developed air-stable and high-active tri-

dentate ferrocene-based aminophosphoxazoline (f -amphox) ligands [8], amino-
phosphine-alcohol (f -amphol) ligands [8], and amino-phosphine acid (f -ampha)
ligands [8] (Scheme 6.18). These highly modular ligands exhibited excellent perfor-
mance in Ir-catalyzed asymmetric hydrogenation of simple ketones affording chiral
alcohols (full conversions, up to >99% ee). These ligands are bound to play a strong
role in the synthesis of (R)-1-(3,5-bis(trifluoromethyl)-phenyl)ethan-1-ol.

Scheme 6.18 Synthetic route for (R)-1-(3,5-bis(trifluoromethyl)phenyl)ethanol using
f -amphox, f -amphol, and f -ampha ligands.

6.2.2.4 4-AA (Key Intermediate to Carbapenem Antibiotics)

Diastereo- and enantioselective hydrogenation of 2-substituted 3-oxo car-
boxylic esters was reported in 1989 [44]. Takasago developed an asymmetric
hydrogenation accompanied by dynamic kinetic resolution en route to a
key intermediate to carbapenem antibiotics; both excellent enantio- and
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diastereoselectivities were obtained in hydrogenation of 2-benzamidomethyl-3-
oxobutanoate 29with a (−)-DTBM-Segphos-Ru catalyst [45]. The cis-(2S,3R)-methyl
2-benzamidomethyl-3-hydroxybutanoate 30 was obtained in 99.4% ee and in
98.6% de (Scheme 6.19). The product can be transformed into the key intermediate
28 of carbapenem antibiotics [46]. This procedure has been successfully applied to
the industrial production of the key intermediate on a scale of 100 tons per year.

O

OMe

O

NHCOPh

OH

OMe

O

NHCOPh
NH

TBDMSO
OAc

O

β-Lactam 4-AA

100 tons/y

H2 (100 atm)
RuCI2(p-cymene)

(R)-DTBM-SegPhos

ee >99.4%, de > 98.6%

TON = 5000

N

OH

O

SR

H

CO2H
30 2829

Scheme 6.19 Synthetic route for 4-AA developed by Takasago Inc.

6.2.2.5 Rivastigmine

Rivastigmine (31), (S)-3-[1-(dimethylamino)ethyl]phenyl ethyl (methyl) carbamate,
represents one of the most potent drugs for the treatment of mild-to-moderate
dementia of the Alzheimer’s type [47].
To date, several methods for the synthesis of enantiomerically pure Rivastigmine

have been reported [48]. Transition metal-catalyzed asymmetric transfer hydro-
genation has also been applied to the synthesis of Rivastigmine [49], but the catalyst
loading was usually very high (10–0.05mol%). Foulkes et al. at Novartis reported
an improved process using an Ru-catalyzed enantioselective hydrogenation of
m-hydroxyacetophenone to access optically pure alcohol intermediate 32 with
98% ee and 85% yield after crystallization at a ratio of substrate to catalyst (S/C) of
10 000 [50].
Jiuzhou Pharmaceutical Co., Ltd. developed two efficient processes for the

synthesis of Rivastigmine [51]. Of particular note is the process used for the
asymmetric hydrogenation by applying the highly efficient chiral spiro catalyst,
Ir-SpiroPAP. The iridium catalysts with chiral tridentate spiro ligands (SpiroPAP)
have proved to be extremely efficient for the asymmetric hydrogenation of ketones,
especially for the acetophenone derivatives, TON up to 4 550 000 [10, 52]. The first
route was easy to scale up in industry and provided the commercial intermediate
(S)-3-(1-dimethylaminoethyl)phenol 33 (Scheme 6.20). Based on the demonstration
in the lab, the process was carried out in pilot batches and provided a total of 51.7 kg
of alcohol (R)-32 in 91–96% yield with 96–97% ee. The ee value of (R)-32 could be
upgraded to >99% by crystallization from ethyl acetate/heptanes.
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Scheme 6.20 Synthetic route for Rivastigmine developed by Jiuzhou Pharmaceutical Co.,
Ltd.

In order to avoid the use of a stoichiometric amount of tBuONa in the asymmetric
hydrogenation step in the above route, the second route was performed to the syn-
thesis of Rivastigmine in four steps and 84% overall yield, as shown in Scheme 6.21.

Scheme 6.21 Improved synthetic route for Rivastigmine developed by Jiuzhou
Pharmaceutical Co., Ltd.

6.2.2.6 Montelukast

Montelukast sodium (34) is a leukotriene receptor antagonist (LTRA) developed by
Merck, which is used for the maintenance treatment of asthma and to relieve symp-
toms of seasonal allergies [53]. The sales amounted to $2 billion in 2017, consuming
53.5 tons of APIs.
The conventional process for production of montelukast sodium (34) exploits

commercially available alcohol 37 and thiol carboxylic acid 38 as starting materials
(Scheme 6.22). Although its structure is complex, montelukast sodium has only
a single stereocenter, which is usually installed via asymmetric reduction of the
highly functionalized ketone 35.
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Scheme 6.22 Synthetic route for montelukast developed by Zhou and Jiuzhou
Pharmaceutical Co., Ltd. Source: Modified from Zhu et al. [54].

Zhou and Jiuzhou Pharmaceutical Co., Ltd. developed an economical and robust
process by applying the Ir/SpiroPAP catalyst (Scheme 6.22) [54]. The process was
conducted at mild temperature (30 ∘C) under a hydrogen pressure of 20 atm with
low catalyst loading (S/C = 30 000) and afforded the desired products 36 and 36′ in
99.5% ee. After crystallization from an aqueous ethanol solvent system, the mono-
hydrates of (S)-36 and 36′ were obtained in 90–95% yield, >99.9% ee. However, this
process is sensitive to the purity of the substrate ketone 35, especially depends on
the remaining traces of palladium in ketone 35 from the former coupling reaction.
And careful refinement of ketone was necessary to ensure reproducibility of the
hydrogenation reaction. Therefore, the large-scale experiments were conducted at
S/C = 30 000 to ensure that acceptable quality was achieved. The developed asym-
metric hydrogenation conditionswere applied on the large-scale production formul-
tiple batches (from 25 to 75 kg), and all gave the same results as from the lab scale,
and the quality was proved up to the USP 35 standard.

6.2.2.7 Crizotinib
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Crizotinib (39) has been developed by Pfizer and was approved by FDA in 2011 for
the treatment of locally advanced or metastatic non-small cell lung cancer [55]. The
sales amounted to $550million in 2017, consuming over 12 tons of APIs.
In the disclosed synthetic routes, (S)-1-(2,6-dichloro-3-fluoro-phenyl)ethanol (41)

is a key intermediate, for which lots of efforts have been carried out to produce
this alcohol with high enantioselectivity. However, asymmetric reduction with
well-developed boran reagents such as BH3⋅THF/(R)-methyl-CBS-oxazaborolidine
(cat.), (−)-DIPCl, and NaBH4/TMSCl/(S)-α,α-diphenylpyrrolidinemethanol all gave
low optical purity of the alcohol, and in most of the cases gave low conversion of
the reaction.
Zhou group and Jiuzhou Pharmaceutical Co. Ltd have demonstrated a new

approach for the asymmetric synthesis of Crizotinib with high enantioselectivity.
The key step of this approach is the asymmetric synthesis of chiral alcohol 41
through asymmetric hydrogenation of 2,6-dichloro-5-fluoroacetophenone precur-
sor 40 using Ir[(R)-DTB-SpiroPAP-3-Me] as catalyst. The asymmetric hydrogenation
was practiced in the pilot plant at 100-kg scale, and the chiral alcohol 41 could be
obtained in 99.5% ee with TON of 100 000 (Scheme 6.23) [56].

Scheme 6.23 Synthetic route for (S)-1-(2,6-dichloro-3-fluoro-phenyl)ethanol developed by
Zhou group and Jiuzhou Pharmaceutical Co., Ltd. Source: Based on Qian et al. [56].

The synthesis of Crizotinibwas completed by the route shown in Scheme 6.24. The
synthesis started with commercially available 2-aminopyridin-3-ol, which reacted
with bis(trichloromethyl)carbonate (BTC) to give oxazole compound 42 in 86% yield
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Scheme 6.24 Synthetic route of Crizotinib.
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followed by bromination, hydrolysis, and protection of the amino group by the Boc
group to afford 43 in good yield. After coupling of 43 and 41 under Mitsunobu con-
dition, intermediate 44 could be isolated in 50% yield. Suzuki coupling of 44 with
boronate, followed by the removal of Boc groups with HCl in ethanol, gave Crizo-
tinib in good yield with 99.5% ee.

6.2.2.8 (R)-Phenylephrine

(R)-Phenylephrine (45), firstmarketed in 1936 by Boehringer Ingelheim, is a popular
α-adrenergic receptor agonist used as a nasal decongestant [57]. The sales amounted
to $647million in 2017, consuming over 100 tons of APIs.
Various synthetic methods have been reported for the preparation of enantiop-

ure (R)-Phenylephrine. However, only a few are of practical significance and impact
from an economic perspective. The classical industrial synthetic route was devel-
oped in the late 1920s and early 1930s and published in a series of patents by Leg-
erlotz [58]. These describe the synthesis of racemic Phenylephrine and give details
of the resolution procedure using tartaric acid and the Walden inversion, by which
the undesired enantiomer is transformed into the desired enantiomer. This route
was subsequently investigated further and refined. Finally, two industrially used pro-
cesses resulted, which differ only in the protecting group for the phenolic hydroxyl
group. The synthetic route which uses the O-acetyl group has been performed at
Boehringer Ingelheim for about 65 years (Scheme 6.25).
Starting from very cheap acetophenone, via nitration, reduction, diazotiza-

tion/hydrolysis, and acetylation, 3-O-acetylacetophenone is obtained. Bromination
followed by substitution with benzylmethylamine delivers, after treatment with
hydrochloric acid during workup, N-benzylphenylephrone 46 as the hydrochlo-
ride salt. Catalytic hydrogenation cleaves off the N-benzyl group and reduces
the carbonyl group to form rac-Phenylephrine hydrochloride 47. This had to be
resolved with L-tartaric acid in a relatively complicated way. Initially, the undesired
enantiomer forms a crystalline L-tartrate had to be converted into the desired isomer
by a Walden inversion. From the mother liquors of the L-tartrate formation, the
desired isomer also had to be isolated and purified by repeated recrystallization of
the free base. The combined crude (R)-Phenylephrine base finally is transformed
into its hydrochloride salt 45.
Takeda et al. developed the first asymmetric route to Phenylephrine in 1989

(Scheme 6.26) [59]. The reduction of the ketone 48 with Rh-MCCPM gave the
corresponding alcohol 49 with 85% ee, but an upgrade could be realized by recrys-
tallization. The protecting groups contribute to more than half of the formula
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L-Tartrate L-Tartrate

Scheme 6.25 Synthetic route for (R)-Phenylephrine performed at Boehringer Ingelheim.
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Scheme 6.26 First asymmetric synthesis of (R)-Phenylephrine. Source: Based on Takeda
et al. [59].

weight of 48. Optimization studies with Rh-MCCPM led to 92% ee, TON >40 000,
and turnover frequency (TOF) >5000 h−1. A further study showed that the use of
[Ru(Xyl-PPhos)(DAIPEN)] [Ru(50)(51)] could completely circumvent the need for
nitrogen protection while still giving high stereoselectivity and reactivity.
In principle, this route is industrially applicable, but it has several disadvantages.

More than 50% of the molecular weight of the substrate for the asymmetric hydro-
genation consists of protecting groups, which have to be removed in a later step. The
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TON (TON = 2000) and the TOF (TOF = 100 h−1) of the first hydrogenation step are
relatively low. In addition, the optical purity of the crude product is only 85% ee, and
the final product cannot be efficiently purified by recrystallization.
Zhou group developed a highly efficient iridium-catalyzed asymmetric hydro-

genation of α-amino ketones for the synthesis of chiral 1,2-amino alcohols. With
chiral spiro iridium catalyst Ir-(R)-SpiroPAP, a series of α-amino ketones were
hydrogenated to chiral β-amino alcohols in excellent enantioselectivities (up to
99.9% ee) with TON up to 100 000. (R)-Phenylephrine was prepared in very high
efficiency based on the efficient method (Scheme 6.27) [60].
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Scheme 6.27 Synthetic route for chiral 1,2-amino alcohols developed by Zhou group.
Source: Based on Yuan et al. [60].

The substrate 46 containing an unprotected phenol group was hydrogenated on
a gram scale with catalyst Ir-(R)-SpiroPAP (0.001mol%) in ethanol in the presence
of 3.0 equiv of potassium hydroxide as a base under 15 atm of hydrogen pressure
at 30 ∘C for 12 hours to yield (R)-52 in nearly quantitative yield with 99% ee.
The (R)-Phenylephrine hydrochloride was obtained in 92% yield by removing
the N-benzyl group by Pd/C-catalyzed hydrogenation, followed by acidification
(Scheme 6.28).
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Scheme 6.28 Synthetic route for (R)-Phenylephrine developed by Zhou group.

In addition, (R)-clorprenaline (53), a β2-agonist for the treatment of diverse dis-
ease states such as bronchitis and asthma, was synthesized with this highly efficient
method. A one-step reaction, Pd/C-catalyzed hydrogenation to remove theN-benzyl
group, gave (R)-clorprenaline in 85% yield (Scheme 6.29).
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Scheme 6.29 Synthetic route for (R)-Clorprenaline.
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6.2.2.9 Atorvastatin Calcium Salt

Atorvastatin calcium (54) was first introduced to the market in 1997 by Pfizer as an
effective HMG-CoA reductase inhibitor for the treatment of hypercholesterolemia
and arteriosclerosis and now ranks at the top of the drugs best sold in the world. The
sales amounted to $6 billion in 2017, consuming 554 tons of APIs. To date, joint syn-
thetic development efforts led to a number of strategies that make use of chemoen-
zymatic resolution or chiral auxiliary at an appropriate stage, enantioselective catal-
ysis, or starting from the chiral pool [61].
In the convergent synthesis of atorvastatin calcium, enantiomerically pure

(S)-ethyl 4-chloro-3-hydroxybutanoate 56 is the key chiral intermediate,
which can be prepared via Ru-catalyzed asymmetric hydrogenation of ethyl
4-chloroacetoacetate 55. Using the Ru/C3-TunePhos system, excellent enantiose-
lectivity (>98% ee) has been achieved at 45 000 turnovers in complete conversion
(Scheme 6.30) [62].

Scheme 6.30 Synthesis of (S)-ethyl 4-chloro-3-hydroxybutanoate using Ru/C3-TunePhos
as catalyst. Source: Baumann et al. [62a] and Zhang et al. [62b].

The β-hydroxy ester 56 has also been achieved with Ru-TMBTP from the
reduction of the chloro compound 55 at lower pressures [63]. In addition to
Ru-BINAP which requires high pressure to attain high enantioselectivity [64],
{Ru(p-cymene)[(S)-TMBTP]} can be used at lower hydrogen pressure resulting in
97% ee (Scheme 6.31).
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Scheme 6.31 Synthesis of (S)-ethyl 4-chloro-3-hydroxybutanoate using Ru/(S)-TMBTP as
catalyst.

6.2.2.10 Orlistat

Orlistat (57), or tetrahydrolipstatin (THL), approved by FDA for the treatment of
obesity in 1999, inhibits gastric and pancreatic lipases in the lumen of the gastroin-
testinal tract to decrease systemic absorption of dietary fat. The sales amounted to
$390million in 2017, consuming over 72 tons of APIs [65].
The first-generation synthesis of Orlistat (57) based on the optical resolution of the

racemic key intermediate 58 is shown in Scheme 6.32. The overall yield of 18–22% is
a remarkable achievement considering that the undesired diastereomer (R,R,S)-58
could not be recycled [66].
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Scheme 6.32 First-generation, optical resolution-based synthesis of Orlistat.

The second-generation synthesis of Orlistat (57) was developed enantioselec-
tively, which is suitable for large-scale preparation. The approach relies on an
asymmetric reduction of the β-keto ester 59 using {RuCln[(R)-MeOBIPHEP]} as
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catalyst. The hydrogenation was run at 40wt.% concentration at S/C 50 000 under
40 bar of hydrogen at 80 ∘C to achieve full conversion within four hours. The
scale-up from a 2 l to a 2m3 autoclave proceeded uneventfully such that a total of
2.2 tons of (R)-60 with 99% ee and 99% yield were produced in up to 240 kg batches.
The strategy has been on the one hand to retain the final reaction sequence from
(S,S,R)-58–57 in order to affect the impurity profile of 57 as little as possible. On
the other hand, however, the late-stage resolution of rac-58 has been avoided by the
use of enantiomerically pure intermediates rather than their racemates. The overall
yield from the β-keto ester 59 amounts to 41–48% (Scheme 6.33) [66].
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Scheme 6.33 Second-generation, new enantioselective synthesis of Orlistat. Source:
Modified from Schwindt et al. [66].

Particularly, the asymmetric hydrogenation proved to be highly robust, the
large-scale production of β-hydroxyester 60 with very high ee (>99%), and purity
(>99%) was straightforward and practical. The second-generation processes utilized
the same chemistry for the later steps as the first process. This improvement
removed the late-stage resolution in the first synthesis and allowed doubling the
throughput.

6.2.2.11 Ezetimibe
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Ezetimibe (61) is the first lipid-lowering drug that inhibits intestinal uptake of
dietary and biliary cholesterol without affecting the absorption of fat-soluble
nutrients [67]. The sales amounted to $4.3 billion in 2017, consuming 26 tons of
APIs. The novel structure of ezetimibe has prompted intense synthetic interest in
the synthetic community, which led to the development of several syntheses for this
molecule [68].
In the commonly adopted synthetic route of ezetimibe, as shown in Scheme 6.34,

the key step is the CBS reduction, which was originally described by Corey, Bakshi,
and Shibata. The stoichiometric reducing agent is usually the THF or DMS com-
plex of BH3, which is associated with serious storage and handling hazards [69].
Both from a safety and from an efficiency standpoint (the TON of these systems is
low), the CBS reduction is not as convenient to run as methods based on molecular
hydrogen or transfer hydrogenation. However, their versatility and often high enan-
tioselectivity has made them the object of intense application in the API arena, even
on very large scale.
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Scheme 6.34 Synthetic route of Ezetimibe via CBS reduction.

In 2018, Ding group developed a practical enantioselective synthesis of
cyclohexyl-fused chiral spirobiindane derivatives, and a series of new chiral
ligands bearing the backbone were easily accessed [70]. The utility of these ligands
was demonstrated in the catalytic asymmetric hydrogenation of the key intermedi-
ate (3R,4S)-62 for the synthesis of Ezetimibe, affording 63 in 95% yield and 99 : 1
diastereoselectivity under a catalyst loading of 0.01mol% (Scheme 6.35).
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Scheme 6.35 Synthetic route of Ezetimibe developed by Ding group.

6.2.3 Asymmetric Hydrogenation of Olefin

6.2.3.1 L-Menthol

L-Menthol (64) is one of the most widely used compounds in the flavors and
fragrances industry [71]. Roughly one-quarter of the world’s L-menthol supply is
already currently produced synthetically using two different routes.
Takasago uses a process with five steps starting from myrcene (65) (Scheme 6.36)

[7]. The heart of this process is the homogeneously catalyzed asymmetric isomer-
ization of an allylic amine to an enamine using Noyori’s Rh-(S)-BINAP catalyst with
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NEt2

HR HS

(R)-Citronellal

CHO

HS

OH
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Et2NH

Li

(R)-Citronellal enamine

NEt2

HRHS

96%–99% ee

H3O+
ZnBr

Isopulegol

H2, Ni cat.

OH

Scheme 6.36 Takasago’s myrcene-based menthol synthesis. Source: Based on Noyori [7].
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excellent enantioselectivities. The worldmarket for L-menthol based on this method
is exceeding 2000 tons per year.
BASF developed an efficient synthesis of L-menthol which would allow an

extremely attractive synthesis with three steps based on citral (66) (Scheme 6.37)
[72]. Central to this synthesis is a highly efficient (R)-citronellal synthesis.
This is an unusual, selective hydrogenation of the double bond in conjugation
with the aldehyde functionality that does not touch the other alkene or the
aldehyde functionality. (R)-Citronellal was obtained in good yield with 86% ee
using Rh-Chiraphos as catalyst. In the continuous process eventually devel-
oped, the hydrogenation takes place in the presence of small amounts of CO to
maintain the integrity of the catalyst. The resultant (R)-citronellal is cyclized to
L-isopulegol in a highly diastereoselective ene-reaction similar to the Takasago
process; in the BASF process, an aluminum-based Lewis acid is used. The
remaining double bond is hydrogenated off using a heterogeneous Ni-based
catalyst to give L-menthol. After the final crystallization, the ee of the product
62 is >99%. The world market for L-menthol based on this method has exceeded
20 000 tons per year.

OH

64, L-Menthol

OH

L-Isopulegol66, cis-Citral

Asymmetric 
hydrogenation

(R)-Citronellal

Cyclization Hydrogenation

O O

Rh4(CO)12, H2 (CO) Lewis acid H2, Ni cat.

PPh2

PPh2

(S,S)-Chiraphos

H2 (90 bar), 25 oC

86% ee

Scheme 6.37 BASF’s citral-based menthol synthesis. Source: Lawrence [72a] and Heydrich
et al. [72b].

6.2.3.2 Sacubitril

Sacubitril (67) is a neprilysin inhibitor prodrug developed by Novartis that was
approved as part of an orally administered supramolecular sodium salt complexwith
the angiotensin receptor blocker valsartan in the United States and the European
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Union in 2015. Sacubitril/valsartan (also known as LCZ-696) is a first-in-class dual
angiotensin receptor blocker–neprilysin inhibitor marketed for the treatment of
chronic heart failure with reduced ejection fraction [73].
The industrial scale synthesis of the key intermediate 68 for Sacubitril has been

reported, and this route is described in Scheme 6.38 [74]. Interestingly, a separate
patent disclosed the stereoselective hydrogenation of the trisubstituted olefin 68,
in which subjection of 68 to catalytic [Ru(p-cymene)I2]2 and chiral phosphine lig-
and Mandyphos under 20 bar of hydrogen gas in warm ethanol delivered 69 in 99:1
dr before recrystallization. Subsequently, the esterification and removal of the Boc
group revealed a primary amine which then reacted with succinic anhydride to ulti-
mately deliver Sacubitril 67.
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Scheme 6.38 Synthesis of Sacubitril. Source: Flick et al. [74a], Zhu et al. [74b], and
Halama and Zapadlo [74c].

The freebase form of sacubitril does not readily crystallize; the isolation of a num-
ber of pharmaceutically acceptable salts of sacubitril via crystallization, most prefer-
ably the calcium salt or sodium salts, has been reported. Preparation of the sacu-
bitril/valsartan complex (trisodium salt and hemihydrate) has been described on
a kiloscale from sacubitril calcium salt via neutralization to the freebase and sub-
sequent complexation with valsartan in iPrOAc/acetone. Addition of NaOH and
crystallization then provided the desired trisodium salt hemihydrate.
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6.2.3.3 Naproxen, Ibuprofen, and Flurbiprofen

Chiral carboxylic acids are important moieties in pharmaceuticals, agrochemicals,
flavors, fragrances, and health supplements. For example, the α-aryl propionic acids
Naproxen (70), Ibuprofen (71), and Flurbiprofen (72) are well-known nonsteroidal
anti-inflammatory drugs [75].
The asymmetric hydrogenation of α-arylacrylic acids is highly useful for the syn-

thesis of well-known nonsteroidal anti-inflammatory drugs such as Ibuprofen and
Naproxen, and thus this reaction has been studied extensively [76]. However, chiral
ruthenium catalysts generally require high hydrogen pressure for high enantiose-
lectivity, while the rhodium catalysts show modest TONs or turnover frequencies.
With catalyst SiPhox/Ir, various α-aryl- and α-alkylacrylic acids can be hydrogenated
to the corresponding chiral carboxylic acids, including Ibuprofen, Naproxen, and
Furbiprofen, in excellent yields (98–99%) and enantioselectivities (96–98% ee). The
catalyst loading can be reduced to 0.01mol% without diminishing the conversion
or enantioselectivity of the reaction, although a longer reaction time is required
(Figure 6.5).
Zhang group developed a new class of ferrocenyl chiral bisphosphorus ligand,

Wudaphos, which exhibits excellent ee and activity (up to 99% ee, TON up to
20 000) for the asymmetric hydrogenation of both 2-aryl and 2-alkyl acrylic acids
through ion-pair noncovalent interaction under base free and mild reaction con-
ditions. Well-known anti-inflammatory drugs such as Naproxen and Ibuprofen
and some bioactive compounds were also efficiently obtained with excellent ee
(Scheme 6.39) [77].

Figure 6.5 Representative asymmetric hydrogenation catalytic systems for preparing
Naproxen, Ibuprofen, and Flurbiprofen.
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Scheme 6.39 Synthetic route for Naproxen and Ibuprofen developed by Zhang group.
Source: Based on Chen et al. [77].

6.2.3.4 Ramelteon

Ramelteon (73) is well known as a selective melatonin MT1/MT2 receptor agonist
which primarily has been used as a treatment of insomnia [78]. It was developed by
Takeda Pharmaceuticals North America and approved by FDA in 2005.
Ramelteon has a simple but unique chemical scaffold containing a furan-fused

tricycle ring and a stereogenic center at the benzylic position. Currently, most of
the reported syntheses of Ramelteon involve catalytic asymmetric hydrogenation or
chiral resolution of the corresponding racemic mixtures [79].
In 2005, Takeda Pharmaceutical Co., Ltd. developed synthetic approaches to

Ramelteon, based on chelation-controlled asymmetric hydrogenation of bicyclic
substrates using Ru-BINAP catalysts in 99% yield and 93% ee. The effectiveness
and robustness of the reaction were demonstrated on a 700-g scale (Scheme 6.40)
[80]. In 2009, they developed the direct enantioselective hydrogenation of the
three-fused-ring allylamine catalyzed by Rh-Josiphos (Scheme 6.40). The procedure
is suitable for the preparation of Ramelteon owing to the excellent enantiomeric
excess and low hydrogen pressure [81].

6.2.3.5 Aliskiren
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Scheme 6.40 Synthetic route for Ramelteon. Source: Uchikawa et al. [80a] and Yamano
et al. [80b].

Aliskiren (74), Novartis’ blood pressure-lowering agent, is the first of a new class of
orally effective direct renin inhibitors, which was approved by FDA in 2007 [82]. Its
current licensed indication is essential (primary) hypertension. In December 2011,
Novartis halted a clinical trial of the drug after discovering increased incidence of
nonfatal stroke, kidney complications, high blood potassium, and low blood pres-
sure in people with diabetes and kidney impairment. However, it is still a successful
example in drug synthesis, especially in asymmetric hydrogenation (Scheme 6.41).
In 2002, Spindler and Weissensteiner developed the route to synthon 77 with the

key asymmetric hydrogenation step [85]. The application of an Rh catalyst gener-
ated in situ from [Rh(NBD)2]BF4 and Walphos afforded the saturated acid 76 with
95% ee at 50 bar hydrogen and ambient temperature. At bench scale under technical
reaction conditions, 12 g of 75 could be hydrogenated with an S/C = 5700, yielding
intermediate 76 with 95% ee (Scheme 6.41).
In 2007, an asymmetric hydrogenation process for the α-isopropyl dihydrocin-

namic acid en route toAliskirenwas developed using a rhodium catalyst ligatedwith
a chiral monodentate phosphoramidite and a nonchiral phosphine. While the cat-
alyst based on 2 equiv of MonoPhos to the [Rh(COD)2]BF4 gave promising results,
the rate of hydrogenation and ee of the product could be improved spectacularly
by the addition of monodentate nonchiral triarylphosphine (PPh3) to the catalyst.
This remarkable mixed-ligand catalyst has been identified using high-throughput
experimentation. At a larger scale (autoclaves between 150 and 450mL) using scal-
able conditions (S/C = 1000, 80 bar H2, 55 ∘C), the product was produced with full
conversion and 90% ee (Scheme 6.41) [83].
In 2008, Zhou group carried out the hydrogenation of α-isopropylcinnamic acid

derivative 75 to prepare the acid (R)-76, which is the key intermediate for the
synthesis of Aliskiren [86]. The compound 75 was successfully hydrogenated by
catalyst Ir-SIPHOX. The carboxylic acid (R)-76 was attained in high yield with
98% and 95% ee at catalyst loadings of 0.017mol% (S/C = 6000) and 0.01mol%
(S/C = 10 000), respectively (Scheme 6.41). This primary result was superior to
those reported previously.
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Scheme 6.41 Synthesis of the chiral drug Aliskiren via asymmetric hydrogenation. Source:
Boogers et al. [83], Chen et al. [84a,b].

In 2007 and 2013, Chen group developed ferrocene-based P-stereogenic
phosphines TriFer and ChenPhos ligands, respectively, which showed high enan-
tioselectivity, activity, and productivity for the rhodium-catalyzed asymmetric
hydrogenation of α-isopropylcinnamic acid derivative 75 (Scheme 6.41) [84].

6.2.3.6 (+)-cis-Methyl Dihydrojasmonate

Methyl dihydrojasmonate is an important, unnatural perfumery chemical (jas-
minelike odor) and is used in many fragrance mixtures. The worldwide volume
of use for methyl dihydrojasmonate is in the region of greater than 1000 metric
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tons per year [87]. Since the early 1970s, the success of the industrial synthesis of
a near-equilibrium mixture of the racemic trans/cis isomers of methyl dihydrojas-
monate was commercialized as Hedione (trans/cis 90/10) and allowed replacement
of the natural extract. Among the four isomers of methyl dihydrojasmonate, only
the (1R,2S)-cis isomer 78 was found to have an intense and distinct odor, while
the other isomers are substantially weaker or almost odorless [88]. As a matter of
fact, an increasing concern for human health, environmental preservation, and
cost control has favored the trend to employ the single enantiomer of odor-active
chemicals in the field of fragrance chemistry [89].
Enantioselective syntheses of methyl dihydrojasmonate have been disclosed

relying on enamine alkylation of a chiral precursor [90], asymmetric Michael
addition [91], catalytic asymmetric hydrogenation [88], or a variant of the Claisen
rearrangement [92]. The industrial-scale process to (+)-cis-methyl dihydrojas-
monate 78 developed by Firmenich-Genêt was the homogeneous enantioselective
hydrogenation of what is known as diDeHydroHedione (DHH) [93] 79 bearing
electron-deficient tetrasubstituted C=C bond [94], with excellent cis/trans selectivi-
ties (≥99 : 1) and good enantioselectivities (up to 88% ee). This accomplishment was
the result of the discovery of a cationic, more electronic, and highly unsaturated
ruthenium catalyst with a chiral diphosphine ligand [Ru(P*P)(H)(η6-cot]BF4
(cot = 1,3,5-cyclooctatriene) [95]. A good enantioselectivity (64% ee) was obtained
with (2R,5R)-Me-DuPhos as chiral ligand, and after optimization of the reaction
conditions using (R,SFc)-Josiphos as chiral ligand, a higher enantioselectivity
(88% ee) was reached (Scheme 6.42). The Firmenich-Genêt procedure has the
advantage of allowing the straightforward synthesis of the Ru complexes with a
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Scheme 6.42 The industrial-scale process to (+)-cis-methyl dihydrojasmonate.
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number of different diphosphane ligands [96], and the neutral conditions might
avoid epimerization at C(2) of the cis isomer.

6.2.4 Asymmetric Hydrogenation of Imine

6.2.4.1 Solifenacin

Solifenacin (80) is a urinary antispasmodic, launched in 2004 for the treatment of
overactive bladder. The common feature of approaches to solifenacin is the use of
(S)-1-phenyl-1,2,3,4-tetrahydroisoquinoline 82 as the key intermediate [97].
The chiral intermediate can be manufactured using a classical resolution [98].

The strategy used on industrial scale for the synthesis of solifenacin involves a
Bischler–Napieralski cyclization followed by reduction of the resulting imine 81
(Scheme 6.43). Commonly, diastereomeric resolution of the tartrate salt of racemic
82 provides (S)-82, which then reacts with a (halo)alkyl haloformate to yield the
desired 83.
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3. NaOH

Cl OR

O

N OR

O

N

NaO

Full conversion, 95% ee81
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83 80

Bischler–Napieralski
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Scheme 6.43 Synthetic route for solifenacin. Source: Based on Chang et al. [99].

It is widely accepted that asymmetric catalysis in industrial processes can provide
superior yield and reduce the waste streams during the synthesis of pharmaceutical
intermediates. In this contribution, Zhang group and Chiral Quest Inc. developed
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the synthesis of enantiomerically enriched (S)-82 (Scheme 43) [99]. The highly
effective iodine-bridged dimeric [{Ir(H)[(S,S)-(f)-binaphane]}2(μ-I)3]+I− complex
has been applied in the asymmetric hydrogenation with excellent enantioselectivity
(S/C = 2000, full conversion, 95% ee). The use of I2 as an additive enhanced the
performance of this catalyst.

6.2.4.2 (S)-Metolachlor

Metolachlor (84) is a pesticide sold under the trade names DUAL MAGNUMTM

and DUAL GOLDTM. Up to now, only a few industrial applications of C=N bond
hydrogenations have been reported. The (S)-metolachlor process carried out by
Ciba-Geigy/Syngenta with a volume of >20 000 tons per year is not only the largest
scale asymmetric hydrogenation production process, but the Ir/Xyliphos complex
is also one of the most active and productive enantioselective catalysts known, as
shown in Scheme 6.44 [100].

N

MeO

H2 (80 atm)

Ir-Xyliphos

AcOH, I2, 50 oC

NH

MeO

N

MeO

CH2Cl

O

79% ee 84, (S)-Metolachlor

Fe

(R,S)-Xyliphos

PPh2

P(Xyl)2

NH2
O

OMe Cl

O

Cl

TON = 2 000 000

>20 000 ton/y

Scheme 6.44 Synthesis of pesticide (S)-metolachlor. Source: Blaser [100a] and Blaser
et al. [100b].

Although the enantioselectivity of the asymmetric reduction is only 79%, it is
sufficient to provide an economic advantage over the use of the racemic mixture.
The reduction employs a catalyst prepared in situ from [Ir(COD)Cl]2 and the
(R,S)-Xyliphos ligand. The addition of both iodide anion and acetic acid additives
is critical to the catalytic activity. The high catalyst cost could be offset by high
catalytic activity (turnovers of >600 000 h−1) and low catalyst usage (S/C up to
2 000 000). The first production batch was run with overwhelming success: about
10 tons of N-alkylated aniline (NAA) with 79% ee were produced using about 34 g
of Ir complex, ca. 70 g of xyliphos ligand and some acid and iodide; reaction time
was twohours and conversion 99.6%.
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6.2.5 Asymmetric Transfer Hydrogenation

Suvorexant (85) is a selective dual orexin antagonist that promotes sleep by reducing
wakefulness and arousal [101]. It has been approved for the treatment of insomnia
by FDA in 2018.
In 2011, Merck & Co. Inc. reported the first multikilogram synthesis of 85. The

key structural features of 83 include a 1,4-diazepane ring system with a methyl sub-
stituent in the 7-position, with the ring nitrogen atoms bearing benzoxazole and
aromatic amide moieties. The preparation of the chiral diazepane ring moiety was
achieved through a racemic reductive amination and classical resolution sequence
to afford a 27% overall yield with 96% ee (Scheme 6.45) [102].

Scheme 6.45 Preparation of the chiral diazepane ring moiety via racemic reductive
amination and resolution sequence. Source: Based on Baxter et al. [102].

Later, Merck & Co. Inc. developed the first example of an intramolecular asym-
metric reductive amination of a dialkyl ketone with an aliphatic amine for the syn-
thesis of Suvorexant (Scheme 6.46). This transformation is mediated by Noyori’s
(S,S)-RuCl(p-cymene)(ArSO2DPEN) transfer hydrogenation catalyst that provides
the desired diazepane ring in 97% yield and 94.5% ee. Despite the requirements of
low temperature, high pH, high dilution, and bulky catalyst needed to provide high
yield and ee, a reduction of the catalyst loading to 2mol% proved feasible. This pro-
cess has been run on >100 kg scale [103].

Scheme 6.46 Ruthenium-catalyzed intramolecular asymmetric reductive amination en
route to Suvorexant.
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6.3 Summary and Conclusions

Catalytic asymmetric hydrogenation is one of the powerful methods to prepare
chiral molecules. In practice, asymmetric hydrogenation offers an economical
method for the large-scale preparation of chiral products, such as the famous
Monsanto’s L-DOPA synthesis, Takasago’s carbapenem synthesis, and Syngenta’s
(S)-metolachlor synthesis. Thus far, we have been able to synthesize many phar-
maceutically important chiral building blocks, including amino acids, amines,
alcohols, esters, acids, and amino alcohols, in a highly efficient way.
However, chiral ligands which can be applied in the manufacturing are still rare,

as in the manufacturing scale not only high ee but also a high TON and TOF are
required, as the costs of catalysts are normally key issues in industry scale. Most of
the reported catalysts have TONs lower than 1000 and cause the high cost of the cat-
alysts which are unsuitable for the application in industry. We are convinced that
in the near future the industrial application of enantioselective hydrogenation tech-
nology will accelerate further [104].
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Tethered Ruthenium(II) Catalysts in Asymmetric Transfer
Hydrogenation
Vijyesh K. Vyas, Richard C. Knighton and Martin Wills

Department of Chemistry, The University of Warwick, Coventry, CV4 7AL, UK

7.1 Introduction: The Rationale Behind Tethered
Catalysts Design

The [(η6-arene)Ru(TsDPEN)Cl] (where TsDPEN = N-tosyl-1,2-diphenylethylene-1,
2-diamine) class of half-sandwich complex first introduced by Noyori et al. in 1995
represented amajor advance in asymmetric transfer hydrogenation (ATH) [1]. These
highly practical reagents have a broad substrate range, and theirmechanismhas now
been extensively studied and is well understood [2]. The sense of enantioselective
reduction can also be predicted for many substrates, notably acetophenone deriva-
tives and propargyl ketones bearing a triple bond adjacent to the ketone (Figure 7.1).
The selectivity arises through the combination [3] of (i) a ruthenium hydride

formed in predominantly one diastereoisomeric form, thus creating a predictable
chiral center at the metal, (ii) a hydrogen bond from the N–H on the basic amine
to the carbonyl group of the substrate, (iii) an attractive electrostatic interaction
between the positive charge on the hydrogen atoms around the η6-arene ring and
either the aryl or alkyne ring of the substrate, and (iv) a disfavorable interaction
between the SO2 of the TsDPEN group and the substrate aryl ring in the minor
diastereomer, i.e. leading to the minor product (not illustrated). This is a simplified
analysis; however, the model in Figure 7.1 represents a guide for the prediction of
enantioselectivity in asymmetric ketone reductions. A more complex pattern of
results emerges for enones [4].
Since their initial reports, many derivatives of the Noyori catalysts have been

reported, including those commonly termed “tethered” derivatives [5], containing a
covalent link between the η6-arene ring and the diamine ligand. Such catalysts are
often highly active, while retaining the same enantioselective directing effects. This
additional activity is likely to be the result of a combination of (i) extra stability due
to the three-point attachment of the ligand to the metal [6] and (ii) subtle changes
to the conformation of the complex which improve the alignment of groups toward

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
Edited by Virginie Ratovelomanana-Vidal and Phannarath Phansavath.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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Figure 7.1 Sense of asymmetric reduction of acetophenone (a) and propargylic ketones (b)
by [(arene)Ru((R,R)-TsDPEN)Cl] catalysts and tethered derivatives.

the hydrogen-transfer transition state. The improved activity frequently allows the
catalysts to be used at lower loadings than is typical for Ru(II)-based ATH catalysts,
and the tethering group also prevents free rotation of the η6-arene. In several cases,
the syntheses of the catalysts have been optimized and scaled up by industrial
suppliers, and several tethered catalysts are now commercially available.

7.2 Tethered Ru(II) Catalysts and Their Syntheses

A selection of tethered [(arene)Ru(TsDPEN)X] catalysts which have been described
to date are shown in Figures 7.2 and 7.3 [7–29]. Although tethered amino
alcohol-containing catalysts were among the first to be reported [7], tethered
TsDPEN derivatives proved to be much more efficient, and since the first reports
of this type of derivative, the “3C-tethered-TsDPEN” derivatives B and C3
[9, 10] and the majority of the subsequent derivatives have featured a sulfonated
1,2-diphenylethylene-1,2-diamine (DPEN) ligand as the homochiral entity. In most
cases the tether is linked to the η6-arene through the “basic” nitrogen atom of the
TsDPEN; however, in some cases (e.g. B and J) the link is through the sulfonate
group. Wills et al. prepared sulfonate-linked B first and reported this in 2004 [9];
however, it was a less-active catalyst than C3, which we reported in the following
year and which has become a popular choice in catalyst screening [10].
In 2011, Ikariya et al., in collaboration with Takasago, reported amodified catalyst

HT (TsDENEB®) and its derivatives) which contained an ether linkage between the
η6-arene and the TsDPEN component [11]. Wills et al. disclosed their own work on
this catalyst in 2012 [27]. A related series of tethered catalysts, J and K, was also
reported by Mohar et al., who are a prolific team of researchers in asymmetric catal-
ysis [12–16]. These catalysts are characterized by the inclusion of a sulfamoylamino
(NSO2N) function, either through the link to the DPEN ligand itself or on the DPEN
nitrogen opposite the position of tethering.
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In tethered catalyst derivatives, the linkage is typically three or four atoms in
length, and our experience is that a longer or shorter link is less efficient, and the
link can include an aromatic ring or a linear chain. The sulfonate group can be varied
significantly without detriment to catalytic activity, and the range of groups includes
the smaller Ms group, electron-deficient Tf (or otherwise fluorinated) and hindered
groups such as Mes (2,4,6 trimethylphenyl) and Tris (2,4,6-triisopropylphenyl), and
iodotosyl. The range of reported substitution on the η6-arene ring includes methyl
and methoxy groups. However, this remains an area for significant optimization of
the catalysts. In some cases the screening of a range of catalysts reveals one deriva-
tive which outperforms the other, either in terms of activity or selectivity, or both;
however, few strong correlations have yet emerged between the catalyst structure
and the substrate class. Tethered catalysts containing iodide in place of the chloride
on the metal have been reported [28]. An alternative design of catalysts tethered to
the center of the ligand was reported; however, they gave products in moderate ees,
up to 72% ee in the best cases (not illustrated) [29].
It is noteworthy that closely related Rh(III)-tethered catalysts have also been

reported, indeed predating the Ru(II) versions [30], and tested in ATH and asym-
metric hydrogenation (AH), and have given excellent results in many cases [5, 31].
A solid-supported tethered Rh(III) catalyst has been reported [32]. A screen of
reduction catalysts is advised to include examples of tethered Rh(III) catalysts.
However, these are outside the remit of this chapter and will not be covered in
detail here.

7.2.1 Synthetic Approaches to Tethered Catalysts

An outline of the synthetic approaches to tethered catalysts is illustrated in
Figure 7.4. In the majority of cases, tethered catalysts are prepared by the attach-
ment of a cyclohexadiene-containing group to a ligand and then reacted with RuCl3
to form an Ru(II) dimer. This dimer can be used directly in ATH applications as it
will form the tethered catalyst in situ [1]. More commonly, however, the tethered
complex is prepared and isolated before use, through treatment of the dimer
with a mild base. In the case of DENEB®, the Ikariya/Takasago route involves
a substitution reaction of an η6-arene containing a bromomethyl group [11, 33].
Racemic versions of tethered Ru(II) catalysts have been reported and are valuable
for general reductions of otherwise challenging substrates. The ligand precursors
of the catalysts can be prepared via amide intermediates followed by reduction
(not illustrated), and this approach can be valuable in cases where competing
dialkylation products are formed, as in the case of the less sterically hindered
monotosylated 1,2-diamino ethane [34, 35].
In some cases, catalysts containing electron-rich η6-arene groups can be prepared

through an “arene-substitution” route [26, 36] in which the arene group on the lig-
and directly displaces a less electron-rich one in an Ru(II) dimer precursor [8, 24].
This route provides a more rapid access to some catalysts, for example those linked
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through a benzyl group, which are otherwise difficult to prepare through the cyclo-
hexadiene route. The recently reported “tetrafluorophenyl-linked” complexes I1 and
I2 were prepared through selective substitution of a fluoride with the alcohol on a
chain attached to the η6-arene (Figure 7.5) [21]. This catalyst was more active than
the nontethered equivalent.
The commercial significance of several of the tethered catalysts is reflected in

patenting activity relating to both the synthesis of the catalysts and their applications
to specific targetmolecules [33, 36–39]. Cationic versions of tethered complexes have
been reported [40], as has a silica-supported version of the tethered catalysts [41] and
other supported versions [42–44].
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7.3 Applications to Asymmetric Reductions of Ketones
and Imines

7.3.1 Reductions of Acetophenone Derivatives

In themajority of reductions, the reducing agent is an azeotropic 5/2 combination of
formic acid and trimethylamine (FA/TEA); examples are given in Figures 7.6–7.10.
In some cases, an additional solvent (typically DCM, MeCN, MeOH, or EtOAc)
can be used if the substrate is insoluble in FA/TEA. A different ratio of FA/TEA is
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Figure 7.6 First series of ketone reduction products using ATH in FA/TEA.
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Figure 7.7 Second series of ketone reduction products using ATH in FA/TEA.
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Figure 7.8 Third series of ketone reduction products using ATH in FA/TEA.

sometimes used. Alternative amines, such as DABCO, can be used in place of TEA.
An advantage of the use of FA as the hydrogen source for the reduction is that the
reaction is driven by the formation of carbon dioxide gas, which makes the reaction
largely irreversible. However, some carbon dioxide will remain in solution, and
therefore some reversibility, particularly on a large scale, cannot be ruled out.
In some cases, an alcohol, usually isopropanol, is used as both the solvent and

the reducing agent, following the precedent of the Meerwein–Ponndorf–Verley
reduction reaction. However, the formation of acetone as the side product creates
reversibility in this case, and to drive the reaction, high dilutions are required. A
diol has been reported as a hydrogen source for reductions: Williams et al. obtained
excellent results using tethered catalyst C3 with cis-1,4-butenediol as the source of
hydrogen for the reduction of acetophenone derivatives at low temperatures and
with excellent enantioselectivities [46]. The driving force for this is the formation of
a stable lactone following initial oxidation to 4-hydroxybutanal. Tethered catalysts
can be used in aqueous solution, in which case sodium formate, or another formate
salt, is used as the reducing agent in ATH. In some cases a water-miscible cosolvent
(e.g. MeOH) can be used in the reaction to improve substrate solubility.

7.3.1.1 Asymmetric Transfer Hydrogenation Using Formic Acid
As a result of the high activity of the catalysts, they can often be used in reductions
of substrates that have proven challenging to untethered versions. An early example
of this difference can be found in the reduction of acetophenone using catalyst C3,
which can be conducted at an S/C as high as 10 000 [10]. The same catalyst, under
the same conditions, was found to be capable of the ATH of the very hindered ketone
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Figure 7.9 Fourth series of ketone reduction products using ATH in FA/TEA.
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Figure 7.10 Fifth series of ketone reduction products using ATH in FA/TEA.
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tBuCOPh in 95% conversion and 77% ee after 32 h, whereas essentially no reduction
was observed using an untethered catalyst [10].
The largest group of substrates which have been reduced using Ru(II)-tethered

catalysts are acetophenone derivatives, i.e. in which an aromatic ring and a rela-
tively unhindered alkyl group flank the ketone, respectively. A comprehensive set of
these is illustrated in Figures 7.6–7.10. Ortho-substituted aromatic rings in the sub-
strate can be problematic for reasons of steric hindrance, however; more detail on
this observation which can be turned to be an advantage will follow in the section
on benzophenone reductions. For acetophenone derivatives, the configuration of the
major product follows that outlined in Figure 7.1 for a given configuration of catalyst.
The alkyl group can be one of a very wide range of functionalities including O- and
N-containing saturated heterocyclic groups and heteroaromatic groups separated
by a saturated carbon atom. Acetophenones containing a range of α-substituents,
including halide and heterocyclic groups, are also well tolerated.
Some trends can be observed; catalysts containing 3,5-dimethyl or 3,5-dimethoxy

substituents on the η6-arene ring generally give products in lower ees [24, 26].Most
other catalystsworkwell provided they contain a three to four atom tether. Following
screening, some catalysts emerged as the most suitable ones for certain substrates;
for example the Mohar catalysts J and K appear to be well suited for reduction of
naphthyl ketones and trifluoromethyl-substituted ketones [12, 15]. However, it is
difficult to predict an optimal catalyst for a new substrate, so full screening in any
application is still recommended.
In some cases, some unexpected results have been observed. For example,

2-methoxyacetophenone is reduced in just 68% ee using catalyst C3, whereas this
increases to a remarkable 96% ee using the p-methoxy catalyst O1 for reasons
that are not clear (Figure 7.6) [26]. In contrast, both catalysts reduce 2-hydroxy
acetophenones in very high ees. Understanding of such subtle effects helps to
inform the design of improved catalysts in the future.

7.3.1.2 Reduction Under Aqueous Conditions
As is the case for the nontethered parent complexes, tethered [(arene)
Ru(TsDPEN)Cl] complexes can be used under aqueous conditions, or in com-
binations of water and a compatible solvent such as methanol, provided that
the ketone substrate benefits from sufficient solubility [47]. The use of the
water/methanol solvent combination, with sodium formate as the hydrogen source,
appears to be particularly valuable for the reduction of electron-rich acetophenone
derivatives, which are otherwise very slowly reduced substrates under FA/TEA
conditions (Figure 7.11).
Ikariya et al. have demonstrated the efficient reduction ofα-halo andα-oxo ketones

using TsDENEB®, achieving this through use of HCO2H/ HCO2K as the hydrogen
source, in place of HCO2H/Et3N [48]. The authors synthesized a range of deriva-
tives, of up to 97% ee, which can be used to access a range of synthetically valuable
2-amino-1-arylethanols, key intermediates in β-adrenergic receptor agonists.
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Figure 7.11 Products of ATH of electron-rich acetophenones under aqueous conditions
with tethered catalysts (using 1mol% catalyst C3 or O1, 60 ∘C, MeOH/H2O, and sodium
formate).

7.3.1.3 Hydrogenation with Hydrogen Gas
AH reactions, usually carried out under neutral conditions in a solvent such as
methanol, can be achieved using tethered complexes. Although not illustrated,
examples have been reported with the 3C-tethered complex C3 [23], its OMe deriva-
tives O1 and Q1 [26], and DENEB® HT [11]. An interesting transformation of
alkynes into chiral alcohols via TfOH-catalyzed hydration followed by Ru-catalyzed
tandem AHwas reported by Zhou et al. [49, 50]. (S,S)-TsDENEB®HTwas tested in
this application and gave good results although the untethered catalysts were taken
forward for detailed studies in this instance.

7.3.1.4 Racemic Catalysts for Reductions
Racemic tethered Ru(II) catalysts can be used productively in ketone and aldehyde
reductions. The 3C-tethered catalyst L1 reduces several substrates in the presence
of functional groups such as nitro, cyano, and aromatic halides, which are not
themselves reduced [23, 34]. The recently reported BnTsEN, BnTrisEN, and BnTris-
MeOEN complexes (L1, L2, andM1–M3) [24] are capable of the racemic reduction
of acetophenone. Using FA/TEA, reductions were complete at 60 ∘C at 0.2mol%
loading in four to five hours and 99–100% conversion. Reductions could also be
carried out in water using sodium formate as the hydrogen source within 1.5–2.5 h
at 60 ∘C. The two Tris catalysts also served to achieve hydrogenation in methanol at
60 ∘C within 16 h under 30 bar hydrogen, with full conversions achieved using just
0.2mol% catalyst.

7.3.1.5 Specific Applications to Complex Acetophenone Derivatives
In a work reported by Teijin Pharma [51], a range of tethered catalysts were used for
reductions of hetereoaromatic ketones containing alpha Br, Cl, or amino groups for
the preparation of β2-adrenergic receptor agonists with the amino alcohol structure.
Products were formed in high ees, typically 90% ee or above, and good conversions.
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Figure 7.12 Intermediates formed in ATH in two routes used in the synthesis of Ezetimibe.
Source: Zou et al. [52]; Zhang et al. [53].

Tethered catalysts have been applied to the synthesis of pharmaceutically active
Ezetimibe, an alternative to statins for lowering cholesterol. Two alternative routes
have been developed, both of which make use of ruthenium-catalyzed ATH with
tethered catalysts (Figure 7.12) [52, 53].
Tethered catalysts, alongside other ATH catalysts, were screened in a synthesis of

Lorlatinib, a drug for the treatment of non-small cell lung cancer, by Pfizer [54] and
gave excellent results; 99.9% conversion and 99.7% ee in the best case (Figure 7.13).
Several applications of reductions using tethered catalyst to specific targets have

been reported, notably to pharmaceutical targets. Catalyst C3 was employed in
a late-state reduction in the synthesis of bronchodilators for chromic obstructive
pulmonary disease (COPD) [55]. The reduction occurs in the penultimate step,
confirming the catalysts selectivity and tolerance to a range of functional groups
(Figure 7.14).
The synthesis of Montelukast (singulair) – a drug for treating asthma and

rhinitis – has been reported by Synthon BV, utilizing the 3C-tethered catalyst to
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Figure 7.13 Use of tethered catalyst alongside nontethered ones in ketone ATH.
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Figure 7.14 ATH step in the synthesis of a bronchodilator drug by AstraZeneca.
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Figure 7.16 ATH to produce eslicarbazepine.

reduce a ketone to obtain the corresponding enantioenriched alcohol precursor
(Figure 7.15) [56].
Archimica has reported the synthesis of eslicarbazepine acetate (an antiepileptic

drug) using ATH at a critical step to create the required chiral center in the product.
The use of (S,S)-C3 and a weak base yielded the desired eslicarbazepine in good
enantiomeric excess [57], which could be acetylated and recrystallized to >99% ee
(Figure 7.16).
The synthesis of eslicarbazepine was also reported using TsDENEB® HT as

the tethered catalyst [58]. Ranbaxy scientists [59, 60] also reported an analo-
gous synthesis using (S,S)-C3. Boehringer Ingelheim GmbH (Germany) [61]
has reported the utilization of the 3C-tethered catalyst for the production of key
intermediates in the synthesis of a family of CCR2 antagonists. A representative
example is provided (Figure 7.17 left), whereby the (S,S)-C3 catalyst reduced a
4-trifluoromethylacetophenone derivative on a 40-g scale with excellent catalyst
loadings (S/C (w/w) = 2000 : 1, 20mg required for the reduction).
In the synthesis of adrenergic receptor agonist (Figure 7.17 right), MsDENEB®

HM proved to be more enantioselective in the reduction than TsDENEB® (95%

OH

F3C
N
H

OBn

O

OH
CbzHN

Figure 7.17 Pharmaceutical intermediates prepared by ATH of ketones.
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Figure 7.18 Synthesis of intermediate to an ITK inhibitor using ATH.

ee vs. 75% ee) [62]. In a recent study [63], Genentech and Pharmaron Beijing Ltd
reported the synthesis of an inhibitor of interleukin-2-inducible T-cell kinase (ITK)
(Figure 7.18). Key to the synthesis was theATHof a heterocyclic ketonewith catalyst
C3, which gave a product of 99% ee in 95% yield. This was elaborated to the product
through a substitution with inversion of configuration.

7.3.2 Reductions of Acetylenic Ketones

Examples of products of asymmetric reduction of acetylenic ketones formed using
tethered complexes include diketones and β-, γ-, and δ-ketoesters [64, 65]. Substrates
containing two conjugated triple bonds adjacent to the ketone are very sensitive, and
a relatively high catalyst loading (10mol%) is required for their reduction, but a suc-
cessful concise application to the synthesis of panaxjapyne has been reported [66].

7.3.3 Reductions of Benzophenone Ketones

Several reports have been published on the applications of ATH with tethered
catalysts to the asymmetric reduction of unsymmetrical benzophenone derivatives
and related compounds (including ketones flanked by heteroaromatic groups). An
early example [67] was a racemic reduction in which high catalytic activity was
required. Eli Lilly, in collaboration with Johnson Matthey, described the reduction
using just 0.01mol% catalyst L1 [23]. A separate catalytic hydrogenation completed
the selective removal of the ketone group to give the required product. In a patented
application, by Ambit Biosciences, of the asymmetric reduction of a challenging
heterocyclic/aryl ketone substrate precursor, tethered catalysts were screened along-
side a range of other catalysts, giving products of up to 64% ee [68]. The 3C-tethered
catalyst C3 has been screened for ATH of challenging class of tricyclic ketones,
i.e. N-substituted dibenzo[b,e]azepine-6,11-dione having an amide linkage in the
skeleton (Figure 7.19) [69]. Although the arene ring in the skeleton appears to offer
little scope for differentiation, the corresponding chiral alcohols were produced in
up to 94% ee in the example shown and in >99% ee in the best case for a derivative.
Ikariya et al. demonstrated the power of electronic and steric discrimination

in biaryl ketone reduction by substitution at the ortho position at one arene ring,
producing products of excellent ee (>99% in the best cases) (Figure 7.20) [70].
Reagents containing electron-withdrawing substituents including −F, −Cl, −Br,
and −CF3 at the ortho position of one ring gave products of at least 90% ee in all
cases, whereas those with an−OH at the ortho position could only produce products
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Figure 7.19 ATH of N-substituted dibenzo[b,e]azepine-6,11-dione.
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Figure 7.20 Reduction of unsymmetrical benzophenones and control of reduction
selectivity by a combination of steric and electronic factors. Source: Based on Touge et al.
[70].

in 77% ee. This synthetic method gave access to easy synthesis of optically active
6-phenyl-6Hbenzo[c]chromenes which are otherwise difficult to prepare and was
tested with benzoylferrocene and 3-nitrophenyl 2-thienyl ketone to good effect. The
origin of the enantioselectivity is believed to arise from an out-of-plane twisting
of the ortho-substituted ring which reduces the propensity for it to engage in the
established edge/face η6H/aromatic ring interaction (Figure 7.20).
Tethered catalyst HT was also applied to the ATH of aryl N-heteroaryl

ketones using sodium formate as a hydrogen source [71–73]. The stereochem-
ical control produced products in excellent enantioselectivities (up to 99.9%)
(Figure 7.21). 2-Pyridines gave the best results when the opposing ring contained
an ortho-substituent. However, an arene ring without ortho substituents gave chiral
products when the pyridine ring was converted to the N-oxide (up to 97.8% ee).
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Figure 7.21 ATH of pyridyl ketones and pyridyl N-oxide ketones.
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Figure 7.22 Optimized substrate structure for asymmetric reductions. Source: Based on
Vyas et al. [74].

Wills et al. reported the synthesis of propargylic alcohols in high enantiomeric
excess by fine-tuning the electronic and steric factors of the substrates (Figure 7.22)
[74]. The introduction of a substituent at the ortho position of the substrate resulted
in reversal of the enantioselectivity, whereas replacing the phenylwith trimethylsilyl
group produced a dramatic rise in ee. This method was applied to the synthesis of
an allocolchicine analogue in high ee.

7.3.4 Reductions of Diverse Ketones

Dialkyl ketones are challenging substrates for reduction by [(arene)Ru(II)Cl
(TsDPEN)] catalysts, presumably because of lack of appropriate electron-rich
regions to interact with the η6-arene group of the catalyst. There are some examples
inwhich improved selectivities have been obtained. The 3C-tethered catalystC3will
reduce acetyl cyclohexanone in 69% ee, whereas this is improved to 89% ee when the
derivative with twoMe groups on the η6-arene ring, i.e. E3, is used [18]. The S prod-
uct is formed when the (R,R) catalyst is employed. Likewise, complex Q1, bearing
two methoxy groups, gives product of higher ee than the p-OMe catalyst O1, again
suggesting the operation of a steric effect [26]. However, very little systematic work
has been carried out on ATH of dialkyl ketones using the [(arene)Ru(TsDPEN)Cl]
class of catalyst, either tethered or untethered, and this remains an important
challenge for future research work. While α-tetralones and related compounds are
excellent substrates for ATH, the situation for β-tetralones, with the aromatic ring
set further back from the ketone, is less obvious. Beta-tetralone itself is reduced
in just 88% ee. However, and surprisingly, substrates with additional substituents
between the ketone and the aromatic ring are reduced in higher ee (Figure 7.23) [75].
Closely related to β-tetralones is an interesting example of a ketone ATH by Ship-

man et al. promoted by tethered 3C catalystC3 (Figure 7.24a) [76]. This challenging
substrate requires not only regioselectivity in terms of the ketone which is reduced
but also enantioselectivity.
The asymmetric reduction of 2,2-dimethyl-6-(2-oxoalkyl/oxoaryl)-1,3-dioxin-4-

ones has been achieved using a tethered catalyst (Figure 7.24b) [65]. The products
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Figure 7.23 Products of ATH of hindered β-tetralone derivatives. Source: Based on Soni
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Figure 7.24 (a) Selective ATH reduction in the synthesis of kigamycin A. Source: Based on
Turner et al. [76]. (b) Reduction of 2,2-dimethyl-6-(2-oxoalkyl/oxoaryl)-1,3-dioxin-4-
ones. Source: Based on Fang et al. [65]. (c) Reductive cyclopropane opening and reduction.
Source: Based on Su et al. [77]. (d) Reductive conversion of vinyl azide to a chiral alcohol.
Source: Based on Ji et al. [78].
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Figure 7.25 ATH of ketones flanked by alkoxy and phthalimide groups. Source: Based on
Chew and Wills [80].

can be converted into 5-hydroxy-3-ketoesters which are commonly found in
statin-type pharmaceuticals, although in the report on this work the final targets
were enantiomerically enriched diols and triols. A combination of azide reduction
and imine hydrolysis followed by ATH of the resulting ketone using tethered cat-
alyst C3 has been used to create a chiral lactone (Figure 7.24c) [77] and α-hydroxy
esters (Figure 7.24d) [78]. Trichloromethyl ketones make remarkably good sub-
strates for ATH using both tethered and untethered complexes (not illustrated),
with products of typically 96–99% ee from the alkyl/trichloromethyl substrates
[79]. Aromatic/trifluoromethyl ketones, such as PhCO(CF3), however, remain a
challenging class of substrate which has been reduced in only 56% ee to date using
a tethered catalyst [25].
The ATH of aminomethyl/aryloxy/alkoxymethyl ketones to produce β-amino

alcohols is challenging due to lack of differential electronic or steric densities imme-
diately flanking the carbonyl group. Wills et al. demonstrated the use of tethered
catalyst C3 for the synthesis of optically active β-amino alcohols by masking the
amino functionality with the phthalimide moiety and reducing the electron density
from nitrogen – giving rise to the formation of one enantiomer predominantly
(Figure 7.25) [80].
The ATH of 1,3-alkoxy/aryloxy propanones represents an even more challeng-

ing target, given the extremely close structural relationship between the groups
flanking the ketone. Using tethered arene/Ru(II)/TsDPEN complexes such as C3 to
investigate the effect of more distal electronic and steric effects within the substrate
revealed some subtle directing effects (Figure 7.26) [81]. A variety of substrates
with combinations of aryloxy and alkoxy substituents were subjected to ATH, and
products of low to moderate ees were observed when only electronic factors were
taken into account. However, improved ees (up to 68%) were observed in cases
where electronic and steric effects are matched to the catalyst.
Chen,Wills et al. reported theATHof racemic 1,2-(α-ketotetramethylene)ferrocene

via a remarkably selective and controlled kinetic resolution method using tethered
catalyst C3 (the untethered catalyst also worked in this application) [82]. The
corresponding ketone and alcohol were both produced with high ee in the kinetic
resolution (Figure 7.27).
Ratovelomanana-Vidal and Phansavath et al. screened the tethered catalyst for

the synthesis of α,α-dichloro- and α,α-difluoro-β-hydroxy esters and amides from
their corresponding ketones [83]. Tethered catalysts were applied to the ATH of
benzyl 2,2-dichloro-3-oxobutanoate and gave products of up to 99% ee, although an
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Figure 7.26 ATH of challenging 1,3-dialkoxy propanones can be improved by matching
electron and steric directing effects. Source: Based on Forshaw et al. [81].
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Figure 7.28 Selective ATH of a 1,3-cyclopentadione.

untethered catalyst was applied to study substrate scope. A clever application [84]
of the selective reduction of one ketone of a 1,3-cyclopentadione, containing a qua-
ternary center to avoid enolate formation between the carbonyls, used TsDENEB®
HT. The process creates two chiral centers as a result, the ee being very high, with
the diastereomeric ratio c. 4.6 : 1 (Figure 7.28).
In another clever application of a selective reduction which creates a new chiral

center at the alcohol and also at the hetereocyclic rings, tethered catalyst C3
was applied to the selective reduction of one ketone in a symmetrical diketone
(Figure 7.29) [85].
A robust and effective enantioselective synthesis of the potent anti-HIV nucle-

oside EFdA was demonstrated by McLaughlin and coworkers [86, 87]. A key
structural feature of EFdA includes an alkyne-bearing stereocenter at the 4-position
along with the synthetic challenge of introducing the 3-hydroxy-bearing stere-
ocenter. ATH was used at a key step to produce the 3-hydroxy stereocenter;
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(R,R)-TsDENEB®HT catalyst was in this case used in FA/TEA to obtain the desired
isomer of β-hydroxyester with a dr of >99 : 1 (Figure 7.30).
Lianyungang Duxiang Chemicals Co. Ltd., China, reported the preparation of

an intermediate for a product that features use of the 3C-tethered Ru(II) catalyst
C3. The target is prezista (darunavir) that is used as an anti-HIV therapeutic
(Figure 7.31) [88].
Syngenta disclosed a clever asymmetric reduction/kinetic resolution (Figure 7.32)

en route to the synthesis of a fungicide [89]. TsDENEB® HT was used and is listed
alongside other reagents including Ru/diphosphine catalysts.
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Figure 7.31 Asymmetric reduction of α-amino ketone. Source: Based on Huang et al. [88].
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Eli Lilly used TsDENEB® HT for the efficient and selective ATH of a
ketone in a nucleoside-related pharmaceutical precursor molecule [90, 91].
Cyclopropyl-substituted allyl alcohols have been prepared through ATH of
ArCH—CH—CO-cyclopropyl ketones [92, 93]. TsDENEB® HT was the only teth-
ered catalyst screened (not illustrated). BASF reported a specific reduction of a cyclic
ketone containing multiple conjugated alkenes without concomitant reduction of
the double bonds using ATH [94]. An unusual reduction of a ketone attached to an
imidazolewas reported by Toray Industries (Figure 7.33) [95]. 1-(4-(Dimethylamino)
piperidin-1-yl)-3-(1-methyl-1H-imidazol-2-yl) propane-1,3-dione was reduced by
ATH in isopropyl alcohol using 2.5mol% TsDENEB®HT (18 h, 80 ∘C) to give 2.45 g
of the alcohol product (81%). The product was crystallized and characterized.

7.3.5 Dynamic Kinetic Resolutions

Dynamic kinetic resolution (DKR) reactions can createmultiple chiral centers in one
step but require a carefulmatch of racemization to reduction rates. An early example
of the DKR–ATH of a 2-substituted cyclic ketone (tetralone derivative) was reported
by LEK Pharmaceuticals. The report documents the ability of 3-C-tethered catalyst
C3 to produce two adjacent stereocenters in one ATH step [96]. Through careful
control of the reaction conditions, scientists atMerck andCo. optimized theDKRof a
Boc-protected a-amino ketone using TsDENEB®HT in a key step to form an alcohol
intermediate in the synthesis of the type 2 diabetes drug omarigliptin (Figure 7.34)
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[97]. TsDENEB®HT gave an improved result over an untethered catalyst which had
earlier been studied for this application [98].
ATH–DKR proved to be successful in a key step in the total synthesis of the

metabotropic glutamate receptor 5 (mGluR5) (Figure 7.35). Tethered and nonteth-
ered complexes were screened [99], and all the complexes were effective at low
catalyst loadings, giving products in high conversions. Both tethered catalyst C3
and TsDENEB®HT gave the required product in excellent enantioselectivity and a
high diastereomeric ratio.
Hu et al. have explored the use of tethered catalysts in a DKR–ATH one-pot

sulfoarylation and reduction (not illustrated) [100]. Bhanage et al. reported the
enantioselective synthesis of cis-β-heteroaryl amino cycloalkanols with two contigu-
ous chiral centers using tethered catalyst C3 (Figure 7.36) [101]. In this example,
cis-amino cycloalkanols can be produced which would otherwise be difficult to
generate, e.g. by ring-opening reactions. The corresponding chiral alcohols were
obtained with excellent diastereoselectivities (up to 99/1) and enantioselectivities
(up to 99% ee). The developed method has shown its potential for the synthesis of
antitubercular drugs and chiral ionic liquids.
Mohar et al. recently reported the application of their ansa-Ru(II)-type tethered

catalyst K2 to the ATH–DKR of racemic 2,3-disubstituted 1-indanones possessing
two stereolabile centers into the corresponding chiral 2,3-disubstituted-1-indanols
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Ph Ph
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OH
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95% yield
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Ph
OH

N

N
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Figure 7.36 ATH to produce cis-β-heteroaryl amino cycloalkanols.

HCOOH/Et3N,

60 °C

O

iPr
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dr 95:5:0:0 *, 99.5% ee
de >99%, >99.9% ee after 
chromatography or recrystallisation
*cis,trans-, cis,cis-, trans,trans-, trans,cis-

0.1 mol% (S,S)-K2-

Major product

O

As above

PhCl cosolvent

O

H

H

OH

HO

H

H

>99% de, >99.9% ee

Figure 7.37 DKR–ATH of racemic 2,3-disubstituted 1-indanones. Source: Based on Cotman
et al. [22].

with excellent diastereo- (>99/1) and enantioselectivities (>99.9 ee) (Figure 7.37)
[22]. This methodology gives access to chiral alcohols with multiple chiral centers.
The method has been applied to the synthesis of Pallidol analogues via a diol inter-
mediate in high selectivity.
β-Keto esters and amides are excellent substrates for DKR reactions due to the

ready racemization of the α-chiral center [51, 64, 102]. Tethered catalysts with sul-
famoylamino (NSO2N) groups were demonstrated by the group of Mohar as effec-
tive catalysts for the ATH of α-CF3(CO) indanones via ATH–DKR (Figure 7.38).
Both ketoneswere reduced in this application,with the trifluoromethyl ketone being
reduced before the aromatic one.
α-Amino–β-keto esters containing primary amines are excellent DKR substrates

for tethered catalysts and have been employed productively in recent research work.
Reduction in up to 83/17 anti/syn and 98% ee and then subsequent acylation gave
the amide products (Figure 7.39) [103].
A report [104] by Ishida et al. documents the reduction of theα-N-acylamino-β-keto

esters using various (R,R)-TsDENEB® HT derivatives where ArSO2 = Ts, Mes,



https://www.twirpx.org & http://chemistry-chemists.com

7.3 Applications to Asymmetric Reductions of Ketones and Imines 245

N

N

Ru

H

SO2

Ph

Ph

Cl

N

HCOOH/Et3N,

PhCl 60 °C 20h

O OH

d.r. 96:4, 97.5% ee

O

CF3

OH

CF3

HCOOH/Et3N,

     PhCl 40 °C

O OH

Anti/syn 98.5:1.5, 99% ee
O

CF3

OH

CF3

0.05% K2

0.05 mol% K2

Figure 7.38 ATH–DKR of fluorinated substrates. Source: Based on Cotman et al. [15].

Figure 7.39 ATH–DKR of
unprotected α-amino ketones gives
amides after acylation. Source:
Based on Echeverria et al. [103].

O
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NH3
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O
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EtOAc
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C15H31 OMe

O O
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93% yield

anti/syn = 91/9, 99% ee

Figure 7.40 ATH of α-N-acylamino-β-keto esters. Source: Tanaka et al. [104]; Tanaka et al.
[105].

2-CF3(C6H4)SO2, 2,3,5-iPr3(C6H4)SO2, as catalysts, and the subsequent conversion
of the products to sphinganine derivatives (Figure 7.40) [104–106].
In a follow-up work [107], a flow process for the reaction in Figure 7.40 was

described. A pipe-in-series flow reactor was able to process material on >50 kg
scale, giving products of reduction in 86.2% yield at a low catalyst loading of just
0.1mol%, a greater conversion and enantioselectivity compared to the nontethered
complexes. Wang et al. described an efficient alternative DKR–ATH by demon-
strating the synthesis of enantiomeric pure syn-aryl β-hydroxy α-dibenzylamino
esters [108]. The tertiary nitrogen atom is well tolerated by (R,R)-TsDENEB® HT,
producing products in excellent diastereo- (>20 : 1) and enantioselectivities (>99%)
(Figure 7.41). The method was found to be useful for the synthesis of droxidopa on
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Figure 7.41 ATH/DKR of dibenzylamino β-ketoesters.
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Figure 7.42 ATH/DKR of sulfonamides using 3C-tethered catalyst C3. Source: Based on
Zhang et al. [110].

a gram scale by hydrolysis of the ester followed by a palladium-catalyzed N-alkyl
cleavage without any detrimental effect on the diastereo- or enantioselectivity.
The first example of the production of a chiral indoline byATH–DKRwas reported

byWang and coworkers.Optically active cis-2-substituted-N-acetyl-3-hydroxyindoli-
nes were prepared in excellent diastereoselectivities (up to >99/1) and enantiose-
lectivities (>99.9% in the best cases) [109]. Zhang et al. applied tethered catalysts
to the ATH of racemic α-substituted β-keto sulfonamides to generate products with
multiple chiral centers via ATH–DKR (Figure 7.42) [110]. In this work, with a sen-
sitive functional group in the substrate, tethered catalysts showed good functional
group tolerance, and biologically important β-hydroxy sulfonamides were produced
in excellent diastereoselectivities (up to 20 : 1) and enantioselectivities (up to 99%).
The oxo-tethered catalyst TsDENEB® HT was screened for DKR–ATH of

β-substituted chromanones to produce synthetically useful chromanols with good
enantiomeric excess [111]. The stereoselectivity in this work is controlled by
torsional strain and CH—O sulfonamide hydrogen bonds to produce 1,3-optically
active chromanols. In this study, TsDENEB®HT and a TsDPEN-mesitylene catalyst
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Cis product

Figure 7.43 ATH of racemic chromanones.

gave best results, producing products in up to 99% ee, whereas the tethered catalyst
was better in producing the cis isomer (30 : 1 dr) (Figure 7.43).
A similar concept was used in the asymmetric reduction of a racemic tetrahy-

droisoquinoline containing an external ketone (not illustrated) [112]. An interesting
reduction of a six-membered enone containing an exo-carboxylic acid with DKR fol-
lowed by cyclization of the new OH group onto the acid to form a five-membered
lactone was reported (not illustrated) [113]. DENEB® (1mol%) was used, and an
example on an 80-g scale gave a product of 80% ee which could be recrystallized to
> 99% ee.

7.3.6 Reductions of Imines

The ATH of imines remains a challenging area. Scientists at Merck published an
excellent example of a practical application of tethered catalystC3 to the asymmetric
reduction of a primary imine to give a key intermediate in the synthesis of a phar-
maceutical target (Figure 7.44) [114, 115]. The use of an ortho-hydroxy imine is very
important to the stability of the imine substrate.
Tethered catalystC3was also demonstrated in chemoselectiveATHof isoxazolium

salts to produce optically active Δ4-isoxazolines (Figure 7.45) [116]. The reduction
was achievedwithmoderate to good yields and eeswith no subsequent ring opening.
The lower ee in the case of 3,5-diphenyl substrate reinforces our understanding of
the workings of these Noyori-class catalysts.
The Ru-tethered catalyzed ATH of quinoline was demonstrated by Wills and

coworkers [19]. This challenging class of substrate was subjected to ATH with
tethered ruthenium and rhodium catalysts in HCOOH/Et3N. However, a tethered

Br
NH OH

Br

Br

Br
NH2 OH

Br

Br

96% yield,
98% ee

Substrate Product

Figure 7.44 Formation of a primary amine by ATH from an imine was achieved using a
tethered catalyst. Source: Mangion et al. [114]; Dirocco et al. [115].
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Figure 7.45 ATH of an iminium salt by a tethered catalyst. Source: Based on Chew and
Wills [116].
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Figure 7.46 Enantioselective reduction of α-(N-sulfonylimino) ketones. Source: Based on
Jeran et al. [16].

rhodium complex proved to bemore effective for producing good ee (up to 94%) over
ruthenium complexC3which generated the product in an ee of up to 73% in similar
reaction conditions (not illustrated). Wills et al. also reported asymmetric reduction
of a cyclic imine (dimethoxy-1-methyl-dihydroquinoline) using TsDENEB® HT in
100% conversion and 87% ee [27]. Kačer et al. have reported the results of a detailed
study of the asymmetric hydrogenation (15 bar hydrogen gas) of a range of cyclic
imines using untethered, tethered, and novel derivatives [117]. The reactions were
carried out in MeOHwith 1mol% TFA, and 1mol% of catalyst in each case at 40 ∘C,
and a new hydroxyl-substituted catalyst was reported to show high activity and
proved to be competitive with some of the best catalysts reported for this application.
The ansa catalyst K2 was applied to the reduction of α-(N-sulfonylimino)

and α-(N-sulfonylamino) aryl ketones to produce 4-hydroxy-benzo-δ- and
3-(α-hydroxy-arylmethyl)-benzo-γ-sultams, respectively (Figure 7.46) [16]. This
DKR–ATH proceeds smoothly at very low catalyst loadings (S/C = 10 000) to afford
a useful class of product in excellent diastereo- (>99 : 1 in the best cases) and
enantioselectivity (>99.9 in the best cases).

7.4 Conclusions and Outlook

In conclusion, tethered Ru(II) catalysts are now established catalysts for use in
the ATH of ketones and imines. Following their first report in the mid-2000s, they
have grown rapidly in importance and have found many valuable applications
in asymmetric catalysis and most recently in process chemistry applications. We
recommend routine screening of a range of tethered Ru(II) catalysts in future
reductions where a combination of practicality, versatility, high activity, and
enantioselectivity is required.
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13 Kišić, A., Stephan, M., and Mohar, B. (2014). Adv. Synth. Catal. 356: 3193–3198.
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Homogeneous Asymmetric Hydrogenation of
Heteroaromatic Compounds Catalyzed by Transition Metal
Complexes
Qing-Hua Fan, Yan-Mei He and Fa-Ju Li

Beijing National Laboratory for Molecular Sciences, CAS Key Laboratory of Molecular Recognition and
Function, Institute of Chemistry, Chinese Academy of Sciences (CAS), No. 2 First North Street, Zhongguancun,
Beijing, 100190, P. R. China

8.1 Introduction

Optically active heterocyclic structures are ubiquitous in naturally occurring and
artificial biologically active molecules. Catalytic asymmetric hydrogenation of read-
ily available heteroaromatic compounds is a straightforward and atom-economical
way to acquire a wide range of chiral heterocyclic compounds [1]. But the asym-
metric hydrogenation of heteroaromatic compounds is still challenging due to the
high chemical stability of heteroaromatics and the possible poisoning and/or deac-
tivation of catalysts caused by the strong coordination between the heteroatoms and
the transition metal centers. The past decade has been witnessing the significant
progresses in this research field, which is highlighted by the evolution of effective
chiral catalysts [2] and substrate activation strategies [3].
Developingmore effective and enantioselective catalysts is themain issue tomake

breakthroughs in this research field. Since the pioneering work of Zhou [2a] on the
asymmetric hydrogenation of quinoline derivatives in 2003, several catalytic systems
have been demonstrated to be successful, including transitionmetal complexes with
chiral phosphorus [2a, b], diamine [2c], and N-heterocyclic carbene (NHC) [2d] lig-
ands, and organocatalysts like frustrated Lewis pairs (FLPs) [2f]. For some catalytic
systems [2a], additives are needed to activate the catalyst and in situ generate the real
catalytic species. The chiral ligands/catalysts appearing in this chapter are given in
Scheme 8.1.
To address the problems caused by the inherent chemical properties of the

heteroaromatic compounds, substrate activation strategies [3] have been developed.
For the nitrogen-containing six-membered-ring substrates, quaternization of nitro-
gen groups is a general approach, no matter the positively charged substrates are
presynthesized or in situ formed. Thus, the related problems of substrate aromatic-
ity and catalyst poisoning are solved. On the other hand, these electron-deficient
compounds facilitate the hydride addition from the catalytically active species.

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
Edited by Virginie Ratovelomanana-Vidal and Phannarath Phansavath.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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Scheme 8.1 Chiral ligands and catalysts for the asymmetric hydrogenation of
heteroaromatic compounds included in Chapter 8.

Despite great advances achieved, the asymmetric hydrogenation of heteroaro-
matic compounds is less investigated with comparison to the well-established
studies on alkenes, ketones, and imines. For most heteroaromatic compounds, the
hydrogenation always includes sequential reduction of multiple and different types
of unsaturated double bonds. Good controls in chemo-, regio-, and stereoselectivity
are the key to obtain high yield and high optical purity of the chiral products.
Meanwhile, the diverse types and complex chemical structures of heteroaromatic
compounds decide that continuing and persistent efforts focused on seeking highly
efficient and selective catalysts are still needed in future studies.
This chapter summarizes the mainline developments and provides representative

examples, trying to give an overall perspective for the homogeneous asymmetric
hydrogenation of heteroaromatic compounds catalyzed by transition metal com-
plexes. Other related studies on heterogeneous asymmetric hydrogenation [4] and
asymmetric transfer hydrogenation [2e] catalyzed by chiral organocatalysts will not
be included in this chapter.
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8.2 Asymmetric Hydrogenation of Quinolines

Quinolines are the most studied substrates for the catalytic asymmetric hydro-
genation of heteroaromatic compounds. The partially reduced products, chiral
1,2,3,4-tetrahydroquinolines, are important motifs found in naturally occurring
alkaloids, pharmaceuticals, and agrochemicals [5].
In 2003, Zhou and coworkers described the first highly enantioselective

hydrogenation of quinolines catalyzed by chiral iridium/diphosphine MeO–BiPhep
(L1, Scheme 8.1) with iodine as activator [6]. A series of 2-substituted tetrahydro-
quinolines were obtained in good yields with excellent enantioselectivities. Later
in 2009, the same group extended the substrate scope to 2-benzyl, 2-functionalized,
and 2,3-disubstituted quinolines [7]. Mechanistic studies disclosed that an Ir(III)
complex, in situ formed by iodine oxidation from Ir(I) precatalyst, may be the
catalytic active species, and the hydrogenation pathway involves a 1,4-hydride
addition, isomerization, and 1,2-hydride addition.
Thereafter, inspired by Zhou’s pioneering work, a variety of transition metal com-

plexes of chiral phosphorus-containing ligands have proven to be successful in the
asymmetric hydrogenation of a wide range of quinoline derivatives. For comparing
their catalytic activity and stereoselectivity, the data obtained in the hydrogenation
of 2-methyl and 2-phenyl quinolines are summarized and listed in Table 8.1.
Chan, Fan, and Xu et al. developed a highly effective and air-stable Ir/diphosphine

P-Phos (L2) catalyst for the asymmetric hydrogenation of 2-substituted quino-
lines [8]. The hydrogenation carried out at a substrate to catalyst (S/C) ratio of
2000–50 000 could provide good enantioselectivities with turnover frequency
(TOF) up to 4000 h−1 and turnover number (TON) up to 43 000 [8b]. And catalyst
recover and reuse were achieved using liquid poly(ethylene glycol) dimethyl ether
(DMPEG) as reaction medium.
Electron-deficient diphosphine ligand DifluorPhos (L3) was found to be highly

efficient and enantioselective by Xu and coworkers in the Ir-catalyzed asym-
metric hydrogenation of 2-substituted quinolines with quite low catalyst loading
(S/C = 50 000) [9]. And Zhou and coworkers disclosed the asymmetric hydrogena-
tion of N-phthaloyl-protected aromatic quinoline-3-amines with the same catalyst
system; >20 : 1 dr and excellent ee values were obtained, providing a facile access to
chiral exocyclic amines [16]. Ohshima, Ratovelomanana-Vidal, and Mashima et al.
synthesized a cationic triply halogen-bridged dinuclear Ir(III) complex (C1a) with
Difluorphos. In the asymmetric hydrogenation of 2-phenyl and 2-alkyl-substituted
quinolinium salts, good to excellent enantioselectivities were obtained, although
the conversions for 2-alkyl-substituted substrates are not gratifying [10].
Chiral diphosphinite ligands (L4 and L5) derived from H8-1,1′-bi-2-naphthol

(BINOL) and 1,1′-spiro-biindane-7,7′-diol, BINOL-derived diphosphonite (L6),
and monodentate phosphoramidite PipPhos (L7) ligands have also been demon-
strated to be highly effective and enantioselective for the Ir-catalyzed asymmetric
hydrogenation of 2-substituted quinolines [11].
Zhou group andBolmgrouputilized ferrocenyloxazoline- and sulfoximine-derived

P,N-ligand/catalyst (L8 and C2) for the study of Ir-catalyzed asymmetric
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Table 8.1 Comparison of catalytic results with representative catalytic systems for the
asymmetric hydrogenation of quinolines.

Entry Ligand Additive
Catalytic
system S/C

Yield
(%)

Ee
(%) Ref.

1 (R)-L1 I2 [Ir(COD)Cl]2 200 2a: 94 2a: 94 (R) [6]

2b: 95 2b: 72 (R)
2 (R)-L2 I2 [Ir(COD)Cl]2 10 000 2a: 99 2a: 91 (R) [8b]

2b: 98 2b: 60 (R)
3 (R)-L3 I2 [Ir(COD)Cl]2 10 000 2a: 99 2a: 94 (R) [9]

4a) (S)-L3 — (S)-C1 50 2a: 81 2a: 94 (S) [10]

2b: >95 2b: 91 (S)
5 (R)-L4 I2 [Ir(COD)Cl]2 100 2a: 98 2a: 97 (R) [11a]

2b: 98 2b: 87(R)
6 (R)-L5 I2 [Ir(COD)Cl]2 2000 2a: 100 2a: 92(R) [11b]

2b: 100 2b: 65(R)
7 (S)-L6 I2 [Ir(COD)Cl]2 50 2a: >96 2a: 96(S) [11c]

2b: 42 2b: 73(S)
8 (S)-L7 Piperidine

hydrochloride
[Ir(COD)Cl]2/
phosphine

100 2a: 100 2a: 89(S) [11d]

2b: 88 2b: 88(S)
9 (S,Sp)-L8 I2 [Ir(COD)Cl]2 200 2a: 95 2a: 90 (R) [12a]

2b: 45 2b: 3 (S)
10 P,N-ligand — (R)-C2 100 2a: >95 2a: 87(S) [12b]

11 (S,R)-L10 — [Rh(COD)Cl]2 200 2a: 99 2a: 99(S) [13]
12 Diamine — 1a: (R,R)-C3a 500 2a: 99 2a: 99(R) [14a]

1b: (S,S)-C3c 100 2b: 94 2b: 92(R)
13 Diamine TFA (S,S)-C4 500 2a: 99 2a: 98(S) [14f]

2b: 90 2b: 79(R)
14 — Phenanthridine [Ru(p-cymene)

I2]2
200 2b: 95 2b: 91(S) [15]

(S)-C5a 25

a) 2-Phenylquinolinium salt was used as substrate.

hydrogenation of 2-substituted quinolines, respectively [12]. The reactivity
and enantioselectivity obtained with L8 are higher than those with C2.
Zhou and coworkers reported the first example of Pd/diphosphine (L9a)-catalyzed

asymmetric hydrogenation of 2-alkyl 3-phthalimido-substituted quinolines with
the addition of a Brønsted acid to activate the substrates [17]. Zhang et al. described
an Rh/thiourea chiral diphosphine ligand (L10) complex for the asymmetric
hydrogenation of 2-substituted quinolium salts [13]. The anion binding between
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the catalyst and substrate is believed to be important to achieve high reactivity and
enantioselectivity.
Phosphine-free chiral diamine ligands are found to be highly effective and enan-

tioselective in quinoline hydrogenation [14]. Fan and coworkers established the first
successful example of Ru/N-monosulfonylated diamine complexes (C3)-catalyzed
asymmetric hydrogenation of quinolines without activation of either catalyst or
substrates. A wide range of 2-alkyl, 2-aryl, 2-functionalized, and 2,3-disubstituted
1,2,3,4-tetrahydroquinolines were obtained with excellent reactivity and enantios-
electivity in organic solvents [14a]. The reaction was proved to be also effective
and enantioselective in ionic liquids [14b, c], undegassed water [14d], or even
under solvent-free conditions [14e]. Interestingly, an unusual chemoselectivity was
observed in ionic liquids [14c]. The hydrogenation of quinolines bearing a carbonyl
group was more selective for the C=N bonds over the C=O bonds, and catalyst
recycling was also attained. Meanwhile, Ir/diamine catalyst (C4) was demonstrated
to be successful for the asymmetric hydrogenation of quinolines [14f]. The reaction
proceeded well at a 1000/1 S/C ratio in undegassed methanol without inert gas
protection. The mechanistic studies reveal that quinoline is reduced via an ionic
and cascade reaction pathway as aforementioned for the Ir/diphosphine catalytic
system, and the hydrogen addition undergoes a stepwise H+/H− transfer process
outside the coordination sphere. Moreover, density functional theory (DFT)
calculations indicate that a TfO− anion-involved 10-membered-ring transition
state and CH⋅⋅⋅π attraction between the η6-arene ligand and the fused phenyl
ring of dihydroquinoline intermediate determined the absolute configuration of
1,2,3,4-tetrahydroquinoline product (Scheme 8.2).

Scheme 8.2 Preferred transition structure for the hydride transfer to 3,4-dihydroquinoline.
Source: Fan et al. [14a].

In recent years, FLPs have shown great potentials in metal-free hydrogenation.
In 2015, Du and coworkers reported the first asymmetric hydrogenation of 2,3- and
2,4-disubstituted and 2,3,4-trisubstituted 2-arylquinolines using the chiral borane
catalysts derived in situ from chiral diene (L11) [18]. Cis-products were mainly
acquired with excellent enantioselectivities except for 2,3-disubstituted quinolines
for which moderate to good ee values were observed.
Biomimetic asymmetric hydrogenation of 2-arylquinolines using catalytic amount

of phenanthridine as additive was accomplished by Zhou and coworkers [15].
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A combination of achiral [Ru(p-cymene)I2]2 and chiral phosphoric acid (C5a) was
used as catalyst. The hydrogenated dihydrophenanthridine was believed to act as a
reductant in the hydrogenation of quinolines. It is noteworthy that an unexpected
reversal of enantioselectivity was observed between the reactions promoted by
different nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) models.

8.3 Asymmetric Hydrogenation of Quinoxalines

Quinoxalines are the earliest studied aromatic compounds in asymmetric hydro-
genation [19]. At that time, results obtained are not satisfying; the highest ee value
(90%) was achieved only under harsh reaction conditions [20]. Inspired by the
breakthrough made in the asymmetric hydrogenation of quinolines, quinoxalines
have become the research objects. The most successful catalytic systems used for
the asymmetric hydrogenation of quinoxalines are the same as those for quinolines
hydrogenation. The main results are summarized in Table 8.2.
In 2009, Xu, Fan, and Chan et al. described a highly efficient asymmetric

hydrogenation of quinoxalines using Ir/diphosphinite (L4)/I2 catalytic system
at a low catalyst loading (up to S/C = 20 000) [21]. A series of 2-substituted
1,2,3,4-terahydroquinoxalines were acquired with full conversions and excellent
enantioselectivities.
Monodentate phosphoramidite ligand (S)-PipPhos was demonstrated to be highly

effective and enantioselective in the Ir-catalyzed asymmetric hydrogenation of
2-substituted quinoxalines by Minnaard, Feringa, and de Vries et al. with the use of
piperidine hydrochloride as additive [22].
Ohshima, Mashima, and Ratovelomanana-Vidal et al. utilized the triply

halogen-bridged dinuclear Ir(III) complex (C1a) with DifluorPhos as chiral ligand
in the asymmetric hydrogenation of 2-substituted quinoxalines, and excellent
results were also obtained [23]. They found that the addition of an achiral amine
could further improve the reactivity and enantioselectivity for the asymmetric
hydrogenation of 2-arylquinoxalines [23c].
The Ru/diphosphine/diamine complexes (C6) were applied in the asymmetric

hydrogenation of 2-substituted quinoxalines by Ohkuma and coworkers [24].
Excellent reactivity and enantioselectivity were observed for both 2-phenyl and
2-alkylquinoxalines substrates.
Fan and coworkers demonstrated that the cationic Ru/diamine complexes (C3)

were highly effective and highly enantioselective for the asymmetric hydrogenation
of 2-alkyl-, 2-aryl-, and 2,3-dialkyl-substituted quinoxalines, although the diastere-
oselectivity is not high [25]. The catalyst counteranion was found to obviously affect
the enantioselectivity and/or diastereoselectivity.
FLP-catalyzed asymmetric hydrogenation of a variety of 2,3-disubstituted

quinoxalines was successfully carried out by Du and coworkers with chiral
alkene ((S)-L11)/Piers’ borane as catalyst [28a]. Excellent cis-selectivity and
high enantioselectivity were furnished. The same group also developed a chiral
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Table 8.2 Comparison of catalytic results with representative catalytic systems for the
asymmetric hydrogenation of quinoxalines.

Entry Ligand Additive
Catalytic
system S/C

Yield
(%)

Ee
(%) Ref.

1 (R)-L4 I2 [Ir(COD)Cl]2 5000 4a: >99 4a: 93 (S) [21]

4b: >99 4b: 85 (S)
2 (S)-L7 Piperidine

hydrochloride
[Ir(COD)Cl]2 100 4a: 85 4a: 96 (S) [22]

4b: 92 4b: 86 (S)
3 (S)-L3 — (S)-C1 100 4a: 99 4a: 94 (S) [23a]

4b: 98 4b: 89 (S) [23b]

4 (S)-L3 MPAa) (S)-C1 200 4b: >99 4b: 93 (S) [23c]

5 — — (RN ,RP)-C6b 1000 4a: >99 4a: >99
(S)

[24]

(RN ,RP)-C6a 100 4b: >99 4b: 96 (R)
6 Diamine — (R,R)-C3d 100 4a: 95 4a: 98 (R) [25]

(S,S)-C3i 100 4b: 90 4b: 94 (S)
7 — — [Ru(p-cymene)

I2]2
200 4b: 96 4b: 90 (R) [26]

(S)-C5b 83
8 — — Fe–H complex 20 4b: 90 4b: 88 (S) [27]

(R)-C5b 100
9 — Phenanthridine [Ru(p-cymene)

I2]2
200 4b: 99 4b: 90 (R) [15]

(S)-C5a 100

a) MPA, N-methyl-p-anisidine.

sulfinamide/Piers’ borane-catalyzed asymmetric transfer hydrogenation of
2,3-disubstituted quinoxalines with ammonia borane as reductant [28b].
Zhou and Fan et al. developed a metal/Brønsted acid relay catalysis for the enan-

tioselective reduction of quinoxalines using a combination of achiral metal complex
([Ru(p-cymene)I2]2) and chiral phosphoric acid C5b and hydrogen gas as reductant
[26]. A range of 2-aryl-1,2,3,4-tetrahydroquinoxalines were obtained with high yield
and enantioselectivity via a convergent asymmetric disproportionation process.
Subsequently, Beller and coworkers described a similar catalytic system consisting
of an achiral iron complex and a chiral phosphoric acid C5b for the asymmetric
hydrogenation of 2-substituted quinoxalines [27]. Good results were obtained with
2-arylquinoxalines, while the enantioselectivities for 2-alkylquinoxalines were
moderate.
The catalytic system [Ru(p-cymene)I2]2/C5 for the biomimetic asymmet-

ric hydrogenation of quinolines was demonstrated to be also effective for
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2-arylquinoxalines [15]; excellent reactivity and enantioselectivity were achieved
under mild conditions.

8.4 Asymmetric Hydrogenation of Isoquinolines

Comparing with quinolines, the asymmetric hydrogenation of isoquino-
lines is more challenging due to the reasons listed below: First, the reduced
1,2,3,4-tetrahydroisoquinoline products are alkyl amines, which are stronger
coordinating agents with transition metals to deactivate the catalyst. Second, the
catalytic mechanism for the asymmetric hydrogenation of different isoquinoline
derivatives is more complicated than that for quinolines, no matter the reaction
pathway or the unsaturated double bond reduced in the final step may be varied for
different catalytic systems.
Zhou and coworkers developed a substrate-activating strategy for the

Ir/diphosphine ((S)-L9b)-catalyzed asymmetric hydrogenation of isoquino-
lines using chloroformates as activating reagents (Scheme 8.3a) [29a]. Chiral
dihydroisoquinolines were obtained with moderate to high yields and ee values. To
improve the reaction, N-benzyl isoquinolinium salts were prepared and subjected
to the hydrogenation using diphosphine (Rax,S,S)-L12 as ligand (Scheme 8.3b)
[29b]. Excellent yields and ee values were observed for 1-substituted isoquinolines,
albeit the enantioselectivity for 3-substituted substrates was not so good.
Isoquinolinium salts were also demonstrated to be ideal activated sub-

strates for asymmetric hydrogenation. In 2013, Mashima and coworkers
applied their halogen-bridged dinuclear iridium(III) complexes (C1a) to the
asymmetric hydrogenation of 1- and 3-substituted and 1,3-disubstituted isoquino-
linium hydrochlorides (Scheme 8.3c) [30]. Excellent results were achieved

Scheme 8.3 Asymmetric hydrogenation of isoquinolines. Source: (a) Based on Lu et al.
[29a]. (b) Based on Ye et al. [29b]. (c) Based on Iimuro et al. [30a] and Kita et al. [30b].
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for all 1,2,3,4-tetrahydroisoquinolines products, and a Cl⋅⋅⋅H=N hydrogen
bonding-involved six-membered outer-sphere ring was proposed for the transition
state [30b].
Recently, Zhou and coworkers reported that an Ir/diphosphine ((R)-L9b)-catalyzed

asymmetric hydrogenation of isoquinolines proceeded well by employing traceless
trichloroisocyanuric acid (TCCA) as substrate-activating agent [31], affording
tetrahydroisoquinolines with good to excellent catalytic activity and enantiose-
lectivity. The mechanistic studies indicated that isoquinolinium chlorides in situ
formed were the true substrates for hydrogenation.
Meanwhile, using thiourea-containing chiral diphosphine (R,S)-L10 as ligand, an

Rh-catalyzed asymmetric hydrogenation of isoquinolinium hydrochlorides was also
realized by Zhao and Zhang et al. [13]. The anion binding between the ligand and
substrate was implied to play an important role in this transformation.
The asymmetric hydrogenation of 3,4-disubstituted isoquinolines was con-

ducted with Ir/diphosphine ((R)-L13) by Zhou and coworkers [32a]. With
1-bromo-3-chloro-5,5-dimethyl-hydantoin as halogen source to activate the cata-
lyst, 3,4-disubstituted tetrahydroisoquinolines were producedwith good to excellent
yields and ee values. Subsequently, the same group described an efficient synthesis
of 4-fluoro-3-alkyl tetrahydroisoquinolines by utilizing the same catalytic system
starting from isoquinolinium hydrochlorides [32b].

8.5 Asymmetric Hydrogenation of Pyridines
and Pyrazines

Monocyclic six-membered N-heteroarenes, such as pyridines and pyrazines, are
more challenging substrates for asymmetric hydrogenation in comparison to their
benzofused counterparts (quinolines, isoquinolines, and quinoxalines) due to their
higher stability and stronger coordinating ability to transition metal centers. There-
fore, to gain high catalytic activity and selectivity in asymmetric hydrogenation, the
most used strategy is substrate activation [3, 33].
In 2005, Charette and coworkers developed an Ir/P,N catalyst ((S)-C7) for the

asymmetric hydrogenation ofN-iminopyridinium ylides, affording piperidines with
moderate to high yields and enantioselectivities for a range of 2-alkyl-substituted
substrates (Scheme 8.4a) [34].
From the activated N-benzyl-pyridium bromides, a variety of chiral 2-

arylpiperidines were obtained with excellent activities and enantioselectivi-
ties through Ir/diphosphine ((R)-L13)-catalyzed asymmetric hydrogenation by
Zhou and coworkers (Scheme 8.4b) [35]. However, the results achieved for the
2-alkylpyridium salts were less satisfactory.
Chen and Zhang et al. also realized the Ir-catalyzed asymmetric hydrogenation of

N-benzyl-2-substituted pyridinium salts with similarly high yields and ee values as
those obtained by Zhou’s group [36]. Anunusual steric-hindered diphosphine ligand
((R)-L14) proved to be critical for this enantioselective hydrogenation.
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Scheme 8.4 Asymmetric hydrogenation of pyridines. Source: (a) Based on Legault and
Charette [34]. (b) Based on Ye et al. [35]. (c) Based on Kita et al. [40a].

Ir/(S,S)-f-Binaphane ((S,S)-L15) was applied to the asymmetric hydrogenation
of 6-substituted 3-hydroxypyridinium salts by Zhou and coworkers [37]. The fully
reduced trans 6-substituted piperidin-3-ols were mainly obtained with excellent
reactivity and enantioselectivity, albeit the trans to cis ratios were less than 9 : 1.
Direct Swern oxidation of piperidin-3-ols led to chiral piperidin-3-ones with excel-
lent enantioselectivity, and cis piperidines were also achieved via the reduction of
piperidin-3-ones with K-selectride.
Qu and Kozlowski et al. described the highly enantioselective hydrogenation of

2-alkyl and 2-arylpyridinium salts using Ir/P,N-ligand MeO–BoPhos ((S,S)-L16)
complex [38]. It is noteworthy that the reaction could tolerate a range of O- and/or
S-containing aryl and heteroaryl substituents. The DFT calculations suggest an
outer-sphere dissociative mechanism, and the final C2-hydride transfer to the
iminium salt decided the absolute configuration of the product.
The asymmetric hydrogenation of N-benzylated 3-substituted pyridinium salts

was described by Lefort and coworkers using Rh/diphosphine JosiPhos J002-2
(L17a) as catalyst [39]. It was noticed that the addition of an equivalent of organic
base remarkably increased the reactivity and enantioselectivity.
Pyridinium halogen salts are another type of activated substrates for asymmetric

hydrogenation. Mashima and coworkers employed their triply halogen-bridged
dinuclear Ir(III) complex ((S)-C1a) for the highly diastereoselective asymmetric
hydrogenation of multisubstituted pyridinium halogen salts to acquire cis piperi-
dine derivatives (Scheme 8.4c) [40a]. But the enantiomeric excesses are between
28% and 82%. Later, the same group realized the asymmetric hydrogenation of
3-amido-2-arylpyridinium hydrochlorides using the same catalyst system [40b].
High ee values were observed only with the addition of an equivalent of Brønsted
acid.
Zhou and coworkers realized the highly efficient and enantioselective hydrogena-

tion of trisubstituted pyridinium hydrochlorides with Ir/(R)-DifluorPhos ((R)-L3)
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catalyst, affording cis 3-trifluoromethyl-substituted piperidines with excellent
diastereoselectivity [41]. Similar catalyst system with C3*TunePhos ((Rax,S,S)-L12)
was also effective for the asymmetric hydrogenation of 2,6-disubstituted substrates.
Recently, activated pyrazines have proven to be smoothly hydrogenated catalyzed

by chiral iridium catalysts. In 2016, Zhou and coworkers reported the asymmet-
ric hydrogenation of 3-substituted and 3,5-disubstituted N-benzyl pyrazinium salts
using Ir/diphosphine catalysts (Scheme 8.5a) [42]. In the meantime, Mashima and
coworkers applied the triply halogen-bridged dinuclear Ir(III) complex ((S)-C1a) for
the asymmetric hydrogenation of tosylamido-substituted pyrazines (Scheme 8.5b)
[43]. The addition of an equivalent of N,N-dimethylanilinium bromide is essential
to enhance both catalytic activity and enantioselectivity. The corresponding partially
reduced chiral tetrahydropyrazines with an amidine skeleton were obtained in high
yieldswith high ee values,which could be further reduced to provide chiral tert-butyl
3-phenylpiperazine-1-carboxylate.

N

N

R1 R2

Bn
Br

[IrCl(cod)]2/(S)-L9b or (R,Sp)-L17a

S/C = 100, H2, toluene/DCE, –20 °C
N
H

N

R1 R2

Bn

R1 = alkyl; R2 = aryl (18 examples, 76–93% ee)

N

N

N
H

(S)-C1a, DMA-HBr

S/C = 50, H2, 1,4-dioxane, 30 °C N

H
N

N
H

R = Cy, nHex, aryl (8 examples, 78–92% ee)

RR

Ts Ts

(a)

* *

*

(b)

+ –

Scheme 8.5 Asymmetric hydrogenation of pyrazines. Source: (a) Based on Huang
et al. [42]. (b) Based on Higashida et al. [43].

8.6 Asymmetric Hydrogenation of Indoles and Pyrroles

Five-membered heteroaromatics are less stabilized by the resonance energy com-
pared to the six-membered ones. The asymmetric hydrogenation of N-protected
indoles and pyrroles as well as the N-unprotected ones has been successfully
accomplished using different chiral transition metal complexes.
Early in 2000, Kuwano and Ito et al. reported the first example of highly

enantioselective hydrogenation of five-membered heteroarenes catalyzed with
Rh/trans-chelating diphosphine PhTRAP ((S,S)-(R,R)-L-18) complex (Scheme 8.6a)
[44]. A variety of chiral N-acetyl-protected 2-substituted indolines were obtained in
high yields with high enantioselectivities.
Subsequently, the asymmetric hydrogenation of a series ofN-protected indoles and

pyrroles with the similar catalytic system was realized in which PhTRAP was used.
Various N-tosyl 3-substituted indoles and N-Boc-protected 2- and 3-substituted
indoles were successfully hydrogenated with excellent enantioselectivities using Rh
or Ru catalyst, respectively (Scheme 8.6b,c) [45a, b]. The Ru-catalyzed asymmetric
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Scheme 8.6 Asymmetric hydrogenation of indoles and pyrroles catalyzed by Rh/TRAP
complexes. Source: (a) Based on Kuwano et al. [44]. (b) Based on Kuwano et al. [45a]. (c)
Based on Kuwano and Kashiwabara [45b] and (d) Based on Kuwano et al. [45c].

hydrogenation of N-Boc-2,3,5-trisubstituted pyrroles was also carried out, but only
partially hydrogenated dihydropyrroles were observed in quantitative yields with
excellent ee values for triphenyl-substituted substrates (Scheme 8.6d) [45c].
Pfaltz and coworkers demonstrated that Ir/P,N-ligand (L19a, L20, and L21)

complexes were efficient in the asymmetric hydrogenation of N-Boc-, N-acetyl-,
and N-tosyl-indoles [46]. It was found that the right combination of catalyst
and protecting group was critical to achieve high catalytic activity and excellent
enantioselectivity for various 2- and 3-substituted indoles.
Pd/diphosphine ((R)-L4) catalysts were developed for the asymmetric hydro-

genation of simple N-unprotected indoles by Zhou and Zhang et al. (Scheme 8.7a)
[47]. High yields and good to excellent enantioselectivities could be acquired
with the addition of an equivalent of strong Brønsted acid for a wide range of
2-substituted and 2,3-disubstituted indoles. The mechanistic study revealed that
the reaction underwent a stepwise outer-sphere and ionic mechanism, and the high
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Scheme 8.7 Pd-catalyzed asymmetric hydrogenation of unprotected indoles and pyrroles.
Source: (a) Based on Wang et al. [47]. (b) Based on Duan et al. [48b]. (c) Based on Wang
et al. [49].

enantioselectivity arose from a hydrogen bonding between N—H of the iminium
salt and oxygen of the coordinated trifluoroacetate in an eight-membered-ring
transition state for the final hydride transfer. Afterward, Zhou and coworkers devel-
oped a rapid and divergent approach for the synthesis of chiral 2,3-disubstituted
indolines through a Brønsted acid/Pd-complex-promoted cascade Friedel–Crafts
reaction/asymmetric hydrogenation (Scheme 8.7b) [48].
Pd/diphosphine (R)-C4-TunePhos ((R)-L22) complex was proven to be effective

for the partial hydrogenation of simple pyrroles with a Brønsted acid additive by
Zhou, Fan, and coworkers (Scheme 8.7c) [49]. A series of 2-alkyl-5-arylpyrroles were
converted to chiral 1-pyrrolines in good yield with up to 92% ee.
A cocatalysis of transition metal and anion binding was suggested by Chung and

Zhang et al. using a chiral thiourea-containing diphosphine ZhaoPhos ((S,R)-L10)
ligand for the Rh-catalyzed highly enantioselective asymmetric hydrogenation of
2-substituted and 2,3-disubstituted N-unprotected indoles [50]. Two equivalents of
HCl were needed to form the iminium chloride intermediates. And the noncovalent
interaction between the thiourea motif and the chloride anion was demonstrated to
play a crucial role in the reaction.
Recently, Fan and coworkers applied the Ru/diamine complexes ((R,R)-C3e and

(R,R)-C3h) for the asymmetric hydrogenation of 2-substituted and 2,3-disubstituted
N-unprotected indoles [51]. Using hexafluoroisopropanol (HFIP) as reaction
medium, a variety of chiral indolines were obtained with excellent reactivities,
diastereoselectivities, and enantioselectivities under very mild conditions. Almost
at the same time, similar work was reported by Touge and Arai [52].
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8.7 Asymmetric Hydrogenation of Heteroarenes
with Multi-N-Heterocycles

Most heteroarenes with multi-N-heterocycles usually contain two and more nitro-
gen atoms which couldmore strongly coordinate to transitionmetal centers to deac-
tivate the catalysts [53]. Furthermore, the regio-, chemo-, and/or ring selectivity of
the asymmetric hydrogenation may become more complicated, leading to various
chiral products difficult for purification.
Chiral Ru/NHC (L23) complex was applied by Glorius and coworkers to the

asymmetric hydrogenation of indolizines, 1,2,3-triazolo-[1,5-a]pyridines, and
imidazo[1,2-a]pyridines in which one of the nitrogen atoms is in the bridgehead
position of the fused heteroarenes units (Scheme 8.8) [54]. High yield, high enan-
tioselectivity, and complete regioselectivity for the six-membered pyridine ring
were achieved for all substrates investigated. The hydrogenated products could be
further derivatized to other functional molecules.

N

N
[Ru(cod)(2-methylallyl)2]/L23

H2 , KOtBu,tAmylOH, 25 °C
R1

R1 = alkyl, aryl; R2 = H, aryl, CF3,        Et (23 examples, 60–93% ee)CO2

R2 N

N

R1

R2
*

S/C = 10

Scheme 8.8 Enantioselective hydrogenation of imidazo[1,2-a]pyridines by Ru/NHC
complexes. Source: Based on Schlepphorst et al. [54b].

Kuwano and coworkers disclosed the asymmetric hydrogenation of N-Boc-
protected azaindoles with Ru/diphosphine PhTRAP ((S,S)-(R,R)-L-18) cata-
lyst; the five-membered ring was selectively hydrogenated (Scheme 8.9) [55]. A
series of 2-substituted azaindoles, including 4-, 5-, 6-, and 7-azaindoles, were
reduced to afford chiral azaindolines with moderate to high yields and enan-
tioselectivities. Moreover, the azaindolines were further hydrogenated to chiral
cis-octahydroazaindoles without the formation of other diastereomers or loss of
enantioselectivities.

N N
R1

R2

R3 N N
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R2

R3

[Ru(η3-methallyl)2(cod)]

(S,S)-(R,R)-L18
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Boc Boc

R1 = alkyl, aryl; R2 = H, Me, F, CF3; R3 = H, Me (13 examples, 54–94% ee)

*

S/C = 40

Scheme 8.9 Asymmetric hydrogenation of 7-azaindoles by Ru/TRAP complexes. Source:
Based on Makida et al. [55].

By employing Ir/diphosphine complexes, Zhou and coworkers realized the asym-
metric hydrogenation of N-benzyl-protected pyrrole[1,2-a]pyrazinium salts and
unprotected pyrrole[1,2-a]pyrazines with diphosphine (Rax,S,S)-L12 and (R)-L24
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Scheme 8.10 Asymmetric hydrogenation of N-benzyl-protected pyrrole[1,2-a]pyrazinium
salts, unprotected pyrrole[1,2-a]pyrazines, and pyrrolo/indolo[1,2-a]quinoxalines by Zhou
and coworkers. Source: (a) Based on Huang et al. [56a]. (b) Based on Hu et al. [56b]. (c)
Based on Hu et al. [56c].

as ligand, respectively (Scheme 8.10a,b) [56a, b]. The six-membered ring was selec-
tively reduced, furnishing the chiral 1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazines with
high yields and ee values. More recently, the same group disclosed the asymmetric
hydrogenation of 4-substituted pyrrolo/indolo[1,2-a]quinoxalines and 6-substituted
phenanthridines with Ir/diphosphine ((S)-L13) complex (Scheme 8.10c) [56c]. The
six-memberedN-heteroarene unit was selectively reduced with excellent enantiose-
lectivity. It is worth mentioning that 4 equiv. of acetic anhydride was needed for the
in situ protection of hydrogenation products, inhibiting potential rearomatization
of products and catalyst poisoning. And catalytic amount of N-iodosuccinimide
(NIS) was also needed as additive to generate more active catalytic species and then
improve the catalytic reactivity.
1,10-Phenanthrolines are versatile bidentate ligands for transition metal catalysis

and are rarely treated as substrates of hydrogenation. Fan and coworkers developed
the first highly enantioselective and diastereoselective hydrogenation of substi-
tuted 1,10-phenanthrolines using Ru/chiral diamine complexes (C3d) as catalysts
(Scheme 8.11) [57]. The partially reduced 1,2,3,4-tetrahydro-1,10-phenanthrolines
could be easily obtainedwith a combination of hydrogenation/dehydrogenation pro-
cess. In addition, the fully hydrogenated 1,2,3,4,7,8,9,10-octahydro-1,10-phenanth-
rolines were prepared in high yield with excellent enantioselectivities and
diastereoselectivities under high catalyst loading (2.0mol% C3d).
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Scheme 8.11 Ru/diamine complexes-catalyzed asymmetric hydrogenation of
1,10-phenanthrolines by Fan and coworkers. Source: Based on Wang et al. [57].

Later, the same group established the first asymmetric hydrogenation of a
broad range of 2,6-disubstituted and 2,3,6-trisubstituted 1,5-naphthyridines and
2,7-disubstituted 1,8-naphthyridines catalyzed by Ru/chiral cationic diamine
complexes (C3) (Scheme 8.12a,b) [58]. Full conversions and up to 99% ee values
were achieved for the tetrahydronaphthyridine products. It was observed that the
hydrogenation was more selective for the electron-rich pyridine ring, and the level
of ring selectivity was determined by the difference of electronic properties between
the two substituents.
Recently, the substrate scope of Ru/chiral diamine ((R,R)-C3d and (R,R)-C3g)-

catalyzed asymmetric hydrogenation of N-heteroarenes was expanded to
2,2′-bisquinolines, 2,2′-bisquinoxalines, and bis(quinoline-2-yl)methanes by
Fan and coworkers (Scheme 8.12c) [59]. Full conversions and an unprecedented
level of enantioselectivity were achieved for all the substrates investigated. These
works provide a practical and facile approach to optically pure endocyclic diamines,
which are potential novel chiral ligands for asymmetric catalysis. Particularly, these
chiral diamines were easily derived to five- and six-membered NHCs which are
difficult to access through other methods.

8.8 Asymmetric Hydrogenation of Other
N-Heteroarenes

The asymmetric hydrogenation of heteroaromatic compounds with two or more
N or O heteroatoms in a single ring has been investigated. In 2011, Kuwano
and coworkers disclosed the first successful catalytic asymmetric reduction of
five-membered aromatic rings containing two or more heteroatoms via asymmetric
hydrogenation [60]. With the use of Ru/diphosphine PhTRAP ((S,S)-(R,R)-L18)
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Scheme 8.12 Ru/diamine complexes-catalyzed asymmetric hydrogenation of
1,5-naphthyridines, 1,8-naphthyridines, and 2,2′-bisquinolines by Fan and coworkers.
Source: (a) Based on Zhang et al. [58a]. (b) Based on Ma et al. [58b]. (c) Based on Ma
et al. [59a].

complex, a series of N-Boc-4-alkyl-2-phenylimidazoles and 4- and 5-substituted
2-phenyloxazoles were hydrogenated to give partially reduced dihydro products in
high yields and good to excellent enantioselectivities (Scheme 8.13a). These C=N
double bond-containing unsaturated products could be further transformed to
important chiral 1,2-diamines and β-amido alcohols.
Later, the same group realized the asymmetric hydrogenation of six-membered

2,4-disubstituted pyrimidines with Ir/diphosphine Josiphos (L17a)/I2 catalytic
system, providing partially reduced 1,4,5,6-tetrahydropyrimidines in high yields

R = alkyl, CF3 (7 examples, 86–99% ee)

N

NR

Ph

Boc

Ru(η3-methallyl)2(cod)

(S,S)-(R,R)-L18

H2, Et3N, EtOAc, 80 oC, 24 h N

NR

Ph

Boc

N

N R1R2 [IrCl(cod)]2/L17a, I2

H2, Yb(OTf)3, EtOAc, 50 oC, 72 h NH

N R1R2

R1 = Me, NMe2, aryl; R1 = CF3, CO2Et, alkyl, aryl (18 examples, 9–99% ee)

*

*

(a)

(b)

S/C = 40

S/C = 100

Scheme 8.13 Asymmetric hydrogenation of N-Boc-imidazoles and pyrimidines by Kuwano
and coworkers. Source: (a) Based on Kuwano et al. [60]. (b) Based on Kuwano et al. [61]
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and excellent enantioselectivities (Scheme 8.13b) [61]. More importantly, Yb(OTf)3
additive was demonstrated to remarkably improve both the activity and stereose-
lectivity of the reaction.
Recently, Shi and Zhou et al. have made continuous contributions in the asym-

metric hydrogenation of heteroarenes with two heteroatoms. By the application
of Pd/diphosphine Josiphos ((R,Sp)-L17)/Brønsted acid catalytic system, the
asymmetric hydrogenation of mono-, di-, and tri-substituted 2-hydroxypyrimidines
was carried out to offer chiral cyclic ureas with good yields and enantiose-
lectivities (Scheme 8.14a) [62a]. Subsequently, a variety of 4,6-disubstituted
2-hydroxypyrimidines were subjected to the asymmetric hydrogenation with
Ir/diphosphine f-Binaphane ((S,S)-L15)/1,3,5-TCCA catalytic system [62b]. Excel-
lent cis diastereoselectivity and enantioselectivity were obtained. The cyclic urea
products could be readily transformed to chiral 1,3-diamines and thiourea deriva-
tives without loss of optical purity. It was also found that the equilibrium of the
lactame–lactime tautomerism of 2-hydroxypyrimidine was more toward the oxo
form with lower aromaticity in the presence of the in situ generated hydrogen
halide, which effectively enhanced reactivity.
The similar Pd/diphosphine MeO-Biphep ((S)-L1) or TangPhos ((S,S′,R,R′)-L25)/

Brønsted acid catalytic systemwas demonstrated to be successful by the same group
in the asymmetric hydrogenation of five-membered 3-perfluoroalkyl-substituted
pyrazol-5-ols (Scheme 8.14b) [63]. A wide range of 2,5-disubstituted and
2,4,5-trisubstituted pyrazolidinones were thus prepared with excellent yield and
enantioselectivity. The Brønsted acid-promoted tautomerization of pyrazol-5-ols is
crucial for this asymmetric hydrogenation.
Mashima and coworkers realized the asymmetric hydrogenation of several

quinazolinium salts by the application of triply halogen-bridged dinuclear Ir(III)
complex ((S)-C1b) (Scheme 8.15) [64]. The selectivity for the fully hydrogenated

N

N OHR1
Pd(OCOCF3)2/(R,Sp)-L17

H2, PhCOOH, TFE, 80 °C NH

H
N OR1

R2

R3

R2

R3

R1, R2, and R3
 = H, CO2Et, alkyl, aryl (20 examples, 72–99% ee)

R1
 = H, alkyl; R2

 = CF3, C2F5 (17 examples, 82–96% ee)

N
N

R1

Ar
Pd(OCOCF3)2/(S)-L1 or (S,S′,R,R′)-L25

H2, L-CAS, TFE
R2

OH

N
H

N

R1

Ar

R2

O

(a)

(b)

*

*

S/C = 33

S/C = 50, 60 °C or S/C = 25, 100 °C

Scheme 8.14 Asymmetric hydrogenation of 2-hydroxypyrimidines and pyrazol-5-ols by
Zhou and coworkers. Source: (a) Based on Feng et al. [62a]. (b) Based on Chen et al. [63].
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N

N

R1

R2

HCl

(S)-C1b

S/C = 100, H2, CH2Cl2, 50 °C N
H

NH

R1

R2

R1 = aryl; R2 = H, Cl, Br (7 examples, 96–>99% ee)

*

Scheme 8.15 Asymmetric hydrogenation of quinazolinium salts by Mashima and
coworkers. Source: Based on Kita et al. [64].

1,2,3,4-tetrahydroquinazolines was not satisfactory, while the enantioselectivity
was excellent.
Fan and coworkers reported the first asymmetric hydrogenation of phenan-

thridines catalyzed by Ru/diamine complex (R,R)-C3h (Scheme 8.16) [65].
A series of optically active 5,6-dihydrophenanthridines were acquired with
good yields and high ee values. The catalyst counteranion was found to be
critically important to achieve high enantioselectivity. An achiral Brønsted
acid-catalyzed transfer hydrogenation of 3-phenyl-2H-1,4-benzoxazine with
(R)-6-methyl-5,6-dihydrophenanthridine as a chiral hydride proceeded well,
affording the reduced product with 92% yield and 91% ee.

N R1

R3

R2

(R,R)-C3h

S/C = 100, H2, 1,4-dioxane, 50 oC
N
H

R1

R3

R2

R1 = alkyl, aryl; R2 = H, F, Me, OMe; R3 = H, F, Me (17 examples, 75–92% ee)

*

Scheme 8.16 Asymmetric hydrogenation of phenanthridines by Fan and coworkers.
Source: Modified from Yang et al. [65].

8.9 Asymmetric Hydrogenation of O- and S-Heteroarenes

The asymmetric hydrogenation of O- and S-heteroarenes is different from that of
N-heteroarenes due to the divergence of chemical properties between N and O, S
atoms. On one hand, the substrate activation strategies for N-heteroarenes are no
more suitable for O- and S-heteroarenes. Introducing electron-withdrawing func-
tional groups into the substrates is sometimes used to weaken the aromaticity. On
the other hand, the catalyticmechanism is different. The asymmetric hydrogenation
ofO- and S-heteroarenes ismore likely similar to that for the asymmetric hydrogena-
tion of alkenes. Up to now, a broad variety of chiral tetrahydrofurans, tetrahydrothio-
phenes, dihydrobenzofurans, and dihydrobenzothiophenes have been prepared via
transition metal-catalyzed asymmetric hydrogenation.
Early in 2000, the first case of homogeneous asymmetric hydrogenation of

two 2-substituted furans was reported by Studer and coworkers with a chiral
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Rh/diphosphine catalyst, but much low (up to 24% ee) enantioselectivity was
obtained [66]. Later in 2006, Albert and coworkers accomplished the asymmetric
cis-hydrogenation of a 2,5-disubstituted furan with chiral Rh/diphosphine catalyst,
leading to a chiral 2′,3′-dideoxynucleoside analogue with only 72% ee [67].
Pfaltz and coworkers investigated the asymmetric hydrogenation of several

furans and benzofurans with Ir/P,N-ligand ((S)-L19) complexes; up to >99% ee
values were achieved (Scheme 8.17) [68a]. Recently, the same group disclosed the
asymmetric hydrogenation of different types of furans and benzofurans, including
2- and 3-substituted furans and benzofurans, and 2,4-disubstituted furans, with
similar Ir/P,N-ligand (L19a and L19c) catalysts [68b]. Excellent enantioselectivities
and high conversions could only be obtained with 3-substituted furans and 2- and
3-alkyl-substituted benzofurans.

O
O

O

O CO2Et O
CO2Et

O

R1

R2

O

R1

R2

Ir-L19

H2 (50–100 bar), 40 oC

78% ee 98% ee 92% ee

93% ee >99% ee

* *

* *

*

*
*

S/C = 100 or 50

Scheme 8.17 Asymmetric hydrogenation of furans and benzofurans by Pfaltz and
coworkers. Source: Based on Kaiser et al. [68a].

Ruthenium/NHCcomplexeswere demonstrated to be highly efficient in the asym-
metric hydrogenation of furans, benzofurans, thiophenes, and benzothiophenes by
Glorius and coworkers (Scheme 8.18) [69]. [Ru(cod)(2-methylallyl)2]/SINpEt-HBF4
((R,R)-L23)/KOtBu catalytic systemwas optimal for all substrates investigated. Good
to excellent yields and enantioselectivities were obtained for 2-substituted benzo-
furans, 2-alkyl-5-aryl and 2-alkyl-4-arylfurans, 2- and 3-alkylbenzothiophenes, and
2-alkyl-5-electron-deficient arylthiophenes. This is the first example for the asym-
metric hydrogenation of thiophenes and benzothiophenes.
Very recently, Fan and coworkers reported the first asymmetric hydrogenation

of in situ generated isochromenylium intermediates by Cu/Ru tandem catalysis
(Scheme 8.19) [70]. A broad range of ortho-(alkynyl)aryl ketones were converted to
chiral 1H-isochromenes in high yields with good to excellent enantioselectivities.
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O

R2

R1R3
[Ru(cod)(2-methylallyl)2]/(R,R)-L23

H2, KOtBu, nHexane, 25 or 40 °C O

R2

R1R3

R1 = H, alkyl, aryl; R2 = H, Me; R3 = H, tBu (17 examples, 58–98% ee)

O
R2

O
R2

[Ru(cod)(2-methylallyl)2]/(R,R)-L23

H2, KOtBu, tAmylOH, 25 °C

R1 = H, Me OMe, F, CF3, NMe2; R2 = Me, nBu (13 examples, 38–90% ee)

S

R2

R1
[Ru(cod)(2-methylallyl)2]/(R,R)-L23

H2, KOtBu, nHexane, 25 °C S

R2

R1

R1 and R2 = H, alkyl (8 examples, 96–98% ee)

R1 R1

*

*

*
*

*

(b)

(a)

(c)

S/C = 20

S/C = 20

S/C = 20

Scheme 8.18 Ru/NHC-catalyzed asymmetric hydrogenation of furans, benzofurans,
thiophenes, and benzothiophenes by Glorius and coworkers. Source: (a) Modified from
Ortega et al. [69a]. (b) Modified from Wysocki et al. [69b]. (c) Modified from Urban et al.
[69c].

R2

R3

R1

O

Cu(OTf)2/(S,S)-C3j

H2, CH2Cl2, 25 oC

O

R1

R2R3

R1 and R2 = aryl, alkyl; R3 = H, F (19 examples, 67–93% ee)

*

Cu: S/C = 33–10; Ru: S/C = 100–10

Scheme 8.19 Asymmetric hydrogenation of in situ generated isochromenylium
intermediates with Cu/Ru tandem catalysis reported by Fan and coworkers. Source: Based
on Miao et al. [70].

The mechanistic studies reveal that two catalytic cycles promoted by Cu and Ru
catalysts, respectively, are involved. Cu(OTf)2 catalyzes the cyclization reaction
to generate isochromenylium intermediate, and Ru/diamine complex (S,S)-C3j
further catalyzes the reduction of isochromenylium intermediate to afford the
desired products. The chiral induction for the 1H-isochromenes products was
rationalized by DFT calculations.

8.10 Summary and Conclusions

This chapter documents the homogeneous asymmetric hydrogenation of five-
and six-membered single or benzofused heteroaromatic compounds, including
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quinolines, isoquinolines, quinoxalines, pyridines, pyrazines, indoles, pyrroles,
N-heteroarenes with multiheterocycles, and O- and S-heteroarenes. Good to
excellent activities and enantioselectivities were obtained for most examples
summarized in this chapter. From the viewpoint of methodology development,
several effective strategies for catalyst and substrate activation have been demon-
strated to be successful and mature. However, considering the rich and diverse
chemical compositions and structures of heteroarenes, further development of
highly efficient and enantioselective catalytic systems and novel strategies for
preparing useful chiral heterocycles (such as pharmaceuticals, materials, ligands,
and catalysts) via asymmetric hydrogenation is still highly desirable. Meanwhile,
computational chemistry becomes more important, not only in the design and
selecting of suitable heteroarene substrates but also in the deep understanding
of mechanism for different types of substrates with varied catalytic systems. We
believe that there will be more breakthroughs made in this research field in the
near future.
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9.1 Asymmetric Hydrogenation of Imines

The use of chiral metal catalysts for the asymmetric hydrogenation of C=N double
bonds constitutes one of the most largely applied methods for the preparation
of chiral amines [1]. During the past decade, the development of robust and
efficient catalytic systems has provided high activities and enantioselectivities
through the overcoming of problems such as E/Z isomeric mixture generation
and catalyst deactivation by the resultant amines [2, 3]. Thus, nowadays, the
chiral metal-catalyzed asymmetric hydrogenation of imines supposes an effective
methodology for the generation of chiral amines [4, 5]. The general equation for
the asymmetric hydrogenation of imines is represented in Scheme 9.1.
In this section, the most relevant contributions are classified according to the

metal. In the case of iridium, the different ligands involved in the catalytic system
have been studied in the following subsections.

9.1.1 Iridium Catalysts

During the past three decades, the development of chiral ligands and chiral iridium
catalysts has effectively provided chiral amines with excellent enantioselectivities
under mild conditions involving a broad substrate scope. Thus, iridium cationic
complexes and iridium neutral complexes have turned up into the most largely
employed metal catalysts for the asymmetric hydrogenation of imines [6, 7].

9.1.1.1 (P,P) Ligands
Among the large variety of ligands containing two different phosphorus function-
alities employed for the generation of iridium complexes [8–10], the impressive

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
Edited by Virginie Ratovelomanana-Vidal and Phannarath Phansavath.
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R1 R2

NH
+ H2

Chiral metal catalyst or 

Chiral ligand + metal catalyst R1 R2

NHH

H

–

Scheme 9.1 General equation for the asymmetric hydrogenation of imines.

turnover number (TON) (superior to 1,000,000) provided by diphosphine ligand
(R,S)-f-Xyliphos (Figure 9.1) and [Ir(μ-Cl)(cod)]2 at large-scale reduction of imines
is remarkable [11].

PPh2
Fe

P

(R,S)-f-Xtliphos

Figure 9.1
Diphosphine ligand
widely employed in
industry.

Additionally, [Ir(μ-Cl)(cod)]2 has also been com-
bined with ferrocene derivatives (S,S)-f-Binaphane and
(R,R)-f-Binaphane (Scheme 9.2) providing enantioselectiv-
ities up to 99% for a range of chloride salts of NH imines
and for less-explored unfunctionalized N—H imines (1,
Scheme 9.2) [12, 13]. And N-substituted diarylmethanimines
(3, Scheme 9.2) have been successfully hydrogenated (TON
up to 4000 and ee 99%) using (R,R)-f-SpiroPhos [14].
Recently, the use of N-methylated ZhaoPhos as ligand (5,

Scheme 9.3) has been successfully applied in the Ir-catalyzed
asymmetric hydrogenation of cyclic sulfamidate imines (6)
(up to 99% yield, 99% ee). The process can be run at gram
scale exhibiting synthetic utility [15].

9.1.1.2 (P,N) Ligands
A significant number of successful attempts in the use of iridium complexes contain-
ing chiral oxazoline-based (P,N) ligands for the asymmetric hydrogenation of aryl
methylN-arylimines have been reported [16–20], and the important impact that the
stereogenic center of the oxazoline unit has on the enantioselectivity of the reaction
has been studied [21].
Recently, Verdaguer and coworkers have reported the employment of the stable

cationic Ir(III)H catalyst (8) (Scheme 9.4) containing a P-stereogenic MaxPHOX lig-
and for the asymmetric hydrogenation of aryl imines with full conversion and in
high enantiomeric excess at low temperature and using atmospheric H2 pressure
[22]. Variations on the chirality of the ligand allowed the asymmetric hydrogenation
of methyl and alkyl imines [23].
A series of alkyl aryl N-phenyl imines (11) have been reduced at ambient

hydrogen pressure with enantioselectivities up to 97% using a spirobiindane-based
(SIPHOX) as ligand [24] (Scheme 9.5). Also, cationic spinPHOXL1 iridium complex
phosphine–oxazoline (Scheme 9.5) has afforded this reduction, and a variation,
spinPHOX L2 (Scheme 9.5), managed full conversions for the hydrogenation of aryl
methyl N-benzyl imines (11) with enantioselectivities higher than 88% at hydrogen
pressure from 1 to 5 atm [25].
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Scheme 9.2 Overview of selected (P,P) ligands and results of their use in iridium-mediated
asymmetric hydrogenation of imines. Source: Refs [12] and [13, 14].
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Scheme 9.3 Summary of results generated by N-methylated ZhaoPhos for the
iridium-mediated asymmetric hydrogenation of imines.

Ir-MaxPHOX complex 8

Scheme 9.4 Summary of results generated by complex 8 for the iridium-mediated
asymmetric hydrogenation of imines.

Among different iridium P,N-ligands employed for the asymmetric hydro-
genation of imines, the use of a ferrocene-based phosphine having a pyridine
ring (13) constitutes an interesting alternative to the use of an oxazoline ring,
allowing full conversions and good enantioselectivities (84–99% ee) (Scheme 9.6)
to a range of aryl methyl and aryl alkyl N-aryl imines (1) under mild conditions
(1MPa) [26].
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Scheme 9.5 Overview of selected phosphine–oxazoline ligands and results of their use in
iridium-mediated asymmetric hydrogenation of acyclic imines.

Additionally, the use of diamine ligands such as N-tosyl-1,2-diphenylethane-1,2-
diamine (TsDPEN), in combination with [Cp*Ir(III)] complex, and a bulky chiral
phosphate counterion has mediated the hydrogenation of alkyl and dialkyl N-aryl
imines with high enantioselectivities (92–98% ee and 92–95% ee, respectively)
[27, 28].
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t

Scheme 9.6 Ferrocene-based (P,N) ligands employed in combination with iridium
precursors and results of their use in asymmetric hydrogenation of imines.

9.1.1.3 P-Monodentate Ligands
Broadly, in metal-catalyzed asymmetric hydrogenation, bidentate ligands have
proved superior effectiveness over monodentate ones due to the chelating effect;
nevertheless, there are some cases where monodentate ligands offer a competent
alternative leading to the corresponding chiral amine with high enantioselectivity.
Here, it is important to stress the accessibility, air stability, low cost, and high
modularity of monodentate phosphoramidite ligands. The reduction of aryl methyl
and aryl alkyl N-aryl imines (11 and 16, respectively, Scheme 9.7) results in full
conversion and high enantioselectivities (72–94% ee) [30, 31], employing the
(S)-PipPhos ligand (Scheme 9.7).
Moreover, excellent conversions and enantioselectivities from 82% to 92% ee have

been reported for the asymmetric hydrogenation of chloride salts of imines (18)
using monodentate phosphoramidite ligand 15 (Scheme 9.7) [31].
Additionally, studies such as the one reported by Norbby and coworkers

[32] are necessary for the development of improved chiral catalysts using a
mechanism-guided analysis of candidate substrates and ligands to get a virtual
screening of substrate/catalyst.
Undoubtedly, iridium is the most largely employed metal for the asymmetric

hydrogenation of imines. The combination of other metals with monodentate
(mostly phosphoramidites) or bidentate ligands (ferrocenyl and atropoisomeric
diphosphines, phosphine–oxazoline, and diphosphine ligands) represents a promis-
ing alternative to iridium catalysts [33–35]. Some of them are summarized in the
following paragraph.
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(s)-PipPhos

Scheme 9.7 Selection of (P) monodentate ligands employed in combination with iridium
precursors and results of their use in asymmetric hydrogenation of imines. Source: Based on
Hou et al. [29–31].

9.1.2 Rhodium and Palladium Catalysts

There are different reports of chiral rhodium catalysts with phosphine- or
amine-derivative ligands providing high activity in the asymmetric hydrogenation
of imines such as hydrazones and N-(diphenylphosphinyl)imines [28, 36, 37].
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Also, the combination of rhodium precursor [(Rh(cod)2)][BF4] with chiral
diphosphines such as (S,S,R,R)-TangPhos, (R,S)-DuanPhos, S-binapine, and
(S)-C3-TunePhos has provided the hydrogenation of a range of N-tosylimines with
enantioselectivities of 80–99% [38].
The combination of a rhodiumprecursorwith themethylated ZhaoPhos ligand (5)

has led to the asymmetric hydrogenation of unprotectedNH imines (18, Scheme9.8),
generating the corresponding chiral products with high yield and enantioselectivi-
ties (up to 97% and 95%, respectively) [39]. Moreover, the anion-bonding interaction
between the chloride ion of the substrate and thiourea motif of the ligand has been
proved essential for getting excellent enantioselectivity in this asymmetric hydro-
genation [40].

yield;

Scheme 9.8 Biphosphine–thiourea ligand 5 in Rh-catalyzed asymmetric hydrogenation of
imines and the corresponding results.

There are few examples of Pd-catalyzed asymmetric hydrogenation of imines,
and in most of them high hydrogen pressure is required [41–43]. However, an
inexpensive Pd source such as palladium acetate was found to be a suitable
catalyst precursor for the homogeneous asymmetric hydrogenation of sterically
hindered N-tosylimines under 1 atm hydrogen pressure. The combination of
this Pd salt with the chiral diphosphine ligand (R,R)-QuinoxP (20) provided the
corresponding chiral amines (22) with excellent enantioselectivities (up to 99.9%
ee) as well as high yields (Scheme 9.9) [44]. Additionally, the reaction can be
conducted on a gram scale and applied to the synthesis of useful chiral products
and N-ligand. Pd(OAc)2 can also be used in the reduction of a wide range of
acyclic and cyclic N-sulfonylimines under ambient pressure of hydrogen when it is
combinated with Zn(OTf)2 and the chiral biphosphorous ligand (R)-MeO-BIPHEP
[(R)-(+)-(6,6-dimethoxybiphenyl-2,2-diyl)bis(diphenylphosphine)] [45].

9.2 Asymmetric Transfer Hydrogenation of Imines

Although one of the most explored reactions for the efficient preparation of chiral
amines in high enantiopurity is the asymmetric reduction of imines using molec-
ular hydrogen, alcohol is highly preferred as the hydrogen source due to several
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tAm

Scheme 9.9 (R,R)-QuinoxP ligand (20) employed in Pd-catalyzed asymmetric
hydrogenation of acyclic imines and the corresponding results.

factors such as safety, sustainability, possible industrial application, and simple
manipulation. More specifically, 2-propanol has been used almost exclusively,
especially with ruthenium complexes, and also with iridium, rhodium, and iron
complexes. In this section, the most relevant examples will be summarized.

9.2.1 Ruthenium Catalysts

Figure 9.2 Noyori’s Ru
catalyst.

Ruthenium-N-tosyl-1,2-diphenylethane-1,2-diamine
(Ru-TsDPEN) was the first catalyst employed for the
asymmetric transfer hydrogenation (ATH) of imines
(Figure 9.2) [46]. The reaction took place using the
formic acid/triethylamine azeotrope as the hydro-
gen source. Several examples have followed this first
attempt via the development of a large variety of chiral
N-sulfonylated 1,2-diamines as ligands for the ATH of
ketones and imines. This prolificacy has generated a
large number of articles and reviews [2, 47–49].
A simple exchange of p-cymene substituent for mesitylene in Noyori’s Ru cata-

lyst allowed the generation of chiral trifluoromethyl-functionalized amines in high
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yields and enantioselectivities (93–99% ee) undermild conditions, usingwater as sol-
vent, dimethylformamide as cosolvent, and sodium formate as hydrogen source [50].
The attempts done for the application of these ruthenium catalysts in greener

reaction conditions are remarkable. Although no reaction was observed for acyclic
amines, the water-soluble sulfonated ligand 23 (Scheme 9.10) showed high activity
in the ATH of a range of cyclic amines (25, 27, 29) [51]. Also in a greener approach,
different immobilization options have been described for catalyst recycling. Most of
the immobilized systems are silica gel grafted and show an impressive recyclabil-
ity, high conversions, and excellent enantioselectivities [52, 53]. Unfortunately, the
majority of them gave much slower reactions than their homogeneous counterpart.
Polymeric functionalization has also been employed for the immobilization

of N-sulfonyl-1,2-diphenylethane-1,2-diamine-type ligand 24 which has shown
promising results for the reduction of either acyclic or cyclic imines (25, 27, 29) [54].
In this case, the reaction takes place using the azeotrope formic acid/triethylamine
as hydrogen source in an organic solvent. The simple introduction of sul-
fonated groups in the polymeric ligand allows the performance of the reaction in
water.
Other examples of Ru complexes providing high activity and enantioselectivity

embrace the use of hydroxy/amine, pybox, or monodentate phosphite ligands.
For example, the combination of ligand 31 and dichloro(p-cymene)ruthenium(II)
reduced (R)-N-(tert-butanesulfinyl)ketimines followed by the removal of the sulfinyl
group under mild acidic conditions with enantioselectivities up to 99% ee [55]. The
use of pybox and monodentate phosphite ligands for the generation of ruthenium
complex 32 has resulted in a highly efficient enantioselective catalytic system for
the reduction of N-aryl imines derived from acetophenones (11, Scheme 9.11).
The use of both hydrogen gas and isopropanol as hydrogen sources is completely
tolerated by these catalytic systems [56].

9.2.2 Iridium and Rhodium Catalysts

Few examples of iridium and rhodium complexes have been described for the
ATH of imines [49, 50, 57]. Some of them were originally designed for the transfer
hydrogenation of carbonyl groups and have resulted in active catalysts for imines as
substrates too. In this context, higher activities have been provided by the systems
bearing rhodium as metal [42].
Those with N-tosyl-1,2-diphenylethane diamine (TsDPEN) or N-tosyl-1,2-

diaminocyclohexane (TsDAC) as ligands provided ee values higher than 90% under
similar reaction conditions than the ones having Ruthenium as metal center. For
example, low loadings of both catalytic systems 36 and 37 provided high enantios-
electivities and activities at low catalyst loadings for the ATH of cyclic imines (25,
27) [58] (Scheme 9.12).

9.2.3 Iron Catalysts

Fe catalysts are used for the ATH of both ketones and imines with low cat-
alyst loadings of 0.2 and 1mol%, respectively [59–61]. It is remarkable that
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Scheme 9.10 Water-soluble and immobilized ligand/catalysts and the corresponding final
products.

the first iron-catalyzed ATH of imines described was carried out using the
iron(III)-based catalyst (38, Scheme 9.13) under mild reaction conditions. A series
of N-(diphenylphosphinyl) ketimines (40) were reduced with high yields (85–95%)
and excellent enantioselectivities (95–99%) [62]. Higher conversions have been
achieved for these substrates using catalyst 39 in the presence of isopropanol as
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Scheme 9.11 Other ligands and Ru complexes and results of their use in imine ATH.

solvent and hydrogen source [63]. This catalyst has also afforded the asymmetric
hydrogenation of imines activated with an N-(diphenylphosphinoyl) group (42).

9.3 New Approaches

9.3.1 Metal Free

The advent of frustrated Lewis pair (FLP) chemistry opened the door to metal-free
asymmetric hydrogenations [64]. Since then, several efforts have been done in this
direction, mechanistic studies have been carried out [65], and multiple chiral FLP
catalysts have been developed for the asymmetric hydrogenation of imines [66–71].
Unfortunately, moderate enantioselectivities (30–85%) have been reached in the
majority of cases.
Catalyst 44 (Scheme 9.14), which has been prepared via in situ hydroboration of a

chiral internal diene with Piers’ borane HB(C6F5)2, has shown the highest activity
and selectivity achieved to date for imine hydrogenation promoted by a chiral borane
catalyst [72]. Yields in the range 83–99% with 83–95% ee were afforded for acyclic
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Scheme 9.12 Rh complexes and results of their use in imine ATH.

imines (11, Scheme 9.14) containing both electron-donating and -withdrawing sub-
stituents. The chiral boron Lewis acid generated tolerates the presence of a variety of
substituents including halogen atoms and heterocyclic rings at different positions,
providing a large number of chiral amines at low temperature and high H2 pressure,
showing a great potential utility.

9.3.2 Biocatalytic Imine Reduction

In recent years, enzymatic strategies have emerged as a real alternative to other cat-
alytic approaches for the preparation of chemicals in various industries. Enzymes
can operate under mild conditions and often display exquisite selectivity; therefore,
they can offer a significant advantage to other synthetic approaches. Due to advances
in bioinformatics and molecular biology techniques, the biocatalytic toolbox for the
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Scheme 9.13 Iron complexes and results for imine ATH.

preparation of chiral amines has been greatly expanded in the past decade. To classi-
cal approaches such as lipases [73], transaminases (TAs) [74], or amine oxidases [75],
in recent years, processes involving the asymmetric reduction of prochiral imines
have emerged as an alternative and expanded the portfolio of enzymes available for
chiral amine synthesis. In this chapter, different enzymatic approaches involving
artificial metalloenzymes and imine reductases (IREDs) for the reduction of imines
are discussed.

9.3.2.1 Artificial Metalloenzymes
Enzymes display high catalytic performances in exquisite selectivity, and they are
able to operate under mild reaction conditions. Even though tremendous effort
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Scheme 9.14 Asymmetric hydrogenation of imines mediated by frustrated Lewis pair
(FLP).

has recently been made in the directed evolution of enzymes to perform unnatural
reactions [76], the plethora of transformations metal catalysis currently offers is yet
to be matched. In this context, artificial metalloenzymes are synthetic biocatalysts
that result from the integration of a metal catalyst within a protein scaffold in an
attempt to get the best of both “catalytic worlds.” Revolutionary work byWhitesides
exploited the high affinity of the protein avidin for biotin, to anchor a metal catalyst
to the cofactor and incorporate it into the protein cavity [77]. This pioneering work
inspired different research groups, and in particular, the group of Ward has done
extensive research in the field developing a series of biotinylated cofactors to carry
out various reactions such as Suzuki coupling, allylic alkylation, olefin metathesis,
sulfoxidation, olefin hydrogenation, and ATH reactions [78].
Using their previous experience in theATHof ketones usingmetalloenzymes [79],

Durrenberg et al. initially screened a series of d5 and d6 piano stool Ir and Ru com-
plexes containing the biotinylated aminosulfonamide ligand (biot-p-L) using strep-
tavidin as protein scaffold and sodium formate as hydride source for the synthesis
of salsolidine (Scheme 9.15, entries 1–5) [80]. The complex η5-C5Me5Ir(biot-p-L)
showed the best activity obtaining (R)-salsolidine 46a in full conversion and 57%
ee. The artificial IRED (ATHase) was then engineered in order to both improve and
invert the stereochemistry. A site-saturation librarywas generated in S112 position as
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ATHase:

45a: R1= OMe; R2= Me
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Protein scaffold

(Streptavidin variants)

Biotinylated cofactor

46a: R1= OMe; R2= Me

46b: R1= H; R
2= Ph

Entry Substrate Streptavidin variant
Conversion 

(%)
ee(%)

1 45a No protein >99 Racemic

2 45a Wild-type >99 57 (R)

3 45a S112G >99 60 (R)

4 45a S112K >99 78 (S)

5 45a S112A >99 96 (R)

6 45b No protein 17 Racemic

7 45b K121A 99 54

8 45b N118P/K121A 96 59

9 45b S112R/K121A 36 −27

10 45b S112A/N118P/K121A >99 86

11 45b S112A/N118P/K121A/S122M >99 92

12 45b S112R/N118P/K121A/S122M 90 −63

13 45b S112R/N118P/K121A/S122M/L124Y 99 −78

Scheme 9.15 Selected results for the reduction of cyclic imines 45a,b using ATHases
based on biotin–streptavidin technology.

it has been previously observed to play amajor role in stereochemical control [80]. In
this manner, they found an S112A variant to obtain (R)-46a in 96% ee and an S112K
variant to afford (S)-46a in 78% ee. Further enzyme optimization was performed
to improve the catalytic efficiency [81]. The authors envisaged that increasing the
hydrophobicity in the active site would lead to an increase in the local concentra-
tion of the substrate. Crystallographic data showed 10 polar residues located in the
proximity of the piano stool moiety; therefore, they gradually introduced hydropho-
bic substitutions on those sites. They could obtain a set on single, double, and triple
mutants with higher kcat values and catalytic efficiencies despite the increase in KM.
The best variant (D67V/S112A/K121L) showed a 40-fold increase in kcat over the
wild-type ATHase and a twofold increase compared to the free cofactor in solution.
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Recently, Hestericová et al. further improved the catalytic performance of this
ATHase via directed evolution [82]. Starting from the K121A variant, they targeted
a series of residues within a 10-Å distance from the biotinylatedmetal moiety gener-
ating saturation libraries at those positions selecting the best variant in each round
based on both conversion and enantiomeric excess using 1-phenyl dihydroisoquino-
line 45b as model substrate (Scheme 9.15, entries 6–13). After several rounds of
mutagenesis, the authors obtained a series of enantiocomplementary variants to
obtain both enantiomers of the amine 46b in excellent conversions and enantiomeric
excess.
Enzymes can be easily combined to create multistep processes without the need

of tedious and time-consuming purification steps. In this manner, a collaboration
between the groups ofWard and Turner led to the construction of an in vitro cascade
by combining different oxidases with ATHase for the preparation of chiral amines
from racemic amines [83]. An engineered monoamine oxidase from Aspergillus
niger (MAO-N), which presents high selectivity toward the oxidation of (S)-amines
to the corresponding imines, was combined with the ATHase. In this process,
the (S)-enantiomer is oxidized by MAO-N to form the imine that is reduced by a
(R)-selective ATHase; hence, the (R)-amine accumulates in the reaction mixture.
The addition of catalase was necessary to remove the hydrogen peroxide produced
in the oxidation step as the ATHase was inhibited. In this manner, they could
perform the deracemization of tetrahydroisoquinolines and pyrrolidines obtaining
the (R)-products in high enantiomeric excess.

9.3.2.2 Imine Reductases (IREDs)
IREDs are NADPH-dependent oxidoreductases that catalyze the asymmetric reduc-
tion of prochiral imines to the corresponding amines. Nearly a decade ago, Mit-
sukura et al. [84–86]. reported the imine-reducing activity of twoNADPH-dependent
oxidoreductases from Streptomyces sp. through an extensive screening of different
microorganisms. Several academic and industrial groups have reported extensive
research on these enzymes ever since [87–89], and some of those processes have
been already intensified for their industrial application [89]. This chapter gives an
overview of these biocatalysts focusing on their application in the asymmetric syn-
thesis of amines.
Imine reduction inNature iswidespread, and IREDs are involved in the biosynthe-

sis of metabolites including folate, siderophores, and antibiotics [90–95]. However,
the use of IREDs in synthetic chemistry is quite recent. In a series of publications,
Mitsukura et al. reported the discovery and characterization of two stereocomple-
mentary IREDs from Streptomyces sp. (GF3546 and GF3587) with activity toward
2-methylpyrroline 47 [84–86] (Scheme 9.16). These studies established a starting
point to other groups to investigate the synthetic potential of these two enzymes
as well as discover new IREDs.
Pioneer work developed by the group of Turner showed the synthetic potential

of these enzymes by firstly studying the asymmetric reduction of a series of cyclic
imines catalyzed by the (S)-selective IRED from Streptomyces sp. GF3546 [96].
This enzyme showed a broad substrate scope from five-, six-, and seven-membered
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N N
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N
H

GF3587 IREDGF3546 IRED
NADPH NADPH

(R)-48(S)-48 47

Scheme 9.16 Asymmetric reduction of 2-methylpyrroline by two stereocomplementary
imine reductases from Streptomyces spp.

rings; benzo-fused heterocycles such as dihydroisoquinolines or β-carbolines,
and iminium ions. In addition, the authors performed preparative-scale reactions
using whole cells to highlight the industrial potential of this family of enzymes.
Subsequently, a similar study was done for the (R)-selective IRED from Streptomyces
sp. GF3587 [97]. The catalytic efficiency of this enzyme was found to be orders of
magnitude higher than any other IRED reported to that date, and it was employed to
prepare the alkaloid (R)-coniine in 90% yield and>99% ee on a gram scale. Using the
structure of the (R)-IRED from Streptomyces kanamyceticus [98], a homology model
was also constructed to give insight into potential residues for mutagenesis. Due to
the importance of the products that can be accessedwith this class of enzymes, other
groups gained interest, and several IREDs have now been characterized expanding
the biocatalytic C=N reduction landscape to a wide range of cyclic imines. By
sequence similarity, Scheller et al. characterized three new enantiocomplementary
IREDs from Streptosporangium roseum DSM 43021, Streptomyces turgidiscabies,
and Paenibacillus elgii contained in that collection [99]. The groups of Turner
and Grogan reported a new IRED from Amycolatopsis orientalis (AoIRED) that
catalyzes the reduction of prochiral imines and iminium ions displaying unique
stereoselective properties [100]. Remarkably, the enzyme presents a switch in
stereoselectivity toward methyl tetrahydroisoquinoline, depending on the state of
the enzyme. Wetzl et al. performed successful bioreductions of a series of cyclic
imines using a selection of bacterial IREDs including preparative-scale reactions
with a substrate-feeding strategy to reduce substrate inhibition [101]. One of the
main issues enzymes present is that they are normally active in aqueous media
where most organic compounds present low solubility. The stability of different
IREDs in organic solvents was studied by Maugeri et al. [102]. They reported the
application of IREDs in microaqueous systems by testing IREDs from Streptomyces
strains and an IRED from P. elgii B69 against different model substrates showing
that these biocatalysts are also active in nonconventional media.
More recently, efforts have been made in order to expand the synthetic scope

beyond simple cyclic imines. For instance, in a collaboration between Pfizer
and the group of Turner, IREDs were applied for the asymmetric synthesis
of dibenz[c,e]azepines showing that IREDs can also display selectivity toward
different conformers in biaryl systems [103]. Employing a biocatalytic retrosyn-
thetic approach, the authors designed a route involving a TA step coupled with
a Suzuki–Miyaura cross-coupling to obtain the imine precursors. Using enanti-
ocomplementary IREDs they could access a set of dibenz[c,e]azepines in high
enantiomeric excess. Li and coworkers described the asymmetric synthesis of a set
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of substituted indolines using enantiocomplementary IREDs from Paenibacillus
lactis in good conversions and stereoselectivities [104, 105]. In a series of works,
the group of Gröger recently reported the IRED-catalyzed asymmetric synthesis of
sulfur- and oxygen-containing heterocyles. Firstly, they described the bioreduction
of 3-thiazolines and 2H-1,4-benzothiazines employing a collection of IREDs
provided by Roche [106]. For the preparation of 3-thiazolines, they performed
an Asinger-type reaction that was afterward carried out in a two-step sequential
cascademanner [107] (Scheme 9.17a). They have also described the IRED-mediated
reduction of 2H-1,4-benzoxazines employing a pH-based colorimetric screen for
the quick identification of the best-performing biocatalysts within their IRED col-
lection [106]. They found enantiocomplementary enzymes, and they could obtain
the corresponding target chiral heterocycles in moderate to excellent conversions
and good to excellent enantiomeric excess in this manner. Yao et al. used their
in-house enzyme collection generated by gene mining to access the morphinan
skeleton, which is present in different pharmaceuticals [108]. Furthermore, Qu and
collaborators used a set of IREDs to prepare 1-aryl-substituted tetrahydroisoquino-
lines [109]. Through homology modeling, they identified a residue (W191) that
was shown to play a major role in substrate accommodation. Mutation to smaller
residues such as L and A led to variants with significantly lower KM – suggestive
of a more effective binding – which ultimately resulted in variants with increased
catalytic efficiency. Finally, Nestl and coworkers developed an IRED-catalyzed
process to access piperazines by combining dicarbonyls and diamines in which,
after condensation, the R-selective IRED from Myxococcus stipitatus catalyzed
a double reduction to obtain the final piperazines 55 [110] (Scheme 9.17b). In
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Scheme 9.17 Use of imine reductases for the asymmetric synthesis of different families of
heterocycles.
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a recent work, Zawodny et al. reported the chemoenzymatic synthesis of 2-aryl
azepanes by combining an IRED bioreduction step with an organolithium-mediated
functionalization [111]. Starting from different ketoamines, the reduction of the
in situ formed seven-membered cyclic imines was studied with a series of novel
IREDs from both genomic and metagenomic libraries. In this manner, they found
enantiocomplementary IREDs to access both enantiomers. Subsequently, the
authors used these scaffolds to prepare optically active heterocyclic α-tertiary
amines by stereospecific aryl and alkyl migration of the corresponding lithiated
ureas in excellent yields and enantiomeric ratios (Scheme 9.17c).
IREDs have also been applied into cascade processes to generate structural and

stereochemical complexity in sequential steps without the isolation of the interme-
diates. For instance,Heath et al. developed a deracemization process inwhich amine
oxidases and IREDswere combined to access a set of optically active two-substituted
piperidines (S)-60a–h and pyrrolidines (S)-59a,b [112] (Scheme 9.18). France et al.
reported a three-step cascade where carboxylic acid reductases (CARs), TAs, and
IREDs were combined to prepare chiral piperidines from ketoacids exploiting the
exquisite chemoselectivity enzymes often display [112]. In a first step, the carboxylic
acid is reduced by a CAR from Mycobacterium marinum (mCAR) to the aldehyde
that is then aminated by a commercial TA (ATA-113). After spontaneous cycliza-
tion, the corresponding cyclic imine is reduced by enantiocomplementary IREDs

N
H

R N
H

R

6-HDNO + IRED from Strep. spp

Selective oxidation + selective  reduction

H2O2 + NADP
+

O2 + NADPH + H
+

59a–b

a: R=Ph. 71% conv. 72% ee
b: R=C6H12, 99% conv., 99% ee

N
H

Rʹ

or

N
H

R'

or

60a-h

(S)-59a–b

a: Rʹ=Ph. 71% conv. 72% ee
b: Rʹ=3-OMe-Ph, 95% conv., 99% ee
c: Rʹ=4-OMe-Ph, 99% conv., 99% ee
d: Rʹ=2-OMe-Ph, 99% conv., 17% ee
e: Rʹ=4-F-Ph, 99% conv., 93% ee
f: Rʹ=(CH2)2Ph, 99% conv., 99% ee
g: R=C6H12, 99% conv., 99% ee
h: Rʹ=C4H3S, 99% conv., 76% ee

(S)-60a-h

Scheme 9.18 Deracemization of a series of pyrrolidines 59a,b and piperidines 60a–h by
combining an R-selective amine oxidase (6-HDNO) and an S-selective IRED from
Streptomyces spp.
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from Streptomyces sp. to obtain a variety of chiral-substituted piperidines and pyrro-
lidines. Starting from diamines, Nestl and coworkers reported the combination of
a putrescine oxidase (PuO) variant and an IRED to synthesize substituted pyrro-
lidines from diamines [113]. The diamine was firstly oxidized to the aldehyde by
a variant of the PuO from Rhodococcus erythropolis that spontaneously cyclized to
form the cyclic imine. The corresponding optically active cyclic amines were subse-
quently obtained upon IRED-mediated reduction employing the R-selective IRED
from S. roseum (R-IRED-Sr) and a hydrogenase for cofactor recycling.

9.4 Summary and Conclusions

Catalytic hydrogenation of imines, mediated by noble transition metals under
high pressure of molecular hydrogen as one of the cleanest reducing agents, has
been extensively studied and is an industrially applied process. Iridium is the
most employed metal along with a variety of ligands. Nowadays, in response to
the increasing social pressure toward a sustainable society, more environmentally
friendly and less costly and harmful methodologies have been developed. Especially
ruthenium complexes have allowed the efficient ATH of imines at low pressures
using mostly alcohol as the hydrogen source, and new metal-free methodologies
have shown promising results in the area. In conclusion, the preparation of chiral
amines is possible through versatile, environmentally friendly, and economic
procedures involving simple manipulation and cheap reagents.
Advances inmolecular biology, bioinformatics, and enzyme discovery and greater

speed in gene synthesis and sequencing have resulted in the field of biocatalysis to
cover a wider range of transformations in the past decade. Particularly, for the asym-
metric reduction of imines, different strategies described in this chapter have been
recently developed, and due to further research in enzyme discovery and directed
evolution, biocatalytic imine reduction is envisaged to expand its substrate scope in
the next future and provide a greener alternative to traditional methodologies.
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10.1 Introduction

Asymmetric catalytic hydrogenation reactions performed in a continuous-flow
system open up new horizons in green chemistry. Besides the high catalytic activity,
selectivity, and atom economy associated with the hydrogenation process, the
application of continuous-flow operations could ensure reduced reaction time,
increased efficiency, better control and reproducibility, rapid optimization, screen-
ing and analysis, and improved process safety [1]. As a result, the development of
asymmetric catalytic hydrogenation processes under continuous-flow conditions
can be considered as one of the most strategic field of innovation toward greener
production [2]. According to the comment of Knowles and Noyori, “in this present
era of green chemistry, where environmentally benign reactions are a “must”,
asymmetric hydrogenation with its high yields, no byproducts, and very low
catalyst usage will always play an important role” [3].
Continuous-flow technology is widely used in the petrochemical and bulk chem-

icals industry, but it was only after the turn of the twenty-first century it became
a hot topic in the field of fine chemical industry. The lack of dedicated equipment
and the absence of the link between chemical engineering and synthetic organic
chemistry are the main reasons for the slow uptake of the flow technologies by the
academic community [4]. The breakthrough of flow chemistry is mainly due to the
advantageous features of the flow mode over the batch mode. Most importantly,
the reactants are continuously introduced, react within a smaller reaction space
under well-controlled conditions, and then are removed from the reactor [5]. There-
fore, the key reaction parameters such as the mixing, heat transfer, or residence
time can precisely be controlled, leading to higher productivity and lower amount of
waste. Furthermore, flow technologies have improved hydrogenation outcomes by
increasing substrate–gas–catalyst interactions, reducing the amount of undesirable
side products and enhancing selectivity [6]. The improved gas–liquid contact can be
achieved via the use of in-line gas mixing or gas-permeable membranes. These tech-
niques can rapidly saturate the solventwith hydrogen gas and thus improve the reac-
tion rate [7]. Additionally, an inherent feature of continuous-flow hydrogenation
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reactions is that itminimizes the potential hazards associatedwith batch hydrogena-
tion reactions [8]. Thus, the flow technology conforms to the 12 principles of green
chemistry emphasizing the safer use of the (high-pressure) flammable hydrogen
gas or pyrophoric catalysts and the importance of the excellent heat transfer. From
an industrial point of view, the features detailed above have exceptional relevance
due to their potential to the development of cost-effective production. The values of
continuous-flow technology shape the future of pharmaceutical [9] and fine chem-
ical [10] industry [11, 12]. The combination of highly (enantio)selective catalytic
systems with flow chemistry further enhances the impact of the technology [13, 14].
The present chapter focuses on the main directions in asymmetric catalytic

hydrogenation and transfer hydrogenation reactions performed in a flow reactor.
The content is divided into four major categories based on the nature of the
catalyst applied in the continuous-flow system: (i) chirally modified metal surfaces,
(ii) organometallic catalysts, (iii) organocatalysts, and (iv) chiral auxiliary-aided
syntheses.
Asymmetric catalytic reactions including hydrogenation performed in flow

mode have been reviewed in several excellent monographs earlier [13–16]. The
present chapter focuses exclusively on the continuous-flow asymmetric hydro-
genation catalyzed by transition metals or organocatalysts as a narrower concept.
Although enzymes also proved to be very effective in continuous-flow asymmetric
hydrogenation [17], these systems are not included in the present chapter.

10.2 Chirally Modified Metal Surfaces

Themodification of (supported)metal catalyst by the addition of an adsorbing chiral
molecule (Figure 10.1) is one of the simplest ways to generate catalytically active
chiral metal surfaces [18]. The stability, activity, and selectivity of these catalysts
make them appropriate candidates for the application in continuous-flow reactors.
The majority of reports in this field focus on the hydrogenation of activated ketones
(Figure 10.2) on Pt surfaces modified with chiral alkaloids.
The first report on the application of chirally modified heterogeneous catalysts

in continuous-flow hydrogenation dates back in 1979, when Orito and cowork-
ers applied cinchonidine (CD)-modified Pt catalyst for the hydrogenation of
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Figure 10.1 Alkaloids used for the chiral modification of metal surfaces.
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Figure 10.2 Activated ketones used as substrates in asymmetric hydrogenation reactions
in continuous-flow systems.

α-ketoesters to obtain optically active products [19]. Due to the slow uptake of flow
technology by the scientific community, the next asymmetric flow hydrogenation
reaction was reported in 1991 by Ibbotson et al. [20]. As a preliminary study, a 6.3%
Pt/silica catalyst modified with CD was synthesized and applied in a flow system
for the asymmetric hydrogenation of methyl–pyruvate (MP). At a catalyst mass of
0.4 g and 12ml h−1 flow rate using no solvent, the conversion remained low (∼7%);
however, the optical yields (up to ∼80%) were approximately 20% higher than in the
batch experiments. A considerable loss of the chiral modifying agent was detected
only in the first 15min and reduced to a minimum after the first hour, indicating
that a certain amount of the CD was only physisorbed on the silica support.
Baiker and coworkers introduced an innovative concept in enantioselective

flow hydrogenation applying continuous feeding of minute amounts of chiral
modifier to the reactant system [21]. The potential of their methodology was
illustrated in the hydrogenation of ketopantolactone (KPL) and ethyl pyruvate
(EP) over 5% Pt/alumina at a 2800–3750 ppm CD concentration, relative to the
substrate (Figure 10.3). Both KPL and EP could be hydrogenated with high optical
purity (83.4% and 89.9% ee, respectively) at 40 bar H2 pressure. Additionally, the
hydrogenation of KPL for a longer period of time-on-stream revealed that after an

In toluene
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Catalyst: 1 g; solvent: toluene; substrate conc.: 0.078 M for KPL, 0.15 M for EP; CD/substrate molar ratio: 2800 ppm for

KPL, 3750 ppm for EP; liquid flow rate: 5 mL min–1 for KPL and 2.5 mL min–1 for EP; H2 pressure: 40 bar; T = 17 °C for

KPL, 23 °C for EP.

Figure 10.3 Continuous feeding of the chiral modifier in asymmetric hydrogenation of EP
and KPL.
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In sc ethane
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OH
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Catalyst: 100 mg 5% Pt/Al2O3 diluted with 900 mg Al2O3; solvent: sc-ethane;

solvent/substrate/H2: 500/1/10; substrate/CD molar ratio: 2500/1; substrate flow rate:

4.3 mmol min–1; pressure: 100 bar; T = 303 K.

Figure 10.4 Asymmetric hydrogenation of EP in supercritical ethane. Source: Based on
Wandeler et al. [22].

initial stabilization period, the ee only slowly decreased: the optical yield declined
from 81.3% to 78.4% between two and six hour time-on-stream.
The same concept proved to be highly effective in the hydrogenation of

isopropyl-4,4,4-trifluoroacetoacetate, where the chiral modifier and trifluoroacetic
acid (TFA) as additive were continuously fed into the reactor containing the
Pt/alumina catalyst [23]. The chiral fluorinated alcohol was synthesized with up
to 90% ee and with 810 h−1 turnover frequency. Under optimized conditions the
catalyst was used for 120minwith stable enantioselectivity; however, the decreasing
conversion indicated the slow deactivation of the catalyst in the presence of TFA.
The efficiency of Baiker’s experimental setup was further increased when the
continuous platinum-catalyzed hydrogenation of EP was performed in supercritical
ethane (sc-ethane), as the first application of supercritical fluid in continuous asym-
metric hydrogenation (Figure 10.4) [22]. The product ethyl lactate was synthesized
with up to 75% ee and a turnover frequency (TOF) value of 15 s−1 at 70% conversion
and ambient temperature, using the continuous dosing of CD. In a separate study
the relation between the phase behavior of the supercritical system and the catalytic
performance was thoroughly investigated [24].
The same research group also demonstrated that continuous-flow systems can be

used to investigate the dynamics of chiral modification of Pt/alumina surfaces [25].
Simply changing the chiral modifier in the reactor feed for a second modifier that
gives the opposite product enantiomer provides valuable experimental information
on the relative adsorption strength of the modifiers. The catalytic experiments
combined with an ATR-IR study clearly demonstrated the following adsorption
abilities: CD>cinchonine (CN)>quinidine (QD). Moreover, in the continuous-flow
fixed-bed reactor, EP was hydrogenated with ees up to 89% and with very high
activities (TOF = 12 700 h−1), at a modifier concentration of 307 ppm (relative
to the substrate). As a preliminary study toward process intensification, Baiker
and coworkers performed the asymmetric hydrogenation of EP over CD-modified
Pt/Al2O3 catalyst in a trickle-bed reactor under reaction conditions optimized by
experimental design [26]. The reaction setup afforded an average turnover fre-
quency of 84 000 h−1 that corresponds to a production rate of 1.94molmin−1 gPt−1.
Based on the comparison of these values to the literature results achieved in batch
reactors, the authors concluded that under flow conditions the space–time yield
is about one order of magnitude higher than in the batch system, indicating the
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Figure 10.5 Asymmetric hydrogenation of 1-phenyl-1,2-propanedione on CD-modified
knitted Pt/silica fiber catalyst. Source: Based on Toukoniitty et al. [28].

high potential of the flow process for the intensification of the catalytic reaction.
However, the authors warn that in several cases (e.g. in the hydrogenation of
substituted 2-pyrones) the hydrogenation processes are not suitable for the flow
synthesis due to the counteracting effects of the modifier on the rate and the ee,
thus limiting the beneficial use of the fixed-bed reactors.
In 2004, Garland and coworkers demonstrated the feasibility of the chiral

fixed-bed reactors for the diverse synthesis of enantiomerically enriched chiral
products [27]. The demodification of the solid catalyst and its subsequent remodifi-
cation could be performed in the continuous-flow reactor, allowing the regeneration
of the catalytic system using the same Pt/Al2O3 bed with multiple substrates and/or
modifiers.
Toukoniitty and coworkers reported on the successful application of new knitted

Pt/silica fiber catalyst modified with (−)-CD for the asymmetric hydrogenation of
the challenging substrate 1-phenyl-1,2-propanedione (A) in a pressurized batch
reactor and under continuous-flow conditions (Figure 10.5) [28]. The ee of com-
pound B increased with increasing time-on-stream and after an initial period of
c. 20min in the flow reactor; the ee of compound B was the same as in the batch
system (55%). The total yield of the diols (F–I) formed in the reaction increased
with the reaction time in the batch reactor; however, it decreased with time (from
43% to 3%) in the flow system. After reaching the steady-state level, the ees of
diol F formed in the slurry reactor (39%) and in the fixed-bed system (up to 35%)
were commensurate. A decrease in the conversion of the starting material could be
observed that indicated the deactivation of the catalyst.
Later, a mechanistic model for the catalyst deactivation was developed that

assumed a first-order dependence on the reactant concentration [29]. In the
hydrogenation of ethyl benzoylformate (EBF), the role of the bed diluent (Al2O3 vs.
SiO2) and the reaction medium (acetic acid vs. toluene) in determining the ee was
investigated in order to study the adsorption of the chiral modifier CD [30]. It has
been shown that in protic reaction media the adsorption of CD is negligible both
on alumina and silica, but the steady-state ee can be obtained instantaneously as
the modifier is adsorbed mainly on the metal and not on the support. Furthermore,
maximally 93% ee could be obtained in the process.
A controversial phenomenon in the asymmetric hydrogenation catalyzed by chi-

rally modified metal surfaces is the so-called ligand acceleration (LA) effect, i.e. the
reactivity of chirally modified metals is higher compared to the unmodified metal
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No solvent
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Catalyst: 0.5g; substrate flow rate: 1.2 ml h–1; H2 pressure: 2–7 MPa: T = 293 K.

Figure 10.6 Asymmetric hydrogenation of neat EP on premodified CD-Pt/Al2O3 in flow.
Source: Based on You et al. [33].

surfaces. Toukoniitty and Murzin applied the continuous-flow technique to inves-
tigate the origin of LA [31]. They found that in the hydrogenation of EP the effect
is due to the CD’s ability to prevent side reactions on Pt/Al2O3 surfaces that would
lead to catalyst deactivation. Murzin and coworkers investigated the feasibility of
the combination of continuous-flow synthesis of ethyl mandelate on a CD-modified
Pt/Al2O3 catalyst and the simulated moving bed separation on a chiral stationary
phase [32].
Li and coworkers performed the enantioselective hydrogenation of EP on 5wt%

Pt/Al2O3 premodified with CD in a fixed-bed reactor with or without a solvent
(Figure 10.6) [33]. The catalyst (0.5 g) could be used with a complete conversion,
and only a marginal drop of the activity could be observed during the 9–10-h-long
continuous-flow operation at 1.2ml h−1 substrate flow rate and at 2–7MPa hydro-
gen pressure and ambient temperature. An enantioselectivity of up to 60% could be
obtained, but it slowly decreased during the reaction.
The authors also demonstrated the beneficial use of supercritical ethane in

the flow system, as well as the adsorption of CD on the Pt surface through a
π-interaction. The asymmetric hydrogenation of ethyl-2-oxo-4-phenylbutyrate on
CD-modified Pt/γ-Al2O3 catalyst was also performed in several solvents [34]. A
stable conversion of up to 95% could be obtained in the nine-hours-long continuous
process at 0.6ml h−1 flow rate of the substrate and at 2.3–6MPa H2 pressure using
0.5 g of 5wt% Pt/γ-Al2O3 for each experiment. It was also showed that the reduction
of the ee with time-on-stream is considerably affected by the adsorption ability of
the solvent used. The best ee (68%) could be obtained using toluene as a solvent.
Hutchings et al. performed gas-phase asymmetric hydrogenation of MP on

Pt/γ-Al2O3 premodified with CD in a fixed-bed plug-flow reactor, as the first
example of asymmetric hydrogenation with CD-modified supported metal in the
gas phase (Figure 10.7) [35]. An enantioselectivity of 51% could be achieved in the
gas phase at 2 bar hydrogen pressure and 40 ∘C in the presence of acetic acid addi-
tive. Furthermore, a series of experiments were conducted under similar conditions
with Pt/SiO2 and Pt/α-Al2O3 using MP, EP, and butane-2,3-dione as substrates. In
each case, significant ee could be observed. Surprisingly, the premodified catalyst
exhibited lower reaction rate compared to the unmodified catalyst, which is in
sharp contrast with the rate enhancement observed for CD-modified catalysts in
the liquid phase. The observed difference was attributed to the absence of the
solvent.
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Figure 10.7 Asymmetric hydrogenation of MP in the gas phase using fixed-bed plug-flow
reactor. Source: Based on von Arx et al. [35].

Later, their studies were extended to the liquid-phase asymmetric hydrogenation
of alkyl pyruvate esters using premodified CD-Pt/γ-Al2O3 catalyst (0.1 g of CD/0.5 g
of catalyst) under mild reaction conditions [36]. The continuous-flow system
operating at 25 ∘C with 1.25 bar H2 pressure produced (R)-ethyl lactate with a stable
enantiomeric excess of >70% at 1mlmin−1 flow rate and 25mmol l−1 substrate
concentration. Again, in contrast to the previously observed rate enhancement
in the presence of CD, the premodified catalyst proved to be less active than
the unmodified one. This phenomenon was considered as the result of polymer
formation on the surface of the catalyst under the catalytic conditions applied.
The continuous-flow technology has been successfully applied in the asymmetric

hydrogenation of C=O double bonds, not only to increase the effectiveness of the
process but also to elucidate the mechanism of the reaction. In this context, the
work of Bartók, Fülöp, and Szőllősi largely contributed to the understanding of
the mechanism of the Orito reaction [37, 38]. Their experimental results achieved
using continuous microreactor system suggested that the rate enhancement of the
hydrogenation is an intrinsic property of the modified surfaces [39–41]. However,
the authors noted that the suppression of the catalyst deactivation by the addition
of chiral modifiers as a possible explanation cannot be excluded. The asymmetric
hydrogenation of several binary mixtures of activated ketones in the presence of
chirally modified platinum catalysts gave outstanding enantioselectivities (up to
92% for methyl benzoylformate and pyruvic aldehyde dimethyl acetal) and provided
valuable information on the reaction mechanism [42, 43]. Moreover, based on
continuous-flow experiments fundamental mechanistic considerations could be
disclosed concerning the role of intermediate complexes formed in the reaction
[41, 44]. A previously unknown origin of the stereodifferentiation of the Orito reac-
tion was detected by Garland and coworkers in the hydrogenation of EBF and EP on
Pt/Al2O3, Pt/C, or powdered Pt catalysts [45]. After the enantioselective hydrogena-
tion at 0 ∘C in the presence of a chiral modifier, the catalyst was washed at 0 ∘C so
that the hydrogenation performed thereafter provided racemic product. However,
when the cleaning was made at 50 ∘C, reproducible unmodified enantioselective
hydrogenation (ees from−9% to−18%) reactions could be performed, and in several
cases a reversal of the enantioselectivity with respect to the original enantioselective
process could be observed. These phenomena were explained by the irreversible
chiral modifications of the catalysts surface at higher cleaning temperature. As
a continuation of this work, Bartók and coworkers presented a study on the
hydrogenation of several activated ketones over cinchona alkaloid-modified chiral
Pt catalysts using different solvents [46]. Based on the strong solvent and substrate



https://www.twirpx.org & http://chemistry-chemists.com

314 10 Asymmetric Hydrogenation in Continuous-Flow Conditions

In toluene/AcOH

NO2

COOEt

+ CD + H2

5% Pt/Al2O3

NH2

OH

OH

COOEt

COOEt

49 ± 2%; 73% ee

N
H

N
H

Catalyst: 360 mg ± 20 mg; solvent: toluene/AcOH 9/1; substrate conc.:

20 mM; CD conc.: 2mM; flow rate: 0.2 mlmin–1; H2 pressure: 6 MPa;

T = 298 K.

O
+

Figure 10.8 Pt-CD-catalyzed asymmetric cascade reaction in flow. Source: Based on
Kovács et al. [47].

dependence it was established that the effect previously recognized by Garland et al.
cannot be generalized to the enantioselective hydrogenation of activated ketones.
Fülöp and Szőllősi investigated the heterogeneous asymmetric cascade reaction

of ethyl 2-nitro-3-methylphenylpyruvate over CD-modified platinum catalyst in a
fixed-bed continuous-flow reactor (Figure 10.8) [47]. Although, the ees obtained in
the flow reaction were commensurate to those achieved in the batch system, the
selectivity of the final product quinolinone was significantly lower (up to 97± 1% vs.
49± 2%, respectively) in the flow process.
The continuous-flow hydrogenation on modified palladium surfaces was also

studied by several workgroups. In these cases, however, a relatively high modi-
fier/reactant molar ratio is necessary to maintain high enantioselectivity. In the
hydrogenation of 4-methoxy-6-methyl-2-pyrone on CN-modified Pd/TiO2, high
enantio- (up to 84.5% ee) and chemoselectivity (100%) could be obtained only at
1% conversion [48]. Any efforts to achieve higher conversions led to a drastic fall
of both the chemo- and enantioselectivity due to the hydrogenation of CN. The
continuous-flow hydrogenation of α,β-unsaturated carboxylic acids on CD-modified
Pd/Al2O3 resulted in slightly lower ees for aliphatic substrates but higher ees (up
to 70%) in the case of α-phenylcinnamic acid compared to the batch reactions [49].
The authors also demonstrated that the benzylamine additive in the feed has a
profound effect on the ee not only in the batch reactor but in the flow system too.

10.3 Well-defined Transition-metal Complexes

The asymmetric hydrogenation catalyzed by chiral transition-metal complexes
is one of the most traditional and successful methods to produce optically active
compounds. The enormous number of synthetic opportunities as well as the high
productivity and selectivity available is clearly reflected in the 2001 Nobel Prize
in chemistry. From an industrial perspective, however, the high cost of the metal
and the chiral ligand as well as the difficulties connected to the separation of the
toxic transition metal from the product raise serious concerns [50]. Therefore, the
recycling of the valuable chiral catalyst and its separation from the product plays
an important role in economical process design. Continuous-flow technology offers
an ideal solution to the difficulties associated with recycling and efficient product
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separation. Furthermore, as the current approach to find new highly efficient chiral
catalysts (chiral ligands) is still rather empirical, continuous-flow asymmetric
hydrogenation emerges as a powerful tool for high-throughput screening of newly
developed chiral catalysts.

10.3.1 Immobilized Systems

The high potential of homogeneous transition-metal complexes in synthetic organic
chemistry has led to the conclusion that their immobilization on a support might
broaden the scope of this approach in the industrial area. The beneficial use of immo-
bilized chiral catalysts, however, requires the fulfillment of several strict criteria [51]:
(i) simple catalyst preparation, (ii) better or comparable performance (activity and
selectivity) of the immobilized system compared to the homogeneous catalyst, (iii)
minimal leaching, (iv) mechanical, chemical, and thermal stability of the support,
and (v) possibility of reuse without the loss of activity, which are crucial points to the
utilization of an immobilized system. It is interesting to note that the immobilization
of homogeneous catalysts is usually assumed to reduce the catalytic activity and/or
the selectivity. The rationalization of the effect of the different supports on the cat-
alyst performance, however, can largely contribute to improved catalytic properties
compared to the homogeneous systems [52].

10.3.1.1 Covalently Anchored Ligands
Generally, the covalent attachment of the chiral ligand to the support represents an
ideal solution to avoid leaching of the transition-metal complex due to the strong
covalent bonding of the chiral ligand to the support. It is, however, important to
mention that covalent immobilization techniques often require the functional-
ization of the chiral ligand. Such manipulations need the involvement of further
synthetic steps, making the overall synthesis less environmentally benign and
cost-effective. Furthermore, despite the strong covalent link between the ligand
and the support, these tethered systems are prone to loss of the metal during
the reaction. Consequently, the development of a simple and modular synthetic
methodology for the preparation of covalently anchored stable transition-metal
catalysts is highly desirable.
Van Leeuwen and Reek reported the synthesis of covalently anchored ruthenium

catalysts and their application in the asymmetric transfer hydrogenation of ace-
tophenone in batch and flow reactors [53]. A (1R,2S)-norephedrine-based ligand
was immobilized on modified (methylated) silica as an inorganic support, and the
addition of (p-cymene)-ruthenium(II) dimer provided the catalyst (Figure 10.9).
A solution of 0.1M acetophenone and 0.01M tBuOK was passed through the
catalyst bed (1 g containing 10–20mg of Ru precursor). At an optimum flow rate
of 700 μl h−1, 89% ee and 90% conversion could be achieved. It was noted that the
catalyst performed even better in the complete absence of the base (95% conv., 90%
ee), which was needed only for the activation of the catalyst.
Additionally, increasing the substrate concentration to 0.8M, the catalyst still

provided the product with 29% conversion, and the ee was unchanged; space–time
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Figure 10.9 Asymmetric transfer hydrogenation by covalently anchored chiral ruthenium
catalysts.

yields up to 39 g l−1 h−1 were obtained. The stability of the catalyst proved to
be remarkable, as it was used for a week with no notable change neither in the
activity nor in selectivity, and it was still active after three weeks of continuous use.
These studies clearly evidence the high stability available by a covalently anchored
transition-metal catalyst. The leaching of the ruthenium was negligible (1% during
the 3–11-h interval). The remarkably high stability of the immobilized catalyst
compared to that of the homogeneous system was attributed to the efficient site iso-
lation on the support, i.e. the catalyst was prevented from the irreversible clustering,
leading to catalytically inactive species. As an interesting addition, the immobi-
lization strategies developed for the catalyst synthesis enabled fast and efficient
catalyst screening. This was proved by the preparation of several other covalently
anchored ligands that could also be used successfully in the transfer hydrogenation
reaction.

10.3.1.2 Immobilization by the Augustine Method [54]
The immobilization of preformed transition-metal complexes by amethodology that
does not involve the chiral ligand would have several advantages. At first, the activ-
ity and selectivity of the homogeneous system is assumed to be retained in this
methodology. Second, the synthesis can bemoremodular, straightforward, and sim-
ple and does not need any additional functionalization steps. A possible way of the
preparation of such immobilized systems is the attachment of the complex to the
support through themetal. A convenient strategy developed by Augustine et al. uses
heteropolyacid (HPA) as an anchoring agent between the support and the metal
[54]. The immobilization procedure is simple as it permits the use of preformed
transition-metal complexes and highlymodular as there is no practical limitation on
the transition-metal complexes and a number of supports can be used. Furthermore,
under optimized conditions, the transition-metal catalysts preserve their activity
and selectivity, and the immobilized systems exhibit outstanding reusability. Obvi-
ously, the major concern about immobilization by this technique is the sensitivity
to solvent effects that could be responsible for the leaching of the catalyst. In this
context, the nature of the HPA–metal and HPA–support interactions plays a crucial
role in determining the catalytic properties. The attachment of the HPA to the sup-
port (alumina or silica) occurs via surface hydroxyl groups [55, 56], and the nature
of HPA–metal interaction was found to be covalentlike [57].
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Poliakoff and coworkers immobilized [Rh((S,S)-BDPP))(NBD)]+ complex onto
Al2O3 using phosphotungstic acid (PTA) as a linker [59]. The composite catalyst
was then used in the continuous-flow asymmetric hydrogenation of dimethyl
itaconate (DMIT) as a benchmark substrate in supercritical carbon dioxide. The
optimum catalytic results (66% conversion and 63% ee) were obtained at 60 ∘C and
10MPa pressure, and therefore a catalyst stability study was performed under these
conditions. Only a minimal drop in the catalyst activity could be observed after an
eight-hours-long continuous operation, indicating the high stability of the catalyst
under these conditions. Additionally, the leaching was also minimal, as <1 ppm
total metal concentration has been determined in the product. The authors later
extended their studies to the immobilization of several different types of chiral
P,P-ligands and their catalytic screening in asymmetric hydrogenation of DMIT in
continuous-flow scCO2 (Figure 10.10) [58]. Simple ditertiary phosphines (Skewphos
(BDPP), Prophos, DIOP, and BINAP) and ferrocene-based chiral ligands (BoPhoz
and ligands from the Josiphos, Walphos, Taniaphos, and Mandyphos series) were
investigated as chiral selectors. It has been demonstrated that higher catalytic
turnover (TON up to 4 600) could be achieved by the simple P,P-ligands compared
to the ferrocenyl-based catalysts. However, the best ee (83%) was provided by the
immobilized rhodium catalyst containing the ligand Josiphos 001. It has, however,
clearly evidenced that the utilization of immobilized chiral Rh catalysts even under
unusual conditions (in scCO2 at elevated temperature) in the continuous-flow
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Figure 10.10 Asymmetric hydrogenation of dimethyl itaconate using immobilized Rh
complexes of several chiral phosphine ligands. Source: Based on Stephenson et al. [58].
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Figure 10.11 Asymmetric hydrogenation of methyl acetamidoacrylate using immobilized
Rh–(S)-MonoPhos complex. Source: Based on Madarász et al. [60].

mode can be a powerful tool for the synthesis of enantiomerically enriched chiral
products.
A thorough study on the reaction parameters affecting the asymmetric hydro-

genation of DMIT in a trickle-bed reactor was disclosed by Simmons et al. It was
shown that the initial reaction rate and the enantioselectivity of the reaction in the
flow system can be improved by increasing the flow rate of the liquid phase. It was
explained by the enhanced wetting efficiency and the improved H2 mass transfer
from the bulk liquid to the catalyst surface at higher rates. In the trickle-bed reac-
tor, 99% conversion and up to 99.9% ee were obtained at a substrate/catalyst molar
ratio of 223, at room temperature, and atmospheric pressure using 100mlmin−1
gas flow rate and 20mlmin−1 liquid flow rate. The reaction has been performed
in the polar ethanol as solvent at a DMIT concentration of 0.3M using supported
[Rh((R,R)-Me-DuPhos)(COD)]BF4 complex.
Bakos and coworkers immobilized [Rh(COD)((S)-MonoPhos)2]BF4 on com-

mercially available and mesoporous alumina using PTA as a linker (Figure 10.11)
[60]. The effects of the temperature, pressure, liquid flow rate, and substrate
concentration were screened to gain optimum reaction parameters in the asymmet-
ric hydrogenation of methyl acetamidoacrylate. Although the Rh–(S)-MonoPhos
catalyst immobilized on the commercial Al2O3 with a surface area of 150m2 g−1
provided stable enantioselectivity (95–97%) for a 8.5-h-long continuous use, the
conversion decreased from 95.5% to 74.4% under optimized reaction conditions
(25 ∘C, 1 bar H2 pressure, 0.1mlmin−1 flow rate, and 0.05M substrate concentra-
tion) due to the leaching of the catalyst. In order to improve the catalyst stability, the
support was changed for the mesoporous alumina with a surface area of 401m2 g−1.
The product can be continuously obtained in >99% conversion and 96–97% ee for
a total of 12 h at an increased substrate concentration of 0.2M that corresponds to
the production of 2.1 g (R)-N-acetylalanine during the reaction. The higher catalyst
stability was attributed to the larger surface area, pore volume, and mesopore size
of the latter support.
The same research group immobilized a chiral Rh complex based on the

newly developed phosphine–phosphoramidite ligand UPPhos on mesoporous
Al2O3 support (431m2 g−1) and used it in the asymmetric hydrogenation of
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Figure 10.12 Asymmetric hydrogenation of (Z)-α-acetamidocinnamic acid methyl ester
with immobilized Rh complex of the chiral ligand UPPhos. Source: Based on Balogh et al.
[61].

(Z)-α-acetamidocinnamic acid methyl ester (Figure 10.12) [61]. Under optimized
conditions (25 ∘C, 1 bar, 0.05M substrate concentration, and 0.1mlmin−1 flow rate)
using 164.4mg [Rh(COD)(UPPhos)]/PTA/Al2O3 catalyst (∼0.51mg of Rh) and
ethyl acetate as solvent, the system produced the product dimethyl methylsuccinate
continuously with 99% conversion over 99% ee for six hours. Additionally, the
hydrogenation was continued for an additional six hours when the conversion
slightly decreased to 90% with an average of 97% ee.
In a separate study by Bakos et al., the use of phosphine–phosphite (POP-1 and

POP-2, Figure 10.13)-containing rhodium complexeswas demonstrated in the asym-
metric continuous-flow hydrogenation of DMIT and (Z)-α-acetamidocinnamic acid
methyl ester (MAC) [62]. As phosphites are prone to hydrolysis and phosphines
to oxidation, the work also aimed to evaluate the stability of the catalyst. Under
optimized conditions, the [Rh(COD)(POP-1)]/PTA/Al2O3 catalysts based on com-
mercially available alumina (150m2 g−1) yielded ees up to 87% in the asymmetric
hydrogenation of MAC and 98% when DMIT was used as substrate. Based on these
initial results the catalyst [Rh(COD)(POP-2)]/PTA/Al2O3 with octahydrobinaphthyl
moietywas applied in the hydrogenation ofDMIT to produce the final productwith a
TON of 2678 and 95% ee, at a substrate concentration of 5M. Furthermore, the same
catalyst provided the hydrogenation product continuously for six hours with >96%

O

O

O

O

PPh2
PPh2

POP-1 POP-2

P–O
P–O

Figure 10.13 Phosphine–phosphite ligands used in Rh-catalyzed asymmetric
hydrogenation under flow conditions.
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conversion and 91–95% ee under optimized conditions (1 bar, 20 ∘C, 0.2mlmin−1
flow rate, and 0.05M substrate concentration).
A nice demonstration of the scale-up of an asymmetric hydrogenation step in the

synthesis of an active pharmaceutical ingredient (API) was reported by Poliakoff,
Leitner, and Franciò [63]. The hydrogenation product, (S)-5-fluoropyrimidin-2-yl-
ethanamine, is used in the synthesis of a JAK-2 kinase inhibitor already tested at
the clinical level at AstraZeneca. Originally, two synthetic strategies have been
developed for the synthesis of this key intermediate: an enzymatic transamination
reaction and an Rh–(S,S)-ethyl-Duphos-catalyzed batch hydrogenation process. In
both cases the final isolation is rather challenging, and extra derivatization steps are
required. The authors therefore reported on translating the batch hydrogenation
process to continuous-flow synthesis. In the first set of experiments, the flow
process based on the [Rh(COD)((S,S)-EthylDuphos)]/PTA/Al2O3 catalyst was
optimized in two different laboratories using different small-scale experimental
setups to prove the robustness of the procedure. The catalyst itself was prepared in
an on-line anchoring process, where the PTA/Al2O3 was loaded into the tubular
reactor, dehydroxylated at 200 ∘C, and then an ethanolic solution of the chiral Rh
complex was passed through it. Using a 0.6-M tetrahydrofuran (THF) solution
of the substrate, an overall TON of approximately 5000 could be obtained within
seven hours on stream, with complete conversion and ee>98%. According to these
results, a space–time yield of 520 g l−1 h−1 has been achieved. The Rh contamina-
tion in the product stream was less than 1 ppm. The scale-up experiments were
realized in a fully automated unit with two tubular reactors, each of 150ml volume
(Figure 10.14).
The product stream was directed to a gas chromatograph (GC); hence, the quality

of the product could be analyzed continuously. If the product’s quality did not reach
the standard (90% conversion and 98% ee), the system automatically (i) change the
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Q(substrate) = 9 mlmin–1 (0.6 M), Q(H2) = 870 mlmin–1, V(catalyst bed) = 147 ml.
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Figure 10.14 Schematic view of the automated continuous-flow unit equipped with two
tubular reactors.
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Table 10.1 Comparison of the original batch process and the continuous-flow system at
1 kg scale.

Batch Continuous-flow system

Number of runs 6 1
Volume of the reactor unit (ml) 660 150
Amount of catalyst (mmol) 10.1 0.68
ee (%) >98.6 >98.6
Reaction time (h) 32a) 18
Process time (h) 64a) 18
H2 pressure (bar) 4.75 10
Solvent (l) 4 (MeOH) 10 (THF)
Temperature (∘C) 25 25
Estimated PMIb) 4.2 10
Rh contamination (ppm)c) 260 <1
Space–time yield (g l−1 h−1) 47 399

a) Cumulative values for six batch reactions.
b) Process mass intensity (PMI) in the reaction step only.
c) In the crude product solution.

collecting vessel, (ii) decrease the flow rate, or (iii) direct the substrate stream to
the other tubular reactor. After 18-h-long time-on-stream using THF as the solvent,
the final product could be obtained with ≥98% purity and ≥99% ee. The workup
procedure involves only the THFevaporation. TheRh content in the isolated product
was again <1 ppm. The authors compared the efficiency of the flow process to that
of the batch mode (Table 10.1). This simple case study unambiguously indicates the
high potential of the flow technology in pharmaceutical industry.
Cole-Hamilton et al. studied the asymmetric hydrogenation of neat dibutyl ita-

conate (DBI) in a plug-flow reactor over [Rh(COD)((R,R)-MeDuphos)]/PTA/Al2O3
catalyst (Figure 10.15) [64]. After the careful investigation of the effects of hydrogen
flow rate and pressure and the substrate flow rate on the activity and enan-
tioselectivity, the reaction has been carried out under optimum conditions. At
0.2mmolmin−1 substrate flow rate and 9mmolmin−1 H2 flow rate at 5 bar, the
product dibutyl 2-methylsuccinate was achieved with 99% conversion in the first
47 h of time-on-stream that slowly decreased to 68% in the 83rd hour. An ee of 98%
could be obtained in the first 23 h but later decreased to a value of 65%. The catalyst
leaching was minimal after 23 h; less than 50 ppb Rh could be detected in the
product. During this time, 41mg of Rh–MeDuphos was used to prepare 278mmol
of (S)-dibutyl 2-methylsuccinate with no need for further purification.

10.3.1.3 Ionic Liquids as Matrices for Transition-metal Complex Catalysts
The combination of ionic liquid phases with transition-metal catalysts repre-
sents a convenient noncovalent immobilization strategy [66]. Continuous-flow
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Figure 10.15 Asymmetric hydrogenation of dibutyl itaconate under continuous-flow
solvent-free conditions. Source: Based on Duque et al. [64].

hydrogenation utilizing transition-metal catalysts in an IL phase, however, requires
the use of gaseous substrates [67, 68] or the application of mobile phases that are
non-IL-miscible [65, 69–72]. The first approach is strongly restricted by the limited
number of suitable substrates with high volatility and catalysts with proper thermal
stability. For the second methodology, the mobile phase must efficiently deliver the
substrate to the IL phase and facilitate the separation of the products without the
gradual dissolution of the ionic liquid phase. In this context, the utilization of scCO2
as the mobile phase, in combination with ionic liquid supports in a flow system, is a
particularly attractive approach to develophighly stable and environmentally benign
catalytic methodologies. The use of ionic liquids as catalyst matrices exhibits a num-
ber of inherent advantageous properties such as (i) the ease of preparation as the
strategy allows the use of off-the-shelf catalysts, (ii) the fine-tuning of the catalytic
systemby simply varying the structure of the IL, and (iii) the contribution of the ionic
liquid to the stabilization of the catalyst [73, 74]. The catalytic reaction takes place in
a liquid-like environment that can be either the bulk ionic liquid phase (IL) or a small
amount of ionic liquid supported on the surface of a solid material (supported ionic
liquid phase, SILP). The continuous use of the IL/scCO2 method can be realized in a
stirred tank reactor, while the SILP/scCO2 system can be operated in a tubular reac-
tor containing the catalyst (Figure 10.16) [65]. Finally, it is also important to note that
the use of supercritical CO2 as themobile phase requires extra operational cost asso-
ciated with the compression, utilization, and possible recycling of carbon dioxide.

In scCO2
In scCO2

Substrate + H2
In scCO2

Substrate + H2

Product + H2
In scCO2

Product + H2

IL + Catalyst

SILP/Catalyst

(a) (b)

Figure 10.16 Schematic view of the continuous-flow systems based on IL/scCO2 (a) and
SILP/scCO2 (b) Source: Based on Zhang et al. [65].
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The first application of a continuous reactor for an enantioselective transforma-
tion using a SILP-based catalyst and scCO2 as the mobile phase was reported by
Leitner and coworkers [69]. Dehydroxylated silica was chosen as support that was
coated with [EMIM][NTf]2 (EMIM = 1-ethyl-3-methylimidazolium) containing the
commercially available (Sa,Rc)-1-naphthyl-QUINAPHOS-Rh complex as the precat-
alyst. The SILP/scCO2 biphasic system was used continuously in the asymmetric
hydrogenation of DMIT for 65 h and provided a remarkable TON value of 115 000
with only a marginal drop of the conversion (>95%). In other words, 3mg of the
rhodium catalyst converted 50 g of substrate after 65 h with a space–time yield of
0.3 kg l-1 h−1. Although, the ee started to decrease from 99% after approximately
10 h of time-on-stream, at the end of the process still high enantioselectivities, up
to 70%, could be obtained. This might be due to the partial slow decomposition of
the chiral catalyst to form nonselective catalytically active species. The same group
later extended their studies to other ILs, catalysts, and supports in order to probe
the interplay of these components under catalytic conditions [70]. It was found that
the SILP catalyst based on a perfluoroalkyl–silica support is capable of maintaining
very high activity (>99% conversion) and ee (>99%) for 10 h of continuous opera-
tion. Furthermore, as the presence of water was found to be responsible for the slow
catalyst deactivation, the introduction of a water scavenger bed further enhanced
the efficiency of the system (Figure 10.17). In this case >98% ee was achieved over
30 h on stream that corresponded to a TON value of 70 000. The chemically pure chi-
ral product with high optical purity could be produced with space-time yields up to
0.7 kg l−1 h−1.
Leitner and coworkers developed a continuous-flow system for the asymmetric

hydrogenation of methyl 2-propionylacetate with Ru-BINAP immobilized in an
imidazolium-based ionic liquid, and scCO2 was used as themobile phase (IL/scCO2)
[71]. It has been shown that an acidic additive has a profound effect on the catalyst
activity and stability. By the addition of an acidic ionic liquid [HSO3BBIm][BTA]
maximum space–time yields of 180 g l−1h−1 were obtained with up to 82% enan-
tioselectivity. The efficiency of continuous setup (Figure 10.18) was compared to
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Reaction conditions: Catalyst: 0.8 g of supported Rh-catalyst (1.3 µmol) in [EMIM][NTf2] on silica; water scanvenger:

neat silica; temperature: 40 °C; pressure: 120 bar; Q(CO2) = 85 ml min–1, Q(H2) = 10 ml min–1, Q(substrate) = 0.78 g h–1.

Figure 10.17 Asymmetric hydrogenation of dimethyl itaconate using SILP/scCO2 biphasic
system.
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Figure 10.18 Continuous asymmetric hydrogenation of methyl 2-propionylacetate with
IL/scCO2 system.

that of the batch system. It has been concluded that the flow process is remarkably
more resource efficient and can be a promising alternative of the batch reactors. A
major drawback arises from the reduced enantioselectivity of the process developed
by the authors.
The utilization of the IL/scCO2 and the SILP/scCO2 systems was com-

pared in the asymmetric hydrogenation of 1-(trifluoromethyl)-vinylacetate to
1-(trifluoromethyl)-ethylacetate, a useful chiral synthon for the production of
pharmaceutically active compounds [65]. The SILP/scCO2 methodology using
Rh–Xyl-QUINAPHOS as the catalyst afforded superior catalytic performance over
the IL/scCO2 system. Very high stability and enantioselectivity could be obtained:
the conversion remained above 90%, and the ee was around 80% in the first 130 h of
continuous stream. After doubling the flow rates the conversion dropped to 70%,
which is equivalent to a 1.5-fold increase in the TOF and the space–time yield. The
continuous-flow system was operated for 233 h with 7.5 μmol of Rh catalyst, and
the TON reached a value of 70 400.
Generally, the scope of the transition-metal/SILP/scCO2 systems under flow con-

ditions is limited to substrates/products that have sufficient solubility in scCO2 [72].
Hence, compounds with highly functionalized structure or low volatility usually
cannot be transformed efficiently using the SILP/scCO2 system. In order to over-
come these difficulties, Leitner and Franciò et al. developed a methodology for the
synthesis of (S)-5-fluoropyrimidin-2-yl-ethanamine, a key intermediate in the pro-
duction of anAPI (see Section 10.3.1.2), with continuous asymmetric hydrogenation
using modified scCO2 (modCO2). After the careful evaluation of the possible cosol-
vents, toluene was chosen as a suitable modifier. Again, the traces of water exerted
a detrimental effect on the catalyst stability. Therefore, the introduction of a water
scavenger predrying column and the utilization of a highly hydrophobic fluorous
reverse-phase silica (FRP-SiO2) as a support in combination with modCO2 led to
a highly active, selective, and robust catalytic system. Under optimized condition,
using the FRP-SiO2/SILP/Rh–QUINAPHOS catalyst >99% conversion and ee were
obtained during the 90-h-long time-on-stream, which corresponds to a total TON
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Figure 10.19 Asymmetric hydrogenation of N-(1-(5-fluoropyrimidin-2-yl)-vinyl)acetamide
on a SILP-based catalyst.

value of 10 300 and a space–time yield of 24 g l−1 h−1 (Figure 10.19). An interesting
addition from the authors is the comparison of their system to the catalyst based
on Rh–DuPhos, immobilized by the Augustine method (see Section 10.3.1.2), both
operating under flow conditions. The SILP-based catalyst proved to be less compet-
itive than the latter approach due to its lower space–time yield (24 g l−1 h−1 vs. 399 g
l−1 h−1) and its higher operation cost associated with the higher pressure of CO2.
Wasserscheid and coworkers developed a continuous gas-phase process for

the asymmetric hydrogenation of methyl acetoacetate using a chiral SILP-based
Ru catalyst [67]. The authors thoroughly investigated the role of the support
materials and solvent additives in determining catalyst activity as well as the
possible reasons for the catalyst deactivation. It has also been shown that the
continuous cofeeding of gaseous methanol to the substrate has a profound effect
on the activity. A stable conversion (∼70%) was obtained after 35 h time-on-stream
catalyst activation in a tubular plug-flow reactor and was maintained for 70 h.
Enantioselectivities up to 80% could be obtained, and the total turnover number of
the process reached a value of 2500. The studies were later extended to the gas-phase
hydrogenation of the more challenging substrate MP with Ru complexes [68]. The
continuous-flow mode ensured the thorough screening of the chiral ligand, the
support material, the ionic liquid phase (anion and cation), the IL loading, and
the acidic additive. Using the Ru-BINAP catalyst immobilized in 3-hydroxypropyl
pyridinium bis(trifluoromethylsulfonyl)imide ([PrOHPyr][NTf2]) on silica support,
ees up to 30% could be obtained with stable yields of 80–84% for more than 50 h
time-on-stream.

10.3.2 Homogeneous Systems

Homogeneous asymmetric hydrogenation has several remarkable advantages over
the heterogeneous systems. First, it allows the development of a wide variety of
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soluble chiral transition-metal complexes by simply combining the corresponding
transition-metal precursor with the chiral ligand. Very high activities and selec-
tivities can be obtained even under mild reaction conditions. Furthermore, the
intermediates of the catalytic cycle can relatively easily be investigated. One of
the main concerns about homogeneous catalysis is the effective removal of the
transition-metal contaminant from the reaction mixture that is strictly regulated
by the pharmaceutical industry. Additionally, the cost of the expensive transition
metal and the chiral ligand give further motivation to separate and recycle them
in the catalytic reaction. The separation and recycling of homogeneous catalysts in
continuous asymmetric hydrogenation was realized by membrane filtration or by
reverse-flow adsorption technique.
Yamada et al. performed the cobalt-catalyzed asymmetric hydrogenation of var-

ious ketones using modified borohydride as the reducing agent [75]. The solution
of the substrate containing the homogeneous catalyst and the solution of the modi-
fied borohydride were mixed in the microreactor, and the effluent was then directly
poured into a vessel containing THF/AcOH to quench the reaction. At a 12-min res-
idence time, up to 92% yield and 91% ee could be obtained for tetralone derivatives.
Additionally, after the initial optimization, in a 9.75-h-long continuous experiment
3.1 g of 6-methoxytetralone was hydrogenated to produce the corresponding alcohol
in 96% yield and 92% ee using 5mol% optically active cobalt catalyst.
A tube-in-tube reactor was used in the diastereoselective hydrogenation of

minimally functionalized olefins by Newton, Ley, and coworkers [76]. In their
experimental setup, several Rh-, Ru-, and Ir-containing chiral metal complexes
were screened. At a conversion of >99%, up to 76% ee could be obtained using 0.1M
substrate solution with 2.5mol% catalyst at 15 bar H2 pressure, 20 ∘C temperature,
and 80min reaction time. In order to further enhance the efficiency of the system,
a second tube-in-tube reactor and a mixer chip were also introduced. Furthermore,
a recirculating protocol was also developed that could increase the conversion from
49% to 75% at a catalyst concentration of 1mol%.
A micromesh continuous reactor was presented by Gavriilidis and used in the

rhodium-catalyzed asymmetric transfer hydrogenation of acetophenone in iso-
propanol [77, 78]. The micromesh system was able to efficiently remove the acetone
by-product from the reaction mixture and thus prevent equilibrium reactions that
can lower the enantioselectivity (Figure 10.20). The experimental setup provided
superior performance over the batch system: at a substrate/catalyst molar ratio of
1000 and at 30 ∘C, the continuous system required 13min to reach full conversion,
in contrast to the batch reaction where 180min reaction time was needed. In the
mesh system, a final ee of 83%, and in the batch system 79% could be obtained.
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Figure 10.20 A schematic view of the micromesh interface.
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Figure 10.21 Reverse-flow setup for asymmetric hydrogenation developed by Reek and
coworkers.

Reek and coworkers reported the development of a reverse-flow adsorption pro-
cess based on a one-step adsorption as an efficient methodology for the recycling
of homogeneous rhodium catalysts [79]. The basis of the method is the selective
removal of the homogeneous catalysts from the reactor effluent by adsorption and
the recycling of the catalyst to the reactor with its feed (Figure 10.21). The effi-
cient adsorption of the catalyst was achieved using tailor-made binding motifs on
the transition-metal complex (guest) and the adsorbent (host) and was based on
hydrogen-bond and ionic interactions. In the asymmetric hydrogenation of methyl
acetamidoacrylate 0.5 g of the host was used in each adsorption bed, and at a sub-
strate/Rhmolar ratio of 200, at room temperature, and 1 bar H2 pressure 20% ee and
55.3% conversion (TOF= 138 h−1) could be obtained in the first run. After eight con-
secutive cycles the conversion decreased to 26.2%, but the ee remained in the range
of 18–16%.
A polysiloxane-bound homogeneous ruthenium catalyst (a chemzyme) was

developed and applied in the asymmetric transfer hydrogenation of acetophenone
in a continuously operatedmembrane reactor [80]. The polysiloxanemoiety ensures
the solubility and facilitates the ultrafiltration by the membrane. High ees (up to
94%) and space–time yields (578 g l−1 d−1) could be achieved using isopropanol as
a hydrogen donor and the solvent. The system was compared to the corresponding
enzymatic systems. It was concluded that although the enzyme-catalyzed hydro-
genation produces the product with higher enantioselectivities and activities, the
solubility of the substrate may be low in the aqueous system, thus decreasing
space–time yield. In contrast, the application of a chemzyme does not need any
cofactor as a hydrogen mediator, and the space–time yields available can be higher
by the optimization of the substrate and catalyst concentrations. A kinetic model
of the transfer hydrogenation reaction has also been developed for the chemzyme
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Figure 10.22 Continuous membrane separation of the catalyst in asymmetric
hydrogenation of tetralone. Source: Based on O’Neal et al. [82].

reactor [81]. The reaction performed at the predicted conditions provided the
product with 0.58 kg l−1 d−1 space–time yield and 92.8% ee. These results are very
close to the predicted values. Moreover, based on the model it has also been shown
that the removal of acetone would result in a threefold increase in the total turnover
number.
A continuous nanofiltration and recycling of a ruthenium diphosphine/diamine

catalystwas developed by Jensen et al., and the systemwas applied in the asymmetric
hydrogenation of tetralone in flowusingH2 as a hydrogen source (Figure 10.22) [82].
The continuous systemwas used for 24 h and provided the productwith a TONvalue
of c. 5000, and ees up to 93% could be obtained. Additionally, the catalyst leaching
wasminimal, and the product contained less than 250 ppb ruthenium. The 24-h con-
tinuous operation is equivalent to approximately 60 batch separation/recycle exper-
iments.
Besides process intensification, the use of microreactors can be extremely fruitful

in (i) fast catalyst screening, (ii) efficient optimization of reaction parameters, and
(iii) the determination of reaction kinetics with as low reagent loading as possible.
Bellefon and coworkers used different highly efficient microdevices and reactors
for the thorough screening of a number of chiral rhodium–diphos systems in the
asymmetric hydrogenation of prochiral substrates to investigate the nature of the
gas–liquid reactions [83–85]. It has been clearly demonstrated that the catalytic
tests can be accurately performed even with an extremely low catalyst loading.
Furthermore, high activities and enantioselectivities could be obtained.

10.3.3 Self-supported Systems

In the self-supporting approach, the immobilization of chiral catalysts is performed
by the self-assembly of the chiral multitopic ligands and transition-metal ions to
form an organometallic polymer or network [86]. The resulting complex has low
solubility in most organic solvents due to its polymeric nature and therefore can be
used as an immobilized catalyst. It is also proposed that the system preserves the
prosperous stereoelectronic features of the parent homogeneous catalyst and can
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Figure 10.23 Examples of multitopic ligands for self-supported Rh catalysts developed by
Ding et al.

effectively be used with high activity and selectivity similar to those of the homoge-
neous system in asymmetric catalytic hydrogenation.
Ding and coworkers developed a self-supported catalyst system for the asym-

metric hydrogenation of α-dehydroamino acid methyl esters and 2-aryl-substituted
enamides [87]. In their study, MonoPhos-based multitopic ligands were synthe-
sized to produce the self-supported catalyst upon reaction with [Rh(COD)2]BF4
(Figure 10.23).
According to scanning electron microscopy, the catalyst is composed of

micrometer-sized particles, and it has no crystallinity as evidenced by X-ray
diffraction (XRD) measurements. It has been shown that approximately 37% of the
RhI centers of the catalyst are available for acetamidocinnamic acid molecules in
the hydrogenation process. Although the recycling of the catalyst in batch reactions
indicated its deactivation, no decrease in the enantioselectivity (96–97%) occurred
even after the 10th consecutive run in batch reactor. The slow deactivation was
attributed to the catalyst decomposition during the recycle process, but the negative
effect of air or moisture present in the system could not be ruled out. In order to
enhance the catalyst stability the self-supported systemwas studied in the asymmet-
ric hydrogenation of acetamidocrotonic acid methyl ester under flow conditions.
The catalyst containing multitopic ligand A was mixed with packing material in
order to avoid system blockage. Several inorganic materials were tested as MgSO4,
TiO2, or activated carbon. The best performance was observed for the latest that
could be explained with the improved dispersion of the self-supported catalyst
in the reaction mixture in the presence of activated carbon. Under experimental
conditions (catalyst: 60mg (containing ligand B), activated carbon: 90mg, substrate
concentration: 1 g 200ml−1 toluene, substrate flow rate: 0.05mlmin−1, and H2-flow
rate: 3mlmin−1), the hydrogenation product could be synthesized in >99% con-
version and 97% ee for a total of 144 h. Furthermore, the tests clearly proved that
the self-supporting process does not affect detrimentally the performance of the
catalyst, and comparable or even better activities and enantioselectivities can be
obtained as with the homogeneous analogues.

10.4 Organocatalysts

The combination of organocatalysis with continuous-flow technology offers an
outstanding solution for the green synthesis of pharmaceutically important chiral
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Figure 10.24 Organocatalytic asymmetric transfer hydrogenation of heteroaromatic
compounds in flow. Source: Based on Rueping et al. [90].

ingredients [88, 89]. Although the asymmetric flow hydrogenation catalyzed by
organocatalysts is not a general methodology of production, it is important to
mention its high potential.
Rueping and coworkers reported on the first organocatalytic asymmetric transfer

hydrogenation in a flow reactor (Figure 10.24) [90]. First, they examined the transfer
hydrogenation of a benzoxazine-type substrate (X = H, R = Ph) in the presence of
a Hantzsch dihydropyridine derivative (R = Et) as hydrogen donor. A binol-based
chiral Brönsted acid (Ar = 9-phenanthryl) was used as catalyst. The reagents (sub-
strate+ the catalyst and theH-source) were introduced separately to the reactor. The
glass microreactor was attached to a ReactIR flow cell which allowed the real-time
analysis of the product mixture. In fact, both the substrate consumption and the
product formation could be analyzed by the system, i.e. by the disappearance and
the evolution of the corresponding IR signals. The real-time analysis ensured the
fast optimization of the reaction parameters. Using 1.2 equiv of the hydrogen source
and 2mol% catalyst in CHCl3 as solvent at 60 ∘C temperature, 0.1mlmin−1 flow
rate, and 60min residence time, the product could be obtained with 98% isolated
yield and 98% ee in the hydrogenation of 3-phenyl–benzoxazine. Furthermore, the
system was tested in the asymmetric hydrogenation of several 3-aryl benzoxazine
derivatives, where ees up to 99% were obtained. The hydrogenation reactions of
2-aryl quinolines provided the product with up to 99% ees in the presence of only
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0.5mol% catalyst. In the hydrogenation of 2-phenyl quinoline the authors showed
that transferring the reaction from flow to the batch system under the same reac-
tion conditions results in a significant drop in the isolated yield of the product (96%
vs. 67%). This effect was explained by the better heat transfer available in the flow
system compared to the batch reactor. The asymmetric hydrogenation of more chal-
lenging substrates quinoxalines and 3H-indoles was also successfully performed to
produce the corresponding tetrahydroquinoxalines and indolines with ees up to 94%
and 99%, respectively.
Later, the same group presented an interesting study on a photocyclization–

asymmetric hydrogenation cascade reaction in flow [91]. It was envisioned that
2-aminochalcones undergo photocyclization to form quinolines, and in the pres-
ence of a Binol-based Brönsted acid as catalyst and Hantzsch dihydropyridine as
hydrogen source the corresponding enantioenriched tetrahydroquinolines can be
produced in a subsequent hydrogenation step (Figure 10.25). The microfabricated
glass reactor proved to be an efficient tool for the cascade reaction as it allowed bet-
ter light penetration and uniform irradiation of the reaction mixture. High isolated
yields (up to 88%) and enantioselectivities (up to 96%) were obtained starting from
2-aminochalcone derivatives under optimized conditions (2.4 equiv of Hantzsch
dihydropyridine, 1mol% catalyst, 0.03M substrate concentration in CHCl3, 55 ∘C,
0.1mlmin−1 flow rate, 60min residence time, and 𝜆 > 300 nm). Again, a significant
improvement of the product yield was observed when the reaction was conducted
under flow conditions compared to the batch reaction.

Catalyst Hydrogen source

N
H

N
H

R1

R2

R1

R1

Ar

OH

OO

O

P

Ar

H H
EtO2C CO2Et

In CHCI3
O

NH2

R1

R2

Substrates

Hantzsch-ester +

Binol-based Brönsted acid 

O

NH2

R1 = H, F, CI; R2 = H, CF3,

OMe, -CH=CHCH=CH-, -

(CH2)4-, -OCH2O-, Ph
Ar = 2,4,6-iPr3–C6H2

hv

*

Figure 10.25 An organocatalytic photocyclization–transfer hydrogenation cascade in flow.
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10.5 Chiral Auxiliary-controlled Asymmetric
Hydrogenation in Flow

In view of the previous chapters, where highly active and selective catalytic sys-
tems were developed that used only a tiny amount of chiral catalyst to produce large
amount of enantiomerically enriched product, the use of stoichiometric amount of
chiral auxiliaries to transfer chiral information to the substrate seems to be waste-
ful. However, these strategies enable predictable, robust, and highly enantioselective
chemical transformations or can be applied in caseswhere simple catalytic processes
are not efficient. The drawbacks associated with the introduction, utilization, and
removal of the auxiliary can be minimized using flow technology, i.e. by the integra-
tion of the chemical process into one multistep flow sequence [92].
Newman and coworkers reported the flow synthesis of β-chiral acid esters in a

chiral auxiliary-mediated four-step reaction sequence [93]. The introduction of the
chiral auxiliary (i), the asymmetric hydrogenation on Pd/C catalyst (ii), the removal
of the auxiliary (iii), and its separation from the product (iv) enable the synthesis in
one single telescoped process (Figure 10.26).
Additionally, the continuous separation of the chiral auxiliary (Oppolzer’s sultam)

allowed its recycling that enabled the use of formal substoichiometric amount of the
chiral modifier. The acylation step (i) was realized in toluene under phase-transfer
conditions using NaOH as a base. In the next step, the hydrogenation (ii) was per-
formed on a Pd/C bed at 45 ∘C to produce the product with 97% yield and a diastere-
omeric ratio of 95/5. The chiral auxiliary was cleaved by methanolysis (3) using 7%
NaOMe in methanol, resulting in the formation of the corresponding methyl ester.
In the final step (iv), the chiral auxiliary (in the form of sodium salt) was directly
extracted from the organic phase (org.) to the aqueous (aq.). The final ester products
were isolated in 67–72% yields, and the diastereoselectivity of the hydrogenation
step ranged from 92/8 to 98/2. In comparison to the batch process, the flow sys-
tem presented similar to greatly improved yields and greatly reduced reaction times.
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Figure 10.26 Schematic of the multistep flow reaction sequence.
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Moreover, in the flow process the chiral auxiliary could be regenerated in 71–79%
yield. This was utilized in a next set of experiments where the chiral auxiliary was
continuously recycled. The systemwas continuously operating for 4.5 hours (∼8 aux-
iliary recycles). The overall yields decreased only slightly, and the diastereomeric
ratios of the products were the same as observed earlier.

10.6 Summary and Outlook

Continuous-flow technology provides a revolutionary change in the operational
design of chemical processes both in research laboratory and in the fine chemical
industry. The reduced reaction times, increased efficiency, excellent heat and
mass transfer, better control and reproducibility, rapid optimization, screening and
in-line analysis, and improved process safety largely contribute to the success of flow
chemistry in the past two decades. In terms of green chemistry, continuous-flow
technologies can make chemical transformations much more sustainable. Besides
process intensification, the use of microreactors can be extremely fruitful in (i)
fast catalyst screening, (ii) efficient optimization of reaction parameters, and (iii)
in the determination of reaction kinetics with as low reagent loading as possible.
Generally, the smaller amounts of solvents used in these processes, the reduced
ecological footprint of chemical reactors, the safer realization of synthetic protocols,
or the possibility of process integration into one reaction sequence are several of the
many remarkable advantages of the flow technologies.
Thewide variety of catalysts used for the asymmetric flowhydrogenation reactions

performed clearly proves the high potential of the methodology not only in lab-scale
processes but also in the industry. It is, however, important to note that the beneficial
use of the technology in industrial scale requires the development of more active
and stable catalysts. In this contribution, the synthesis of novel chiral ligands for
organometallic catalysts still represents an essential part of chemical research.
Continuous-flow syntheses and organocatalytic processes are among the top

emerging technologies [94]. The combination of asymmetric continuous-flow
hydrogenation with organocatalysis might further enhance the ecological and
economical value of the technology and can therefore be highlighted as a promising
new direction in synthetic organic chemistry.
The asymmetric flow hydrogenation is not only “a spectacular strategy” but a

real-world solution for the synthesis of biologically active synthons. Asymmetric
hydrogenation in continuous-flow mode is of growing importance to a sustainable
modern society, in which environmental protection is of increasing concern.
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47 Kovács, L., Szőllősi, G., and Fülöp, F. (2015). J. Flow. Chem. 5: 210–215.
48 Künzle, N., Solèr, J.-W., Mallat, T., and Baiker, A. (2002). J. Catal. 210: 466–470.
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11.1 Introduction

Hydrogenation is a fundamental chemical transformation in which molecular
hydrogen (H2) is used to “saturate” unsaturated organic molecules. Despite the
seemingly simplistic nature of the reaction, hydrogen itself is normally not reactive
toward organic molecules; therefore, the process typically requires promotion by
transition-metal catalysts (e.g. Pd, Pt, Rh, Ni, and Ru). On the other hand, transfer
hydrogenation refers to the addition of hydrogen to a molecule from a source other
thanmolecular hydrogen itself. This strategy has become an attractive alternative to
direct hydrogenations and has been applied in industrial processes. An example of
a large-scale transfer hydrogenation is the “coal liquefaction“ with hydrogen donor
solvents such as tetralin [1]. The potential advantages of transfer hydrogenations
over conventional hydrogenations include: (i) the systems do not require pres-
surized H2 gas or special experimental setups, (ii) the hydrogen donors are often
readily available and easy to handle, and (iii) the corresponding catalysts can be
simple and readily accessible and handled under aerobic, noninert conditions [2].
The first known example of a transfer hydrogenation reaction dates back more

than a century. In 1903, Knoevenagel [3] demonstrated that palladium black
smoothly promotes the disproportionation of dimethyl 1,4-dihydroterephthalate to
dimethyl terephthalate and cis-hexahydroterephthalate, in which a disproportiona-
tive hydrogen transfer between identical donor and acceptor units took place. In the
1960s [4], the pioneering work by Henbest, Mitchell, and coworkers showed that an
iridium hydride complex could catalyze the hydrogenation of cyclohexanones and
α,β-unsaturated ketones to alcohols using 2-propanol as a stoichiometric reductant.
Since these seminal reports, catalytic transfer hydrogenations have been extensively
studied and reported in the literature. Nowadays, the most prevalent hydrogen
sources are hydrazine, dihydronaphthalene, 2-propanol [5], and formic acid [6] and
are often used in the presence of metals such as Ru, Rh, Ir, and Sm or an organic
molecule as the catalyst. Depending on the chosen catalyst, two methodologies of

Asymmetric Hydrogenation and Transfer Hydrogenation, First Edition.
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Figure 11.1 Structure of NADH and NADPH. Source: Based on Ref. [7].

asymmetric transfer hydrogenation (ATH) can be adopted: metal catalysis with
chiral ligands and organocatalysis, often mimicking biological processes.
Nature performs ATH reactions in biological systems using NADH and NADPH

(Figure 11.1) [7]. These cofactors contain a 1,4-dihydropyridine which is capable of
delivering two hydrogen atoms to unsaturated C=C, C=N, and C=O bonds. Such
cofactors have inspired chemists to develop organocatalytic ATH reactions [8] using
1,4-dihydropyridines, most importantly the so-called Hantzsch esters [9].
The first synthesis of 1,4-dihydropyridines was reported by Arthur Rudolf

Hantzsch in 1881 [9], and the products were later named “Hantzsch esters”. The
synthesis involved the condensation between an aldehyde, two molecules of a
β-ketoester, and ammonia to give a 1,4-dihydropyridine (Scheme 11.1).

Scheme 11.1 The first synthesis of a Hantzsch ester.

One of the very early uses of the Hantzsch ester as a reductant was demonstrated
by Westheimer and Mauzerall [10] in 1955 in the transfer hydrogenation of a car-
bonyl compound (Scheme 11.2). Lactic acid was produced via reduction of pyruvic
acid with Hantzsch ester H1 under neat conditions and at high temperature in 7%
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Scheme 11.2 Westheimer’s reduction of pyruvic acid using Hantzsch ester (H1).

yield [11]. Since then, Hantzsch esters have emerged as powerful organic hydrogen
sources in transfer hydrogenations [8].
In this chapter, we give an overview of the various types of organocatalytic ATH

methods using organic hydrogen sources, with specific focus on the use of Hantzsch
esters.

11.2 Reduction of C=C Double Bonds

The most frequently reported type of olefin modification is its reduction, i.e. the
addition of a hydrogen molecule across the C=C bond. Intensive research on C=C
bond reductions using metal catalysts and molecular hydrogen has been reported.
More recently, C=Cbond reductions via transfer hydrogenation in combinationwith
organocatalysts have emerged as an alternative.
An early contribution to organocatalytic transfer hydrogenation reactions of

alkenes was reported by List and coworkers in 2004 [12]. The conjugate reduction
of α,β-unsaturated aldehydes in the presence of Hantzsch ester H1 and a catalytic
amount of ammonium salts such as dibenzylammonium trifluoroacetate at room
temperature was developed (Scheme 11.3). This method is highly efficient, regio-
and chemoselective, and is tolerant of a variety of functional groups that are
typically sensitive to standard hydrogenation conditions.

Scheme 11.3 The first organocatalytic transfer hydrogenation reaction of enals.

In this publication, the very first asymmetric version of this reaction using the
hydrochloride salt of MacMillan-type imidazolidinone (C2) has also been described
with good yield and enantioselectivity (Scheme 11.4).
Soon after, the List group advanced this methodology to the enantiose-

lective reduction of several unsaturated aldehydes in very high yields and
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Scheme 11.4 The first organocatalytic ATH reaction of an enal.

Scheme 11.5 The organocatalytic ATH reaction of α,β-unsaturated aldehydes.
Source: Refs [13].

enantioselectivities using the trichloroacetate salt of an imidazolidinone (C3) as
catalyst (Scheme 11.5) [13].
An interesting feature of this process is its stereoconvergence, i.e. starting from

either the Z- or the E-isomer of the unsaturated aldehyde leads to the same
enantiomer of the product. Therefore, the unsaturated aldehyde starting material
of the reaction may be used as a mixture of E/Z isomers. It was proposed that the
E- and Z-α,β-unsaturated iminium ion intermediates are in fast equilibrium via a
dienamine species. The subsequent rate-limiting hydride transfer proceeds much
faster with the E-isomer [k(E)> k(Z)], which predominantly affords the (R)-product
(Figure 11.2).
Also, in 2005, MacMillan and coworkers [14] reported a similar study, where

the monosubstituted catalyst C4 could promote highly enantioselective reductions
of trisubstituted aldehydes (irrespective of their geometric purity) at −30 ∘C
(Scheme 11.6).

Scheme 11.6 The organocatalytic ATH reaction of α,β-unsaturated aldehydes.
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Figure 11.2 Proposed mechanism of asymmetric transfer hydrogenation catalyzed by the
secondary amine salt, and the origin of enantioconvergence.

The same activation mode of iminium ion catalysis was later expanded to
α,β-unsaturated ketones by List, MacMillan and coworkers [15]. The previously
used catalysts for enal hydrogenation were found to be incompatible, due to the fact
that ketones are sterically and electronically deactivated toward iminium formation
in comparison to aldehydes. The furyl imidazolidinone catalyst (C5), which has
been previously used for enantioselective Diels–Alder reactions with cyclic enones,
promotes the highly enantioselective reduction of cyclic enones with several ring
sizes using Hantzsch esterH3 under mild conditions (Scheme 11.7).
In the meantime, the List group introduced the new concept “Asymmetric

Counteranion Directed Catalysis (ACDC)” [16]. Intrigued by the observation of
a strong counteranion effect on the yield and enantioselectivity of their transfer
hydrogenation reaction [13], a new class of ammonium salt catalysts was designed,
which consists of achiral ammonium ions and an enantiopure counteranion,

Scheme 11.7 The first organocatalytic ATH reaction of α,β-unsaturated ketones.
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TRIP [17], a BINOL-derived phosphate anion. The chirality of the chiral phosphate
anion was proposed to induce the enantioselectivity of the reaction via stereochem-
ical communication within the iminium ion–phosphate pair. Under optimized
conditions, morpholinium salt [16]C6 could catalyze the enantioselective reduction
of α,β-unsaturated aldehydes to furnish the corresponding saturated derivatives in
up to >99:1 er, the highest yet reported for this class of substrates (Scheme 11.8).
It was proposed that the reaction proceeds via an iminium ion with the chiral
phosphate as a counteranion. There may be multiple interactions of the phosphate
anion with the iminium ion including nonclassical CH· · ·O hydrogen bonding and
an NH· · ·O hydrogen-bonding interaction with the Hantzsch ester. Such a compact
ion–pair interaction in the TS could be responsible for the high enantioselectivity.

Scheme 11.8 Organocatalytic asymmetric counteranion-directed catalysis in the transfer
hydrogenation of α,β-unsaturated aldehydes.

The ACDC strategy also enabled for the first time the use of the sterically
nonhindered and industrially relevant aliphatic substrate citral, which can be
converted into (R)-citronellal with an er of 95:5 using the novel chiral counteranion
catalyst (Scheme 11.9). Such high selectivity could not be achieved with either the
List group’s previous system [13] or with that of MacMillan and coworkers [14].
Indeed, this had been the highest enantioselectivity so far reported for any catalytic
asymmetric hydrogenation or transfer hydrogenation of citral.

Scheme 11.9 Organocatalytic asymmetric transfer hydrogenation of (E)-citral.

The List group reasoned that the new strategywould be amenable to the activation
of ketones using less bulky primary amine salts of TRIP, a phosphoric acidwhich had
previously been introduced by the group as powerful catalyst for imine reductions
and Pictet–Spengler cyclizations [18]. (S)-Valine ester-derived salt [15] C7 proved to
be the optimal catalyst capable of promoting highly selective reductions of a variety
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Scheme 11.10 Organocatalytic asymmetric counteranion-directed catalysis in transfer
hydrogenation of α,β-unsaturated ketones.

of cyclic ketones (Scheme 11.10). Mechanistically, the reaction may again proceed
via an iminium ion–phosphate pair, which is stabilized by hydrogen-bonding inter-
actions. In addition to binding the iminium ion, the phosphate counteranion may
also interact with the Hantzsch ester via an additional hydrogen bond. In that view,
the activationmodewould best be described as a combination of Brønsted acid catal-
ysis and iminium ion catalysis.
In 2008, Kudo and coworkers [19] developed a supported catalyst for the ATH

of enals. They demonstrated that a resin-supported N-terminal prolyl peptide with
α,β-turn motif and hydrophobic polyleucine tether could effectively catalyze the
ATH reaction of α,β-unsaturated aldehydes with Hantzsch esters in aqueous media
(THF/H2O) (Scheme 11.11). The products could be obtained in up to 76% yield and
98:2 enantiomeric ratio.

Scheme 11.11 Organocatalytic ATH in aqueous media using resin-supported peptide.

Chiral amines can also be used to reduce the enone functionality in com-
plex molecules such as steroids [20]. Recently, Van Arman [21] and coworkers
replaced the traditional Hantzsch ester with a Hantzsch amide and studied the
non-enantioselective reduction of unsaturated linear ketones promoted by ben-
zylammonium trifluoroacetate. The novelty of this process is that the unreacted
Hantzsch amide and the bis-methylamidopyridine by-product are effectively
removed by extraction, which is more challenging when using the more common
Hantzsch diethyl ester.
Houk and coworkers [22] undertook a theoretical investigation on the ATH

reaction of α,β-unsaturated ketones catalyzed by chiral imidazolidinone salts.
Hybrid density functional theory (B3LYP/6-31G(d)) suggested that the E-iminium
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Figure 11.3 Proposed hydride attack transition state.

transition state is favored. Hydride transfer from the Hantzsch ester to the iminium
is energetically favored from the less-hindered (bottom) face in an anti-fashion.
The calculated energetic barrier of this transition state was 1.1 kcalmol−1 lower
than its diastereomeric counterpart, consistent with the experimentally observed
enantioselectivity (Figure 11.3).
List and coworkers also studied the ATH of β,β-disubstituted nitroolefins [23] and

β-nitroacrylates [24] utilizing a chiral thiourea catalyst. A number of nitroolefins
could be reduced in very high yields and enantiomeric excess (Scheme 11.12).

Scheme 11.12 The first example of thiourea catalysis in ATH of nitroolefins.

In case of β-nitroacrylates, the substrate reactivitywasmuchhigher (Scheme11.13).
The reactions could be performed at 0 ∘C instead of 40 ∘C, and the enantiomeric
ratio of the resulting saturated β-nitroesters varied from 94.5:5.5 to 97.5:2.5. Also,
the nitro group could be further reduced by hydrogen in the presence of palladium
on activated charcoal to provide the corresponding β2-amino acid with no loss of
enantiopurity.

Scheme 11.13 The organocatalytic ATH reaction of β-nitroacrylates.
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Later, Paradies and coworkers [25] used a bifunctional thiourea catalyst for the
ATH reactions of nitroolefins with Hantzsch esters in high yields (76–99%) and good
to moderate enantiomeric ratios (70:30–93.5:6.5). Their investigation showed that
the Hantzsch dihydropyridine–NH bond significantly contributed to the efficiency
and enantioselectivity of the transformation, suggesting H-bonding interactions
with the hydroxy-substituted thiourea derivatives. This methodology was later
extended to β-trifluoromethyl nitroalkenes [26] and β-aminonitroolefins [27]. The
reduction products β-aminonitroalkanesmay be transformed into a variety of useful
substances relevant to medicinal chemistry.
Sun and coworkers [28] described an interesting organocatalytic transfer hydro-

genation strategy for the asymmetric synthesis of 1,1-diarylethanes, an important
class of compounds with broad medicinal and agricultural applications. Under
mild conditions, a range of 1,1-diarylethanes, substituted with an o-hydroxyphenyl
or indole unit, could be obtained with excellent yield and enantiomeric excess
(Scheme 11.14). In some cases, triethylamine and TMSCl were added prior
to product extraction to convert the products to their silylated derivatives in
order to facilitate purification. The free hydroxyl group is required for the in
situ generation of o-quinone methide-type intermediates where the fast hydride
addition takes place on the side of the (Z)-o-quinone methide plane where the
catalyst resides, giving rise to the observed stereoselectivity. They also extended
the protocol to an asymmetric hydroarylation of 1,1-diarylalkenes with indoles
for the synthesis of a range of highly enantioenriched 1,1,1-triarylethanes bearing
acyclic all-carbon quaternary stereocenters.

Scheme 11.14 Organocatalytic asymmetric synthesis of 1,1-diarylethanes by transfer
hydrogenation.

11.3 Reduction of C=N Double Bonds

The first enantioselective transfer hydrogenation reaction of C=N double bonds
with Hantzsch esters was claimed in 1989 by Singh and Batra [29]. α-Amino acid
hydrochlorides or chiral acids mediated the reduction of imines using Hantzsch
ester as the hydrogen source to afford amines with moderate enantioselectivity (up
to 81.5:18.5 er). However, it is important to point out that no experimental details
were revealed in this report. We have carefully reinvestigated these published exper-
iments but have been unable to reproduce any of the reported enantioselectivities,
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either under catalytic or stoichiometric conditions. In all cases e.r.’s < 55:45 were
obtained.
In 2005, a highly enantioselective transfer hydrogenation of imines using

Hantzsch ester and chiral phosphoric acid (CPA) as catalyst to produce chiral
amines under mild conditions was realized by List and coworkers and by Rueping
and coworkers. The List group showed that 1mol% of (S)-TRIP could catalyze the
ATH of several PMP-protected (PMP: p-methoxylphenyl) imines using Hantzsch
ester in toluene at 35 ∘C with high yields (80–98%) and enantioselectivities
(90:10–96.5:3.5 er) (Scheme 11.15) [30]. The relatively less-reactive aliphatic iso-
propyl methyl-substituted imine could also be reduced with 80% yield and 95:5 er.
Similar enantioselectivity (94:6 er) and yield (81%) were obtained in this first
example of an enantioselective reductive amination with an organocatalyst. The
catalyst loading could even be reduced to 0.1mol% (J. Zhou and B. List, unpublished
results) by performing the imine formation and reduction in situ in the presence of
molecular sieves (MSs).

Scheme 11.15 CPA-catalyzed ATH of imines and first reductive amination of ketones.
Source: Based on Ref. [30].

In the parallel studies from Rueping’s group [31], the chiral Brønsted acid C11
was identified as the optimal catalyst (Scheme 11.16). Compared to the List group
protocol, it requires higher catalyst loading (20mol%), higher temperature (60 ∘C),
and longer reaction time (72 h) to give the desired amine product with lower yields
(46%–91%) and enantioselectivities (84:16–92:8 er).
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Scheme 11.16 CPA-catalyzed ATH of imines.

Figure 11.4 (a) The proposed catalytic cycle of CPA-catalyzed ATH of imines.
(b) Stereochemical preference in CPA-catalyzed ATH of imines.

Both groups proposed a similar catalytic cycle, which is initiated by protonation
of the imine from the chiral Brønsted acid catalyst (Figure 11.4a). The resulting
iminium ion is paired, probably stabilized by hydrogen bonding, with a chiral enan-
tiopure counteranion, and its reaction with the Hantzsch dihydropyridine (H1)
could give an enantiomerically enriched amine and Hantzsch pyridine by-product.
The concentration of the free acid HX* is presumably very small under the reaction
conditions.
In 2009, Simón and Goodman [32] conducted a theoretical study toward elucidat-

ing the reaction mechanism and the origin of the observed enantioselectivity in the
Hantzsch ester mediated, CPA-catalyzed ATH of imines. DFT calculations suggest
a bifunctional activation mode of the CPA, in which the imine group is activated by
the Brønsted acid which at the same time interacts with the Hantzsch ester. Accord-
ing to the calculations, the Z-imine involving transition state is lower in energy
than the corresponding E-isomer (Figure 11.4b). The observed enantioselectivity
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was interpreted according to the “three-point contact model” [33], two hydrogen
bonds with the phosphate, and the effect of steric hindrance.
Subsequently, MacMillan and coworkers reported an effective reductive amina-

tion of ketones using Hantzsch esters [34]. Phosphoric acid C9, with triphenylsilyl
groups at the 3,3′-positions of the BINOL-derived backbone, was found to be opti-
mal. Using 10mol% of the catalyst and Hantzsch esterH1 as the hydrogen source, a
variety of aromatic and aliphatic ketones (used in threefold excess) were reductively
aminated in good to high yields (49–92%) and with good to excellent enantiose-
lectivities (90.5:9.5–98.5:1.5 er). In addition to p-anisidine (PMP–NH2), heterocyclic
amines could be used successfully with no loss in reaction efficiency or enantiocon-
trol. Notably, the efficient removal of water formed during the reaction seems to be
important as the reaction rates and selectivities improved considerably upon using
5Å MS (Scheme 11.17).

Scheme 11.17 Enantioselective reductive amination of ketones using Hantzsch ester.

In 2006, the List group discovered a unique CPA-catalyzed reductive amination
of α-branched aldehydes via dynamic kinetic resolution (DKR) to produce the
β-branched chiral amines (Scheme 11.18) [35]. A variety of racemic α-branched
aldehydes were reductively aminated with aromatic amines, 5mol% of (R)-TRIP,

Scheme 11.18 CPA-catalyzed enantioselective reductive amination of α-branched
aldehydes via DKR. Source: Based on Ref. [35].
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and 1.2 equiv of modified Hantzsch ester H4 in high yields (49–92%) and good
to excellent enantioselectivities (90.5:9.5–99:1 er). Aliphatic aldehydes were also
reductively aminated, however, with lower enantioselectivity. The key for the highly
efficient enantiodifferentiating process via DKR is the fast equilibration between
imine and enamine in the presence of the acid catalyst which enables a rapid
racemization of the aldehyde substrate. The origin of the enantioselectivity of the
reaction has been studied computationally by the Himo group [36].
In the same year, theRueping group [37] found that benzoxazines, benzothiazines,

and benzoxazinones could also be reduced under transfer hydrogenation conditions
(Scheme 11.19). The best results are obtained with CPA C12 and Hantzsch esterH1
in CHCl3 at ambient temperature. Remarkably, in some cases the catalyst loading
could be lowered to 0.1mol% without any significant decrease in yields or enantios-
electivities. Further, the Rueping group [38] expanded the scope of the ATH reaction
to benzodiazepinones and 3H-indoles and obtained the corresponding enantiomer-
ically enriched saturated heterocycles.

Scheme 11.19 CPA-catalyzed ATH of benzoxazines, benzothiazines and benzoxazinones
with Hantzsch ester.

In the following years, several other groups further expanded these methodolo-
gies to CPA-catalyzed, Hantzsch ester-mediated reductions of α-imino esters [39],
β,γ-alkynyl α-imino esters [40], enamides [41], racemic 2,3-dihydrobenzo[b][1,4]
diazepines via DKR [42], ortho-hydroxyaryl alkyl N—H imines [43], and N-aryl
ortho-hydroxybenzophenone imines [44] as well as ortho-hydroxybenzophenone
N—H imines [45] to afford the corresponding amines in good to high yields and
good to excellent enantioselectivities (Figure 11.5).
In 2010, the List group reported a CPA-catalyzed diastereo- and enantioselective

reductive amination of racemic α-branched ketones via DKR (Scheme 11.20)
[46]. An important feature of this method is its tolerance of a variety of different
substituents while maintaining high yields and good to excellent diastereo- and
enantioselectivity. Simple alkyl-substituted substrates are particularly reactive,
requiring only 1mol% catalyst loading, while sterically more-demanding sub-
strates, as well as aromatic substrates, require slightly higher catalyst loadings.
α,β-Unsaturated, α-branched ketones could be converted into the desired product
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Figure 11.5 CPA-catalyzed ATH of variety of imines with Hantzsch ester.

Scheme 11.20 CPA-catalyzed enantioselective reductive amination of α-branched ketones
via DKR. Source: Based on Ref. [46].

in 54% yield and excellent selectivity (14:1 dr and 97:3 er). Based on this process, a
key intermediate in the synthesis of Perindopril, a long-acting ACE inhibitor, was
prepared with high enantioselectivity.
Typically, the reaction partners in organocatalytic ATH reactions of carbonyl

compounds are aromatic amines. However, the removal of the installed aryl group,
if desired, from the resulting amine usually requires relatively harsh conditions.
In 2010, List and coworkers used benzylamine as the amine component in enan-
tioselective reductive amination of ketones (Scheme 11.21) [47]. The method is
noteworthy because the benzyl was introduced as the easily removable protecting
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Scheme 11.21 CPA-catalyzed enantioselective reductive amination of ketones with benzyl
amine. Source: Based on Ref. [47].

group. A Dean–Stark trap under refluxing conditions at reduced pressure was
used to remove the water generated during the reaction. Aromatic ketones were
reductively aminated in better enantioselectivity than aliphatic ones. Notable
advantages of the method include the product purification via removal of Hantzsch
pyridine by hydrolysis and the successful recycling of the catalyst without loss of
the enantioselectivity. In the same year, Kumar et al. reported an alternative chiral
acid in the enantioselective reductive amination of ketones with aryl amines [48].
In 2012, Zhou and coworkers [49] developed an interesting asymmetric reduction

of racemic cyclic amide-derived hemiaminals with aHantzsch ester (Scheme 11.22).
In the presence of (R)-VAPOL-derived CPA C14, racemic 3-hydroxyisoindolinones
generate an acyl-iminium ion intermediate by dehydration which can be efficiently
reduced using Hantzsch ester H3 to give chiral 3-substituted isoindolinones in
modest yield (38–71%) and good to high enantioselectivity (80.5:19.5–97.5:2.5 er).
An N-methylated substrate, lacking the proton required for iminium generation,
did not undergo the reaction indicating the importance of the free N—H group.
Later, they developed an asymmetric hydrogenation of imines and heteroaromatics
using CPAs in combination with catalytic amounts of 9,10-dihydrophenanthridine
(DHPD). DHPD was in situ regenerated from its oxidation product with hydrogen
gas using a homogeneous ruthenium catalyst [49].

Scheme 11.22 CPA-catalyzed enantioselective transfer hydrogenolysis of
3-hydroxyisoindolinones.
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In 2013, Toste and coworkers [50] discovered a single-operation deracemization
of 3H indolines and tetrahydroquinolines. Phase separation enabled an asymmetric
redox approach, in which a phosphoric acid catalyst and both oxidant and reductant
were used together (Scheme 11.23). The solubility properties of the Hantzsch ester
were altered to eliminate reagent quenching and thus to improve enantioenrichment
of the isolated product. In a three-phase system, hexane/ether (or toluene)/water
mixture, an oxopiperidinium salt was used to oxidize the cyclic amines and the
resulting imines were subsequently reduced in the presence of 10mol% of (S)-TRIP
withmodifiedHantzsch esterH5. Various 3H indoline substrates were deracemized
in excellent yields and enantioselectivties, while for tetrahydroquinolines, three or
more equivalent of oxidant and reductant were required due to further oxidation of
the intermediate dihydroquinoline to quinoline under the reaction conditions.

Scheme 11.23 Phase separation-enabled single-operation deracemization of
3H-indolines and tetrahydroquinolines.

In the same year, Akiyama and coworkers [51] developed the efficient oxidative
kinetic resolution of 2-substituted indoline derivatives based on a CPA-catalyzed
ATH from indoline to imine. By employing the imine as a hydrogen acceptor, sev-
eral 2-substituted and 2,3-disubstituted indolines were resolved in high yields and
excellent enantioselectivities; at the same time the chiral amines were also isolated
in a nearly enantiopure form (Scheme 11.24). In continuation of the methodology,
the same group recently reported a CPA-catalyzed oxidative kinetic resolution of
cyclic secondary amines, including tetrahydroquinolines, using an aromatic imine
as a hydrogen acceptor [52].

Scheme 11.24 CPA-catalyzed oxidative kinetic resolution of indolines.
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In 2014, Tan and coworkers [53] reported a highly efficient strategy for the kinetic
resolution of axially chiral BINAM derivatives based on an asymmetric reductive
amination of aldehydes (Scheme 11.25). Bulky protecting groups in one of the
amines of the racemic BINAM starting material were used to increase the rotation
energy barrier and effective steric interaction, wherein Hantzsch ester H1 or H6
was used as the hydrogen source in combination with 10mol% of CPA (C15).
Functionalized aldehydes as well as many bulky protecting groups in one of the
amines (sulfonyl, benzyl, 2-naphthyl methyl, Fmoc, amide, and thioamide) were
well tolerated. The BINAM skeleton of the substrates could also be varied at the
6-position or 6,6′-positions (R2 = R3 = Br or TMS) with good yields and good to
excellent enantioselectivities.

Scheme 11.25 CPA-catalyzed kinetic resolution of axially chiral BINAM derivatives. The
selectivity factor was calculated as S = ln[(1 – C)(1 – ee (1))]/ln[(1 – C)(1+ ee (1))],
C = ee(1)/(ee(3)+ ee(1)). ee = enantiomeric excess.

In 2015, List and coworkers developed the ATH of N-alkyl imines with Hantzsch
ester (Scheme 11.26) [54]. In this transformation, a more acidic chiral disulfonimide
(DSI) derived from BINOL was used as catalyst to obtain high enantioselectiv-
ities. However, poor yields were initially obtained, presumably due to catalyst
deactivation through salt formation with the highly basic amine product. The
product inhibition pathway was successfully eliminated by in situ protection of
the amine product with di-tert-butyl dicarbonate (Boc2O). With the optimized
condition, a variety of N-methyl imines were efficiently reduced with 5mol% of
(R)-DSI (C16) to afford the corresponding Boc-protected N-methyl amines with
high yields and enantioselectivities. An additional strength of the process was
demonstrated by utilizing substituents containing a variety of N-alkyl groups to
provide the corresponding products in high yields and enantioselectivities. How-
ever, the lower enantioselectivities observed with aliphatic, C-substituted substrates
illustrate a limitation of the process. The synthetic utility of this methodology
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Scheme 11.26 Disulfonimide-catalyzed enantioselective transfer hydrogenation of
N-alkyl imines with Hantzsch esters. Source: Based on Ref. [54].

was applied in the synthesis of several pharmaceutically relevant compounds,
including (S)-Rivastigmine, NPS R-568⋅HCl, and (R)-Fendiline. Recently, Mazuela
and coworkers [55] extended this methodology to N-alkyl aryl imino esters and
obtained high yield and good to excellent enantioselectivities.
After the successful development of an N-alkyl imine reduction, the List group

extended this concept to include the equally attractive but even more challenging
N—H imines. However, investigation of the N—H imine reduction using Hantzsch
ester H3, in the presence of 5mol% of (R)-DSI C17, instead of enantioenriched pri-
mary amines, led to a remarkably direct and efficient entry to diastereo- and enan-
tioenriched C2-symmetric secondary amines (Scheme 11.27) [56]. Under optimized
conditions, a variety of N—H imines efficiently underwent the reductive condensa-
tion to afford the corresponding C2-symmetric secondary amines in good yields and
with outstanding diastereo- and enantioselectivity. The authors proposed a catalytic
cycle which is initiated by the protonation of the N—H imine by the chiral DSI cat-
alyst. The resulting iminium ion pairA undergoes reduction with Hantzsch ester to
give enantiomerically enriched primary amine saltB. Subsequently, this ammonium
salt undergoes a rapid transimination with additional imine substrate to produce
aminal C and, after liberation of ammonia, secondary iminium ion pair D. Finally,
a subsequent reduction of intermediate D affords diastereo- and enantioenriched
secondary amine product. A kinetic resolution in the second reduction step further
contributes to the outstanding enantioselectivities observed.
In 2016, Akiyama and coworkers [57] developed a new strategy for the oxidative

kinetic resolution of racemic indolines using a salicylaldehyde derivative as a pre-
resolving agent. Employing CPA-catalyst C18, the in situ generated iminium inter-
mediate was hydrogenated by the same enantiomer of indoline to afford another
enantiomer of indoline by a self-redox mechanism. Products were obtained in good
yields and with excellent enantioselectivities (Scheme 11.28).
In 2015, Akiyama and coworkers [58] reported a CPA-catalyzed intramolecular

reductive amination under ATH condition and applied this process in the highly
enantioselective synthesis of fused piperidine and pyrrolidine derivatives with
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Scheme 11.27 Disulfonimide-catalyzed asymmetric reductive condensation of N—H
imines and proposed catalytic cycle. Source: Modified from Ref. [56].

Less reactive Reactive

Scheme 11.28 Kinetic resolution of racemic indolines based on a self-redox reaction.

all-carbon stereogenic center. In 2016, Bousquet, Pélinski, and coworkers [59]
developed an interesting strategy for ATH reactions of benzoxazines, where the
reducing agent, the Hanztsch ester, was generated in situ in the presence of a
catalytic amount of CPA.
Besides Hantzsch esters, benzothiazolines can also be employed as hydrogen

source in ATH reactions. In 2009, Akiyama and coworkers [60] introduced ben-
zothiazolines as a highly efficient hydrogen source for the CPA-catalyzed ATH
reaction of imines to produce chiral amines in high yield and enantioselectivities
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(Scheme 11.29). The best results were obtained with 2mol% of (R)-TRIP in
combination with 2-naphthyl-substituted benzothiazoline BTZ1. The group also
showed that in situ generated benzothiazoline from 2-naphthalenecarbaldehyde
and 2-aminophenol could accomplish the reduction with similar yield and
enantioselectivity.

Scheme 11.29 The first enantioselective transfer hydrogenation of imines with BZT.

Further utilization of benzothiazolines as the hydrogen source in the
CPA-catalyzed ATH reaction was explored by the same group in the reduc-
tion of α-imino esters [61], trifluoromethyl imines [62], difluoromethylimines
[63], and in the reductive amination of trifluoromethyl ketones [62] and aliphatic
ketones [64] with aryl amines in high yields and enantioselectivities. Akiyama
and coworkers also demonstrated that the transfer hydrogenation reaction could
be applied for the deuteration of imines [65]. In 2013, Jia and coworkers [66]
also utilized a benzothiazoline in combination with CPA for the hydrogenolysis
of racemic 3-aryl-3-hydroxyisoindolin-1-ones. In 2014, Akiyama and coworkers
[67] further explored ATH of imines derived from propiophenone derivatives and
systematically compared the performance of benzothiazoline vs. Hantzsch ester
as reductants in the presence of (R)-TRIP. In comparison to Hantzsch esters, the
benzothiazoline was found to give significantly higher enantioselectivities with this
substrate class (Scheme 11.30).

Scheme 11.30 Comparison of BZT1 vs. H1 as reductants in the imine reduction.

Akiyama and coworkers [68] also demonstrated that indoline could be used
as hydrogen source in CPA-catalyzed ATH reactions of aryl imines. A variety of
aryl imines were reduced in the presence of 5mol% of (R)-TRIP and 2.5 equiv of
2-aryl indoline in good to excellent yields and enantioselectivities (Scheme 11.31).
Further, utilizing similar reaction conditions, the reductive amination of aliphatic
ketones with aryl amines was performed in high enantioselectivities. The authors
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Scheme 11.31 Reductive amination of aliphatic ketones with indoline.

also showed that 2-aryl indoline could be regenerated by the reduction of 2-aryl
indole after the ATH.
In the same year, Shimizu and coworkers [69] reported the enantioselective reduc-

tion of iminocyclobutenones using a CPA as catalyst and benzothiazoline as the
reductant. The obtained chiral aminocyclobutenones when heated with different
bases produced both trans- and cis-β-lactams in high yields and enantioselectivities.
Later, Guo and coworkers [70] developed a CPA-catalyzed ATH of α-keto imines
using benzothiazoline as the hydrogen source to produce chiral α-amino ketones
in high yields and enantioselectivities. The chiral α-amino ketones could also be
prepared by reductive amination of 1,2-diketones in high yields and with excellent
regio- and enantioselectivities.
In an extension of the work reported earlier by the Gong group [42] for the

synthesis of tetrahydrobenzodiazepines via phosphoric acid-catalyzed DKR of
dihydrobenzodiazepines using Hantzsch ester, the Akiyama group [71] in 2016
used the combination of phosphoric acid C19 and benzothiazoline reductant.
Tetrahydrobenzodiazepine products bearing two tertiary centers were produced in
excellent diastereo- and enantioselectivities (Scheme 11.32).
Recently, the Akiyama group [72] reported a CPA-catalyzed chemoselective ATH

of trifluoromethyl alkynyl imines using benzothiazolines as the reductant, to give
α-trifluoromethyl propargylamines in high yields and with excellent enantioselec-
tivities. Subsequently, the Peng [73] group independently reported the ATH of fluo-
rinated alkynyl imines. The synthetic utility of the method was demonstrated in the
synthesis of chiral biologically active 2-(trifluoromethyl)-1,2-dihydroquinoline.

11.4 Cascade Reactions

A cascade reaction could be defined as a chemical transformationwhere several new
carbon–carbon bonds and stereogenic centers are created in a highly controlled fash-
ion from readily available starting materials in one pot. Over time, cascade reactions
have been utilized as a powerful synthetic approach to build complexmolecules. The
first applications of ATH with Hantzsch esters as reductants in cascade processes
were reported independently by List and coworkers [74] and by MacMillan and
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Scheme 11.32 CPA-catalyzed DKR of dihydrobenzodiazepines and racemization pathway.

coworkers [75] at the same time in 2005. The List group had used an imidazolidinone
organocatalyst for a tandemconjugate reduction−Michael cyclization of enal enones
yielding five- and six-membered carbacycles in high yields and enantiomeric excess
(Scheme 11.33). Here the in situ generated enamine intermediate was trapped by the
enone functionality of themolecule to yield the desired product.MacMillan used the
same strategy, employing α,β-unsaturated aldehydes withHantzsch esters and using
electrophilic chlorine or fluorine sources to obtain chiral aldehydes with two stere-
ogenic centers with excellent enantio- and diastereoselectivities (Scheme 11.34). By
judiciously selecting the amine catalyst, the configuration of these two centers can be
controlled. It was reported that a combined iminium–enamine dual catalytic cycle
enabled a transfer hydrogenation first via iminium catalytic cycle, followed by an
electrophilic halogenation via enamine catalytic cycle.

Scheme 11.33 Organocatalytic asymmetric reductive Michael cyclization.
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Scheme 11.34 Chiral amine-catalyzed domino reductive chlorination and fluorination.

Meanwhile, Brønsted acid catalysis has been introduced by List and coworker
[76] in a cascade sequence where the acid catalyst is compatible with amine
substrates and products. They have shown the concept of combining both enam-
ine and iminium catalysis with asymmetric Brønsted acid catalysis to obtain
chiral cis-3-substituted cyclohexylamines with excellent enantiomeric excess
(Scheme 11.35). The cascade route proceeded via an aldolization–dehydration
conjugate reduction–reductive amination that is catalyzed by a chiral Brønsted acid
and accelerated by the achiral amine substrate.

Scheme 11.35 Organocatalytic asymmetric reaction cascade to substituted
cyclohexylamines.
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Later, Rueping and coworkers [77] have demonstrated cascade sequences involv-
ing ATH reactions with Hantzsch esters to obtain tetrahydropyridines and azade-
calinones with high enantiomeric excess via Brønsted acid catalysis from readily
available enamines and α,β-unsaturated ketones (Scheme 11.36). This process is a
great example in which the same Brønsted acid catalyzes six different reactions in a
domino fashion with high level of enantiocontrol.

Scheme 11.36 Organocatalytic asymmetric reaction cascade to tetrahydropyridines.

Gong and coworkers [78] have used a combination of an achiral Lewis acid
and a chiral Brønsted acid in a cascade method to obtain tetrahydroquinoline
derivatives with three contiguous stereogenic centers in high stereoselectivity
(>20:1 dr, 98.5:1.5 er) (Scheme 11.37). After these initial accounts, several cascade
routes were reported to build complex molecules, including tetrahydroquinoline

Scheme 11.37 Organocatalytic asymmetric reaction cascade to tetrahydropyridines.
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[79], benzofused quinolizidines and indolizidines [80], cyclohexane carbaldehydes
[81], spirotetrahydroquinolines [82], two-substituted tetrahydroquinolines [83],
pyrrolidines, hexahydropyrrolizines, and octahydroindolizines [84], and tetrahy-
droquinoxalines and dihydroquinoxalinones [85].
You and Wang [86] developed a hydrogenative dearomatization of pyridines and

asymmetric aza-Friedel–Crafts sequence using pyrroles as the nucleophile to obtain
chiral piperidine scaffolds (Scheme 11.38). The first step is the protonation of the
pyridine by a chiral phosphoric acid catalyst to generate a pyridinium salt, which
is then reduced by 1,4-hydride transfer from the Hantzsch ester generating dihy-
dropyridine intermediate. Then this intermediate upon protonation generates the
iminium ion in the presence of phosphoric acid, and subsequently the iminium is
trapped by a nucleophile in a aza-Friedel–Crafts manner.

Scheme 11.38 Organocatalytic asymmetric domino hydrogenative dearomatization/aza-
Friedel–Crafts reaction of pyridines.

Shi and coworkers [87] achieved an organocatalytic asymmetric arylative dearom-
atization of indoles through a tandem process involving 2,3-disubstituted indoles
and quinone imine ketals (Scheme 11.39). First, the indole is arylated in the pres-
ence of a Brønsted acid and quinone imine ketals, and then the Hantzsch ester is
added and an ATH reaction takes place. Enantiomerically pure indole derivatives
that bear an all-carbon quaternary stereogenic center can be generated in high yields
and excellent stereoselectivities (all dr >95:5, up to 99.5:0.5 er).
In 2015, Luo and coworkers [88] developed highly efficient Michael addition−

protonation reactions of malononitriles to α-substituted vinyl ketones using chiral
primary–tertiary diamine derived from L-phenylalanine as an organocatalyst in the
presence of triflic acid. This work inspired them to develop a domino process which
started with the reduction of a 2-benzylidenemalononitrile by a Hantzsch ester.
They envisioned that Hantzsch esters may serve as a chemoselective hydride source
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Scheme 11.39 Organocatalytic asymmetric arylative dearomatization of 2,3-disubstituted
indoles.

Scheme 11.40 Reductive Michael addition of malononitrile to α-substituted vinyl ketone.

to reduce 2-benzylidenemalononitrile and its derivatives, which would facilitate a
one-pot enantioselective tandem reduction–Michael addition−protonation reaction
with the same catalytic system (Scheme 11.40). Later, using the same concept, they
developed a domino reduction–Michael addition protonation reaction between
α-substituted vinyl ketones and alkylidene Meldrum acid derivatives [89].
List and Michrowska [90], building on their reductive Michael cyclizations,

utilized a cascade strategy in the highly enantio- and diastereoselective total syn-
thesis of ricciocarpin A where the asymmetric reductive Michael addition followed
by Tishchenko reaction was the key feature of the design (Scheme 11.41). In the
presence of catalyst C20 and Hantzsch ester H9, the substrate was subjected to
reductiveMichael conditions to give a ketoaldehyde intermediate, which epimerizes
in the presence of Samarium triisopropoxide followed by the Tishchenko reaction
which occurred solely on the trans-ketoaldehyde to give the desired natural product.
Several ricciocarpin analogues were then synthesized using this cascade sequence.
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equiv )

Scheme 11.41 Total synthesis of (+)-Ricciocarpin A and analogues via reductive
Michael–Tishchenko cascade.

11.5 Dearomatization

Aromatic compounds are fundamental molecules in organic chemistry and are
typically highly stable. As a consequence of this stability, high temperature and
pressure are normally required to disrupt the aromaticity. One elegant strategy to
build value-added products from arenes is their hydrogenative dearomatization.
In principle, every aromatic compound can undergo such a transformation, but,
due to the reduced resonance stabilization energy of heteroaromatics, such as
furans, pyrroles, or pyridines, they are more susceptible to dearomative transfor-
mations than arenes. Importantly, the products of such reactions are useful in the
pharmaceutical and agrochemical industries.
Rueping et al. [91] first showed that CPAs in combination with Hantzsch esters

can be used to reduce quinolines to tetrahydroquinolines (Scheme 11.42). It was
observed that nonpolar solvents were essential to obtain a high asymmetric induc-
tion. The proposed mechanism for this transformation consists of a cascade of reac-
tions. First is the protonation of quinoline promoted by the Brønsted acid to generate
an iminium, followed by a 1,4-addition of hydride to furnish an enamine. In the
second cycle, protonation of the enamine to an iminium ion occurs, which is then
subjected to another hydride transfer to yield the enantiomerically enriched tetrahy-
droquinoline and pyridine by-product.
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Scheme 11.42 Organocatalytic asymmetric transfer hydrogenation of quinolines.

After this work, many groups have used this strategy to achieve full or partial
enantioselective hydrogenation of several heteroaromatic systems: trisub-
stituted pyridines [93], 2,3-disubstituted quinolines [94, 95], 3-substituted
quinolones [95], 2- and 2,9-substituted 1,10-phenanthrolines [96], quinoxa-
lines and the nonaromatic quinoxalinones [97], 6-fluoro-2-methylquinoline and
6,7-difluoro-3-methyl-3,4-dihydro-2H-benzo[1,4]oxazine [98], 4-substituted quino-
lines [99], 2,3-disubstituted nitroquinolines [100], 3-(trifluoromethyl) quinolones
[101], and 3-trifluoromethyl thioquinolines [102] in high yields and enantiomeric
excess. In 2014, Zhou and coworkers [103] envisioned that quinolin-3-amines can
also be reduced using the combination of CPA and Hantzsch ester. They achieved
the highest enantioselectivity using a mixed solvent system of 1,4-dioxane and
CH2Cl2 with a ratio of 2:1 and (S)-TRIP as catalyst. In the same year, Pelinski
and coworkers [104] demonstrated the partial hydrogenation of lactone-fused
quinolones to give aza-podophyllotoxin derivatives using BINOL-based CPA (C9).
Another development on the quinoline skeleton was the transfer hydrogenation
of 1,2-dihydroquinoline to give 2,2,4-trimethyltetrahydroquinolines via the for-
mation of highly reactive and unstable aza-o-xylylene (AOX)-type intermediates
(Scheme 11.43) [92].

Scheme 11.43 Asymmetric transfer hydrogenation of 1,2-dihydroquinoline through the
formation of AOX species. Source: Based on Ref. [92].
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Scheme 11.44 Enantioselective synthesis of tetrahydroquinoline derivatives via DKR of
2,3-disubstituted quinolines.

Zhou and coworkers [105] developed an ATH process for the reduction of
2,3-disubstituted quinolines via DKR, which leads to the highly selective formation
of chiral tricyclic amines with three contiguous stereogenic centers (Scheme 11.44).
Various substituted quinolones were reduced using modified Hantzsch ester H7 in
combination with CPA (C24) in high yields and diastereo- and enantioselectivities.
Miller and Shugrue [106] developed a new type of CPA scaffold containing

phosphothreonine peptides, which lacks C2 symmetry in contrast to the privileged
BINOL-based phosphoric acids. They used this new catalyst motif for enantios-
elective transfer hydrogenations of previously underexplored 8-aminoquinolines
(Scheme 11.45). The mechanism of the reaction was studied by 1H NMR, which
revealed that the intermolecular interactions (through H-bonding) between the
catalyst and substrates and also a rigid β-turn in the catalyst are responsible for the
asymmetric induction.
Shi et al. [107] explored the transfer hydrogenation of isoquinoline using a chiral

anionmetathesis strategy to obtain protected 1-substituted 1,2-dihydroisoquinolines

Scheme 11.45 Asymmetric transfer hydrogenation of 8-aminoquinolines.
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Scheme 11.46 Asymmetric transfer hydrogenation of 2-substituted isoquinolines.

with high yield and up to 89.5:10.5 enantiomeric ratio (Scheme 11.46). In
the presence of Hantzsch ester and trichloroethylchloroformate and using an
H8-BINOL-derived CPA catalyst (C26), N-acylisoquinolinium chloride salt was
generated which then undergoes anion metathesis to form a chiral contact ion pair
which aids the enantioselectivity.
Between 2014 and 2016, developments have been made toward new CPAs for

the ATH of heteroatomic systems (Figure 11.6). In 2014, Marinetti and coworkers
[108] developed phosphoric acids with planar chiral paracyclophane scaffolds
(C27) to promote the organocatalytic ATH of α-arylquinolines with up to 90%
enantiomeric excess. Then, a new approach was introduced by Voituriez and
Guinchard [109] based on the use of thiophosphonic acids possessing both a chiral
backbone and a chiral phosphorus functionality. They synthesized PV thiophostone
derivatives of tri-O-benzyl-D-glucal and tested the ATH of 2-phenylquinoline.
Shi and coworkers [110] developed a new type of phosphoric acid bearing a
5,5′-bitetralone scaffold which proved to be a highly effective catalyst in the ATH of
2-phenylquinoline and the Friedel–Crafts reaction of 2,2,2-trifluoroacetophenone.
The X-ray structure of the catalyst showed that the torsion angle between the

Figure 11.6 Catalysts developed for the ATH of heteroaromatics. Source: Based on
Ref. [108].
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two phenyl planes of tetralone in C29 is 62.00∘, which is larger than that in TRIP
(49.78–51.29∘) [111], indicating a larger cavity which could be beneficial for other
transformations. In the ATH of 2-phenylquinoline it was shown to be slightly more
active than either TRIP or its H8-analogue, and there was full conversion in less
than 12 h at room temperature using only 0.2mol% of the catalyst. The product
was obtained in 99:1 enantiomeric ratio. Shi and coworkers [112] developed
1,1′-spirobiindane-7,7′-diol-derived CPAs as the catalyst for the ATH of heterocyclic
compounds. In the ATH of 2-arylquinolines, tetrahydroquinolines were obtained in
up to 93% yield with 1mol% of the catalyst. 1,4-Benzoxazines could be reduced in
very high yields and enantiomeric ratio varying between 95.5:4.5 and 99.5:0.5.

11.6 Conclusions

In this chapter, we have briefly summarized the utility ofHantzsch esters and related
organic compounds in organocatalytic reductions of C=C and C=N bonds. The use
of Hantzsch esters has occasionally been criticized for its lack of atom economy.
While this criticism is obviously justified, an overall judgment of the best method
for any given asymmetric reduction often depends on various factors. These may
include the scale, reagent and catalyst costs, and safety issues. More importantly, if
a given problem simply cannot be solved with hydrogen gas as the much more atom
economic reagent, Hantzsch estermethodsmay find their utility, even on a technical
scale.
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