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Asymmetric hydrogenation of aromatic compounds represents one of the most straightforward
synthetic methods to construct important chiral cyclic skeletons that are often found in biologically
active agents and natural products. So far, the most successful examples in this field are largely limited
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to aromatics containing alkyl and aryl substituted groups due to the poor functional-group tolerance of
hydrogenation. Direct asymmetric hydrogenation of functionalized aromatics provides enormous
potential for expanding the structural diversity of reductive products of planar aromatic compounds,
which is highly desirable and has not been well studied. This feature article focuses on the progress in
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1 Introduction

The asymmetric hydrogenation of planar aromatic compounds
provides straightforward access to complex chiral three-
dimensional cyclic structures that are found as common motifs
in many important biologically active agents and natural
products. Organic chemists have been enthusiastic about this
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catalytic asymmetric hydrogenation and transfer hydrogenation of O/N substituted arenes.

charming synthetic concept owing to excellent atom- and step-
economy, as well as abundance, easy availability and structural
diversity of aromatic materials. Moreover, significant progress
has been made in highly efficiently introduction of different
substituents onto aromatic rings. So, in theory, a wide variety of
functionalized aromatic systems can be employed as the
starting materials of asymmetric hydrogenation, which
provides enormous application potentiality in the field of
organic synthesis. However, the major issues that have to be
addressed are apparent: (i) this reaction is often a kinetically
and/or thermodynamically unfavourable process because of the
stable resonance system of the aromatic core. (ii) heteroaromatic
compounds will poison the chiral metal catalyst due to the
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strong coordination effects endowed by heteroatoms (N, O or S).
(iii) Multi-substitution and different types of double-bonds
existing in one aromatic substrate results in the difficulty of
controlling the stereoselectivity. (iv) Hydrogenation often suffers
from poor functional-group tolerance for aromatic compounds
containing hydroxyl, amino, or other functional groups, which
limits the applicability of this methodology.

Although it seems an impossible task,' the past decades
have witnessed significant advances in the development of
asymmetric hydrogenation of aromatic compounds since a
milestone work reported in 2003 by our group.” The first highly
enantioselective hydrogenation of quinolines was realized with
an iridium catalyst generated in situ from [Ir(COD)Cl], and
axially chiral bisphosphine ligand MeO-BiPhep with the addition
of iodine as the activator. After this successful example, much
attention has been paid to asymmetric hydrogenation of
aromatics. Most of the studies focused on developing a new
catalyst system and activation mode of inert aromatic structures
to overcome those challenging substrates with high stability.
Strategies for efficient asymmetric hydrogenation of aromatics,
including catalyst activation, substrate activation, and relay
catalysis, have been discussed in detail in several specific reviews
and personal accounts by Glorius, Zhou and Kuwano et al?
Catalyst activation often choosing appropriate
additives” or design of chiral ligands by the fine-tuning of steric
and electronic effects,”” forming highly active catalyst species
that can hydrogenate aromatic substrates. For N-hetero aromatic
compounds, especially pyridine, isoquinolines, etc., substrate
activation is normally regarded as a more powerful tool to
achieve asymmetric hydrogenation under mild conditions.
Stoichiometric amounts of electrophiles introduced as the
activator interact with the substrate to form iminium ion salts,
which are more easily hydrogenated owing to their enhanced
electrophilicity and partially destroyed aromaticity.

Based on these above strategies, various heteroarenes such
as quinolines,® isoquinolines,” quinoxalines,® pyridines,’
indoles,'® pyrroles,"* imidazoles,"* oxazoles’® and furans™®
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Scheme 1 Asymmetric hydrogenation of O-/N-functional group substi-
tuted arenes.

can be smoothly hydrogenated with good to excellent enantios-
electivities and increased turnover numbers, using chiral
metallic complexes or organocatalysts. Very recently, frustrated
Lewis pair (FLP) chemistry has opened up a viable, metal-free
option to asymmetric hydrogenation."* Chiral boranes in situ
prepared using bis(pentafluorophenyl)borane (HB(C¢Fs),) have
shown unique advantages for asymmetric hydrogenation
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Fig. 1 Representative natural products and pharmaceutical agents
containing chiral hydroxyl piperidine motifs.
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Scheme 2 Direct synthesis of chiral piperidin-3-ols via Ir-catalyzed
asymmetric hydrogenation.
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of polysubstituted quinoline substrates with a high level of
diastereoselectivities and enantioselectivities.

Despite the plethora of efficient asymmetric hydrogenation
reactions of different types of aromatic compounds reported so
far, the most successful examples in this field are largely limited
to aromatic structures containing alkyl and aryl substituted
groups. Considering the popularity and significance of O/N
functionalized chiral cyclic motifs in bioactive molecules and
natural products, direct asymmetric hydrogenation of function-
alized aromatics is highly desirable to synthesize these
compounds more efficiently (Scheme 1). However, a functional
group, such as hydroxyl, amino, halogen atom, etc., will change
the reactive characteristics of the parent aromatic ring to a large
extent, which could unpredictably affect the result of the
hydrogenation reaction. So, this topic has not been well studied
in this field. In this feature article, we focus on the discussion of the
current status of the catalytic asymmetric hydrogenation and
transfer hydrogenation of O-/N-functional group substituted arenes.

2 Asymmetric hydrogenation of
hydroxyl substituted arenes
2.1 Hydroxyl pyridines

Chiral piperidine rings with hydroxyl groups are common
motifs widely embedded in many natural products and
pharmaceutical agents (Fig. 1)."> The first common synthetic
methodologies involve intramolecular nucleophilic attack cycliza-
tion of the acyclic precursor, such as reductive amination, con-
jugate addition and nucleophilic displacement. Cycloaddition
reactions and RCM reactions also can rapidly construct chiral
functionalized piperidine in a stereo-controlled manner.'®
Though being widely used, the existing methods suffer from
drawbacks such as chiral starting materials, long synthetic steps,
and low overall yields. Asymmetric hydrogenation of pyridin-3-ols
is one of the most straightforward approaches to achieve chiral
piperidin-3-ols.

In 2016, our group reported a rare example of asymmetric
hydrogenation of hydroxyl pyridine (Scheme 2)."” Chiral
piperidin-3-ols were directly synthesized via asymmetric
hydrogenation of 6-substituted 3-hydroxypyridinium salts.
Previously, we have chosen N-benzyl 2-substituted 3-hydroxy-
pyridinium salts as substrates to carry out asymmetric
hydrogenation. Unfortunately, only racemic piperidin-3-ones
were obtained even by using a chiral Ir catalyst due to the fast
enol/ketone isomerization.'® And then, 6-substituted 3-hydroxy-
pyridinium salts were designed in order to avoid this problem.
In the presence of 3 mol% of catalyst generated in situ by
[Ir(COD)Cl],/(S, S)-f-Binaphane and 600 psi of hydrogen gas, a
variety of 6-substituted 3-hydroxy-pyridinium salts were
smoothly reduced to the corresponding chiral piperidines.
The trans 6-substituted piperidin-3-ols were obtained as the
main products with excellent enantioselectivities (dr up to 9:1,
ee of trans isomer up to 95%). Direct Swern oxidation of the
hydrogenation products without separation of the trans and cis
isomers afforded piperidin-3-ones with high ee values, which

This journal is © The Royal Society of Chemistry 2021
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Scheme 3 Proposed mechanism of hydrogenation of pyridin-3-ols.

were subsequently reduced to the cis 6-substituted piperidin-3-ols
using K-selectride. Thus, three chiral piperidine products,
6-substituted piperidin-3-ones, and trans and cis 6-substituted
piperidin-3-ols, can be easily accessed from the same starting
materials. Moreover, using piperidin-3-ols as a versatile building
block, chiral 3-amino piperidine and 3-fluoropiperidine were
efficiently prepared in excellent optical purity by one or several
steps of simple treatment.

A possible reaction pathway is proposed in Scheme 3. First,
1,4-reduction of 3-hydroxypyridinium salt gives a 1,4-
dihydropyridine intermediate containing an enol structure,
which is transformed into piperidin-3-one via fast protonation.
Then, enamine-iminium tautomerization takes place;
subsequent hydrogenation of more active iminium salt delivers
chiral piperidin-3-one with high ee. The resulting piperidin-3-
one is further reduced into saturated 6-substituted piperidin-3-
ol through the substrate-controlled manner and leads to a
moderate d.r. value, which has been confirmed from
experimental studies.

2.2 Hydroxyl pyrazoles

In principle, pyrazol-5-ols exist in three tautomeric forms, i.e.
the OH- (form A), the NH- (form B) and the CH-isomer
(form C) (Scheme 4), which dramatically affects the stability
and reactivity of pyrazoles. Literature research and experimental
data including X-ray crystal structure analysis reveal that form A
with higher aromatic stability is dominant in the tautomeric
equilibrium.'® However, appropriate conditions would promote
the tautomerization of the highly aromatic tautomer A to other
tautomers. The inseparable active tautomer might be captured
under a specific reaction condition to give the corresponding
product. As a result, pyrazol-5-ols possess multiple reactive
centers and can be manipulated into many valuable bioactive
enantiopure pyrazolone and pyrazole derivatives.*

Previous results have demonstrated that a Brensted acid
could shift the tautomeric equilibrium®" and accelerate iminium-
enamine isomerization to facilitate asymmetric hydrogenation.??

OH O (o]
ﬁN—R' D /E«/N—R' — ﬁN_R
R™ N R™ N R™ N
OH-form (A) NH-form (B) CH-form (C)

Scheme 4 The tautomeric forms of pyrazol-5-ols.
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Scheme 5 Pd-catalyzed asymmetric hydrogenation of pyrazol-5-ols.

Inspired by these studies, we envisioned that asymmetric hydro-
genation of pyrazol-5-ols might be feasible in the presence of a
Brensted acid. The excellent tolerance of the chiral palladium
complex with a strong Brgnsted acid led us to speculate that a
Pd-catalyzed asymmetric hydrogenation of pyrazol-5-ols had
occurred.”® The combination of Pd(OCOCF;), and chiral axial
bisphosphine ligands and TFA furnished a wide variety of 2,5-
disubstituted and 2,4,5-trisubstituted pyrazolidinone derivatives
with excellent enantioselectivities (up to 96%), diastereo-
selectivities and yields (up to 95%) (Scheme 5). Although only
fluorinated aromatic pyrazol-5-ols smoothly gave the corres-
ponding products, this study provides some enlightenment on
the application of asymmetric hydrogenation of the aromatic
structure containing a tautomeric group.

2.3 Hydroxyl pyrimidines

Six-membered aromatics, such as benzene, pyridine, pyrimi-
dine, pyrazine, and so on, represent the most stable aromatic
structure. Thus, asymmetric hydrogenation of these types of
aromatics is the most challenging project in this research field.
Tautomerism of N-heteroarenes containing the potential
tautomeric functional group (OH, SH, NHR, acylmethyl, etc.)
is intimately related to the aromaticity, chemical reactivity and
biological activity. The aromaticity of six-membered N-hetero-
arenes and their 2-hydroxyl substituted derivatives can be
evaluated by the calculation of NICS(1) ZZ and multicentre
bond indices (Scheme 6). The results demonstrate that a
hydroxyl group substituted at the ortho-position would drama-
tically reduce the aromaticity of the resonance system of the
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Scheme 6 Evaluation of the aromaticity of six-membered aromatic
compounds.

six-membered aromatic core and the corresponding oxo-
tautomers show much lower stabilities than the parent
compounds.

This property might supply a possible solution for
asymmetric hydrogenation of those heteroarenes with high
stability. Tautomeric equilibria for 2- and 4-hydroxypyrimidines
in gas or solution phase has been well studied in detail.>* The
lactam-lactim equilibrium of 2-hydroxypyrimidine is more
toward the oxo form with relatively lower aromaticity in most
solvents, which might be amenable to asymmetric hydro-
genation conditions, giving the chiral cyclic ureas. In 2018,
based on the above-mentioned analysis, our group realized an
efficient Pd-catalyzed asymmetric hydrogenation of 2-hydroxy-
pyrimidine, delivering an array of chiral cyclic ureas with up to
99% ee.*” Initial investigations on reaction conditions revealed a
strong dependency of solvent effects and only trifluoroethanol
(TFE) gave satisfactory yields. The role of TFE has been studied
theoretically.”>*” TFE can stabilize some key ionic intermediates
or transition states during the catalytic hydrogenation reaction
due to its high polarity (¢ = 26.5). Further detailed research
established the optimized hydrogenation conditions as follows:
Pd(OCOCF;), (3.0 mol%)/(R,S)-PPF-P'Bu, (3.3 mol%), PhCO,H

)O\H Pd(OCOCF3), (3.0 mol%) o
L4 (3. 9
N7 |N (3.3 mol%) HN “NH
\)\R PhCO,H (10 mol%) R
16 H, (1000 psi), TFE, 80 °C 17

R = CgHs5, 90% yield, 95% ee.
R = 4-MeCgHy4, 93% yield, 90% ee.
R = 3-MeCgHy4, 93% yield, 96% ee.
@\<Pf3u2 R = 3,5-MeCgH3, 82% vyield, 93% ee.
PhP™ Fe R = 4-"PrCgHy4, 92% yield, 92% ee.
o> CHs R = 3-MeOCgHy, 95% yield, 94% ee.
R = 4-CF3CgH4, 96% yield, 87% ee.
R = 3,4-MeOCgH3, 92% vyield, 94% ee.
R = 4-FCgHg, 95% yield, 93% ee.
R = 2-naphthyl, 94% vyield, 86% ee.
R = 2-furanyl, 96% yield, 72% ee.
R = cyclohexyl, 95% yield, 80% ee.

L4 : (R,S)-PPF-P'Bu,

Scheme 7 Pd-catalyzed asymmetric hydrogenation of monosubstituted
2-hydroxy pyrimidines.
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Scheme 8 Pd-catalyzed asymmetric hydrogenation of disubstituted 2-
hydroxy pyrimidines.

(10 mol%), TFE, H, (1000 psi), 80 °C. A series of 4-aryl sub-
stituted 2-hydroxypyrimidines could be hydrogenated smoothly
under these standard conditions, giving the corresponding
chiral cyclic ureas with excellent yields and excellent enantios-
electivities (Scheme 7). Compared with other classical routes that
rely on the use of toxic phosgene or isocyanates, this method
provides a conceptually simple approach to obtain chiral cyclic
ureas through the asymmetric hydrogenation of pyrimidinones.

For more complex di- and tri-substituted 2-hydroxy-
pyrimidines, this method also turned out to be successful after
modification, using BINOL-derived chiral phosphoric acid instead
of benzoic acid (Schemes 8 and 9). 4,5-Disubstituted cyclic ureas
were furnished with high diastereoselectivities and 82-92% enan-
tioselectivities. Notably, partial hydrogenation of trisubstituted 2-
hydroxypyrimidines gave 3,4-dihydro-pyrimidinones with 93-99%
ee, which provides new accessible chiral DHPM derivatives with
important application in medicinal chemistry. Control experi-
ments showed that the configuration of BINOL-derived chiral
phosphoric acid would not affect the enantioselectivity and
absolute configuration.

The control experiment and isotopic labelling experiment
were carried out to gain insight into the mechanism
(Scheme 10). Based on these results, this reaction is tentatively
assigned as a stepwise hydrogenation process (Scheme 11).
In the reaction system, 4-phenyl 2-hydroxypyrimidine exists in
two tautomeric oxo forms. First, the less bulky N1-C6 double
bond is hydrogenated to give the partially hydrogenated
intermediate dihydropyrimidin-2(1H)-one, which had been
identified by 'H-NMR and HRMS. Second, the resulting
enamine intermediate tautomerizes to a imine form, followed

OH (0]
P Pd(OCOCF3), (3.0 mol%) P
N7 |N L5 (3.3 mol%) HN™ “NH
Ar)ﬁ/KAr (S)-CPA (10 mol%) AN A
CO,Et H, (1000 psi), TFE, 80 °C CO,Et
20 21

PBu, _ o vi o
Ar‘zP% Ar = Ph, 98% yield, 97% ee.

CH, Ar = 3-MeOCgHy4, 95% vyield, 99% ee.
Ar = 4-MeCgHg, 92% yield, 93% ee.
L5 : Ar' =4-CF3-CgH4

Scheme 9 Pd-catalyzed asymmetric hydrogenation of trisubstituted 2-
hydroxy pyrimidines.
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Scheme 11 Proposed stepwise hydrogenation process.

by the Pd-catalyzed asymmetric hydrogenation of the imine to
give the final chiral cyclic urea.

Although Pd-catalyzed asymmetric hydrogenation conditions
exhibit an impressive broad substrate scope, for some bulky
substrates, such as 4,6-disubstituted 2-hydroxypyrimidines,
harsh conditions and high loading of palladium catalyst
(5 mol%) are necessary in order to obtain satisfactory yields
and enantioselectivities. This phenomenon is easy to be
explained because hydrogenation of N-C double bonds in the

)O\H [ICOD)CI]; (1 mol%) j\
NN . H, ) L1 (2.2 mol%) HN NH
RH'\/KRZ (800Ps)  1GCA (10 mol%), 40 °C . r2
2 EtOH/PrOH (1:2) .

dr > 20:1

R = Me, R? = CgHy, 92% yield, 95% ee R = Me, R? = 4-CICgH4, 94% yield, 93% ee
R'= Me, R? = 4-MeCgH,, 89% yield, 94% ee R’ = Me, R? = 4-FCgHj, 91% yield, 96% ee
R = Me, R? = 2-MeCgHs, 92% yield, 95% ee R’ = Me, R? = 4-CF3CgH,, 86% yield, 83% ee
R'= Me, R? = 2-MeOCgH,, 89% yield, 90% ee R’ = Et, R? = CgHs, 90% yield, 96% ee

R = Me, R? = 3-MeOCgH,, 88% yield, 92% ee R’ = i-Pr, RZ = CgHs, 89% yield, 83% ee

R' = Me, R? = 4-MeOCgH,, 94% yield, 93% ee R' = Me, R? = CgHy4, 81% yield, 86% ee

R' = Me, R2= 3,4-Cl,CgHy4, 90% yield, 91% ee R' = Me, R2= 2-furanyl, 91% yield, 83% ee
R' = Me, R? = 3,4-MeOCgH3, 89% yield, 90% ee

Scheme 12 Ir-catalyzed asymmetric hydrogenation of 4,6-disubstituted
2-hydroxypyrimidines.
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first step became more difficult (see Scheme 11). Thus, a more
efficient catalytic system to overcome this kind of bulky sub-
strate is highly imperative (Scheme 12). The chiral iridium
complex has been frequently used as an efficient catalyst for
asymmetric hydrogenation of heteroaromatics.>® The addition
of the halogenide additive can extraordinarily improve the
reactivity by oxidizing iridium(r) to iridium(m) and meanwhile
in situ generate a Brgnsted acid as the substrate activator.
Subsequently, we set out to develop an efficient Ir catalyst aimed
at achieving those bulky 4,6-disubstituted 2-hydroxypyrimidines.”®
Under the iridium-catalyzed hydrogenation conditions, the acid
generated in situ would shift the equilibrium of the lactame-
lactime tautomerism of 2-hydroxyl-pyrimidine more toward the
oxo form, which effectively improved the reactivity to facilitate the
hydrogenation. With the optimal reaction conditions
([r(COD)Cl],/(S, S)-fBinaphane (1:2.2), TCCA (10 mol%), ethanol:
isopropanol (1:2), and H, (800 psi), at 40 °C), a variety of 4,6-
disubstituted 2-hydroxypyrimidine derivatives could be converted
into chiral cyclic ureas in excellent diastereoselectivities and
up to 96% ee of enantioselectivities. This work is complementary
to the previous Pd-catalyzed asymmetric hydrogenation of
2-hydroxypyrimidines.

Moreover, this approach gave new access to chiral 1,3-
diamines, an important chiral building block applied in organic
synthesis, medicinal chemistry, and asymmetric synthesis. This
useful transformation is depicted in Scheme 13. The chiral cyclic
urea with 98% ee can be easily protected with benzyl bromide,
followed by LiAlH, reduction and hydrolysis to provide the desired
chiral 1,3-diamine without any loss of optical purity.

3,4-Dihydropyrimidin-2(1H)-ones (DHPMs) possess a wide
range of pharmacological properties, including anticancer
activity, calcium channel inhibition, anti-inflammatory activity,
antibacterial activity, etc. (Fig. 2).”° Intensive research
suggested that both enantioisomers of DHPMs often show very
different or even opposite biological activities.>® Although the
asymmetric Biginelli reaction has proved a conceptually
straightforward pathway to achieve chiral DHPMs,*! new
approaches are still of great value for building a giant molecule
library of chiral DHPMs in order to meet the growing demand

©/OH NO,
o} o)

: X
EtO NH 'Pro N NH,
| o \
Me” "N” 7S Me”™ "N” ~O
H H
31 32
(S)-Monastrol (R)-SQ 32926

Fig. 2 Chiral DHPMs with pharmacological activities.
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R = OEt, Ar = 3-CICgHg4, 97% yield, 92% ee.

R = OEt, Ar = 3-FCgHg4, 97% yield, 91% ee.

R = OEt, Ar = 3-MeCgHy, 97% yield, 94% ee.
R = OEt, Ar = 3-MeOCgH,4, 99% vyield, 97% ee.
R = OMe, Ar = CgHs, 98% yield, 92% ee.

R = OMe, Ar = 3-MeOCgH,4, 97% yield, 99% ee.
R = OMe, Ar = 3-MeCgHy4, 97% vyield, 91% ee.
R = OBu, Ar = CgHs, 97% yield, 94% ee.

R = NEt,, Ar = CgHs, 97% yield, 95% ee.

R = OEt, Ar = Me, 97% yield, 36% ee.

CPA-1

Scheme 14 CPA-catalyzed asymmetric partial transfer hydrogenation of
multisubstituted 2-hydroxypyrimidines.

for further drug development. Previous work on Ir- or
Pd-catalysed asymmetric partial hydrogenation of 2-
hydroxypyrimidines has demonstrated the good practical utility
for efficient construction of the chiral DHPMs.

Alongside these achievements, our group disclosed
asymmetric biomimetic transfer hydrogenation of pyrimidines
catalyzed by chiral phosphoric acid with Hantzsch ester as a
hydride donor, furnishing chiral DHPMs with excellent
enantioselectivities (Scheme 14).>> In general, a variety of
2-hydroxy-4,6-diarylpyrimidine-5-carboxylate derivatives were
converted into chiral DHPMs with good enantioselectivities

X X X
N SN CPA-1 (5 mol%) HN™ “NH HN™ "NH
= X =
Ph/\)\Me HEH or DHPD (1.2 eq.) Ph)YkMe ’ Ph)\r/LMe
CO,Et Benzene, 40 °C, 48 h CO,Et CO,Et

35 O 36 37
HEH 86 : 14

N DHPD >20 1
H

0] (¢}

¢}
HNJ\ J\

HNJk NH NH
X
Ve cl Ve Br S e
CO,Et COEt CO,Et

90% yield, 77% ee 92%, 76% ee 90%, 78% ee
(o} (0] o]

HNJ\NH HN)kNH HN™ "NH
Me S
MeoWMe WMS WMe
CO,Et CO,Et CO,Et
2 MeO 2 2

90%, 75% ee 91%, 79% ee 95%, 75% ee

Scheme 15 Asymmetric transfer hydrogenation of unsymmetrical multi-
substituted 2-hydroxypyrimidines.
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R =H, Ar = 4-MeOCgH,, 97% yield, 88% ee. R =MeO, Ar = CgHs, 91% yield, 92% ee.

R =H, Ar = 4-CICgH4, 97% vyield, 96% ee. R =H, Ar = (E)-styryl, 61% yield, 96% ee.

R =H, Ar = 4-BrCgH,, 99% yield, 96% ee. R = H, Ar =(E)-4-fluorostyryl, 51% vyield, 94% ee.
R =H, Ar = 4-FCgHy4, 97% vyield, 95% ee. R = H, Ar =(E)-4-chlorostyryl, 59% yield, 91% ee.
R =H, Ar = 4-CF3CgHs, 95% yield, 99% ee.

Scheme 16 Asymmetric transfer hydrogenation of 3-nitroquinolines.

(up to 99% ee) and yields with an optimal reaction protocol.
The multisubstituted 2-hydroxypyrimidines with an unsymme-
trical structure gave an inseparable mixture of two kinds of
partially reduced products (36 and 37) under the same reaction
conditions, which may lead to the more classic Biginelli
products. After careful reoptimization of conditions, excellent
chemoselectivity can be achieved with dihydrophenanthridine
(DHPD) used as an alternative hydride donor. It is interesting
that partially reduced products with an alkyl substituted chiral
centre were detected exclusively in the crude reaction mixture
in moderate enantioselectivity. To the best of our knowledge,
effective synthesis of DHPMs with an alkyl substituted chiral
center is still very rare. Some novel chiral DHPMs with methyl
substituted chiral carbon atom at the C-4 position were pre-
pared with good yields and moderate values of ee (Scheme 15).

3 Asymmetric hydrogenation of
N-functional group substituted arenes
3.1 Nitro quinolines

Optically active nitro alkanes are valuable building blocks in
organic synthesis because they can be easily converted to a wide
range of other versatile organics, such as amines, aldehydes,
carboxylic acids, nitrile oxides, and denitrated compounds.**
In view of the ready availability and easy preparation of the
aromatic nitro compounds, the asymmetric reduction of this
kind of substrate is of great value for the facile construction of
chiral cyclic nitro compounds. Despite the fact that many
elegant catalytic methods for the synthesis of enantiopure nitro
compounds have been well developed,® there is still little
information available on the asymmetric catalytic synthesis of
chiral cyclic nitro compounds due to their easy racemization of
chiral secondary nitro compounds.

A preliminary attempt in our lab to explore the iridium
catalysed asymmetric hydrogenation of a readily available
2-phenyl-3-nitroquinoline revealed a poor nitro group tolerance.
Subsequently, employing chiral phosphoric acid as the catalyst
with Hantzsch ester as the hydrogen source, the first organo-
catalyzed asymmetric transfer hydrogenation of 3-nitroquinolines
was successfully realized (Scheme 16).>° High diastereo and
enantioselectivities (>20:1 dr, up to 99% ee) were observed for
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Scheme 17 DBU-promoted epimerization of cis 2-pheyl 3-nitro quino-
lines to the trans isomer.

all the 2-aryl 3-nitro quinoline substrates. This new methodology
provides a direct and facile access to a series of valuable enantio-
pure cyclic nitro compounds with two contiguous stereocenters.
Moreover, the chiral cis product could be transformed to the trans
isomer via epimerization promoted by DBU and the latter is
generally difficult to prepare through direct asymmetric hydro-
genation (Scheme 17).

3.2 Amido quinolines

Despite the plethora of efficient chiral catalyst systems for
asymmetric hydrogenation of quinolines reported so far,® the
amino substituted quinoline is still highly challenging due to
the strong coordinating ability of the free amino group.
In order to overcome this issue, a “Mask” strategy has been
successfully developed to realize this transformation in our
group.®®

Initially, a series of N-protected 2-butylquinolin-3-amines as
model substrates were surveyed with the chiral Ir complex as
the catalyst (Scheme 18). To our delight, these quinolines could
be smoothly hydrogenated with full conversion but only
3-phthalimido substituted quinolines gave a satisfactory diaster-
eoselectivity. The poor diastereoselectivity may be attributed to
the unexpected isomerization pathway to the exocyclic imine
caused by active N-H bonds of the amido group during the
whole hydrogenating process.

With 3-phthalimido substituted quinolones as the substrate,
a variety of different parameters, including chiral ligands,
additives, solvents, pressure of hydrogen, reaction temperatures,
etc., are included to establish the optimized conditions:
[{Ir(cod)Cl},}/(R)-difluorPhos, I, (5.0 mol%), H, (200 psi),
toluene/THF (3:1), 25 °C. Iodine as an additive played a pivotal
role and no product was observed in the absence of iodine. The
Ir(1) catalyst precursor was oxidized to Ir(u) iz situ by iodine and
the latter can exhibit a higher catalytic activity.”” All the sub-
strates bearing an alkyl group at the 2-position of the quinoline
motif gave good enantioselectivities (81-94%) and excellent
yields (94-99%) (Scheme 19). The 2-phenyl-substituted substrate

[I(COD)CI], (2 mol%)

| xNRR'  (S)-Segphos (4.4 mol%) @\/\/i‘i’i/
2)-5egphos (4.4 mofve
N H, (600 psi), THF N

I (5 mol%), 25 °C H
41 42
NRR' | NH, NHTs NHBz NHCO,Ph  NPhth
Conv. (%)| <5 > 95 > 95 > 05 > 95
d.r. NA 51 8:1 8:1 >20:1
ee (%) NA 62 84 63 37

Scheme 18 Asymmetric hydrogenation of N-protected 2-butylquinolin-
3-amine.
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0
F>< O R" = H, R? = Et, 97% yield, 90% ee.
F

0o PPhy R'=H, R? = n-Pr, 94% yield, 92% ee.
o PPh, R" = H, R? = j-Bu, 99% yield, 94% ee.
P O R! = H, R2 = i-Pentyl, 97% yield, 88% ee.
F o R" = H, R? = n-Hexyl, 97% yield, 92% ee.
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aThe conjugated double bond was also hydrogenated.

Scheme 19 Ir-catalyzed asymmetric hydrogenation of 3-phthalimido
quinolones.

could also be transformed with moderate enantioselectivity
(97% yield, 40% ee). More importantly, the phthaloyl group
could be easily removed by using hydrazine hydrate without
any loss of optical purity. The key to the success of the Mask
strategy lies in the following facts: (1) suppression of the strong
coordination and poisoning ability of the substrate and
the corresponding reduced product towards the catalyst. (2)
Activation of the substrate by decreasing the electron density
at the aromatic rings. (3) Improving the diastereoselectivity by
inhibition of side-reaction pathways. (4) This group can be easily
introduced and removed.

Soon after this work, Pd-catalyzed asymmetric hydrogenation
conditions for the same type of 3-phthalimido substituted
quinolone were also revealed by our group, which further
broadened the substrate scope of homogeneous Pd-catalyzed
asymmetric hydrogenation (Scheme 20).>® Under the optimized
conditions (Pd(OCOCFs3),/L7, TFA (60 mol%), H, (1000 psi),
CH,Cl,, and 70 °C.), a variety of 3-phthalimido 2-alkyl
substituted quinolines were hydrogenated smoothly with high
yields and 79-90% ee, regardless of the length of the side chain.
It is noted that this methodology cannot be well suitable for

Pd(CF3CO0), (5 mol%)
L7 (6 mol%)

1
RmNPhth
b
N~ "R?

45 46

Rl@jd\NPhth
H, (1000 psi),DCM N g2

TFA (60 mol%), 60°C

R'=H, R? = n-Bu, 91% yield, 90% ee(S, S).
R"=H, R? = Me, 86% yield, 81% ee.
R'=H, R? = Et, 93% yield, 85% ee.

R'=H, R? = n-Pr, 97% yield, 87% ee.
R'=H, R? = i-Bu, 94% yield, 90% ee.

R' = H, R?%= i-Pentyl, 91% yield, 90% ee.

R' = H, RZ = n-Hexyl, 86% yield, 90% ee.
R' = H, R = Phenethyl, 95% yield, 90% ee.
R' = H, R2= (E)-Styryl, 99% yield, 90% ee.
R'=H, R? = ¢-Pr, 72% yield, 80% ee.
R'=F, R?= n-Bu, 97% yield, 79% ee.

R' = H, R2 = CgHs, 83% yield, 14% ee.

R" = H, R? = (E)-4-fluorostyryl, 86% yield, 88% ee.

o]
.
o PAr,
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.
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enedioxyphenyl

Scheme 20 Pd-catalyzed asymmetric hydrogenation of 3-phthalimido
quinolones.
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R = H, Ar = 4-CF3CgH, 99% yield, 98% ee
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Scheme 21 CPA-catalyzed asymmetric hydrogenation of 3-tosylamido
quinolones.

other substituted quinolines, such as 2-methylquinoline, 3-
carbalkoxy substituted and 3-p-toluenesulfonamido substituted
quinolone. Tentatively it can be suggested that the electron-
withdrawing phthalimido group at the C3 position could activate
the substrates through decreasing the electron density of the
aromatic ring.

However, for the 2-aryl substituted substrate, only a moderate
ee value was obtained irrespective of the metal (Ir, Pd) complex
used as the catalyst for asymmetric hydrogenation. As a part of
our sustained efforts in extending the application of asymmetric
hydrogenation of aromatic compounds, we started to consider
the possibility of asymmetric reduction of 2-aryl substituted
quinolin-3-amine with CPA-catalyzed transfer hydrogenation.>®
Initial attempts focused on evaluation of protecting groups of
quinolin-3-amines. In sharp contrast to the previous results of Ir
or Pd catalysed hydrogenation, the Ts group protected substrate
gave better yield and enantioselectivity. A series of 2-aryl
substituted quinolin-3-amines were smoothly converted to cis
isomers of the corresponding products in high yields with high
ee values (73-99% ee), using the TRIP catalyst and Hanztsch
ester as the hydride donor (Scheme 21). Preliminary mechanistic
studies indicate that hydrogenation mainly proceeded via the
endocyclic imine intermediate (path b), and a dynamic kinetic
resolution process was involved during the hydrogenation,
which also reveal the reason for excellent diastereoselectivity

L.
N”Ph
49
J 1,4-H addition @(\//[NTS
a
N"Ph
mNHTS / g ~ \NHTs
N~ >Ph .
N \ NHTs N~ “Ph
50 b / H
Z
N~ >Ph 51
I

Scheme 22 Two possible paths for CPA-catalyzed asymmetric transfer
hydrogenation.
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Scheme 23 Ir-catalyzed asymmetric hydrogenation of protected
3-amido-2-arylpyridinium salt.

(Scheme 22). Anyway, this method efficiently supplements
previous work to further show the practicability.

3.3 Amido pyridines

Chiral amino substituted piperidines is one ubiquitous
skeleton in biologically active molecules and drugs. For example,
3-amino-2-piperidine derivatives have attracted special interest
due to their strong biological relevance as non-peptide antago-
nists of neurokinin-1 (NK-1) substance P receptors, including
(+)-(25,35)-CP-99,994, (+)-(2S,35)-GR-205,171, (+)-(25,3S)-T-2,328,
etc.*® Traditional asymmetric synthetic methods, such as chiral
pool synthesis and diastereoselective reactions, to construct
chiral piperidines normally require tedious and complex multi-
step synthesis.*’ Asymmetric hydrogenation of amino group
substituted arenes provides a rational synthetic tool for con-
structing this kind of chiral compound. However, few successful
examples were reported so far using masked amino substrates
because the free amino group will deactivate the catalyst through
a strong coordination tendency.

Mashima and his co-workers designed a trifluoroacetyl and
benzyl protected 3-amido-2-arylpyridinium salt for enantiopure
dinuclear iridium complex catalysed asymmetric hydrogenation
(Scheme 23).*> The corresponding 3-amido-2-arylpyidines
were afforded in high diastereoselectivity and moderately high
enantioselectivity under the optimized reaction conditions.
Although pyridinium chloride was tested as the substrate, one
equivalent of additional organic acid, such as (—)-CSA, was still
needed to achieve satisfactory yields and ees. After a basic work-
up and further deprotection of the trifluoroacetyl group and
benzyl group, an o-methoxybenzyl group was attached to the 3-
amino group without loss of enantiomeric purity.

Normally, N-alkyl pyridinium salts is more active than
Bronsted acid activated pyridines under Ir-catalyzed hydro-
genation conditions. Very recently, Zhang’s group developed a
facile approach to furnish chiral 3-amino 2-aryl piperidine
derivatives with up to >99:1 dr and 95% ee through Ir-
catalyzed asymmetric hydrogenation of 3-phthalimido-2-aryl
pyridinium salts (Scheme 24).** More importantly, scalable
preparation and easy removal of amino protected groups
convincingly demonstrated the practical utility of this protocol.
A gram scale hydrogenation catalyzed by Ir/(R)-SegPhos was
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Scheme 24 Ir-catalyzed asymmetric hydrogenation of 3-phthalimido-2-
aryl pyridinium salts.

able to produce one gram of chiral (S, S)-N-benzyl 3-
phthalimido-2-phenyl piperidine with 92% ee. After single
crystallization and deprotection of the phthaloyl group using
hydrazine hydrate, the key intermediate for (+)-CP-99994** was
afforded with good yield and high optical purity, demonstrating
the advantage of this protocol (Scheme 25).

3.4 Amido-pyrazines

Asymmetric hydrogenation of pyrazines provides a rational and
direct synthetic method to prepare chiral piperazines, the
most common chiral six-membered cyclic amines in natural
products and bioactive compounds. Owing to not only the
aromatic stabilization of pyrazines but also to the stronger
coordination ability of pyrazines and piperazines with two
N-atoms, asymmetric hydrogenation of pyrazines is considered
more difficult than hydrogenation of the aforementioned N-hetero-
aromatics.*> Mashima et al. successfully realized asymmetric
hydrogenation of 2-tosylamido-5-substituted pyrazines with a
combination of dinuclear chloride-bridged iridium(m)
complexes as catalysts and stoichiometric amounts of the
HBr salt of N,N-dimethylaniline as an additive, producing the
corresponding chiral amidinated tetrahydropyrazines in high
yield and high enantioselectivity (Scheme 26).*® Both the yield
and enantioselectivity were dramatically improved by using
Bronsted acids salts as additive in comparison with those of
the reaction without any additive. Additive effects were dis-
cussed in detail during their research. On the one hand, salts
were to trap the stronger basic amine products to avoid the
deactivation of the catalyst. On the other hand, a probable
interaction of the released amines with iridium metal centers
occurred to improve both the reaction rate and enantioselectivity.
Scheme 27 shows the rational derivatization of chiral product,
5-phenyl-2-tosylamido tetrahydropyrazines. Simple hydration and

Q MeO.
1 )
O_\\N HN2NH; -H,0 OA\NHz ref ON
— [ 7 = --E. -

o reflux, 12 h

N Ph 95% yield N~ Ph N PR
Bn Bn
56 57 58
>99% ee (+)-CP-99994

Scheme 25 Synthetic application for NK1 receptor (+)-CP-99994.
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pyrazines.

Ir-catalyzed asymmetric hydrogenation of 2-tosylamido

reduction work-up afforded (S)-5-phenylpiperazin-2-one and (S)-3-
phenylpiperazine without any loss of optical purity, respectively.

Based on the investigation of the mechanism, a plausible
reaction pathway is proposed in Scheme 28. 2-Tosylamido, a
potential tautomeric functional group, possibly results in a
tautomerization between sulfonamide I and sulfonimide II
and the latter was considered as a dearomatizing product of
the starting material to facilitate the following hydrogenation.
After an initial reduction at the C-3=—=N-4 bond, the resulting
intermediate enamine III was trapped by N,N-dimethyl-
anilinium bromide and subsequently tautomerized to iminium
V, following the second reduction of the N-4—C-5 bond to
afford the final product.

3.5 Amido phenanthrenes

Asymmetric hydrogenation of carbocyclic aromatics remains
much less explored mostly because of the inherent aromatic
resulting from aromaticity and the lack of a coordinating group
that makes stereoselectivity difficult to control. The first example
of highly enantioselective hydrogenation of carbocyclic aromatic

1. LiAlH4 (2.3 equiv.) H

H H
O Loy HEESE iy
o N KoCOz ag. Ts~\ Sy 2.Boc,0 (1.1equiv) N

H 60°C,6h  H NEt; (10 equiv.), DCM  Bog

62 61 0°C,13h 63
91% yield, 92% ee 92% ee 80% yield, 92% ee

Scheme 27 Derivatization of 5-phenyl-2-tosylamido tetrahydropyrazines.

first H
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1 11 11
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Hz second H Hap
LNj/R reduction LN\]/R LN]/R
TS\N \N Br~ Ts\N \N Br TS\N \N Br
H H H
VI v v

Scheme 28 Plausible reaction pathway for asymmetric hydrogenation of
2-tosylamido pyrazines.
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OMe
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Scheme 29 Ru-catalyzed asymmetric hydrogenation of 9-acetamido
phenanthrenes.

amines was reported by our group recently (Schemes 29 and 30)."
We reasoned that polycyclic aromatics, such as phenanthrene
and chrysene, might be suitable substrates for
asymmetric hydrogenation since the aromatic stabilization of
the middle aromatic ring is somewhat lower. To test this
hypothesis, N-(phenanthren-9-yl)acetamide was chosen as the

R R

E i NHAc

Ru(COD)(methally), (5 mol%) NHAc
L10 (5.5 mol%)

)

66

o<

OM(—:‘H
l . N.__Me

Me
92% yield, 93% ee
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Scheme 30 Ru-catalyzed

H, (1000 psi), HBF4 (10 mol%) @
DCE or'PrOH, 30 °C, 16 h
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asymmetric  hydrogenation of ortho-

substituted 9-acetamido phenanthrenes.
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Table 1 Summary of asymmetric hydrogenation of hydroxyl substituted arenes

Substrate structure Reaction conditions

Ref.

N7 R [Ir(COD)CI],/(S, S)-f-Binaphane, H, (600 psi), 40 °C, NaHCO;z;, THF 17

substrate for asymmetric hydrogenation employing a chiral
Ru catalyst. To our delight, the in situ-generated catalyst
with Ru(COD)(methallyl),, chiral electron-rich bisphosphine
ligands (DuPhos or JosiPhos) and HBF, promoted the asym-
metric hydrogenation process, furnishing chiral exocyclic
amines with excellent yields and enantioselectivities (up to
98% ee). Isotopic labelling experiments suggested that the
hydrogenation pathway is direct hydrogenation of C9-C10
double bonds of enamide moieties and the tautomerization
process of enamide to ketamine, a phenomenon often men-
tioned in previous discussion of this article, is not
involved here.

Pd(CF;C00),/(S,S,R,R,)-TangPhos, H, (1200 psi), 100 °C, TFE 23

Pd(CF5C00),/(R,S)-PPF-P‘Bu,, (S)-CPA or PhCO,H, H, (1000 psi), 80 °C, TFE 25

N [Ir(COD)CI],/(S, S)£Binaphane, H, (800 psi), TCCA, 40 °C, EtOH/'PrOH (1: 2) 28

CPA-1, Hantzsch ester or DHPD, 40 °C, toluene 32

4 Conclusions

Direct asymmetric hydrogenation of O or N-functional group
substituted aromatics provides enormous potential for
expanding the structural diversity of reductive products of planar
aromatic compounds, which is even beyond the traditional
hydrogenation. But this topic is far less developed compared to
the great achievements on asymmetric hydrogenation of simple
aryl or alkyl substituted aromatics. In this feature article, we
have summarized recent advances in asymmetric (transfer) hydro-
genation of O/N-functionalized aromatics (Tables 1 and 2). For the
hydroxyl substituted N-heteroaromatic substrates, substrate

Table 2 Summary of asymmetric hydrogenation of N-functional group substituted arenes

Substrate structure Reaction conditions Ref.
R ~NO2
\@(I CPA-2, Hantzsch ester, benzene, 25 °C 35
N~ “Ar
~NRR
©\/j/\/\/ [Ir(COD)Cl],/(S)-Segphos, H, (600 psi), I,, THF, 25 °C 36
N
R! o~ NPhth
\@(:[ Pd(CF;C0O0),/L7, H, (1000 psi), TFE, DCM, 60 °C 33
N "R?
R ~NHTs
\©\/I CPA-1, Hantzsch ester, dioxane/DCM (2:1), 25 °C 34
N™ “Ar
O R
T Ph
@ h [{Ir(H)[(S)-L8]}»(n-C)5]Cl, (=)-CSA, H, (30 bar), 60 °C, 1,4-dioxane 42
NR
HooCf
@Nphm
] & ar [Ir(COD)Cl],/(S)-Sephos, H, (80 bar), 60 °C, DCE 43
Bn  Cf
N R
Ts\NJIN/j/ [{Ir(H)[(S)-L6]}2(n-Cl);]Cl, DMA-HBr, H, (30 bar), 30 °C, 1,4-dioxane 46
H
NHCOR
Ru(COD)(methally),/(S, S)-"Pr-DuPhos, H, (1000 psi), HBF,, 30 °C, DCE or 'PrOH 47
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activation through the addition of stoichiometric amounts of
electrophiles is still effective. Introducing a hydroxy substituent
o or vy to pyridine-like nitrogen atoms of N-heteroarenes leads
to hydroxy-oxo tautomerism to weaken aromaticity. This
phenomenon supplies an alternative solution for enantioselective
hydrogenation of those heteroarenes with high aromaticity.
Asymmetric hydrogenation of active tautomers of hydroxyl
pyrazoles and hydroxyl pyrimidines gave chiral cyclic amides
and ureas as the uncommon reductive products, respectively.
Free amino groups will deactivate metal catalysts due to their
strong coordination capacity. A “Mask” strategy with suitable
protecting groups was successfully applied to realize asymmetric
hydrogenation of amino substituted arenes. Notably, the protecting
group dramatically affects the stereochemistry of the hydrogenation
reaction. With the examples described in this feature article, we are
convinced that a reasonable design of ingenious methodologies is
possible to find new answers to these important synthetic
challenges.
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