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(Hetero)aromatic compounds are vastly available and easy to functionalise building blocks in the chemical
industry. Asymmetric arene hydrogenation enables direct access to complex three-dimensional scaffolds
with (multiple) defined stereocentres in a single catalytic process and, by this, the rapid installation of
molecular complexity. The potential usage of hydrogen from renewable sources and perfect atom
Received 1st May 2023 economy bears the potential for sustainable and broadly applicable transformations to valuable products.
The aim of this review is to present the state-of-the-art in transition-metal catalysed asymmetric

hydrogenation of (hetero)arenes, to highlight recent advances and important trends and to provide a
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1. Introduction

Arenes and heteroarenes belong to the most ubiquitous structural
motifs in natural products, agrochemicals and pharmaceuticals.'™
They are also versatile building blocks since they are widely
accessible starting materials, can bear multiple heteroatoms and
can be modified easily by numerous synthetic methodologies (i.e.
cross coupling, SyAr, aromatic halogenation), especially for drug
synthesis. This is also reflected by the fact that the fractional sp®
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character (Fsp3) of molecules published in the Journal of Medicinal
Chemistry between 1959 and 2009 decreased by ~10%.°

The saturated aromatic analogues are less prominently
represented, however they are at least as important for ie. drug
discovery. Beneficial correlations have been shown between impor-
tant structural elements, such as high Fsp3, increased molecular
complexity or aliphatic ring count, and the clinical success of drug
candidates.”” In contrast to that, a high aromatic ring count can be
associated with certain parameters like poor solubility in aqueous
media, high lipophilicity or decreased protein binding."*"* For this
reason, saturated (hetero)cyclic scaffolds are featured in a vast
number of top-selling small molecule drugs, frequently with precise
stereochemistry."> However, the synthesis of aliphatic rings can be
challenging and step-intensive. Consequently, it has been of high
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Fig. 1 Hydrogenation as an environmentally benign method to provide
direct access to diverse saturated carbo- and heterocyclic motifs.

interest in recent years to develop efficient pathways to access these
scaffolds in an efficient manner.*™*

Arguably the most sustainable and powerful way to synthe-
sise stereochemically well-defined aliphatic (hetero)cycles is the
asymmetric hydrogenation of (hetero)arenes. Starting from
broadly accessible and easily modifiable (hetero)arenes, multi-
ple stereocentres can be set in a single synthetic operation
giving rise to complex and enantioenriched (hetero)cyclic scaf-
folds (Fig. 1). Since this catalytic transformation only adds
molecular hydrogen to a molecule, the atom economy is perfect
rendering hydrogenation as an intrinsically green reaction.®
Further features such as the use of renewable feedstocks and
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Fig. 2 Major challenges in asymmetric arene hydrogenation: high kinetic
activation barrier, stereoselectivity and chemoselectivity.

the reduction in waste and step-count emphasise the environ-
mentally benign character. Taking advantage of this strategic
value, asymmetric (hetero)arene hydrogenation is employed in
numerous industrial processes and total syntheses. Beautiful
recent examples are the total syntheses of (—)-jorunnamycin A
and (—)-jorumycin 1 by the Stoltz group'” and the multikilo-
gram synthesis of a promising diabetes drug candidate 2 by
chemists of Boehringer Ingelheim (Fig. 1)."® Both routes utilise an
asymmetric heteroarene hydrogenation as a key step to construct
the cores of the complex target structures. This tutorial aims to
convey the reader important methods and principles of asym-
metric transition metal catalysed arene hydrogenation, highlight
historically significant and recently developed catalyst systems
and give an outlook into the future of the field. Notably, asym-
metric organocatalytic hydrogenation of arenes is also an impor-
tant emerging field. As this tutorial cannot be comprehensive,
recent reviews have given a detailed overview.'>'*1%2°

2. Mechanistic insights

In spite of these advantages, four major challenges involving
arene hydrogenation still exist (Fig. 2):**

(1) Breaking aromaticity

In comparison to normal C-C or C-X double bonds, (hetero)arenes
are additionally stabilised by aromaticity. The aromatic stabilisa-
tion energy can be as high as 36 kcal mol ™" for benzene* and
poses a significant kinetic barrier that needs to be overcome.

(2) Catalyst poisoning
Heteroatoms such as sulphur or nitrogen are Lewis basic and

tend to coordinate strongly to transition metals. This can result
in a total shutdown in reactivity, the catalyst is poisoned.

(3) Stereoselectivity

Hydrogenation of multi-substituted (hetero)arenes can form a
plethora of diastereomers. While the all-cis configurated pro-
duct is generally favoured according to the Horiuti-Polanyi
mechanism,* obtaining trans configurated products is possi-
ble by n-facial exchange, but still remains underdeveloped.
Setting stereocentres remains a laborious task as well, since the
discrimination of the two enantiotopic faces of a (hetero)arene
is not trivial without and even with a directing group.

Chem. Soc. Rev,, 2023, 52, 4996-5012 | 4997
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(4) Chemoselectivity

Competing side reactions in the hydrogenation of (hetero)ar-
enes possessing other reductively labile groups (i.e. nitriles,
ketones, C-X double bonds or halogens) also create the pro-
blem of overreduction or hydrodefunctionalisation.

Three main strategies have been developed to overcome
these obstacles: catalyst activation, substrate activation and relay
catalysis. Catalysts can be activated by introducing additives that
tune the steric and/or electronic environment of the catalyst.
Primarily, the development of new ligands influenced the suc-
cess of enantioselective arene hydrogenation."*'***"2% Moreover,
it was often observed that the addition of iodine drastically
increased the activity and enantioselectivity of metal complexes
in hydrogenation reaction. It is proposed that iodine prevents
the formation of inactive dinuclear metal complexes, thus
increasing the catalytic rate.>! Substrates can be activated by
installing protecting groups to the heteroatoms of the arene that
could serve as a directing group for the catalyst and/or protect
the catalyst from being poisoned.**> Also protonation of
N-heteroarenes is a common strategy to lower the aromaticity of
substrates.®® In relay catalysis, the aromaticity of a substrate is
broken by an achiral catalyst, that however hydrogenates the
substrate only partially. Then, a chiral catalyst sets the stereo-
centre to yield the final product.’”

Various catalyst systems have been developed since the first
reports in the late 90s. Most of these systems follow two major
approaches to set the stereocentres, either homogeneous
enantioselective or asymmetric heterogeneous hydrogenation.
The following sections will give a deeper insight into both areas,
discussing the advantages and disadvantages of these methods.

3. Enantioselective homogeneous
hydrogenation

Enantioselective homogeneous hydrogenation is from a strategic
perspective the most straight-forward way to obtain chiral satu-
rated products. Homogeneous transition metal catalysts offer
an inexhaustible amount of structural design possibilities.
In praxis, there are only several prominent ligand types in
combination with mostly a few noble metals, including iridium
and ruthenium, which form highly selective and active catalysts
to promote hydrogenation for a variety of different substrate
motifs, we refer to them as privileged ligand motifs (Fig. 3). Each
of these motifs possesses unique properties that make them
invaluable for transition metal catalysis. For example, phos-
phines and NHCs are strong electron donating ligands influen-
cing the electronic properties of the metal complex greatly.**>°
Diamines and oxazolines are synthesised from a broad chiral
pool rendering them cheap and versatile.**' Pincer ligands
coordinate with three atoms to the metal, therefore providing
a high degree of stability to the metal complex. Hence, pincer
ligands are often employed for low-valent, low-coordinate 3d-
metal complexes.*>** Additionally, each ligand type offers the
possibility to be tuned electronically or sterically by changing the
substitution pattern of the backbone.
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Fig. 3 Prominent ligand motifs in asymmetric arene hydrogenation.

One requirement for these catalysts is to remain stable
under reductive reaction conditions. Depending on the external
conditions, homogeneous metal complexes can form hetero-
geneous metal nanoparticles or clusters that can lead to a
competing racemic hydrogenation reaction.**™*® For stereoin-
duction, the chiral environment at the metal centre needs to
distinguish between two enantiotopic sides of the flat (hetero)-
arenes. The selectivity is often highly dependent on the solvent,
temperature, additives and counterions present in the reaction
medium. So far, many enantioselective hydrogenations for
different (hetero)arenes including nitrogen-, oxygen-, sulphur-
containing and carbocyclic arenes were published.

Most enantioselective arene hydrogenations target bicyclic
heteroarenes and partially hydrogenate one ring. The aromatic
stabilisation of bicyclic arenes is in general lower compared to
two monocyclic arenes. In substrates with one heterocyclic ring
and an annulated benzene, the latter one preferably remains
intact because of the high stabilisation energy of benzene.

3.1. Quinolines

With respect to the available methods already published, quino-
lines are the most facile substrates. The most common product
of a quinoline hydrogenation is a 1,2,3,4-tetrahydroquinoline in
which the nitrogen-containing ring is reduced and the more
stabilised benzene ring is conserved.*”*® Efficient synthetic
methods for their enantioselective hydrogenation go back to
the beginning of the century when Zhou reported the iridium

. OH MeO I PPh,
¥ /\C[ MeO. PPh;
© OMe O

(S)-MeO-Biphep, L1

Q/Z\)Nj g

Fe "PPh;

=

u

(-)-Galipeine, 3 (S, Sp)-Ferrocenyloxazoline, L2

Fig. 4 The alkaloid (-)-Galipine (left) containing a tetrahydroquinoline
was accessed via enantioselective hydrogenation by Zhou and co-
workers® The two ligands enabling high selectivities in asymmetric
quinoline hydrogenation by Zhou and co-workers are shown on the
right 4950

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Enantiodivergent hydrogenation of 2-arylated quinolines by
Dong, Zhang and co-workers.>?

catalysed hydrogenation of 2,6-substituted quinolines with the
phosphine ligand MeO-Biphep L1 or the ferrocenyloxazoline N,P-
ligand L2.**°° They proofed the strength of this new synthetic
pathway by synthesising tetrahydroquinoline alkaloids like
(-)-galipeine 3 in high enantiomeric excess (Fig. 4).>!

A remarkable enantiodivergent hydrogenation of 2-aryl sub-
stituted quinolines 4 was recently published by Dong, Zhang and
co-workers (Scheme 1).>> An iridium catalyst with a thiourea based
N-Me-Zhaophos ligand L3 facilitated efficient hydrogenation
under acidic conditions.

Simple alteration of the solvent enabled access to both
tetrahydroquinoline enantiomers 5 with only one stereoisomer
of the catalyst. Highly polar solvents, especially protic solvents,
gave the (S)-enantiomer with a TON of up to 1680 while less
polar solvents switched the selectivity to the (R)-stereoisomer
with a TON of up to 680. Deuterium labelling experiments
indicate a difference in mechanism, that needs further inves-
tigation. Functionalised phenyl groups including halides, tri-
fluoromethyl and dimethylamine as well as thiophene were
tolerated well. 2,3-Disubstituted derivatives with an additional
alkyl group yielded the cis-product 6 in high diastereoselectivity
under slightly adjusted reaction conditions.

An arene hydrogenation is most of the times a multistep
reaction involving different catalytic operations. A typical
mechanism for the hydrogenation of quinolines is shown in
Scheme 2. After substrate activation a 1,4-hydride addition

B H* R [cat]—H |
— —_—
NZ activation (3/ 1,4-hydride N
H addition H
7 8 9

H activation,
isomerisation

@ H* @ [catl—H
@y ~ .  — @,
N @ -* 1,2-hydride
H, H A addition H

12 1 10
Scheme 2 Outer sphere mechanism of the enantioselective hydrogena-
tion of 2-substituted pyridines. After protonation the quinolinium cation
undergoes a 1,4-hydride addition forming an enamine intermediate. Acid
catalysed tautomerisation and subsequent 1,2-hydride addition gives the
chiral tetrahydroquinoline cation.>?
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Scheme 3 Transfer hydrogenation of 2-substituted quinolines with a
water-soluble chiral iridium complex by Sun and co-workers.>*

gives the enamine 9 which can tautomerise to the imine 10.
1,2-Hydride addition to the activated iminium ion under
stereocontrol of the catalyst yields the chiral tetrahydroquino-
line 12 (THQ).*®

Sun and co-workers prepared a water stable iridium complex
C1 with a simple N,N-ligand containing a benzimidazole scaf-
fold for the transfer hydrogenation of 2-substituted quinolines
13 in an aqueous reaction medium under mild conditions
(Scheme 3).>* Formic acid serves a dual role as hydrogen donor
and to protonate C1 to increase its solubility. This catalytic
hydrogenation appears to be appealing in particular because of
its high TON of up to 33000 and therefore low amounts of
catalyst are required. Although 2-methylated quinolines could be
hydrogenated in good ees, the enantioselective outcome proofed
to be sensitive when switching to a different 2-substituent.

Chiral ruthenium diamine complexes are a privileged motive
in asymmetric arene hydrogenation. A widely used example is the
Ru-DPEN system introduced by Fan.>* More recently Fan and co-
workers demonstrated the versatility of this catalyst class by using
a chiral 1,2-diaminocyclohexane derived ligand for the efficient
preparation of a new chiral terpyridine type class of N,N,N-ligands
(Scheme 4).> The tridentate Lewis basic substrates and resulting
products make this transformation particularly challenging since
such motives can strongly coordinate to the metal centre resulting
in deactivation of the catalyst. The 2,6-bis(tetrahydroquinolin-2-
yl)pyridines 16 (PyBTHQ) were obtained in high yields and
excellent ees. These newly accessed PyBTHQ were successfully
employed as ligands in a copper catalysed enantioselective
Friedel-Crafts reaction.

The vast majority of asymmetric arene hydrogenations requires
the use of precious and rare metals. Thus, switching to readily
available and inexpensive 3d-metals is a more sustainable and
highly desired method, but yet scarcely presented. A very remark-
able example for its utility was recently published by Lan, Liu and
co-workers who employed a manganese catalyst for the

€2 (10 mol%) i i
H, (50 bar) A NH HN =z
| JR R |
HFIP Z X
PyBQ, 15 0°Cort, 24h PyBTHQ, 16

20 examples, @ yield: 85%

@ dl/meso: 89:11, & ee: 98%
Scheme 4 Synthesis of chiral terpyridine N,N,N-ligands via an enantio-
selective hydrogenation with a chiral Ru-diamine catalyst by Fan and co-
workers.>
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Scheme 5 Manganese catalysed enantioselective hydrogenation of 2-
substituted quinolines published by Lan, Liu and co-workers.>®

enantioselective hydrogenation of quinolines 17 (Scheme 5).>® By
strategic alteration of the N,N,P-pincer ligand L4 they investigated
the role of the benzimidazole scaffold and nitrogen substitution
pattern. Free N-H groups in the linker and the imidazole proofed
to be crucial for the reactivity and selectivity of the complex. DFT
calculations of the transition state in the stereo determining step
reveal the attractive m-m-interaction of the substrate with the
benzimidazole favours one enantiomer. This synthetic method
features an outstanding chemoselectivity for reductively labile
groups. Tri- and disubstituted alkenes and alkynes are tolerated
well. Low catalyst loadings were demonstrated on a gram scale with
a TON up to 3840. An interesting application is the enantio- and
diastereoselective hydrogenation of bis(quinoline-2-yl)methanes 21
followed by a simple condensation to access enantioenriched six
membered NHC-prescursors 22.

3.2. Cascade reactions

The hydrogenation of quinolines is not limited to the saturated
bicyclic product class of tetrahydroquinolines. Suitable substrates
containing a ketone moiety tethered to the 2-position can be utilised
in a cascade hydrogenation-condensation sequence to access benzo-
fused tricylic motifs 24. Fan and co-workers accessed chiral sub-
stituted indolizidines and quinolizidines in high diastereo- and
enantioselectivities using Ru-DPEN catalysts and triflic acid
(Scheme 6).>” Vital for this strategy is a balance of reactivity and
selectivity. The quinoline moiety needs to be reduced to the cyclic
amine in presence of the ketone which undergoes a subsequent
intramolecular condensation to the corresponding imine. Also chal-
lenging is the following asymmetric reduction of the imine. Substrate
activation with triflic acid was beneficial for the chemo- and enan-
tioselectivity. Mechanistic studies revealed the second stereocentre is
controlled by the configuration of the first stereocentre formed in the
enantioselective hydrogenation of the quinoline core. The authors
applied this synthetic method successfully on a gram scale in a
formal total synthesis of the alkaloid (+)-gephyrotoxin 25.

One-pot cascade procedures are an emerging synthetic
strategy.”®° Instead of conducting a hydrogenation with a
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Scheme 6 Cascade hydrogenation-condensation strategy for the synthe-
sis of chiral indolizidines and quinolizidines involving an enantioselective
hydrogenation published by Fan and co-workers.>”

certain arene directly, the substrate is formed in situ by a sequence
of reactions and then hydrogenated. This strategy is especially
useful when the starting materials to form the arene are cheap
and easily available. A tandem strategy involving two catalysts
was used by Yu, Fan and co-workers to prepare chiral 1H-
isochromenes 30 (Scheme 7).°° Ortho-(alkynyl)arylketones 29
were used to generate reactive isochromenylium cations 31 by
copper catalysis in situ, which were hydrogenated with a Ru-DPEN
catalyst C3. It was further shown that the stereocentre of the
1H-isochromenes 30 can be used to induce stereoselectivity in a
subsequent heterogenous hydrogenation to access the cis-con-
figurated 1,3-substituted isochromanes.

3.3. Isoquinolines

Tetrahydroisoquinolines (THIQs) are an important class of par-
tially saturated N-heterocycles and a prominent motif in many
natural products and pharmaceutically active compounds. Synthe-
tically, they can be made by electrophilic aromatic substitution
reactions from substituted benzenes or via hydrogenation from
the corresponding isoquinolines. Even though isoquinolines are

Cu(OTf), (3-10 mol%)

o}

C3 (1-10 mol%)
H; (51 bar) ~o
- .
DME or CH,Cly, rt Z
A
29 30, 19 examples
D yield: 90%, & ee: 83%
via N i
S
o® N OMe
TM0 R’ j/)
=
0~ N
31 H,
Isochromenylium Intermediate c3

Scheme 7 In situ formation of aromatic isochromenylium cations fol-
lowed by enantioselective hydrogenation for the synthesis of chiral 1H-
isochromenes by Yu, Fan and co-workers.®°

This journal is © The Royal Society of Chemistry 2023
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closely related to quinolines, hydrogenation of them is more
challenging and less selective methods and mild procedures are
available. This might be associated to the lower reactivity of the
substrate and the tendency of the Lewis basic THIQs to poison
the catalyst.®" Particularly, highly substituted THIQs and those
with Lewis basic functional groups are difficult substrates. A new
method which tackles these problems was described by Stoltz
and co-workers. 1,3-Disubstituted isoquinolines 32 containing a
directing group in 1-position and an aryl substituent in 3-position
were hydrogenated to the cis-configurated THIQs 33 in good
yields, diastereo- and enantioselectivity (Scheme 8A).°> With an
electronically optimized JosiPhos-ligand L5 and an iridium pre-
cursor a broad range of various isoquinolines including sterically
hindered, heteroarene-substituted and with sensitive functional
groups reacted under mild conditions without the need for a
strong acid or formation of the isoquinolinium salt for substrate
activation. Reduction labile nitro- and nitrile-substituted aryl
groups were unharmed. Besides the predominantly used
hydroxymethyl-directing group also different ethers, acetate and
a protected amine were sufficient. With a non-directing methyl
group, the corresponding THIQ was still obtained in high stereo-
selectivity. Electron poor isoquinolines with a 7-fluoro group

[I(COD)Cll; (1.25 mol%)
(3 mol%)
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NS A Hj (20-60 bar) & T"A’ Arngx"(xwz
o° — aed) @t s Y
A 2N THF:AcOH (9:1) X \NH @Me
23-60 °C, 18 h :
e
X X Ar = 4-methoxy-3,5-di-

33, 30 examples, & yield: 76%) methylphenyl
32, X = OH, OAc, OMe, OBn NHBoc, H & ee: 86%, Jd.r: 12:1 L5

NO,
g /

<Ol e ¢ 3
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(Xyh)2P
ArP” e
b
=

N
NHBoc Ar = 3 5-ditrifluoromethyl
36, 71% phenyl
>9:1d.r., 90% ee L6

34,78%
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H, (60 bar) L
toluene:AcOH (9:1)
60°C, 18 h L
then 80 °C, 24 h
37 40

- >

addition from
bottom face

38 39

Scheme 8 (A) Synthesis of chiral cis-configurated 1,3-disubstituted tetra-
hydroisoquinolines via enantioselective hydrogenation published by Stoltz
and co-workers.®? (B) Application as key step in the total syntheses of the
natural products (—)-jorunnamycin A and (—)-jorumycin by Stoltz and co-
workers./
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worked smoothly. This is of synthetic interest because THIQs
with electron withdrawing groups are difficult to access with
common Pictet-Spengler reactions. For many substrates 20 bar
of hydrogen pressure and room temperature were proficient
conditions. It is noteworthy that instead of THF the green alter-
native 2-methyl-THF can be used as replacement with only a slight
decrease in selectivity. The obtained f-amino alcohol containing
THIQs could successfully be utilised to build up more complex
chiral ring-structures like an oxazolidine- and oxazolidone-fused
THIQ with a 6,6,5-tricycylic skeleton, a morpholinone 6,6,6-
tricycle and even a pentacyclic scaffold.

An impressive example for the synthetic power of asym-
metric arene hydrogenation was shown by Stoltz and co-
workers in the total syntheses of the complex natural products
(—)jorunnamycin A and (—)jorumycin (Scheme 8B)."” In a key
step of their route the bis-isoquinoline 37 was hydrogenated
creating four new stereocentres under excellent control of
diastereo- and enantioselectivity in a single step and setting
the stage for the following lactam condensation to form the
highly substituted pentacyclic scaffold 40. Similar to the above
described method an iridium catalyst with a modified JosiPhos
ligand L6 was used. This non-biomimetic approach enabled the
synthesis of more electron rich partially deoxygenated deriva-
tives for the strategic investigation of the location of active sites
for the cytotoxicity.

Arene hydrogenation reactions are mainly cis-selective
because the hydrogen is transferred from one catalytic face.
trans-Selective arene hydrogenations are very rare and until
recently no example for an asymmetric version was known.®?
Mechanistically a n-facial exchange in between the stepwise
hydrogenation is required.

Stoltz and co-workers recently reported that the diastereo-
selectivity for the enantioselective hydrogenation of 1,3-
disubstituted isoquinolines 41 can be switched to a trans-selective
method when the coordinating solvent THF was exchanged for the
non-coordinating solvent DCE (Scheme 9).°* The right choice of
additive turned out to be crucial for the selectivity. TBABr and
TBACI provided trans-selectivity whereas TBAI led to a favoured
formation of the cis-diastereomer. Although the trans-selectivity for
the chloride donor was slightly better the enantioselectivity was
diminished compared to the bromide donor. This method requires
a 1-hydroxymethyl group as coordinating group limiting the scope
of accessible products. Other coordinating groups could not switch
the selectivity in favour of the trans-product. In general, the
selectivity for the trans-diastereomer is certainly lower than in the

[ICOD)CI]; (1.25 mol%)
L5 (3 mol%)
TBABr (7.5 mol%)

| A H, (20-60 bar) T‘A'
ZN DCE:AcOH (9:1) N
2360 °C, 18 h D
0

OH then CDI (4 equiv.) -

THF, 50 °C, 15 h

4 42, 14 examples

< yield: 62%

@-HF @ ee: 91%, @ d.r: 2.3:1
Scheme 9 trans-Selective directed enantioselective hydrogenation of
1,3-disubstituted isoquinolines with subsequent formation of an

oxazolidine-2-one by Stoltz and co-workers.®
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cis-selective reaction, still the enantioselectivity is high and
the ability to access both chiral diastereomers with the same
catalyst by simply switching the reaction medium and additive is
synthetically a very useful methodology.

3.4. Five-membered heterocycles and fused rings

Benz-annulated saturated five membered heterocycles display a
diverse class of different scaffolds. Many natural products and
pharmaceutically active compounds contain such chiral building
blocks including indolines and 2,3-dihydrobenzofurans. These
motifs are readily accessible via enantioselective arene hydro-
genation. A recent example of a very efficient procedure was
published by Han, Ding and co-workers (Scheme 10).%* Protected
2- and 3-substituted indoles 43 were converted to the corres-
ponding indolines 44 in excellent enantioselectivity and yields
using a spirocyclic SpinPHOX-iridium complex C4. Halide sub-
stituents on the benzene ring were well tolerated and it was
shown that this catalyst also works for simple benzofurans.
Designing a catalytic system which is capable of performing
asymmetric hydrogenations of various aromatic scaffolds in
high stereoselectivity while maintaining a broad functional
group tolerance is a challenging task. The ruthenium-SINpEt
catalyst reported by Glorius and co-workers proved to be
exceptionally versatile for the asymmetric hydrogenation of
multiple heterocycles (Fig. 5).°° Different frameworks including
five membered monocycles, 6,5-bicycles and 6,6-bicycles and
different heteroatoms namely oxygen, nitrogen and even

S| Bare

Ph Ph
)

_/| x/s_. S
% K3

44, 28 examples
D yield: 90%, & ee: 98% C

C4 (1-2 mol%)
zZ | <. H (50 bar)
X x) CH,Cl;

1,24 h
43

/
N Ph
4 j
o}
X = NBoc, NTs, O, SO, 4

Scheme 10 Iridium catalysed enantioselective hydrogenation of 2- and
3-substituted indoles and benzofurans by Han, Ding and co-workers.®*

P—|r—|

Fig. 5 Overview of the scope of diverse heterocycles for the efficient
enantioselective hydrogenation with the privileged Ru-SINpEt catalyst by
Glorius and co-workers.®®
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sulphur gave reliably good selectivity and provided efficient
hydrogenation. The heteroarenes can be electronically rich or
poor, with a single or multiple heteroatom(s) in various posi-
tions including nitrogen bridged scaffolds.®®””* The range of
substrates is presented in more detail in a previous review.°
In most enantioselective hydrogenation reactions of poly-
cyclic heteroarenes the ring containing the heteroatom(s) is the
one that is hydrogenated more readily. Carbocyclic arenes
usually have higher aromaticity and are less polarised com-
pared to heteroarenes.*® However, with the Ru-SINpEt system
Glorius and co-workers for the first time were able to selectively
hydrogenate the carbocylic benzene ring of quinoxalines
enantioselectively with retention of the pyrazine motif.”>

3.5. Hydrogenation of carbocylic arenes

Chemoselective hydrogenation of the more stabilised carbocyclic
ring is challenging and therefore rare. Kuwano and co-workers
were able to perform enantioselective hydrogenation of the
benzene moiety of quinolines 48 and isoquinolines 49 with a
Ru-PhTrap catalyst (Fig. 6).””> According to the authors the
combination of the ¢rans-chelating PhTRAP ligand L7 with a large
bite angle, polar solvents and alkali carbonate as base contributes
to the rare chemoselectivity. The Ru-PhTRAP is a privileged
catalyst for arene hydrogenation and was in previous works
successfully utilised for the hydrogenation of various five mem-
bered monocycles including multisubstituted oxazoles 47 and
protected imidazoles 46 and pyrroles 45 (Fig. 6).”*”> They also
gave the first example for the enantioselective partial hydrogena-
tion of naphthalenes 50 using the same catalyst (Fig. 6).”° A few
examples of symmetrical 2,6- and 2,7-disubstituted naphthalenes
were hydrogenated in good yields and selectivity to the corres-
ponding tetralins. However, this method is limited to specific
substituents and substitution patterns. Alkoxy- or ester-groups
were required, dialkylated naphthalenes resulted in no reaction
possibly due to the lack of the oxygen lone pair to coordinate to
the catalyst. In unsymmetrical substrates with a 2-ethoxy group
and alkyl or aryl substitution in 6-position, the ring containing the
coordinating group was hydrogenated in moderate to good regio-
and high enantioselectivity.

Recently Zhou and co-workers reported the asymmetric
partial hydrogenation of different polycyclic all-carbon arenes
to access axially chiral product motifs with a rhodium-phosphine
catalytic system (Scheme 11).”7 A broad scope of 9-phenyl

N O,
NBoc JI e I )@
N N
Boc
45 46 47
z XS z A z
Ny I = (ND {D\. (S,S)-(R,R)-PhTRAP
48 49 50

Fig. 6 Overview of the suitable (hetero)arenes for the efficient enantio-
selective hydrogenation with the privileged Ru-PhTRAP catalyst estab-
lished by Kuwano and co-workers.4”73=76
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L8 (5.5 mol%)
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CH,Cl, X
30°C,5h o
51 52, 33 examples
X = NHR, NR, OR, @ yield: 96%, @ ee: 86%
P(O)Ro, Me, Ar
Rh(COD),SbFg (5.0 mol%) OO
L8 (5.5 mol%)
H, (41 bar) X + ANX
X " = |
z CH,Cl, q
R | 30°C,5h mismatch match
53 54, 16 examples 55, 16 examples
X =0Ts, COAr, NHTs QD yield: 44%, & ee: 94% O yield: 56%, & ee: 73%
Rh(COD),SbFg (5.0 mol%) ®
2SbFg (5.0 mol% s
M NR2 L9 (5.5 mol%) » i BRo)
P o H, (62 bar) P o
O EtOAc
60°C,120h

56 57, 14 examples
Qyield: 94%, & ee: 91%

X _piu;
CyP" Fe %
1, Me

L9

L8

Scheme 11 Asymmetric hydrogenation of carbocylic motifs to access
axial-chiral and central-chiral products by Zhou and co-workers.”” (A)
Desymmetrisation of 9-phenyl substituted anthracenes. (B) Kinetic resolu-
tion of phenyl-substituted naphtalenes. (C) Enantioselective hydrogena-
tion of 9-subtituted phenanthracenes. (D) Structures of the ligands used
for these reported hydrogenations.

substituted anthracenes 51 bearing a protected amine or ether
directing group were desymmetrised and also two examples
without a directing group were shown (Scheme 11A).

Crucial for the enantioselectivity is the strongly electron
donating and sterically very demanding WingPhos ligand L8,
the choice of counterion of the rhodium salt and the solvent. A
weakly coordinating SbFs~ anion and non-coordinating
dichloromethane proved to be beneficial. The utility of this
desymmetrisation was shown for the synthesis of axial chiral
phosphine ligands by hydrogenating the corresponding phos-
phine oxide substrates followed by reduction to the phos-
phines. This procedure was successfully applied for the
kinetic resolution of racemates of phenyl-substituted naphtha-
lenes 53 (Scheme 11B). The matching atropisomer was partially
hydrogenated at the naphthalene because of its lower aroma-
ticity per ring. Both the enantioenriched mismatched starting
material 54 and the partially hydrogenated product 55 were
obtained in good selectivity. Moreover, phenanthracenes 56
bearing a coordinating amide in 9-position were enantioselec-
tively hydrogenated at the central ring to yield central-chiral
partially saturated products 57 in high selectivity and good
yields (Scheme 11C). For this hydrogenation a JosiPhos ligand
L9 was found to be the best and the reaction conditions were
adjusted. Its noteworthy to comment that although also 9,10-
disubstituted motifs gave high ees, the necessity of the
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Scheme 12 Molybdenum catalysed enantioselective full hydrogenation
of quinolines and naphthalenes to the corresponding decahydroquinolines
and decalines by Chirik and co-workers.”®

directing group and a scope which is limited to non- or
methyl-substituted external rings limits its applicability.”” In
a previously reported similar method by Zhou and co-workers 9-
acetamide substituted phenanthracenes could also be hydro-
genated in high selectivity.”®

An intriguing new catalyst design for the enantioselective and
diastereoselective complete hydrogenation of quinolines and
naphthalenes was recently published by Chirik and co-workers
(Scheme 12).”° Earth-abundant molybdenum was chosen as more
sustainable transition metal and strategic evaluation of ligands
led to an oxazoline imino(pyridine) motif. A bulky 4-tert-butyl
group on the pyridine ring turned out to be crucial for high
enantioselectivity, although facing away from the metal centre.
The added steric repulsion might prevent hydrogenation of the
pyridine and finally erosion of the catalyst leading to racemic
background reactions lowering the ee.

Nitrogen-containing and carbocyclic fused bicycles were
investigated as substrates. Similar to quinolines the hydroge-
nation of naphthalenes usually yields tetralins because a highly
stabilised benzene ring is conserved.*® 2,6-Dialkylated naphtha-
lenes provided the fully reduced cis-configurated decalines in
high enantioselecitivity. For the 1,7-dimethylated naphthalene
60 the trans-product 61 was observed as major diastereomer.
Different substitution patterns including 1,8-disubstituted and
monosubstituted naphthalenes resulted in reduced selectivity,
although the monosubstituted 2-methyl derivative gave a moderate
ee. Interestingly, while 2,6-disubstituted quinolines were hydroge-
nated to the corresponding decahydroquinolines, monosubstituted
quinolines, isoquinolines, quinoxalines and 2,8-disubstituted
quinolines only yielded mixtures of partially saturated products.
The chemoselectivity for whether the carbocyclic ring or the nitro-
gen containing ring was hydrogenated was found out to be highly
dependent on the steric environment and location of the
substituent. The enantioselectivity on the other side, was also
high for 3- and 4-substituted quinolines. Mechanistic investiga-
tions support a mode of enantioinduction based on buried
volume without a coordination of the nitrogen to the catalyst.
The development of a molybdenum-based enantioselective
catalyst for arene hydrogenation with unique reactivity marks
a progress towards sustainability. However, relatively high
catalyst loadings, low yields for heteroarenes and a scope
restricted to alkyl substituents limit the applicability of this
new system and demand further studies.”
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3.6. Six-membered N-heterocycles

Compared to their bicyclic counterparts, there are fewer synthetic
methods for the enantioselective hydrogenation of six membered
monocyclic heteroarenes. Pyridines in particular are very challen-
ging substrates because of the high aromatic stabilisation and
Lewis basicity of the piperidine products, deactivating the catalyst.
Therefore, most methods require activation by derivatisation to a
pyridinium salt. Benzylated pyridinium-salts can be hydrogenated
enantioselectively with various iridium phosphine complexes. Most
of these procedures only allow substitution in 2-position.®**®
Zhang and Chen more recently used an iridium-SegPhos catalytic
system to hydrogenate 2-aryl-3-phtalimidopyridinium salts to the
resulting cis-configurated chiral piperidines in high selectivities.®
The pyridinium salts formed with strong Brensted acids are also
typical substrates. Mashima and co-workers hydrogenated 2,6- and
2,3-substituted pyridinium halides asymmetrically.*”*® Zhou and
co-workers were also able to use 2,3,6-trisubstituted pyridinium
salts when an electron withdrawing trifluoromethyl group was
located in 3-position.’® Pyridines could also be activated in situ
with TCCA to yield chiral piperidines.”® Bao, Zhang and co-workers
used an enantioselective pyridine hydrogenation of cyclic pyridi-
nium salts to obtain chiral indolzidines. The cyclic pyridinium salts
can be synthesised form 2-(2-acylphenyl)-pyridines in two steps.
Even though the enantioselectivity of the hydrogenation is moder-
ate, it is a noteworthy approach to access a different product
class.”® Despite these advances, enantioselective pyridine hydro-
genation is still mostly restricted to limited substitution patterns,
low functional group tolerance, especially of groups directly
attached to the pyridine core, and harsh methods necessary for
substrate activation (Fig. 7).

Chiral piperazines are common scaffolds in pharmaceutically
active compounds. From a strategic perspective the most straight-
forward way to access them is a single-step enantioselective
hydrogenation. Still, there are only few reports using this

Pyridine Substitution Pattern

Z P Z pZ
N N N N
62 63 64 65
————  Activation of Pyridines ———
X X X
| f 1
of) of] of]
oY o oN o N
R X X +TCCA

66 67 68
Typical Ligands

o
) 3
R0 PPh, @:F}N /
rR_P° Pz OMe )V OMe
R™%

R=H (R)-SegPhos, L10
R=F (R)-DifluorPhos, L11

(S,S)-MeO-BoQPhos, L12

Fig. 7 Top: Overview of the susceptible pyridine motifs for enantio-
selective hydrogenation.®°7°° Middle: Common activation strategies of
pyridines for homogenous asymmetric hydrogenation. Bottom: Examples
for successfully used ligands in enantioselective pyridine hydrogenation.
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pathway.”> Compared to piperidines the piperazines contain an
additional amine that can lead to catalyst poisoning. Zhou and co-
workers developed methods to hydrogenate 3-monosubstituted,
2,3- and 3,5-disubstituted pyrazines with iridium-phosphine
catalysts in good selectivities after activation by benzylation to
the corresponding pyrazinium salt.”®

The choice of counterion turned out to be crucial for the
selectivity and depending on the substitution pattern different
ligands and solvent systems were used. The authors demon-
strated the utility of their transformation by synthesising the
NK1 receptor antagonist Vestipitant 77 from the benzylated
piperazinium in three steps. Zhou, Shi and co-workers recently
reported the enantioselective hydrogenation of 5,6-arylated
pyrazin-2-ols 72 using a palladium-TolBINAP catalyst.”* The
enantioselectivity is high but the method is mainly limited to
substrates with identical 5- and 6-substituents.

Another important class of N-heterocycles are undoubtedly
pyrimidines. Besides the above-mentioned challenges of overcoming
aromatic stabilisation and formation of strongly coordinating
products, the fully hydrogenated 1,3-diazinanes are rather sensitive
to hydrolysis because of the cyclic aminal moiety. Partial enantio-
selective hydrogenation to the 1,4,5,6-tetrahydropyrimidines is
feasible when a stabilising 2-substituent is introduced preventing
the formation of an aminal. Kuwano and co-workers converted
2-arylated pyrimidines 69 to the corresponding cyclic amidines 73
with an iridium-JosiPhos catalyst.®> Substrate activation with iodine
and ytterbium triflate promoted high enantioselectivity for a broad
scope of 4-alkylated or arylated substrates 73. 2-Hydroxpyrimidines
70 are suitable substrates for the synthesis of chiral cyclic ureas 74
via hydrogenation as shown by Shi, Zhou and co-workers.”®*”
The 2-hydroxypyrimidines 70 have a lower aromaticity and exist
in an equilibrium with the tautomeric pyrimidone. Activation with
organic acids or TCCA enabled effective hydrogenation of mono-
and multi-substituted 2-hydroxypyrimidines in overall good selec-
tivities (Fig. 8).

Pyrimidil Pyrazines
Nj, N_OH N, N,
A A X A
1600 &S S G B¢
N HO™ °N

69 70 7 72

Product Motifs

b/&]
F O)\N/
)\Ar

H
N~ N\j/. .\./N (o} rN\_/ ~~ Ar = 3,5-bis(trifluoromethyl)
e 0 L AL
Y o N 7N Vestipitant, 77
73 74 75 76

Typical Ligands
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¢

Fig. 8 Top: Overview of pyrimidines and pyrazines successfully employed
in an enantioselective hydrogenation reaction.*>~°” Middle: Corresponding
product motifs after hydrogenation. Bottom: Examples for successfully used
ligands in these hydrogenation reactions.
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4. Asymmetric heterogeneous
hydrogenation

Although heterogeneous catalysts have significant advantages over
homogeneous systems such as efficient recycling and minimisation
of metal traces in the products, the field of asymmetric arene
hydrogenation has been dominated by homogeneous catalyst
systems. This might be due to the higher activity and stereo-
selectivity of homogeneous catalysts and the facile manipulation
of electronic and steric properties by ligand design. Nonetheless,
asymmetric heterogeneous systems have made significant advances
in the past years and are applied in various processes.”® """

The field of asymmetric heterogeneous hydrogenation can be
divided into three subareas. First, immobilisation of privileged
homogeneous catalyst systems on a surface. Therefore, chiral
ligands or preformed metal complexes are bound covalently or
non-covalently (i.e. ionic interactions) to a support such as silica
(Fig. 9A).7°>'% Second, hydrogenation over surfaces modified
with chiral molecules. By the addition of chiral complexing
molecules that can interact with the substrate, a chiral environ-
ment on the metal surface is created (Fig. 9B)."®" The best known
and studied modified surface is the Orito system. His group used
cinchona alkaloids to modify a platinum surface for the enantio-
selective hydrogenation of pyruvates and other a-functionalised
ketones.'® Despite their success in other areas, these two
methods have produced only moderate to bad ees in the field
of asymmetric arene hydrogenation. More promising results can
be found in the third subarea, the diastereoselective hydrogena-
tion of chiral molecules. These chiral substrates either have
steric repulsive or electronic attractive interactions with the
metal surface so that one diastereotopic face of the arene is
preferentially hydrogenated (Fig. 9C).'*

4.1. Chiral auxiliary assisted diastereoselective hydrogenation

An easy and apparent approach to employ chirality to a molecule
is the use of chiral auxiliaries. Ideally, they can be easily installed

M M

Fig. 9 Asymmetric induction in heterogeneous catalysis. (A): Homoge-
neous catalyst bound to the metal surface. (B): Chiral modifier on the metal
surface, interacting with the substrate. (C): Electronic attractive or steric
repulsive interactions of a molecule with the metal surface.
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before and cleaved after the hydrogenation reaction, functioning
as a traceless auxiliary. Also crucial for the success of the
enantioinduction is the conformational rigidity of the auxiliary.
Taking the Evans’ auxiliary 78 as an example, even though it is
only bound to the substrate by a single bond, it preferentially
adopts one of the two possible conformations due to dipole
minimisation 79 or chelation 80 (Scheme 13). Hence, only one
diastereotopic side of the substrate is shielded, yielding high
diastereoselectivities.

First attempts of diastereoselective hydrogenation were per-
formed by Lemaire in 1994. Employing menthoxyacetic acid as
chiral auxiliary to o-cresol, he was able to achieve a promising
but low 10% ee.'°® Four years later Besson and co-workers used
pyroglutamic acid methyl ester as a more rigid chiral auxiliary
in the hydrogenation of o-toluic acid."®” A highly diastereo-
selective arene hydrogenation resulted, with an impressive de
of 95% at 49% conversion. The Glorius group developed a
diastereoselective pyridine hydrogenation using the Evans’
auxiliary as chiral unit and Pd(OH),/C as achiral catalyst
(Scheme 14A).'°® Crucial for the success of the reaction is the
acidic medium which serves three important functions. The
protonation of the pyridine facilitates a hydride attack and
lowers the kinetic barrier, additionally it negates the Lewis
basicity of the free electron pair on the nitrogen, preventing it
from poisoning the catalyst. More importantly, it is believed
that a hydrogen bond between the protonated nitrogen and the
carbonyl group locks the conformation of the auxiliary, assuring
the efficient shielding of one diastereotopic face and conse-
quently yielding high ees (¢ 94% ee). With this method they
were able to set up to three stereocentres in a single operation.
Another aspect that renders this reaction environmentally
benign is the recyclability of the auxiliary. Under the reaction
conditions it is cleaved after hydrogenation - serving as a
traceless auxiliary - and can be recovered and reused without
any loss in enantioselectivity. This protocol found application in
the enantioselective synthesis of (—)-isooncinotine."*

Recently, Glorius and co-workers disclosed an asymmetric
interrupted pyridine hydrogenation which builds upon these
results (Scheme 14B)."*° During the hydrogenation cycle the
imine intermediate 86 accumulates and can be intercepted by a
nucleophile. By switching the solvent from AcOH to a mixture
of THF/H,O they could utilise water as a nucleophile to attack
the imine intermediate. The product 88, enantioenriched
d-lactams, could be synthesised in high ees (¢ 90% ee) and
yields (¢ 72%) and it could be shown that this method can be
applied in the synthesis of enantiopure 6-amino acids. Another
application was demonstrated in the elegant total synthesis of
(—)-senepodine F by Ishikawa and co-workers."'* As one of the
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Scheme 14 Chiral auxiliary assisted asymmetric hydrogenations of pyr-
idines and pyridinium salts, 108110112

key steps, one piperidine moiety was constructed by the asym-
metric interrupted pyridine hydrogenation protocol reported by
Glorius. The final product was obtained in 13% overall yield
over 17 steps.

Another interrupted hydrogenation process making use of a
chiral auxiliary is the recently published reductive amination of
pyridinium salts reported by Xiao and co-workers (Scheme 14C)."*?
This protocol describes an asymmetric transfer hydrogenation
employing [Cp*RhCL], as achiral catalyst and formic acid as the
hydrogen source. The authors discovered that if chiral amine 90 is
added to the reaction mixture it is incorporated into the product,
giving rise to enantiomerically pure piperidines 91. After intensive
mechanistic investigations it is proposed that as a key step
the dihydropyridinium intermediate 92 is intercepted by water,
which leads to a ring opening and an expulsion of ethylamine. After
condensation with chiral amine 90 and ring closure, a final
diastereoselective hydrogenation of the imine leads to the enantio-
merically pure piperidine 98. Remarkably, this protocol tolerates
many reductively labile groups that are usually not stable under
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normal hydrogenation conditions. Easily reducible groups such as
nitro, cyano or carbonyl groups as well as halogens, which are
prone to hydrodefunctionalisation, are well tolerated. This under-
lines the mildness of the reaction by not employing high hydrogen
pressure, but only transfer hydrogenation conditions. The products
are usually obtained in high diastereoselectivities and yields.

Besides these recent examples, there has been also a few
other highly diastereoselective (>90% ee) hydrogenations of
furanes,"**'"* pyrroles'™ and quinolines''® utilising chiral
auxiliaries. Nonetheless, introducing chiral auxiliaries that
possess enough conformational rigidity to shield one diastereo-
topic face efficiently is a challenging task. Additionally, the
auxiliaries need to be readily synthesised from the chiral pool
and the facile installation, cleavage and recyclability is essential
for the protocol to be environmentally benign. These draw-
backs limit the area of application for this strategy.

4.2. Substrate induced asymmetric diastereoselective
hydrogenation

In comparison to chiral auxiliaries, substrate induced diastereo-
selective hydrogenation makes use of already existing stereo-
centres in close proximity to the arene. This strategy needs
to fulfill similar requirements for a good stereoinduction: the
stereocentre should be close to the prochiral arene, its structure
should be rigid and the chiral substituent should have a steric
repulsive or an electronic attractive interaction with the
catalyst, also called “haptophilicity”. A remarkable study about
the substituent effects on diastereoselective hydrogenation was
published by Prins and co-workers (Scheme 15)."7"''® Because
of the rigid ring structure and the proximity of the stereocentre,
1-substituted indanes 99 are suitable substrates to study these
effects. If steric repulsive interactions dominate, then hydrogen
is transferred to the opposite face of the substituent and
the cis-cis product 100 is obtained as major diastereomer.
Conversely, if the substituent is haptophilic, hydrogen is trans-
ferred to the same face of the substituent and the cis-trans
product 101 is favoured (compare Fig. 9). For most of the
substituents (ethers, alkanes, alcohols, amides, carboxylic acids
and esters) steric repulsive effects were dominating and the
cis—cis product 100 was obtained as the major diastereomer.
Even slightly coordinating groups like an alcohol could only
diminish the d.r. a little bit to 57:43. Only amino substituents

o s O - P

cis-cis, 100

Rh/AI,03 or Rh/C
H2 (50 bar)

EtOH or n-hexane
cis-trans, 101

if @ =-Me, -COOR, -COOH, -CONHR, -OR, -OH

—> cis-cis as major diastereomer (d.r. up to 92:8)

it @ =-NH,
—» cis-trans as major diastereomer (d.r. = 1.5:98.5)

Scheme 15 Investigation of substituent effects on the diastereoselective
hydrogenation of 1-substituted indanes 17118
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Scheme 16 Substrate induced asymmetric diastereoselective hydrogena-
tions in total syntheses of natural products and drug candidates. 119120122123

exhibited a strong attractive interaction, reversing the d.r.
completely to 1.5:98.5 in favour of the cis-trans product 101.

The value of this strategy was demonstrated multiple times
in the syntheses of natural products and promising drug
candidates. In 1968 Cooke and Fodor published the synthesis
of (—)-sedridine 103.'* They took advantage of a hydroxyl
group adjacent to the pyridine ring, inducing a high diastereo-
selectivity. By IR studies they discovered that the hydroxyl group
is completely intramolecularly hydrogen bonded to the pyridine
nitrogen. The authors propose that this leads to a rigid ring
structure in which the methyl group shields one face of the
ring, leading to a high d.r. (Scheme 16A).

In the synthesis of Perindopril 107, an inhibitor of Angiotensin
Converting Enzyme (ACE), the optically pure octahydroindole core
was constructed by a diastereoselective hydrogenation of the
corresponding indoline 105, yielding the product 106 with a
d.r. = 9:1."%° After converting 106 to the corresponding tert-butyl
ester, the optical purity was determined as >98% ee. Further
synthetic transformations yielded the desired drug (Scheme 16B).

Tashiromine is an indolizidine alkaloid, a group of natural
products that can be extracted from various plants and animals
with potent biological activity and pharmacological effects.'*!
Shortly after the first extraction of natural tashiromine, Bran-
chaud and co-workers synthesised (+)- and (—)-tashiromine to
address the stereochemistry question.'** After assembling the
tetrahydroindolizine core 108 via an enantioselective pyrrole/

This journal is © The Royal Society of Chemistry 2023
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cobaloxime m-cation cyclisation, a diastereoselective hydroge-
nation with Rh/Al,O; yielded the indolizidine 109 with a d.r. =
2:1. Further cleavage of the protecting group and epimerisa-
tion yielded (+)-tashiromine 110 (Scheme 16C).

Another interesting synthesis of an indolizidine via a dia-
stereoselective hydrogenation was reported by Daich and co-
workers.'?® Starting from the furoindolizidinone 111, a direct
hydrogenation of the ketone and the furan resulted in a mixture
of the four different diastereomers (113-116), albeit the d.r. of
the reaction was highly dependent on the employed catalyst.
While Pd/C, Ru/C and RANEY®-Ni produced poor d.r., Rh/Al,O4
gave 113 as almost the sole product (d.r. = 96: 0:1: 3). The major
contributor to the diastereoselectivity is the steric hindrance of
the pyrrolidone ring junction which guides the hydrogen to the
exo face of the molecule. However, if the ketone was reduced
with NaBH, to the ancillary alcohol 112 prior to the hydrogena-
tion of the furan, the diastereoselective outcome was predomi-
nantly determined by haptophilic effects. The alcohol and the
furan oxygen coordinate to the catalyst guiding it and conse-
quently the hydrogen to the same face of the ring system.
Therefore, 115 is formed as major diastereomer with an excel-
lent d.r. = 93:7 and RANEY®-Ni as the most selective catalyst
(Scheme 16D).

Bach and co-workers disclosed highly diastereoselective
hydrogenations of 2-oxindoles, 3,4-dihydroquinolones (117)

Rh-CAAC
H, (50 bar), 4 A MS

. Ci Yo
0 TFE, 50 °C, 24-36 h -\” o

N
H
117 118, 33 examples, & yield: 88%
@d.r.:81
MeO,C Cl
H, - Cl g
Lt Oy
~ O\N
N o© H
119 120

>99:1d.r., 70% ee >99:1d.r, 99% ee

Rh-CAAC *’\ o]
H (50 bar), 4 AMS R/I/H
LS
| TFE.50°C,24-36h H/l/j
(¢} \,\

121 122, 28 examples & yield: 97%
ad.r..>99:1

C'N 0 "7
123 QJ]

>99:1d.r, 99% ee

Rh-CAAC, C7

Scheme 17 Asymmetric diastereoselective hydrogenations of (A) 2-
oxindoles, 3,4-dihydroquinolones and (B) aromatic 2,5-diketopiperazines
with a highly selective Rh-CAAC catalyst 12412
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and aromatic 2,5-diketopiperazines 121 in 2020 and 2022
(Scheme 17)."**'*® As a catalyst was employed a rhodium
complex, bearing a cyclic (amino)(alkyl)carbene (Rh-CAAC, C7).
This complex decomposes under hydrogenation conditions into
nanoparticles which are active for arene hydrogenation, but
tolerate a plethora of reductively labile motifs such as
ketones,"® fluorine,"””"*° boron™° or silicon.*" Additionally, it
displays a high diastereoselectivity towards the all-cis configurated
product. Also, Bach and co-workers observed great functional
group compatibility (fluorine, boron, silicon, amides, alcohols,
amines, ethers, esters), good yields (¢ 72%) and high levels of
diastereoselectivity for the all-cis product 118 (for 2-oxindoles and
3,4-dihydroquinolones ¢ d.r. 89:11, for 2,5-diketopiperazines ¢
d.r. > 99:1). The great facial selectivity can be attributed to the
steric repulsive effects of the substituents, shielding one side
efficiently. Furthermore, this method was used in the synthesis of
enantiomerically pure compounds 119 and 120. Especially, opti-
cally pure 2,5-diketopiperazines like 123 are a reoccurring scaffold
in various natural and biologically active products.*** This under-
lines the utility of this method for its application in total synthesis
of biologically relevant compounds.

The same Rh-complex was used by Glorius and co-workers in
a novel relay catalysis approach to construct enantiomerically
pure octahydrobenzofurans 125."** In a one-pot reaction, first
the furan ring was reduced by chiral Ru-SINpEt C5 to set the
stereocentre. For this step it is crucial that it proceeds at low
temperature to (a) achieve a high ee and (b) prevent a racemic
background reaction. At 25 °C the Rh-CAAC complex C7 does not
form nanoparticles, which would hydrogenate the benzofuran
completely to give a racemic mixture. After 3 h the temperature
was elevated to 60 °C and the pressure to 70 bar to induce the
formation of nanoparticles and the diastereoselective hydroge-
nation of the remaining benzene ring. The facial discrimination

C5 (3 mol%)
C7 (9 mol%)
H, (10, then 70 bar)
M 4AMS iN\-e
7 *~d
/70 n-hexane, 25 then 60 °C, 24 h 70
124 125
29 examples, & yield: 85%
ad.r..13:1, D ee: 84%
) F ) Nh—
via F ! X T
| e A Y
LA~ @ F"\/‘*o' \":\,;’ X ‘
=
127 N
126 $ N\
>19:1 d.r., 76% ee N Q
Ru-SINpEt, C5
[Rh(COD),]SbFg (8 mol%)
phosphine ligand (3 mol%)
H, (50 bar) ,
Z X NN
= | /PrOH, t, 24 h g

128 129
34 examples, & yield: 90%
ad.r.:6:1, Jee: 97%
Scheme 18 Hydrogenations employing relay catalysis to first set a
stereocentre and then perform a diastereoselective hydrogenation. 133134
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of the second step was obtained by the pre-set stereocentre. With
this relay catalysis the authors showed a broad substrate scope,
in general high yields (¢ 85%) and diastereoselectivities
(¢ 93:7 d.r.), thus combining the great chemo- and diastereos-
electivity of the Rh-CAAC complex C7 with the high enantioselec-
tivity of the Ru-SINpEt C5. Additionally, it was possible to set up to
six stereocentres in a single synthetic operation (Scheme 18A).

In a similar manner, Andersson and co-workers used relay
catalysis for the asymmetric full saturation of vinyl arenes
128."** They discovered that [Rh(COD),]SbF, as Rh-precursor
can aggregate into nanoparticles potent enough to reduce benzene
rings. Simultaneously, it can also form an irreversible complex
with bisphosphine ligands that are known to hydrogenate enam-
ides with a high degree of reactivity and enantioselectivity. Kinetic
studies confirmed that the Rh-bisphosphine-complex fully hydro-
genates the enamide in under 20 min and after an induction
period of ~1 h Rh-nanoparticles are formed that then hydroge-
nate the benzene ring. Essential for the success is a metal to ligand
ratio of ~2:1. In general, good yields, ees and d.r.s were obtained
whereas the in situ set stereocentre efficiently shields one face of
the benzene ring. Further utilisation of the method has been
shown in the synthesis of a saturated analogue of Rasagiline, an
anti-Parkinson’s therapeutic (Scheme 18B).

5. Future and outlook

In the past two decades asymmetric arene hydrogenation quickly
evolved to a useful synthetic strategy to efficiently access highly
valuable complex molecules. Despite the remarkable progress in
the field, there are still remaining challenges to broaden the
applicability in synthesis and with regard to more sustainable
chemistry (Fig. 10).

(1) Chemoselectivity

Especially the development of milder and therefore more chemo-
selective and more practical diastereoselective arene hydrogenation
methods in recent years expanded the scope of valuable three-
dimensional products significantly.>"***"*® Tolerance of reductively
labile groups is of high importance, since these are either synthetic
handles for further manipulations or important structural features
of the product. For most arene hydrogenations various important

but under reductive conditions sensitive groups like alkenes,
Ct ivity Increasing Sustainability
S I X
! =
e Ay xNO, 3 CN
« tolerating sensitive groups « earth-abundant metals « green solvents
« milder hydrogenation methods. « inexpensive and facile « reducing waste
ligand synthesis
Towards
Accessible Motifs Sustainability & Arene Activation
Application
2 ‘9 Y B
@ 3 O T R
« different stereoisomers + broader range of « ground state arene « excited state
substitution patterns « high energetic barrier « lower energetic barrier
Fig. 10 Illustration of future objectives to improve the sustainability and

broaden the applicability of asymmetric arene hydrogenation.
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alkynes, halogens, nitro- and nitrile-groups cannot yet be tolerated.
Although more sophisticated methods to tackle this problem are
developed,® often the functional groups are in remote positions.
There is still a demand to particularly tolerate these groups if they
are directly attached to the arene that is being reduced.

(2) Larger variety of accessible motifs

Depending on the (hetero)arene, the available methods for the
asymmetric hydrogenation are limited to only a few substitution
patterns. In particular, the enantioselective hydrogenation of
(hetero)arenes mostly requires a substituent in a certain position
and switching to different substitution patterns is not possible
without a dramatic loss in enantioselectivity.>' Pyridines are
highly available substrates and chiral piperidines are ubiquitous
motifs in drug molecules."”” So far, direct access of chiral
piperidines from pyridines requires a 2-substituent and only
few patterns work sufficiently. Chiral auxiliaries in combination
with heterogeneous catalysts are therefore needed for more
diverse substitution patterns. Asymmetric hydrogenation of car-
bocyclic rings remains underrepresented. There is no efficient
procedure for the enantioselective hydrogenation of benzene
and also for naphthalenes only few methods are available.'*?"
Furthermore, most asymmetric arene hydrogenations only
enable access to one diastereomer, which is mostly the all-cis
configurated one. Synthetic methods to access different diastereo-
mers are desired.>" As demonstrated by Stoltz and co-workers,
switching the diastereoselectivity even with the same catalyst
only by adjusting the additive and the solvent is not elusive
anymore.*® If one catalyst can be used to access different
diastereomers or even enantiomers as shown by Dong, Zhang
and co-workers® it can lead to more sustainable chemistry since
in some cases one enantiomer of the catalyst is easier to access.

(3) Increasing sustainability

Solvents are the major factor of waste production in most
chemical reactions.'*® Consequently, it would be beneficial to
either use solventless systems or solvents from renewable
feedstocks. Since many hydrogenations rely on toxic and/or
halogenated solvents, there is a potential to increase sustain-
ability by substitution with greener alternatives.'®

Additionally, highly active catalysts with a high TON and TOF
are desired because these are usually expensive and laborious to
recycle.”*>'*° Sophisticated ligand synthesis increases step-count,
waste production and cost of the overall catalyst. Simple ligands
that can be easily synthesised from the chiral pool are
advantageous.'*! Most asymmetric arene hydrogenations require
catalysts based on rare and expensive metals like iridium, rho-
dium and palladium."® Much more desirable and environmen-
tally benign are catalytic systems based on cheap and highly
available earth-abundant metals including 3d-metals."*> However,
often these complexes are sensitive to air and not reactive enough
to promote efficient arene hydrogenation.'*® The investigation of
new ligand designs, especially pincer ligands for 3d-metals, is
crucial.'** Only very recently, Lan, Liu and co-workers reported
their pioneering work of the first manganese catalysed enantio-
selective arene hydrogenation.”®
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(4) Innovative arene activation

Efficient hydrogenation often requires activation of the substrate or
the catalyst."* Common strategies include the use of strong
Bronsted acids, Lewis acids, halide-based reagents and other
additives resulting in more by-products, lower atom economy and
lower tolerance for functional groups.'**™* A new activation
strategy which prevents the production of additional waste is an
important goal to achieve more sustainable transformations. A yet
not employed strategy in asymmetric hydrogenation is the activa-
tion with visible light. Chirik and co-workers recently achieved the
visible-light mediated hydrogenation of anthracenes with an iri-
dium catalyst at only 4 bar of hydrogen pressure. While the direct
HAT from the metal-hydride to the anthracene is endothermic and
unlikely to happen, the HAT from the excited state is exothermic
and promoted efficient hydrogenation.'*® Another example for the
photoinduced (partial) hydrogenation of arenes was recently
reported by Zheng, Wang and co-workers who used boron carboni-
tride as a metal free heterogenous catalyst to promote energy- and
electron transfer to formally hydrogenate a vast scope of different
hetero- and carbocyclic arenes.*® Future research in the field of
photo-mediated arene hydrogenation has the potential to achieve
milder and more sustainable asymmetric methods.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Generous financial support by the European Research Council
(ERC Advanced Grant Agreement No. 788558) and the Alfried
Krupp von Bohlen und Halbach Foundation are gratefully
acknowledged. The authors thank Arne Heusler for helpful
discussions.

References

1 R. D. Taylor, M. MacCoss and A. D. G. Lawson, J. Med.
Chem., 2014, 57, 5845-5859.

2 Y. Sanemitsu and S. Kawamura, J. Pestic. Sci., 2008, 33,
175-177.

3 P. Das, M. D. Delost, M. H. Qureshi, D. T. Smith and
J. T. Njardarson, J. Med. Chem., 2019, 62, 4265-4311.

4 K. A. Scott, P. B. Cox and ]. T. Njardarson, J. Med. Chem.,
2022, 65, 7044-7072.

5 E.Vitaku, D. T. Smith and ]J. T. Njardarson, J. Med. Chem.,
2014, 57, 10257-10274.

6 W. P. Walters, J. Green, J. R. Weiss and M. A. Murcko,
J. Med. Chem., 2011, 54, 6405-6416.

7 F. Lovering, Med. Chem. Commun., 2013, 4, 515-519.

8 F. Lovering, J. Bikker and C. Humblet, J. Med. Chem., 2009,
52, 6752-6756.

9 M. Beckers, N. Fechner and N. Stiefl, . Chem. Inf. Model.,
2022, 62, 6002-6021.

Chem. Soc. Rev., 2023, 52, 4996-5012 | 5009


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00329a

Open Access Article. Published on 10 Juli 2023. Downloaded on 17.10.2025 05:11:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

10

11

12

13

14

15

16
17

18

19

20

21

22

23

24

25

26
27

28

29

30

31

32

33

34

5010 |

T. J. Ritchie, S. J. F. Macdonald, R. J. Young and

S. D. Pickett, Drug Discovery Today, 2011, 16, 164-171.

T. J. Ritchie and S. J. F. Macdonald, Drug Discovery Today,

2009, 14, 1011-1020.

N. A. McGrath, M. Brichacek and J. T. Njardarson, J. Chem.

Educ., 2010, 87, 1348-1349.

A. N. Kim and B. M. Stoltz, ACS Catal.,, 2020, 10,
13834-13851.

D.-S. Wang, Q.-A. Chen, S.-M. Lu and Y.-G. Zhou, Chem.

Rev., 2012, 112, 2557-2590.

Z. Zhang, N. A. Butt and W. Zhang, Chem. Rev., 2016, 116,
14769-14827.

Anastas and N. Eghbali, Chem. Soc. Rev., 2010, 39, 301-312.
R. Welin, A. Ngamnithiporn, M. Klatte, G. Lapointe,
M. Pototschnig, M. S. J. McDermott, D. Conklin,

. D. Gilmore, P. M. Tadross, C. K. Haley, K. Negoro,

Glibstrup, C. U. Griinanger, K. M. Allan, S. C. Virgil,

. J. Slamon and B. M. Stoltz, Science, 2019, 363, 270-275.

Wei, B. Qu, X. Zeng, ]. Savoie, K. R. Fandrick,

J.-N. Desrosiers, S. Tcyrulnikov, M. A. Marsini, F. G. Buono,
Z. Li, B.-S. Yang, W. Tang, N. Haddad, O. Gutierrez, J. Wang,
H. Lee, S. Ma, S. Campbell, J. C. Lorenz, M. Eckhardt,
F. Himmelsbach, S. Peters, N. D. Patel, Z. Tan, N. K. Yee,

J. J. Song, F. Roschangar, M. C. Kozlowski and
C. H. Senanayake, J. Am. Chem. Soc., 2016, 138, 15473-15481.

A. M. Faisca Phillips and A. J. L. Pombeiro, Org. Biomol.
Chem., 2017, 15, 2307-2340.

R. Gunasekar, R. L. Goodyear, I. Proietti Silvestri and

J. Xiao, Org. Biomol. Chem., 2022, 20, 1794-1827.

M. P. Wiesenfeldt, Z. Nairoukh, T. Dalton and F. Glorius,

Angew. Chem., Int. Ed., 2019, 58, 10460-10476.

G. B. Kistiakowsky, J. R. Ruhoff, H. A. Smith and

W. E. Vaughan, J. Am. Chem. Soc., 1936, 58, 146-153.

I. Horiuti and M. Polanyi, Trans. Faraday Soc., 1934, 30,
1164-1172.

M. Wollenburg, A. Heusler, K. Bergander and F. Glorius,

ACS Catal., 2020, 10, 11365-11370.

D. Zhao and F. Glorius, Angew. Chem., Int. Ed., 2013, 52,
9616-9618.

Y.-G. Zhou, Acc. Chem. Res., 2007, 40, 1357-1366.

F. Spindler, B. Pugin and H.-U. Blaser, Angew. Chem., 1990,
102, 561-562.

D. Xiao and X. Zhang, Angew. Chem., Int. Ed., 2001, 113,
3533-3536.

Y. Kita, K. Yamaji, K. Higashida, K. Sathaiah, A. Iimuro and
K. Mashima, Chem. - Eur. J., 2015, 21, 1915-1927.

D.-W. Wang, X.-B. Wang, D.-S. Wang, S.-M. Lu, Y.-G. Zhou
and Y.-X. Li, J. Org. Chem., 2009, 74, 2780-2787.

L. Xu, K. H. Lam, ]J. Ji, J. Wu, Q.-H. Fan, W.-H. Lo and

A. S. C. Chan, Chem. Commun., 2005, 1390-1392.

R. Kuwano, N. Kameyama and R. Ikeda, J. Am. Chem. Soc.,
2011, 133, 7312-7315.

A. Heusler, J. Fliege, T. Wagener and F. Glorius, Angew.
Chem., Int. Ed., 2021, 60, 13793-13797.

R. Kuwano and M. Kashiwabara, Org. Lett., 2006, 8,
2653-2655.

XomEoa®

Chem. Soc. Rev., 2023, 52, 4996-5012

35

36

37

38
39

40
41

42

43

44
45

46

47

48
49

50

51

52

53

54

55

56

57

58

59

60

61

62

View Article Online

Review Article

R. Kuwano, M. Kashiwabara, M. Ohsumi and H. Kusano,
J. Am. Chem. Soc., 2008, 130, 808-809.

Z.Yu, W. Jin and Q. Jiang, Angew. Chem., Int. Ed., 2012, 51,
6060-6072.

A. Lei, M. Chen, M. He and X. Zhang, Eur. J. Org. Chem.,
2006, 4343-4347.

C. A. Tolman, Chem. Rev., 1977, 77, 313-348.

F. Glorius in N-Heterocyclic Carbenes in Transition Metal
Catalysis, ed. F. Glorius, Springer, Berlin, Heidelberg, 2007.
J.-C. Kizirian, Chem. Rev., 2008, 108, 140-205.

R. Connon, B. Roche, B. V. Rokade and P. ]J. Guiry, Chem.
Rev., 2021, 121, 6373-6521.

R. Arevalo and P. J. Chirik, J. Am. Chem. Soc., 2019, 141,
9106-9123.

J. C. Ott, D. Biirgy, H. Guan and L. H. Gade, Acc. Chem. Res.,
2022, 55, 857-868.

P. J. Dyson, Dalton Trans., 2003, 2964-2974.

D. Moock, M. P. Wiesenfeldt, M. Freitag, S. Muratsugu,
S. Tkemoto, R. Knitsch, J. Schneidewind, W. Baumann,
A. H. Schifer, A. Timmer, M. Tada, M. R. Hansen and
F. Glorius, ACS Catal., 2020, 10, 6309-6317.

B. L. Tran, ]J. L. Fulton, ]J. C. Linehan, ]J. A. Lercher and
R. M. Bullock, ACS Catal., 2018, 8, 8441-8449.

R. Kuwano, R. Ikeda and K. Hirasada, Chem. Commun.,
2015, 51, 7558-7561.

C. W. Bird, Tetrahedron, 1992, 48, 335-340.

W.-B. Wang, S.-M. Lu, P.-Y. Yang, X.-W. Han and
Y.-G. Zhou, J. Am. Chem. Soc., 2003, 125, 10536-10537.
S.-M. Lu, X.-W. Han and Y.-G. Zhou, Adv. Synth. Catal.,
2004, 346, 909-912.

P.-Y. Yang and Y.-G. Zhou, Tetrahedron: Asymmetry, 2004,
15, 1145-1149.

Z. Han, G. Liu, X. Yang, X.-Q. Dong and X. Zhang, ACS
Catal., 2021, 11, 7281-7291.

L. Wang, J. Lin, C. Xia and W. Sun, J. Org. Chem., 2021, 86,
16641-16651.

H. Zhou, Z. Li, Z. Wang, T. Wang, L. Xu, Y. He, Q.-H. Fan,
J. Pan, L. Gu and A. S. C. Chan, Angew. Chem., Int. Ed.,
2008, 47, 8464-8467.

C. Li, Y. Pan, Y. Feng, Y.-M. He, Y. Liu and Q.-H. Fan, Org.
Lett., 2020, 22, 6452-6457.

C. Liu, M. Wang, S. Liu, Y. Wang, Y. Peng, Y. Lan and
Q. Liu, Angew. Chem., Int. Ed., 2021, 60, 5108-5113.

Y. Chen, Y.-M. He, S. Zhang, T. Miao and Q.-H. Fan, Angew.
Chem., Int. Ed., 2019, 58, 3809-3813.

T. Wagener, M. Pierau, A. Heusler and F. Glorius, Adv.
Synth. Catal., 2022, 364, 3366-3371.

Z.-B. Zhao, X. Li, M.-W. Chen, B. Wu and Y.-G. Zhou, Chin.
J. Chem., 2020, 38, 1691-1695.

T. Miao, Z.-Y. Tian, Y.-M. He, F. Chen, Y. Chen, Z.-X. Yu
and Q.-H. Fan, Angew. Chem., Int. Ed., 2017, 56, 4135-4139.
D. Zhao and F. Glorius, Angew. Chem., Int. Ed., 2013, 52,
9616-9618.

A. N. Kim, A. Ngamnithiporn, E. R. Welin, M. T. Daiger,
C. U. Griinanger, M. D. Bartberger, S. C. Virgil and
B. M. Stoltz, ACS Catal., 2020, 10, 3241-3248.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00329a

Open Access Article. Published on 10 Juli 2023. Downloaded on 17.10.2025 05:11:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

A. N. Kim, A. Ngamnithiporn, M. D. Bartberger and
B. M. Stoltz, Chem. Sci., 2022, 13, 3227-3232.

Y. Ge, Z. Wang, Z. Han and K. Ding, Chem. - Eur. J., 2020,
26, 15482-15486.

D. Zhao, L. Candish, D. Paul and F. Glorius, ACS Catal.,
2016, 6, 5978-5988.

N. Ortega, D.-T. D. Tang, S. Urban, D. Zhao and F. Glorius,
Angew. Chem., Int. Ed., 2013, 52, 9500-9503.

N. Ortega, S. Urban, B. Beiring and F. Glorius, Angew.
Chem., Int. Ed., 2012, 51, 1710-1713.

C. Schlepphorst, M. P. Wiesenfeldt and F. Glorius, Chem. -
Eur. J., 2018, 24, 356-359.

S. Urban, B. Beiring, N. Ortega, D. Paul and F. Glorius,
J. Am. Chem. Soc., 2012, 134, 15241-15244.

M. P. Wiesenfeldt, D. Moock, D. Paul and F. Glorius, Chem.
Sci., 2021, 12, 5611-5615.

J. Wysocki, N. Ortega and F. Glorius, Angew. Chem., Int. Ed.,
2014, 53, 8751-8755.

S. Urban, N. Ortega and F. Glorius, Angew. Chem., Int. Ed.,
2011, 50, 3803-3806.

Y. Jin, Y. Makida, T. Uchida and R. Kuwano, J. Org. Chem.,
2018, 83, 3829-3839.

R. Kuwano, M. Kashiwabara, M. Ohsumi and H. Kusano,
J. Am. Chem. Soc., 2008, 130, 808-809.

R. Kuwano, N. Kameyama and R. Ikeda, J. Am. Chem. Soc.,
2011, 133, 7312-7315.

R. Kuwano, R. Morioka, M. Kashiwabara and
N. Kameyama, Angew. Chem., Int. Ed., 2012, 51, 4136-4139.
Y.-X. Ding, Z.-H. Zhu, M.-W. Chen, C.-B. Yu and Y.-G. Zhou,
Angew. Chem., Int. Ed., 2022, 61, €202205623.

Z. Yan, H.-P. Xie, H.-Q. Shen and Y.-G. Zhou, Org. Lett.,
2018, 20, 1094-1097.

P. Viereck, G. Hierlmeier, P. Tosatti, T. P. Pabst,
K. Puentener and P. J. Chirik, J. Am. Chem. Soc., 2022,
144, 11203-11214.

A. Cadu, P. K. Upadhyay and P. G. Andersson, Asian J. Org.
Chem., 2013, 2, 1061-1065.

M. Chang, Y. Huang, S. Liu, Y. Chen, S. W. Krska, I. W. Davies
and X. Zhang, Angew. Chem., Int. Ed., 2014, 53, 12761-12764.
C. Y. Legault and A. B. Charette, . Am. Chem. Soc., 2005,
127, 8966-8967.

B. Qu, H. P. R. Mangunuruy, S. Tcyrulnikov, D. Rivalti,
O. V. Zatolochnaya, D. Kurouski, S. Radomkit, S. Biswas,
S. Karyakarte, K. R. Fandrick, J. D. Sieber, S. Rodriguez,
J.-N. Desrosiers, N. Haddad, K. McKellop, S. Pennino,
H. Lee, N. K. Yee, J. J. Song, M. C. Kozlowski and
C. H. Senanayake, Org. Lett., 2018, 20, 1333-1337.

B. Qu, H. P. R. Mangunuru, X. Wei, K. R. Fandrick,
J.-N. Desrosiers, J. D. Sieber, D. Kurouski, N. Haddad,
L. P. Samankumara, H. Lee, J. Savoie, S. Ma, N. Grinberg,
M. Sarvestani, N. K. Yee, J. J. Song and C. H. Senanayake,
Org. Lett., 2016, 18, 4920-4923.

Z.-S. Ye, M.-W. Chen, Q.-A. Chen, L. Shi, Y. Duan and
Y.-G. Zhou, Angew. Chem., Int. Ed., 2012, 51, 10181-10184.
L.-S. Zheng, F. Wang, X.-Y. Ye, G.-Q. Chen and X. Zhang,
Org. Lett., 2020, 22, 8882-8887.

This journal is © The Royal Society of Chemistry 2023

87

88

89

90

91

92
93

94

95

96

97

98

99

100

101
102

103

104

105
106

107

108

109

110

111

112

113

114

115

View Article Online

Chem Soc Rev

Y. Kita, A. Iimuro, S. Hida and K. Mashima, Chem. Lett.,
2014, 43, 284-286.

A. Iimuro, K. Higashida, Y. Kita and K. Mashima, Adv.
Synth. Catal., 2016, 358, 1929-1933.

M.-W. Chen, Z.-S. Ye, Z.-P. Chen, B. Wu and Y.-G. Zhou,
Org. Chem. Front., 2015, 2, 586-589.

M.-W. Chen, Y. Ji, J. Wang, Q.-A. Chen, L. Shi and Y.-G.
Zhou, Org. Lett., 2017, 19, 4988-4991.

W. Li, S. Zhang, X. Yu, X. Feng, Y. Yamamoto and M. Bao,
J. Org. Chem., 2021, 86, 10773-10781.

R. Fuchs (Lonza AG), EP 0 803 502 B1, 1997.

W.-X. Huang, L.-J. Liu, B. Wu, G.-S. Feng, B. Wang and Y.-
G. Zhou, Org. Lett., 2016, 18, 3082-3085.

G.-S. Feng, Z.-B. Zhao, L. Shi and Y.-G. Zhou, Org. Chem.
Front., 2021, 8, 6273-6278.

R. Kuwano, Y. Hashiguchi, R. Ikeda and K. Ishizuka,
Angew. Chem., Int. Ed., 2015, 54, 2393-2396.

G.-S. Feng, M.-W. Chen, L. Shi and Y.-G. Zhou, Angew.
Chem., 2018, 130, 5955-5959.

G.-S. Feng, L. Shi, F.-J. Meng, M.-W. Chen and Y.-G. Zhou,
Org. Lett., 2018, 20, 6415-6419.

M. Yoon, R. Srirambalaji and K. Kim, Chem. Rev., 2012,
112, 1196-1231.

M. Heitbaum, F. Glorius and 1. Escher, Angew. Chem., Int.
Ed., 2006, 45, 4732-4762.

K. Ding and Y. Uozumi, Handbook of asymmetric hetero-
geneous catalysis, Wiley-VCH, Weinheim, 2008.

F. Meemken and A. Baiker, Chem. Rev., 2017, 117, 11522-11569.
P. McMorn and G. J. Hutchings, Chem. Soc. Rev., 2004, 33,
108-122.

J. M. Fraile, J. I. Garcia and J. A. Mayoral, Chem. Rev., 2009,
109, 360-417.

Y. Orito, S. Imai, S. Niwa and N.-G. Hung, J. Synth. Org.
Chem., Jpn., 1979, 37, 173-174.

A. Gualandi and D. Savoia, RSC Adv., 2016, 6, 18419-18451.
K. Nasar, F. Fache, M. Lemaire, J.-C. Béziat, M. Besson and
P. Gallezot, J. Mol. Catal., 1994, 87, 107-115.

M. Besson, S. Neto and C. Pinel, Chem. Commun., 1998,
1431-1432.

F. Glorius, N. Spielkamp, S. Holle, R. Goddard and
C. W. Lehmann, Angew. Chem., Int. Ed., 2004, 43,
2850-2852.

B. Scheiper, F. Glorius, A. Leitner and A. Firstner, Proc.
Natl. Acad. Sci. U. S. A., 2004, 101, 11960-11965.

T. Wagener, L. Liickemeier, C. G. Daniliuc and F. Glorius,
Angew. Chem., Int. Ed., 2021, 60, 6425-6429.

Y. Nakashima, T. Inoshita, M. Kitajima and H. Ishikawa,
Org. Lett., 2023, 25, 1151-1155.

J. Wu, Z. Chen, J. H. Barnard, R. Gunasekar, C. Pu, X. Wu,
S. Zhang, J. Ruan and J. Xiao, Nat. Catal., 2022, 5, 982-992.
M. Sebek, J. Holz, A. Borner and K. Jdhnisch, Synlett, 2009,
461-465.

F. Polyak, T. Dorofeeva and G. Zelchan, Synth. Commun.,
1995, 25, 2895-2900.

V. Hada, A. Tungler and L. Szepesy, Appl. Catal., A, 2001,
210, 165-171.

Chem. Soc. Rev., 2023, 52, 4996-5012 | 5011


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00329a

Open Access Article. Published on 10 Juli 2023. Downloaded on 17.10.2025 05:11:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

5012 |

M. Heitbaum, R. Frohlich and F. Glorius, Adv. Synth.
Catal., 2010, 352, 357-362.

V. S. Ranade, G. Consiglio and R. Prins, J. Org. Chem., 1999,
64, 8862-8867.

V. S. Ranade, G. Consiglio and R. Prins, J. Org. Chem., 2000,
65, 1132-1138.

G. A. Cooke and G. Fodor, Can. J. Chem., 1968, 46,
1105-1111.

M. Vincent, G. Rémond, B. Portevin, B. Serkiz and
M. Laubie, Tetrahedron Lett., 1982, 23, 1677-1680.

J. Zhang, S. L. Morris-Natschke, D. Ma, X.-F. Shang,
C.-J. Yang, Y.-Q. Liu and K.-H. Lee, Med. Res. Rev., 2021,
41, 928-960.

J. L. Gage and B. P. Branchaud, Tetrahedron Lett., 1997, 38,
7007-7010.

P. Safaf, J. Zuziovd, M. Bobosikov4, S. Marchalin,
N. Prénayova, V. Dalla and A. Daich, Tetrahedron: Asym-
metry, 2008, 19, 467-475.

C. H. Schiwek, C. Jandl and T. Bach, ACS Catal., 2022, 12,
3628-3633.

C. H. Schiwek, C. Jandl and T. Bach, Org. Lett., 2020, 22,
9468-9472.

Y. Wei, B. Rao, X. Cong and X. Zeng, J. Am. Chem. Soc.,
2015, 137, 9250-9253.

T. Wagener, A. Heusler, Z. Nairoukh, K. Bergander,
C. G. Daniliuc and F. Glorius, ACS Catal., 2020, 10,
12052-12057.

M. P. Wiesenfeldt, Z. Nairoukh, W. Li and F. Glorius,
Science, 2017, 357, 908-912.

Z. Nairoukh, M. Wollenburg, C. Schlepphorst, K. Bergander
and F. Glorius, Nat. Chem., 2019, 11, 264-270.

M. Wollenburg, D. Moock and F. Glorius, Angew. Chem.,
Int. Ed., 2019, 58, 6549-6553.

Chem. Soc. Rev,, 2023, 52, 4996-5012

131

132
133

134

135

136

137

138

139

140
141

142
143

144

145

146

147

148

149

View Article Online

Review Article

M. P. Wiesenfeldt, T. Knecht, C. Schlepphorst and
F. Glorius, Angew. Chem., Int. Ed., 2018, 57, 8297-8300.

A. D. Borthwick, Chem. Rev., 2012, 112, 3641-3716.

D. Moock, T. Wagener, T. Hu, T. Gallagher and F. Glorius,
Angew. Chem., Int. Ed., 2021, 60, 13677-13681.

H. Wu, J. Yang, B. B. C. Peters, L. Massaro, J. Zheng and
P. G. Andersson, J. Am. Chem. Soc., 2021, 143,20377-20383.
T. Charvillat, P. Bernardelli, M. Daumas, X. Pannecoucke,
V. Ferey and T. Besset, Chem. Soc. Rev., 2021, 50, 8178-8192.
B.-R. Shao, L. Shi and Y.-G. Zhou, Chem. Commun., 2021,
57, 12741-12753.

J. Shearer, J. L. Castro, A. D. G. Lawson, M. MacCoss and
R. D. Taylor, J. Med. Chem., 2022, 65, 8699-8712.

A. D. Curzons, D. N. Mortimer, D. J. C. Constable and
V. L. Cunningham, Green Chem., 2001, 3, 1-6.

D. J. C. Constable, A. D. Curzons and V. L. Cunningham,
Green Chem., 2002, 4, 521-527.

A. Molnar and A. Papp, Coord. Chem. Rev., 2017, 349, 1-65.
B. Cornils, W. A. Herrmann and R. W. Eckl, J. Mol. Catal. A
Chem., 1997, 27-33.

P. Chirik and R. Morris, Acc. Chem. Res., 2015, 48, 2495.
J. Wen, F. Wang and X. Zhang, Chem. Soc. Rev., 2021, 50,
3211-3237.

L. Alig, M. Fritz and S. Schneider, Chem. Rev., 2019, 119,
2681-2751.

A. Cabré, X. Verdaguer and A. Riera, Chem. Rev., 2022, 122,
269-339.

B. M. Trost, Angew. Chem., Int. Ed. Engl., 1995, 34, 259-281.
B. M. Trost, Science, 1991, 254, 1471-1477.

Y. Park, S. Kim, L. Tian, H. Zhong, G. D. Scholes and
P. J. Chirik, Nat. Chem., 2021, 13, 969-976.

T. Yuan, L. Sun, Z. Wu, R. Wang, X. Cai, W. Lin, M. Zheng
and X. Wang, Nat. Catal., 2022, 5, 1157-1168.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00329a



