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The enantioselective and diastereoselective hydrogenation of N-heteroaromatic compounds is an
efficient strategy to access chirally enriched cyclic heterocycles, which often possess highly bio-active
properties. This strategy, however, has only been established in recent times. This is in part due to the
challenges of the high stability of the aromatic compounds and the presence of heteroatoms that have
the potential to poison the chiral catalysts. Additionally, N-heteroaromatic compounds are a structurally
diverse family of substrates, each group showing distinct reactivity in hydrogenation. Advances in recent
years have allowed various N-heteroaromatic compounds, including pyridines, indoles, quinolines, isoqui-
nolines, quinoxalines and imidazoles, to be hydrogenated with good to excellent enantioselectivity under
appropriate reaction conditions. Transition—metal catalysis, utilising iridium, ruthenium, rhodium, and pal-
ladium complexes, has been found to play an important role in this field. More recently, organocatalysis
has been shown to be efficient for the hydrogenation of certain N-heteroaromatic compounds. This
review provides an analysis of the recent developments in the enantioselective and diastereoselective
hydrogenation of N-heteroaromatic compounds. The importance of these molecules and their appli-
cations to drug discovery has been highlighted throughout the review.

1. Introduction

Nitrogen heterocycles are highly valuable structural motifs
found frequently in bioactive natural products.”” In addition
to their prevalence in nature, analysis of structurally unique
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FDA approved small molecule drugs has shown that 59%
contain nitrogen heterocycles.”> Among the 640 N-heterocycle-
containing drugs, 31% (200 compounds) are saturated
N-heterocycles, such as piperidines (72), piperazines (59), pyr-
rolidines (37), imidazolidines (11), tetrahydroisoquinolines
(11) and tetrahydro-2-pyrimidinones (9). The chiral versions of
such structures and their substituted derivatives could be
potentially accessible directly through the enantioselective
hydrogenation (EH) of the corresponding unsaturated
N-heterocyclic ring. In the search for unique therapeutic
scaffolds, many research groups have realised the potential
of EH as a powerful tool for the synthesis of chiral
heterocycles.***

EH of N-heteroaromatic compounds offers a highly useful
synthetic protocol for the construction of industrially and
pharmaceutically important cyclic heterocycles in a minimal
number of steps. However, such EH reactions have been less
intensively studied compared to those of other well-known pro-
chiral substrates, such as olefins, ketones, and imines. The key
challenges in achieving this transformation include: (1) the
high stability of these aromatic compounds, thereby requiring
harsh reaction conditions such as high temperature and
pressure. This can have a detrimental effect on the resulting
enantioselectivities; (2) the poisoning effects of nitrogen or
sulphur atoms acting on the chiral catalysts, and (3) the lack of
secondary coordinating sites in simple aromatic compounds
leading to low selectivities.>®'%'> Efficient strategies have
been developed to achieve successful EH of N-heteroaromatic
compounds through substrate activation, catalyst activation,
and relay activation.® Substrate activation consists of the intro-
duction of a second coordinating group to alleviate the effect
of aromaticity and/or assist in coordination with the catalyst.
Catalyst activation includes the fine-tuning of steric and elec-
tronic effects in the chiral ligands and also the introduction of
additives. Relay activation uses a mixed catalyst system where
an achiral catalyst is used to partially reduce the substrate,

Ilaria Proietti Silvestri is Head of
R&D at LCC. Ilaria did her doc-
toral work at  Sapienza
University of Rome, where she
studied transition metal-cata-
lysed coupling reactions. After
post-doctoral  research fellow-
ships at the University of
Copenhagen and at Politecnico
of Milan, in 2015 Ilaria moved
to England to join RedX Pharma.
In 2017 Ilaria joined LCC, where
she is currently leading the R&D
team investigating the design
and synthesis of novel 3D-rich N-heterocycles specifically designed
for leading applications in drug discovery.

Ilaria Proietti Silvestri

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

breaking the aromaticity. This is followed by the reduction of a
more reactive intermediate in an asymmetric fashion with a
second, chiral catalyst. Various N-heteroarenes, like indoles,
isoquinolines, pyridines, quinolines and quinoxalines, can be
efficiently hydrogenated with good to excellent enantio-
selectivity based on these approaches.

In 1987, Murata et al. reported the first example of homo-
geneous EH of 2-methylquinoxaline using a RhH][(S,S)-DIOP]
catalyst under H,.'® Later in 1995, Takaya et al. established a
method to hydrogenate 2-methylfuran, achieving 50% ee using
a chiral Ru complex bearing the (R)-BINAP ligand as the cata-
lyst."” Bianchini et al. established in 1998 the first EH of
2-methylquinoxaline using an orthometalated iridium dihy-
dride complex to provide the product in 90% ee.'® Thereafter,
several efficient and novel strategies have been developed for
the successful enantioselective and diastereoselective hydro-
genation of N-heteroaromatic compounds. This review focuses
on the developments in enantioselective and diastereoselective
hydrogenation of N-heteroaromatic compounds since the pre-
vious comprehensive report in 2011,° and where possible, the
relevance of the hydrogenation products to pharmaceutical
synthesis has been highlighted. While the review was pre-
pared, a perspective article was published on homogeneous
catalyst-mediated asymmetric hydrogenation of heteroarenes
in late 2020."

2. Transition metal complex-
catalysed asymmetric hydrogenation

Asymmetric hydrogenation of N-heteroaromatic compounds
can be achieved using various transition metals, typically
bearing chiral phosphorus ligands, as the catalyst. However,
the most effective catalysts are based on only a few metals, i.e.
Ir, Rh, Ru, and Pd.
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2.1. Ir-Catalysed enantioselective and diastereoselective
hydrogenation

Since Crabtree reported the synthesis and application in cataly-
sis of the complex [Ir(cod)(PCy;)(Py)]PFs, iridium catalysis has
been widely utilised in the hydrogenation of olefins."® A sig-
nificant further development was brought about by Pfaltz et al.
in 1998, in which the two achiral monodentate ligands were
replaced with a bulkier chiral bidentate PHOX ligand.”® The
new complex allowed for efficient transfer of chirality from the
ligand to the product, opening possibilities for asymmetric
hydrogenation. The Ir catalysis was initially used to reduce
olefins®"** and imines,”>** including challenging un-functio-
nalized olefins. Further development of iridium catalysis has
enabled the EH of both arenes and heterocyclic compounds.
Described below are recent reports on the EH of various
N-heteroarene compounds.

2.1.1. Indole derivatives. As the 9™ most common nitrogen
heterocycle in the FDA list of approved drugs,® indoles are well
established in pharmaceuticals. In contrast to this, the
reduced counterpart, indoline, has very few examples of
approved drugs. This is perhaps surprising, considering that
the bioactive properties of indolines derivatives are well
known. Natural products have provided several examples
showing the importance of an indoline core. Perhaps most
famous is strychnine,” currently used as a pesticide. Less
complex indoline-based molecules have also been discovered,
such as benzastatin E which could help prevent brain injury*®
and physovenine, used to treat Alzheimer’s disease (Scheme 1).”

Compared to indoles, only a handful of indoline-based
drugs are currently on the market. Indapamide as a racemate
has been in use since 1977 for the treatment of hypertension.
Physostigmine is a natural product with structural similarities
to physovenine (Scheme 2). Physostigmine, however, has been
approved as a drug. As an enhancer of acetylcholine, its predo-
minant use is as an antidote to various poisons that work by
inhibiting acetylcholine.>®

Despite the current lack of indoline drugs, the biological
activities of indoline derivatives are being studied and devel-
oped into pharmaceuticals. Relcovaptan, for instance, is being
investigated for multiple uses, including the treatment of
Raynaud’s disease (Scheme 3).>° In addition, WAY-163909 has
been shown to have potential uses in anti-obesity drugs and
the treatment of certain drug addictions.”

To accelerate the development of the indoline moiety in
drugs, more methods are required to produce their substituted
cores in enantiomerically pure forms. Indoles are a challen-

Benzastatin

A
Strychnine

Physovenine

Scheme 1 Natural products possessing indoline moiety as a core
structure.
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Scheme 2 Approved drugs on the market containing indoline moiety.
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Scheme 3 Highly bio-active indoline derivatives.

ging structure for EH to afford indolines. The EH of indole
remained unsuccessful for a prolonged time. Since the first
report on the EH of indoles using Rh-complexes in 2000,*"3
various other catalytic systems have been investigated. Iridium
complexes bearing either bisphosphine ligands or P,N
ligands®*® have become the most common catalyst used for the
EH of substituted indole derivatives.

In 2008 Vidal-Ferran et al. synthesised a highly modular
class of P-OP ligands.** Various metal complexes were formed
from the enantiomerically pure ligands and used for the EH of
olefins, and later diversely substituted C=N bond-containing
heterocycles.>®?® To develop the method further, the authors
began to explore the asymmetric hydrogenation of unprotected
indoles. Reusable Brgnsted acids together with iridium com-
plexes derived from enantiomerically pure P-OP ligands were
explored.”” The study began by using 2-methyl-1H-indole as a
model substrate with the Ir-L; complex as catalyst (Scheme 4).
It was found that the lower the pK, of the additive, the higher

PPh,
Ph" " OMe

o._.0
Ro fircod)Cll, @5 mol %) "R, P Q
Rs A Ly (1.1 mol%) 3 H 0, Q
Rg———
H a (or) b (100 mol%) H R4 CO

H3 (80 bar) solvent
Ly

N N N

(a) 58% vyield, 91% ee
(b) 67% yield, 84% ee

(a) 70% vyield, 91% ee
(b) 36% yield, 69% ee

(a) 62% vyield, 91% ee
(b) 53% yield, 87% ee

N
H

(a) 70% yield, 90% ee
(b) 53% yield, 86% ee

H
(a) 78% yield, 91% ee
(b) 65% yield, 87% ee

:
N
H

(a) 51% yield, 90% ee
(b) 62% yield, 85% ee

Scheme 4 EH of unprotected indoles using an Ir—L; catalyst. Reaction
conditions: in situ formed catalyst, [Ir]/L;/rac-CSA (a) (or) OWEX™
50WX8 (b)/substrate molar ratio = 0.5:1.1:100:100, Hy, rt, 20 h, 0.2 M
in 2-Me-THF (or) 0.2 M in 2-Me-THF-DCM (90/10 v/v).
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the conversion. However, enantioselectivities were unaffected
by the various Bronsted acid additives. Racemic camphorsulfo-
nic acid (rac-CSA) was found to be the most efficient. Using
these optimised conditions, an array of substituted indoles
was hydrogenated. It was found that substitution at the C2
position of the indole barely influenced the enantioselectivi-
ties which remained high for all 2-substituted indolines
reported. Hydrogenation of the 2,3-fused ring derivative pro-
vided a cis-indoline in high enantioselectivity. This approach
has been extended to the asymmetric hydrogenation of seven-
membered C=N containing heterocycles.*®

In addition to the use of 1 equivalent of rac-CSA as an addi-
tive, ion-exchange resins containing sulfonic acids were also
studied. These resins could be recovered and reused for
further hydrogenation. The studies revealed that the use of
DOWEX™ 50WX8 resin gave the best enantioselectivities, with
87% ee for the 2-methyl indole substrate (Scheme 4).

In 2014, Lyubimov et al. reported an Ir-catalysed EH of
indoles using readily available chiral phosphoramidite or
chiral phosphite ligands derived from BINOL.*>*° Using
2-methylindole as a model substrate, the phosphite type
ligands in the presence of various additives and solvents were
tested, leading to the finding that the use of [Ir(cod),|BARF/L,/
I, could yield excellent conversion (100%) to the corres-
ponding indoline in 80% ee, as shown in Scheme 5.

2.1.2. Isoquinoline derivatives. Tetrahydroisoquinolines
(THIQs) are frequently found in bioactive natural products.
Therefore, it is not surprising that the THIQ core is not
uncommon in currently used drugs. THIQ was the 19™ most
common heterocycle in FDA approved drugs in 2014. THIQ
drugs are used to treat a variety of diseases. Amongst these
drugs are the natural product-derived family of muscle relax-
ants, tubocurarine chloride’ and metocurine iodide
(Scheme 6).*> Nomifensine was used to treat depression (now
withdrawn). Although used as a racemate, only the (S)-enantio-
mer was found to be highly active. A recent structure-activity
relationship study has shown renewed interest in this struc-

[Ir(cod),]BARF; Ly (2.2 mol%)
I (0.12 mmol)

EtOH, H, (50 bar), 40 °C, 20 h

G O (0}
\

N 5
H OO (¢]

100% conv, 80% ee
L,

o O

Scheme 5 EH of indoles using a phosphoramidite ligand.

Deutetrabenazine

Nomifensine

H, X=CI Tubocurarine chloride

=Me X=I Metocurine iodide

Scheme 6 Examples of THIQ-based drugs.
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ture.*® Finally, deutetrabenazine was the first deuterated com-
pound to be approved by the FDA in recent times. The deute-
rated methoxy groups have been found to increase stability.**

In addition to the approved drugs, there are numerous
THIQ-derived compounds in clinical trials. These THIQs
contain substitutions in the 1, 3 and 4 positions, showing that
all substitutions play an important role in the discovery of new
drugs. Examples are found in (+)-SJ733 which is under investi-
gation to treat malaria,"® and Subasumstat which could be
used in cancer therapies as an inhibitor of sumoylation
(Scheme 7).%¢

The EH of THIQs has been fairly well studied; however,
challenges still remain. Despite the biological importance of
4-substituted THIQs, their synthesis through EH remains rela-
tively underdeveloped compared to the 1 and 3 substituted
counterparts. Zhou et al. reported in 2006 the first EH of iso-
quinolines with moderate enantioselectivities."” Later on,
Zhou and Mashima et al. advanced the EH of various mono/di-
substituted isoquinolines catalysed with chiral iridium com-
plexes.”® Since then, work has continued to develop this meth-
odology further.

In 2012, Zhou et al. established an enantio- and diastereo-
selective hydrogenation of isoquinoline derivatives using an
iridium-bisphosphine catalyst.*® Previous successful results on
the EH of monosubstituted isoquinolines encouraged them to
investigate the EH of disubstituted isoquinolines to access tet-
rahydroisoquinolines diastereoselectively and enantioselec-
tively. Initial screening of various solvents, additives and cata-
lysts showed that [Ir(cod)Cl],/L; in combination with an addi-
tive, 1,3-dibromo-5,5-dimethylhydantoin (BCDMH), gave high
yields and ees (Scheme 8).

The enantioselectivity of the hydrogenated product was
found to arise from a process of dynamic kinetic resolution
(DKR) (Scheme 9). DKR is a powerful tool for accessing
enantioenriched compounds from racemic substrates/inter-
mediates. During optimisation of the reaction conditions, it
was realised that lowering the hydrogen pressure and increas-
ing temperature led to higher enantioselectivities in the cis
product. A series of control experiments suggested the for-
mation of the enamine intermediate by 1,2-hydride addition to
the C=N bond, where there is the least steric hindrance in the
initial step. A rapid tautomerisation to the imine is followed by
the diastereoselective hydrogenation of int 2. The enantio-
selectivity of the reaction is controlled by the rate of the iso-

(+)-SJ733 Subasumstat

Scheme 7 Examples of THIQ-derived compounds under clinical trial.

Org. Biomol. Chem., 2022, 20,1794-1827 | 1797


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ob02331d

Open Access Article. Published on 04 February 2022. Downloaded on 6/20/2026 2:26:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
Re R PPh,
RSN T [ir(cod)Cl],, L3, BCDMH R , PPh,
3 _— 31
AN Hj (2.8 bar), Toluene & NH E
°C, 24 h
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COOMe CO0Bn COOtBu COOMe
Me Me Me Et
NH NH NH NH
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96% ee ggz/gxnylee;d 59% e 94% ee
COOEt COOMe COOMe COOEt
nPr nBn iPr Ph
NH NH NH NH
92% yield 98% yield 98% yield 98% yield
88% ee 92% ee 90% ee 64% ee
COOMe COOMe Me Et
o) NH . NH NH NH
86% yield 93% yield 90% yield 88% yield

94% ee 95% ee 86%ee 84% ee
Scheme 8 Stereoselective hydrogenation of isoquinolines with an Ir—
L3 catalyst. [Ir(cod)Cl]; (1.0 mol%), Lz (2.2 mol%), BCDMH (10 mol%); d.r.

>20:1.

COOEt COOEt
| ke
COOEt COOEt N — NH
[ir X kq int2 [}
— f— +
N H, NH g COOEt COOEt
| int 1

Scheme 9 Mechanistic insights into the EH of isoquinolines with an Ir—
Lz catalyst.

merization of imine intermediates via the enamine int 1 and
that of the hydrogenation of imine int 2. To attain high
enantioselectivity, the rate constant associated with the revers-
ible conversion of imine intermediates should be much larger
than that of the diastereoselective hydrogenation of int 2. In
addition, the rate of diastereoselective reduction of the enan-
tiomer int 2 to II should be faster than that of the other enan-
tiomer. The rate of the isomerization step increased as the
reaction temperature was raised, and a low hydrogen pressure
decreased the rate of hydrogenation of int 2.°° The reaction
was developed further by demonstrating an epimerisation of a
cis diastereoisomer to the corresponding trans isomer when
treated with LDA, with only minor loss of enantiopurity. trans-
Diastereomers are often difficult to achieve via direct asym-
metric hydrogenation.

In 2013, Mashima et al. developed the EH of isoquinoli-
nium salts using chiral iridium complexes.*® Their previous
report on the EH of quinoxalines using halide-bridged dinuc-
lear iridium(m) complexes with aryl amine additives®' led
them to expand the methodology to the hydrogenation of iso-
quinolinium chlorides.
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To begin the study, conditions were screened by varying
such parameters as solvent and catalyst. Based on the screen-
ing results, a 10:1 mixture of 1,4-dioxane/IPA as the solvent
and [Ir(H)L4),(p-Cl);Cl as the catalyst were chosen as the
optimal conditions. With these in hand, the reaction was
carried out on a series of mono-substituted isoquinolinium
chlorides, which afforded the corresponding products with
high to excellent enantioselectivities regardless of the elec-
tronic effect of the substituents (Table 1). To probe the mecha-
nism involved in the reaction, several experiments were carried
out, including labelling experiments with D,. Based on these
experiments, it was concluded that the reaction proceeds via
1,4 reduction and subsequent C=N reduction yields the
desired product. Finally, the method was utilised as a key step
for the synthesis of the urinary antispasmodic drug (+)-solife-
nacin, as shown in Scheme 10.

Around the same time, Zhou et al. developed an EH of a
variety of 1-substituted isoquinolinium salts using an Ir-Ls
catalyst (Table 2). It was expected that activating isoquinoline
as the N-benzyl isoquinolinium salt may facilitate hydrogen-
ation, improving both the reactivity and selectivity.>* Initially,
reaction conditions including a variety of solvents were
screened. The mixed solvent system (THF/DCM (1:1)) was
found to provide the highest reactivity and enantioselectivity.

Following these findings, various commercially available

Table 1 EH of isoquinolinium chlorides with a Ir—L, catalyst

"

<Cl,
Ir'C|§Ir

P cr
|\ | p
" K1
L4 (1 mol%)

R Fbo
, NHO R o
R 1,4-dioxane/IPA (10:1) R' ><

H, (30 bar), 20 h
then basic workup F O

PPh,

i PPh,

(S)-difluorphos (L4)

Entry R/R’ T (°C) Conv. (%) ee (%)
1 Ph/H 30 99 96 (+)
2 4-MeOCsH4/H 30 99 95 (+)
3 4-CF3C¢H,/H 30 99 96 (+)
4 2-MeCsH4/H 30 94 79 (+)
5 2-OMeCsH4/H 30 93 81 (+)
6 H/4-CF5CeH, 80 99 98 (+)
74 H/4-OMeCgH, 80 99 99 (S)
8 H/2-BrCeH, 80 75 96 (R)
9° H/Cy 80 99 79 ()
10? Ph/Ph 80 98 98 (S,S)

Reaction condition: 1soqu1n011ne (0.24 mmol), catalyst (2 4 pmol),
solvent (3 mL), 30 °C. “4.8 pmol of Ir-L, catalyst was used. ? cis : trans
>99:1.

" 1) CICO,CeHe4-NO,,
@ﬁ {r(HILaD(p-Cl)IC! KOs CHO 1t [
 ——=2ef Ll L n o
]/HCI 1,4-dioxane/iPrOH (10:1), 2) (R)quinuciidine-3-0l, T [%
N

80°C, H, (30 bar), 24 h Ph NaH, toluene, reflux. Ph O
95% yield, 96% ee 70% yield, 96% ee

Scheme 10 Synthesis of (+)-solifenacin starting from isoquinoline via
EH.

This journal is © The Royal Society of Chemistry 2022
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Table 2 EH of 1-substituted isoquinolinium salts Table 3 EH of fluorinated isoquinolines
il 4 cl
N B [Ir(cod)CI]z L PPhy R1mR3 [Ir(cod)Cll;, L3 R1mR3 0 N>:O
Necrar PPh, Ry 2N DCDMH, H, (40 bar), 30 °C R NH N
2 Hz (40 bar), CHZA’ HCl Dioxane/lPA (5:1.3), 20n 2 &
R THF/DCM (1:1), 30 °C ' i~
(Rax,S,S)-C3*-TunePhos (Ls)
. E I inoli Its (R;/R,/R, Yield (¢ 9
Entry R Ar Yield (%) ee (%) ntry soquinoline salts (R;/R,/R3) ield (%) ee (%)
1 H/H/n-Bu 92 93 (-)
1 Ph Ph 99 93 (R) H/EMe 0 03 ()
2 4-MeOCgH, Ph 99 94 (=) 3 H/H/Bt o1 93 ()
3 4-CF;CeH, Ph 97 92(-) H/H/"Pr 03 92 (R,R)
a 1 b
4 Pr Phi 99 74 () 5 H/H/cyclopropyl 79 90 (-)
5 4-MeC¢H, 2-('PrC0O,)CeH, 99 95(-) ¢ H/H/"Bu o5 93 (-)
6 4-OMeCgH, 2-(PrCO,)CeH, 99 9% (-) - F/H/"Bu o1 o1 ()
7 4-CIC¢H, 2-('PrC0O,)CeH, 99 94(-) ¢ H/F/"Bu 03 91 (-)
38 4-CF;CeH, 2-('PrC0O,)CeH, 99 94 (-) 91 89 (=)
9 4-FC¢H, 2-(‘"PrC0,)Ce¢H, 99 94 () n
i 9 Me/H/"Bu 97
10 3,5-FCeH, 2-(PrCO,)CeH, 99 %u(=) o Cl/H/"Bu 93 % %
[

(1 mol%), Ls (2.2 mol%), 20 h. “[Ir(cod)Cl], (2 mol%), Ls (4.4 mol%).

bisphosphine ligands were investigated. It was found that Ls
gave the highest ee and conversion.

The introduction of a CO,'Pr group at the 2-position of the
benzyl group led to a slight increase in the enantioselectivity,
perhaps due to its steric bulk and/or interaction with the
iridium. These optimised conditions were used to explore the
scope of 1-substituted isoquinolinium salts. The results show
that most of the 1-aryl substituted isoquinolinium salts gave
high yields and enantioselectivities, whereas the 1-alkyl-isoqui-
nolinium salts performed well in the transformation but pro-
vided only moderate enantioselectivity. To elucidate the reac-
tion mechanism, a series of experiments were carried out.
These showed that the reaction is initiated by 1,2-hydride
addition with subsequent isomerisation to the iminium salt
(Scheme 11). This is followed by rapid hydrogenation to deliver
the desired product.

Expanding further on the EH of isoquinolines, Zhou et al.
established an efficient route for the EH of fluorinated isoqui-
nolines (Table 3).® Fluorine can modify the electronic and
physical properties of molecules, making fluorinated ana-
logues highly valuable to medicinal chemists. However, sub-
strates of this nature pose several challenges, such as (i) the
highly stable aromatic structure, (ii) hydrodefluorination, and
(iii) control of the stereoselectivity. Zhou’s strategy includes
the use of a catalytic amount of halogenated hydantoin and
the hydrochloride salt of the substrates. Optimal conditions
were found for the EH of fluorinated isoquinolines, using [Ir
(cod)Cl],-L3 in the presence of DCDMH (1,3-dichloro-5,5-di-

2
N IeH
+ Bn ‘

Scheme 11 Proposed mechanism for the hydrogenation of isoquinoli-
nium salts.

This journal is © The Royal Society of Chemistry 2022

Reaction conditions: isoquinoline salts (0 20 mmol), Lz (2.2 mol%), [Ir

(cod)Cl], (1.0 mol%), DCDMH (5 mol%).  Gram scale.

methylimidazolidine-2,4-dione), which addressed these limit-
ations. The method showed good to excellent yields (79-97%)
with good enantioselectivities (88-93% ee) regardless of the
properties of the alkyl chain at the 3-position or the electronic
nature of the substituents on the aromatic ring. In general,
chiral N-heterocycles bearing a C-F stereogenic centre with
high chemo-, diastereo- and enantio-selectivity have been
obtained.® To showcase the practicality of this method, a reac-
tion was carried out on a gram scale, providing 89% ee and
91% yield.

In 2017, Zhou et al. reported the EH of isoquinolines and
pyridines by employing trichloroisocyanuric acid (TCCA) as a
traceless activation reagent.>® The traceless agent does not
require instillation or removal steps. The Lewis basic isoquino-
lines appear to easily form halogen bond interactions with
halogenides, leading to their activation, which could open a
new opportunity for the EH of isoquinolines. With this in
mind, optimal conditions were searched and found to be [Ir
(cod)Cl],/Le/H,/TCCA. A series of isoquinolines were hydrogen-
ated with high conversion and enantioselectivity, including
isoquinolines substituted at the 1 and/or 3 position with some
fluorinated at the 4 position (Scheme 12). The practical utility
of this method was tested on a gram scale on 1-phenylisoqui-
noline under the standard conditions, providing 94% yield
and 94% ee.

In 2020, Stoltz et al. established the enantioselective and
diastereoselective hydrogenation of 1,3-disubstituted isoquino-
lines bearing a hydroxymethyl directing group.>* Optimisation
showed that [Ir(cod)Cl], and a commercially available chiral
xyliphos ligand L, in the presence of a TBAI additive could
provide good yields and selectivity (Scheme 13).

A broad range of substituted isoquinolines was reduced
with high enantioselectivity of up to 95% ee and diastereo-
selectivity of >20:1 dr. The directing group at the C1 position
of the isoquinolines is required to facilitate the hydrogenation,
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Rs Rs <
R [Ir(cod)Cll/Lg @ R, O PPhy
o PPh,
@ N TCCA (0.36 eq.), THF, 80 °C NH < O 2
s H, (80 bar), 48 h R, o

(R)-SegPhos-Lg

R4 = CgHs; 96% vyield, 96% ee
R = 4-CF3CgHs; 95% yield, 96% ee
R1 = 4-OMeCgHs; 82% yield, 96% ee®
R = 4-MeCgHs; 91% yield, 96% ee? Ph
76% yield, 85% ee?
= CgHs, Ry = CgHs; 99% yield, 98% ee®

R1 = CgHs, Ry = 4-MeCgHs; 90% yield, 99% ee®

Ry = CgHs, R, = 4-OMeCgHs; 86% yield, 98% ee®

R = 4-OMeCgHs, Ry = CgHs; 91% yield, 98% ee®

R1 = CgHs, Ry = "Bu; 97% yield, 90% ee®

o
1
F F E
NH NH . NH
R, = "Pr; 91% yield, 93% ee® 94% vyield, 92% ee® 94% vyield, 92% ee®
R; = "Bu; 83% yield, 93% ee®

g
1

Scheme 12 EH of isoquinolines by traceless activation with TCCA.
Reaction condition: [I(COD)CL], (1.0 mol%), Le (2.2 mol%). ?[Ir(COD)CL]2
(2.0 mol%), Le (4.4 mol%). °TCCA (1.0 equiv.). “Dioxane/'PrOH (v/v = 5:1,
3.0 mL), H, (40 bar), TCCA (1.0 equiv.), 20 h, 30 °C.

[ir(cod)Cll, Ly ArZPQ/P(Xyl)z

Al 3
S\ TBAI (7.5 mol%) Sad | =
N NH Fe e
Hj (20 bar), 9:1 THF:ACOH (0.1 M) :
23°C, 18 h Z Q

OH “oH
Ar = 4-methoxy-3,5-dimethylphenyl
xyliphos (L7)

OH

87% yleld 95% ee 64% yleld, 49% ee

78% yield, 86% ee 94% yield, 89% ee 10.1:1 dr®
3.2:1dr 3.5:1dr
“oH “oH
95% yield, 92% ee 98% yield, 88% ee
>20:1 dr*® >20:1 dr2P

Scheme 13 Stereoselective hydrogenation of isoquinolines with an Ir—
L, catalyst. Reactions condition: Substrate (0.2 mmol). ?60 °C, H, (60
bar). °CH,Cl, cosolvent used to improve substrate solubility.

a key strategy for attaining high enantioselectivity and
diastereoselectivity. Currently, this report represents the
highest tolerance of Lewis basic functionalities of any asym-
metric isoquinoline reduction protocols (Schemes 13 and 14).

This method can be used to produce electron-deficient
THIQs. The flexibility of the substrates was showcased by
using the hydroxyl directing group as a site for further syn-
thetic manipulations (Scheme 15). Transformations include
the elaboration of the synthesised scaffold to various tricyclic
and pentacyclic skeletons, which are of potential medicinal
interest.

Prior to this work, the same group had been able to show
the importance of both the transformation and THIQ core
through the synthesis of jorumycin, a potential anti-tumour
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ph 1.25mol% [Ir(cod)Cll/ 3 mol% Ly Ph
A TBAI (7.5 mol%) .
_N H 3 . NH
, (20 bar), THF:ACOH (9:1) (0.1 M) .
X 23°C, 18 h X
wPh WPh «Ph
©i:NH [ :[ NH [ :[ :NH
“oAc “ome ~0oBn
56% yield, 86% ee 80% vyield, 89% ee 90% yield, 88% ee
>20:1dr >20:1dr >20:1 dr
@G.\\Ph Ph ©©“\Ph
“NHBoc : SoH
71% yield, 90% ee 64% yield, 90% ee X=CHO
>20:1dr >20:1dr 81% yield, 92% ee
19:1dr

Scheme 14 Functional group tolerance of the EH.

@%

37% aq. HCHO (1.9 eq.) CDI (4 equiv), THF

Ar
Cw

£

DCE, 23 °C, 15 min 50°C 15h
o 93% yield 2 84% yield
oyl ~oH
OMe
MeO =0 (19eq)
40% aq.glyoxal (20 eq.) DCE, 23°C, 18 h

DCE, 23°C, 18 h then Eaton’s reagem (4 eq.)

41% yield CH,Cl, 23 °C, 3

38% vyield

Scheme 15 Derivatization of a hydrogenated product.

agent with antibiotic character.”> Hydrogenation of a key iso-
quinoline intermediate furnished the pentacyclic system in jor-
umycin (Scheme 16). Jorumycin also shares structural features
with the experimental drug PM00104, which is under investi-
gation to treat cancer.”®

2.1.3. Pyridine  derivatives. = The importance  of
N-heterocycles in drug discovery is shown most clearly by the
prevalence of piperidine. Piperidine was found to be the most
common heterocycle in FDA approved drugs until 2014, where

H, (60 bar), [Ir(cod)Cl]>

TBAI, 60°C, 18 h
Joshiphos-SL-J008-1

PM00104

Scheme 16 EH as a key step to synthesise jorumycin.

This journal is © The Royal Society of Chemistry 2022
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a piperidine scaffold could be found in 7% of all unique small
molecule drugs.® The prevalence of piperidine has stayed con-
sistently high. Analysis of drugs approved from 2015 to 2021
found that there had been increase to 9%.%’

Current piperidine drugs are used to treat a large array of
diseases. Meplvacaine, ropivacaine, bupivacaine and levobupi-
vacaine are all anaesthetics. Paroxetine is an antidepressant
and levocabastine is an antiallergic drug (Scheme 17). Perhaps
most importantly, the piperidine scaffold has been significant
in anti-cancer drugs with a range of different modes of action
and structures (Scheme 18). Piperidine drugs have a variety of
different substitution patterns. The most common substi-
tutions occur in the N and C4 positions. The most popular
number of substitutions on the piperidine scaffold is 2, with
the 1,4 disubstituted piperidines the most common, correlat-
ing with the most common substitutions. Although of a 3-D
structure, a 1,4 disubstituted piperidine would not be chiral.
This simplicity could be in part the reason for the substitution
pattern’s popularity. After the 1,4 positions, position C2 is the
third most popular position with almost a third of FDA
approved piperidine-based drugs containing this substitution.
The synthesis of C2-substituted piperidines is perhaps the
most well developed route to chiral piperidines, potentially the
reason for its relative popularity. The C3 position is, however,
potentially underutilised. In 2014, only 14 of the 72 piper-
idine-based drugs contained a substitution in the C3 posi-
tion.” Further work in the synthesis of enantioenriched piper-
idines could help unlock previously unknown and increasingly
diverse scaffolds with interesting chemical and physical
properties.

o5

(Rac) R=Me, Meplvacaine Paroxetine

(S) R="Pr, Ropivacaine F
(Rac) R="Bu, Bupivacaine

(S) R="Bu, Levobupivacaine

Levocabastine

Scheme 17 A selection of piperidine-based drugs.

Xalkori

Imbruvica

Iz

CF3
(S,E)-2-(4-(trifluoromethyl)styryl)piperidine

Scheme 18 Piperidines with different substitution patterns showing
anti-cancer properties.
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Due to the pharmaceutical interest, there have been huge
efforts focused on the development of synthetic protocols for
such a prevalent motif. EH of various substituted pyridines is
the most straightforward and atom-economical route to gene-
rate chiral piperidines. despite several recent
advances in the area, the EH of pyridine derivatives remains a
challenging task.

Studer et al. reported in 2000 the first homogeneous asym-
metric hydrogenation of an un-activated pyridine using [Rh
(nbd),]BF,/BINAP as a catalyst to yield the piperidine in 25%

® Charette et al. in 2005 established asymmetric hydrogen-
ation of activated pyridine derivatives by introducing
N-benzoyliminopyridinium ylides as the substrates.”® Zhou
et al. in 2008 discovered the [Ir(cod)Cl],/Ls/I, catalyst system
for the EH of pyridines.®® This work was expanded further in
2012, when Zhou et al. reported the iridium-catalysed EH of
2-substituted pyridinium salts with high enantioselectivity.®'
Initial investigations focussed on the hydrogenation of
N-benzyl-2-phenylpyridinium bromide using [Ir(cod)Cl],/L; as
the catalyst. It was found that a 1:1 mixture of PhMe/CH,Cl,
provided the best reactivity and enantioselectivity.
Examination of the activating group showed that electron-with-
drawing substituents such as CO,Me at the C2-position of the
benzyl group on the pyridinium salt led to a considerable
increase in enantioselectivity. It was suggested that this group
could coordinate with the catalyst, influencing the enantio-
selectivity. Replacement of the counterion was examined but
found to have no impact on reactivity or enantioselectivity.
Activation of pyridines to the pyridinium salts was critical to
this strategy, as salt formation would avoid the inhibition of
the catalyst by the substrate. In addition to this, in situ gener-
ated stoichiometric hydrogen bromide would continue to effec-
tively inhibit the coordination ability of the desired product
after hydrogenation. Selected results are shown in Table 4.

To demonstrate the utility of this methodology, a gram
scale reaction was performed, furnishing the protected

However,

Table 4 EH of N-benzyl-2-arylpyridinium bromide salts

| A [Ir(cod)Clly/Ls (j\
,\j/

R H, (40 bar), PhMe/DCM (1:1.3), 28 °C N R

Br CHAr Ar = 2-(iPrO,C)CgHy CH,Ar
Entry Pyridinium salt (R) Yield (%) ee (%)
1 Ph 99 93 (S)
2 4-MeC¢H, 99 89 (-)
3 3-MeCgH, 88 86 (—)
4 2-MeC¢H, 82 78 (-)
5 4-OMeCgH, 99 92 (-)
6 3-OMeCgH, 93 92 (-)
7 4-CIC4H, 95 92 (-)
8 4-FC,H, 99 93 (-)
9 2-Naphthyl 99 87 (-)
10 4-CF5CeHs; 96 93 (-)
Reaction condition: pyridinium salt (0.25 mmol), [Ir(cod)Cl],

(1 mol%), Lz (2.2 mol%), 24 h.
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2-phenyl piperidine with only a small loss of yield. Changing
to a Boc protecting group allowed recrystallisation to give the
desired compound in excellent ee. Previous work has shown
enantioenriched Boc-protected 2-phenyl piperidine could be
elaborated to an NK1 receptor antagonist (Scheme 19).°>%

Xu and co-workers reported in 2010 a highly efficient cata-
lytic system comprised of the chiral ligand Difluorphos in
combination with [Ir(cod)Cl],, which allowed for the asym-
metric hydrogenation of quinolines to yield high enantio-
selectivities of up to 96% ee with up to 43 000 TON and up to
3510 h™' TOF.** The I, additive played an important role in
this reaction, enhancing the catalytic performance by poten-
tially oxidizing Ir(1) to form the highly active Ir(u) species.
Under the optimised reaction conditions, a series of 2-substi-
tuted quinolines were hydrogenated to display the scope of the
reaction at low catalyst loadings (0.05-0.01 mol%). Due to the
high activities observed, the EH of trisubstituted pyridines was
also investigated. Initially, the reaction was screened with
modifications to the solvent, amount of I, and S/C ratios. A
series of fused-ring trisubstituted pyridines were then hydro-
genated, providing quantitative yields and good to excellent
enantioselectivities (Table 5).

Xu et al. also reported highly enantioselective hydrogen-
ation of quinolines and pyridines using a chiral iridium cata-
lyst generated in situ from [Ir(cod)Cl], and a P-Phos ligand in
the presence of I,. The EH was carried out at high S/C ratios of

L

N"Ph ) H X
1) LiAH,, Et,0 o
2) Pd(OH),/C, H, (5 bar) N Ph CFs
CO,i-Pr Boc,0, Et;N 90% ee, 90%
19 >99% ee after recrystalisation CFs

NK1 Receptor antagonist

Scheme 19 Synthesis of NK1
2-phenylpyridine.

receptor antagonist starting from

Table 5 EH of trisubstituted pyridines using a difluorphos—[lr(cod)Cll,
catalyst
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2000-50 000, reaching up to 4000 h™" TOF and up to 43 000
TON.®® The catalytic activity was found to be additive-con-
trolled. To maintain a good conversion, decreasing the
amount of additive I, was necessary when lowering the cata-
Iytic loading. Initially, hydrogenation was carried out on a
series of quinoline derivatives. The same catalytic system was
then utilised to enable EH of trisubstituted pyridines,
affording the chiral hexahydroquinolinones with quantitative
yields and up to 99% ee (Table 6).

Andersson and co-workers established a N,P-ligated iridium
catalysed EH of ortho-substituted pyridines in 2013 (Table 7).%°
The protocol involves the activation of the substrate by
forming N-imino-pyridium ylides.>® The use of iodine as an
additive was also shown to be highly effective in this method.
Although high ees were achieved, the reaction was found to be
highly substrate dependant, with the highest ee observed for
linear alkyl groups at the C2-position. Bulkier substitutions
resulted in a significant drop in selectivity.

Table 6 EH of trisubstituted pyridine derivatives using a [Ir(cod)Cll,—Lg
catalyst

OMe
(o] le) N™ ™
l &
[ X [Ir(cod)Cl], Lg ijfj\ MeO PPh,
- MeO PPh
N H, (50 bar), I, DCM N =~ | 2
r, 20 h NS
OMe
(R)-P-Phos (Lg)
Entry Substrate (R) Yield (%) ee (%)
1 Me 98 95 (S)
2 "C,H, 96 94 (S)
3 "CsHyq 97 95 (S)
4 "CeHi13 97 97 (S)
5 CeH; 99 81 (R)
6 CH,C¢H; 98 92 (R)
7 CH,CH,CgH; 99 96 (S)

Reaction conditions: [Ir(COD)Cl], (0.5 mol%), Lg (1.1 mol%), I,
(20 mol%).

Table 7 EH of o-substituted pyridines using an Ir—P,N catalyst

(0] (0]
| A Ir(cod)Cl],, Ly é{j\ O’Pph2
I~ X =
Ir(cod)][BATF], L, :
NS T ye VR ® [Ir(cod)I[BATF], L Q ™ o
DCE, 1t, 20 h N R4, (50bar), I, @mol%), Dcm R g
NBz rt NHBz
Entry Substrate (R) Yield (%) ee (%) Lo
1 Me 97 98 (R)  Entry Pyridinium salt (R) Conversion (%) ee (%)
2 "C4H, 97 89 (R)
3 "CsHiq 98 86 ([R) 1 Ph >99 86
4 "CeHy3 97 78(R) 2 4-MeCgH, >99 83
5 CeHs 99 92(s) 3 3-MeCgHy >99 77
6 CH,CgH; 99 92(s) 4 2-MeCgHy >99 77
7 CH,CH,C¢H5 98 92(R) 5 4-MeOCgH, >99 10
6 3-MeOCgH, >99 40
Reaction conditions: [Ir(COD)Cl], (0.5 mol%), L, (1.1 mol%), I, 7 4-CIC¢H, >99 61
(15 mol%). 8 4-FCgH, >99 98
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In 2014, Zhang et al. described the asymmetric hydrogen-
ation of N-benzyl-2-substituted pyridinium salts. Simple benzyl
groups were used to successfully activate the pyridine sub-
strates for hydrogenation.®”” The Zhou group had previously
shown that EWG substitution at the C2-position of the benzyl
activating group could be highly beneficial for EH of the pyri-
dinium salt.®!

Using an iridium-phosphole catalyst, simple N-alkyl-2-aryl-
pyridinium salts were hydrogenated with excellent reactivity
and enantioselectivity (Table 8).°” An efficient procedure was
also developed to overcome the extra steps required for the
removal of these activating groups to obtain the desired piper-
idine product. The nature of the pyridinium counterion had
some impact on both the activity and enantioselectivity of the
reaction (Scheme 20).

Mashima et al. in 2014 reported asymmetric hydrogenation
of di-substituted pyridinium salts using chiral iridium dinuc-
lear complexes to provide piperidines of high diastereo-
selectivity.®® The authors had previously exploited the same
catalytic strategy for the EH of isoquinolines (see Table 1).
This strategy was expanded to include pyridine motifs with
only slight modifications. With the iridium dinuclear complex
as the catalyst in a mixed solution of 1,4-dioxane/'PrOH at
100 °C for 20 h under H, (10 bar), various di-substituted pyri-
dinium salts were successfully hydrogenated to afford chiral
piperidines (Table 9).

Shortly after, Zhou et al. reported the EH of multi-substi-
tuted pyridinium salts to obtain cis-trifluoromethyl substituted
piperidines. The trifluoromethyl group is of great interest to
medicinal chemists due to its ability to vastly change the
chemical and physical properties of molecules. The EH

Table 8 Ir-Catalysed EH of N-benzyl-2-substituted pyridinium salts

Me

O
S fircod)Cll, Lo Q < O P@

+ 2
~ N7 R H, (40 bar), acetone/DCE (1:1), 30 °C NT R lf; o Me
Br Bn Bn P O >
d
Me
Lo

Entry Pyridinium salt (R) Yield (%) ee (%)
1 Ph 97 96
2 4-MeC¢H, 93 93
3 4-OMeCgH, 95 94
4 4-Ac(H)NCoH, 97 95
5 4-CICH, 9 95
6 4-PhCGH, 86 90
74 4-PhCcH; 9% 95
8 2,4-Cl,CHs 94 90
9 3,5-F,CeHs 95 9
10 2-Naphthyl 12 93
11? 2-Naphthyl 88 94
12° Me 81 33
13° 'pr 24 69
14¢ CH,0Ac 92 24

Reaction conditions: pyridinium salt, 0.025 M, [Ir]/ligand/pyridinium
bromide = 0.5:0.55:100, 20 h. “DCE/acetone = 5:1 as solvent.
b Acetone as solvent. ° DCE as solvent.

This journal is © The Royal Society of Chemistry 2022
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N [Ir(cod)Cllz, L1o
L.
_ N7 Ph 1, (40 bar), acetone/DCE (1:1), 30 °C N Ph
X R R
©) Me0/©) COOMe

97% yield, 96% ee, X=Br 93% yield, 94% ee, X=Br
81% yield, 92% ee, X=I

° Me) M EtOOC)

57% yield, 86% ee, X=Br g49yyield, 94% ee, X=| 82%yield, 96% ee, X=I 88%yield, 96% ee, X=I
75% yield, 81% ee, X=I

92% vyield, 95% ee, X=Br

o

e” Me

Scheme 20 Effect of the activating group/counterion on ee.

Table 9 EH of di-substituted pyridinium salts using a chiral dinuclear
iridium complex

R :
| A [Ir(H)LgJo(p-Cl)3ICI /(IR
R™ON” Ar Hz (50 bar) RN DAr
i H 1,4-dioxane, 100 °C, 20 h H
then basic workup

Entry Product Yield (%) ee (%) dr
1 /O\@\ 81 28 >95:5
Me N
H
OMe
2 Ij\@\ 54 55 >95:5
Me’ N
H
CF3
3 @D >95 82 >95:5
Me N
H
Me’
4 75 73 >95:5
Me” N Me
H
5 /(j\@ 66 72 >95:5
"Hex N
H
>95:5

Reaction conditions: pyridine (0.24 mmol), catalyst (12.1 pmol), and
solvent (6 mL).

resulted in products with multiple stereogenic centres, with up
to 90% ee (Table 10).°® The optimal conditions for this reac-
tion were found to be [Ir(cod)Cl],/Ls/TCCA. The method was
further extended by the exploration of 2,6-disubstituted pyridi-
nium hydrochlorides where a trifluoromethyl group was not a
substituent (Scheme 21). Moderate reactivity and enantio-
selectivity were achieved. The relatively harsh conditions (85
bar hydrogen pressure and 80 °C) required for these substrates
suggest that the introduction of trifluoromethyl group may

Org. Biomol. Chem., 2022, 20,1794-1827 | 1803
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Table 10 EH of pyridiniums to access trifluoromethyl-substituted
piperidines
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Table 11 EH of hydroxyl pyridinium salts using an
catalyst

Ir-binaphane

[Ir(cod)Cll, Ly «CF3
N CF3
| TCCA (10 mol%) O
R N/ Ar H, (55 bar), DCM/PrOH (3:1) R N Ar

HCI 25 °C, 36 h, then basic workup
Entry R/Ar Yield (%) ee (%)
1 Me/C¢Hs 95 90
2 Me/4-MeCgHs 84 89
3 Me/3-MeCgH; 84 88
4 Me/4-MeOCgHj 94 88
5 Me/2-Napthyl 93 89
6 Me/4-Ph-CeHj 90 87 (2R,3S,6R)
7 Me/4-CF;CqHs 85 86
8 Me/3,5-F,CeHs 72 84
9 Et/CeHs 82 87

Reaction condition: pyridinium hydrochloride (0.125 mmol), L,
(5.5 mol%), [Ir(cod)Cl], (2.5 mol%).

» [Ir(cod)Cll,, Ls
Me” N7 SAr TCCA, Hj (85 bar), 80 °C, 36 h R N “Ar
Hel DCM/i-PrOH (3:1)

then basic workup

Me' . Me" N7 H
=N © H ©\ H
CFs
F

89% yield, 78% ee
dr

>20:1

83% yield, 79% ee
r

>20:1d

93% yield, 79% ee
>20:1dr

>95% yield, 64% ee
>20:1dr

Scheme 21 EH of 2,6-disubstituent pyridinium hydrochloride salts.
Reaction condition: pyridinium HCL (0.125 mmol), Ls (2.2 mol%), [Ir
(COD)ClI; (1.0 mol%), TCCA (10 mol%), 24 h.

increase the substrate reactivity, presumably due to the elec-
tron-withdrawing effect.

In 2016, Zhou et al. disclosed a highly EH of pyridinium
salts bearing a hydroxyl group, delivering straightforward
access to trans 6-substituted piperidin-3-ols with up to 95%
ee.”® They began the investigation by screening various reac-
tion parameters, such as solvents and catalysts. Optimal con-
ditions were found to be [Ir(cod)Cl],/L;1/H, (40 bar)/NaHCOs;.
With these optimal conditions, various disubstituted pyridi-
nium salts were tested and shown to give the corresponding
trans-products with high reactivity and diastereoselectivity
(Table 11). The trans-piperidin-3-ols were shown to be converti-
ble to the cis-products by Swern oxidation followed by
reduction using K-selectride. Consequently, both the cis &
trans-piperidin-3-ols can be easily accessed from the same
starting materials.

In 2016, Mashima et al. developed the EH of amino pyri-
dines, which gave the corresponding piperidines with an exo-
cyclic nitrogen moiety (Table 12).”* This allowed for a direct
synthetic method for the synthesis of neurokinin-1 (NK1)
receptor antagonist derivatives. Thus, EH of 3-amido-2-arylpyr-
idinium salts using the dinuclear iridium complex in combi-
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Ho. HO., OO
Hom [Ir(cod)Cll/Lqs \(j R Q,,]R O O P‘CP
- N” R Hj (40 bar), NaHCO, NTR B Fe OO
o THF Bn @P
Major Minor OO
(S,S)-f-Binaphane (L44)

Entry R Yield (%) ee (%) trans/cis
1 Ph 98 93 (3S,6R) 89:11
2 3-MeCgHs 91 94 (+) 82:18
3 4-MeCgHj 93 94 (+) 90:10
4 3,5-Me,CeHs 93 95 (+) 83:17
5 3-MeOCgH; 95 91 (+) 84:16
6 3,5-F,CeHs 97 86 (+) 86:14
7 3-CICeH; 95 90 (+) 88:12
8 4-CIC¢H; 96 92 (+) 83:17
9 4-CF3CoHs 97 93 (+) 83:17
10 4-MeO,CCqHs 95 90 (+) 75:25
11 2-Naphthyl 90 81 (+) 49:51
12 "pr 81 64 (+) 53:47
13 H 89 15 (+) —

Conditions: substrate (0.20 mmol), [Ir(cod)Cl], (1.5 mol%), Ly
(3.3 mol%), NaHCO; (0.20 mmol), THF (3.0 mL), 40 °C, 24 h.

Table 12 EH of 3-amido-2-arylpyridinium salts using a dinuclear
iridium complex

cl *
;|I,°<cl7'|lrf,, o
O R P P Oy R
DA MRS
N__R, N__R, © PPh,
(L e (LT o™
2
PR, (-)-CSA (100 mol%) N R, < O
-l H H, (30 bar) 1,4-dioxane, 60-80 °C, H o]

18 h, then basic workup (S)-SegPhos (L1z)

Entry  Ry/Ry/R; Temp. (°C)  Yield (%) ee %
1 Ph/Ph/CF; 60 82 84 ()
2 4-MeOCgH5/Ph/CF, 80 88 80 (-)
3 4-CF;C,H;/Ph/CF, 60 75 70 (-)
4 4-COOMeC4Hs;/Ph/CF, 60 94 81 (-)
5 2-MeCg¢Hs/Ph/CF, 80 69 77 (5
6 2-Thienyl/Ph/CF; 80 38 70 (+)
7 2-Naphthyl/Ph/CF; 60 73 76 (-)
8 H/Ph/CF; 80 Trace NA

9 Ph/Ph/Ph 60 75 86 ()
10 Ph/Ph/3,5-bis(CF;)CsH; 60 Trace NA

Reaction conditions: pyridinium salt (0.15 mmol), L;, (7.5 mmol),
(=)-CSA (0.15 mmol), and 1,4-dioxane (3 ml). dr = >95: 5.

nation with (S)-SegPhos provided the corresponding chiral
piperidines in high cis-diastereoselectivity (>95 : 5) and moder-
ately high enantioselectivity (up to 86% ee). This asymmetric
hydrogenation step could be utilised to efficiently furnish
(+)-CP-99994, a non-peptide antagonist of the NK1 receptor
(Scheme 22).

Around the same time, Lefort et al. described a mixed-
ligand approach for iridium-catalysed asymmetric hydrogen-
ation of N-benzyl-2-arylpyridinium salts and proposed a
mechanism based on experimental evidence.”” This EH of pyr-

This journal is © The Royal Society of Chemistry 2022
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OYCF3

OYCFG
N._Ph a “
N ~ .‘\NvPh b,c,d W
(2 o —— (3.3
(+)-CP-99,994

Scheme 22 Synthetic application of Ir-catalysed hydrogenation. (a) [Ir
(H)[L12]2(p-Cl3ICL (5.0 mol%), (+)-CSA (100 mol%), 1,4-dioxane, 60 °C,
H, (30 bar), 18 h, then basic work-up; (b) K,CO3;, MeOH/H,O (3/1),
65 °C, 12 h; (c) Pd(OH),/C, HCl (ether solution), MeOH, 50 °C, H, (15
bar), 18 h; (d) o-anisaldehyde, NaBH(OAc)s, i-PrOAc, rt, 3 h.

idinium salts was performed using an Ir complex which was
generated in situ from two monodentate ligands (a chiral phos-
phoramidite and an achiral phosphine) with [Ir(cod)Cl],. A
range of ligands was tested along with modification of the
ratios of chiral ligand/achiral ligand and iridium. The opti-
mised ratio was found to be 1:1:1 [Ir(cod)Cl],/Ly3/P(p-
CF3;C¢H,); under which enantioselectivities of up to 82% were
obtained (Scheme 23). The protocol was found to be efficient
for a range of 2-arylpyridinium salts. An initial 1,4-hydride
addition to the substrate was proposed, leading to the partially
reduced N-benzyl-2-phenyl-1,4-dihydropyridine. This species
was further hydrogenated to the enamine via the iminium
intermediate. Tautomerisation of the enamine to the imine
allowed an enantioselective 1,2-hydride addition, providing the
final chiral piperidine (Scheme 24).

In 2018, Kozlowski and co-workers reported the EH of
a-(hetero)aryl pyridinium salts to the corresponding piper-
idines and investigated the reaction mechanism.”” The EH of
pyridinium salts with a heteroaryl functionality has not been
widely reported. Previous reports have mainly focussed on
a-phenyl derivatives without such a functionality. An [Ir(cod)
Cl],/Ly4 catalyst system was used in the EH (Scheme 25).
Through DFT calculations a detailed mechanism for pyridi-

[If(Cod)Cll, (1 mol%)
Lq3 (2.2 mol%)

P(p-CF3CeHa)3 (2.2 mol%) Q

DCM, H, (50 bar), 50 °C, 18 h '.‘

OO,
OO e

Scheme 23 EH of pyridinium salt using a mixed-ligand approach.

X
| +
_ r}l Ar
Br Bn

Q e (1 Q Q
V
[Irl-H
=G O
H D + 2 "
I}Lr Ph ITI Ph l}l
Bn B

enantioselective
step

Ph

Scheme 24 Proposed mechanism of the Ir-catalysed EH of pyridines.
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N [IN(Cod)Cll, (1 mol%) > .
e L1g (3 Mol%) @ N /
“Br Bn Het\, H, (40 bar), 1, (5 mol%) e OMe

Qng O @&

92% yield, 99% ee  86% yield, 89% ee? 93% yield, 90% ee  93% yleld 93% ee?

OE@ CF3
NB”Q D (E? ©

MeO Bu
93% yield, 91% ee 89% yield, 93% ee?  88% yield, 87% ee®  89% yield, 91% ee®

Scheme 25 Synthesis of a-(hetero)aryl piperidines via EH of pyridinium
salts. Reactions were run at 40 °C for 24 h. 20 °C, ®50 °C.

nium reduction was elucidated. Interestingly, the calculation
indicated that protonation of the final enamine intermediate
determines the enantioselection of the EH, rather than
hydride transfer to the iminium intermediate.

In 2021, Zhang et al. established the synthesis of chiral
indolizidine by EH of cyclic pyridinium salts using an Ir-L;s
catalytic system.”* Initially, cyclic pyridinium salts were
accessed by reducing 2-(2-acylphenyl)pyridines using NaBH,
followed by the cyclization using HBr/HCl. The counteranion
exchange reaction was carried out with the corresponding
silver salts to access other counterions of cyclic pyridinium
salts. In the initial screening, Ir-L;5 showed excellent reactivity
and acetone as solvent improved the ee. The scope and limit-
ation of this reaction were explored on various EDG and EWG
on the benzene ring, which was found to give excellent yield
with moderate enantioselectivity and excellent diastereo-
selectivity (Scheme 26).

Our group recently reported an asymmetric transfer hydro-
genation (ATH) of 2-substituted pyridinium salts with formic
acid using a chiral cyclometalated iridium complex to yield
chiral piperidines in up to 77% ee.”® Initially various chiral iri-
dacycles were examined for the ATH of N-benzyl-2-phenylpyri-
dinium bromide using IPA as solvent and it was found that
oxazoline-containing iridacycles provided a lower selectivity
than imidazoline-containing iridacycles. Under this condition
a few pyridinium salts were hydrogenated to provide chiral
2-substituted piperidines with moderate enantioselectivities
(Scheme 27).

2.1.4. Pyrazine derivatives. Piperazines can be found in
which
possesses antitumor properties, and the antifungal compound
piperazinomycin (Scheme 28).”” Piperazines, are
perhaps more widely known for their occurrence in drugs.
Piperazine is the third most common saturated nitrogen het-
erocycle to be found in the list of FDA approved drugs.® This
motif is structurally critical in three large classes of drugs.
Flouroquinolones - a family of antibiotics which includes levo-

bioactive natural products such as dragmacidin A,”°

however,

floxacin, blood pressure medications including cyclazine and
its derivatives, and a collection of antihistamine drugs includ-
ing doxazosin (Scheme 29).
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2 mol% [Ir(cod)Cl]>
4.4 mol% Lqg
H> (30 bar), Acetone
28°C,24h

Al OMe
92% yield; 68% ee
o0t dr 95% yield; 60% ee 9494 yield; 64% ee
> 201 dr >20:1dr

CF3 ) )
s 82% yield; 62% ee  85% yield; 72% ee
70% ZIZISH G(fr% ee >20:1 dr >20:1 dr

86% yield; 68% ee
>20:1dr 92% yield; 64% ee
19:1dr?

>20:1dr

90% yield; 70% ee
>20:1dr

90% vyield; 22% ee

1.7:1dr

Scheme 26 Ir-Catalysed EH of various cyclic pyridinium salts. Reaction
conditions: substrate (0.2 mmol), acetone (2 mL). °The reaction was

conducted at 40 °C.

Ir-(R,R)-1 (1 mol%)
formic acid-TEA azeotrope

IPA, -10°C,16 h

K

_Cl 0
/ Z phr 7>:

R =H; 97% yield; 77% ee
R = 4-OMe; 68% yield; 75% ee  IHR,R)-1

Scheme 27 ATH of selected 2-substituted pyridinium salts.

S &

Piperazinomycin

Br,

Dragmacidin A

Scheme 28 Piperazine-based natural products.
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Scheme 29 Piperazine in approved drugs.
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Despite the prevalent use of the piperazine scaffold, pipera-
zines in drug molecules are generally only substituted on one
or both nitrogen atoms. Only 12% of piperazine-based drugs
have one or more substitutions at the carbon position
(Scheme 30). Piperazine appears to be a generally under-uti-
lised structure, in part due to the lack of efficient reactions to
produce carbon substituted derivatives.

More diverse piperazine structures can be found in drugs;
however, their occurrence is much rarer than N-substitutions.
Vestipitant was developed by GSK and is used to treat tinnitus
and insomnia. Pyrrolopyridine quinolone carboxylate is
amongst a series of compounds synthesised that were found to
exhibit potent antibacterial properties.”® Indinavir, developed
by Merk, is a protease inhibitor and has been used to treat
HIV/AIDS (Scheme 31). C-Substituted piperazines have great
potential. Substitution on carbon in the ring would introduce
chirality and diversify piperazine’s 3-D space. In addition,
these substitutions could also provide an extra chemical
handle, allowing for increased complexity in a potential drug
molecule. Efforts to form C-substituted piperazine rings are
therefore of great interest to both synthetic and medicinal
chemists.

In 1998, Fuchs et al. first established the synthesis of piper-
azine via EH in 78% ee.”® Later in 2014, Zhou et al. developed
highly enantioselective hydrogenation of pyrrolo[1,2-a]pyrazi-
nium salts, providing direct access to the corresponding
1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazine derivatives with up to
95% ee, using an Ir catalyst (Table 13).%° Initial attempts
during optimisation gave disappointingly low ee values.

R R
) )
’T‘ 'Tl ',/Rl
R/R'
88% of piperazine drugs largely under-utilised

Scheme 30 Comparison of piperazine substitution patterns.

CFs3
HN/\l |
"M CFs
o}

OH

Vestipitant Pyrrolopyridine
quinolone carboxylate

A N OH OH
| g G

O;\NH ©
K

Indinavir

ZT

Scheme 31 C-Substituted piperazine drugs.
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Table 13 Enantioselective hydrogenation of pyrrolo[l,2-alpyrazinium
salts

[Ir(cod)Cll, (1.5 mol%)

N g L 3.3 mol% </\/I\L/>
@\/;\L H o SIS N\Bn
Bn 5 (30 bar), Cs,COg, THF, 20 °C :
R R
Entry R Yield (%) ee %
1 Ph 97 84 (-)
2 3-MeOCeH, 90 70 (<)
3¢ 4-‘BuCgH, 91 77 (-)
4 4-FCeH, 93 70 (+)
5 4-CICgH, 94 76 (=)
6 3,5-F,CeH; 97 76 (<)
7 4-CF5CeHy 97 76 ()
8 4-NCCeH, 94 76 (=)
9° 4-PhCgH, 95 76 (=)
10 2-Naphthyl 74 76 (-)
11° Me 97 76 (-)

Reaction conditions: substrate (0.20 mmol), Cs,COj; (0.12 mmol), THF
(3 mL), 24 h. “Cs,CO; (0.10 mmol) was used, 36 h. ” Lg was used as the
ligand.

Previous literature had indicated that racemisation could
occur in structurally similar molecules through enamine/
iminium isomerisation in acidic conditions. To probe this
further, the hydrogenated product was mixed with 1 equivalent
of HCI and stirred. The ee of the product was indeed found to
drop over time. As HBr is created in situ during the reaction,
several different organic and inorganic bases were tested to see
if substantial racemisation could be eliminated. The addition
of Cs,CO; to the reaction was found to be the most efficient,
allowing high ees to be achieved.

Building on this, Zhou et al. reported Ir-catalysed hydrogen-
ation of pyrazines activated by alkyl halides. Pyrazines are
often hard to hydrogenate due to their strong aromaticity, and
because they have two nitrogen atoms, each of which could
potentially coordinate to the catalyst and poison it. A strategy
was devised where one nitrogen on the pyrazine ring was alkyl-
ated and the second from the product could form a salt from
the in situ generated acid. This reduces substrate coordination
to the catalyst and facilitates reduction. Initially, solvents and
catalysts were screened to find optimal conditions using
2-phenyl-pyrazinium salt as a model substrate. On this basis, a
wide range of chiral cis-piperazines was accessed, including
not only 3-substituted but also 2,3- and 3,5-disubstituted
piperazines with up to 96% ee (Table 14).*" Deuterium label-
ling experiments suggested that the mechanism involves an
initial 1,4-hydride addition followed by an enamine-iminium
tautomerisation. It was suggested that the EH of the iminium
salt leads to the chirality in the final product.

To show the practical use of the developed reaction, the
authors developed a concise synthesis of the drug Vestipitant
and a key intermediate for the drug (S)-Mirtarzapine. EH of
the pyrazine produced the corresponding piperazine in a fair
ee. Urea formation with the optically pure amine allowed sep-
aration of the resulting diastereoisomers, providing the pro-

This journal is © The Royal Society of Chemistry 2022
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Table 14 Ir-Catalysed EH of pyrazines to synthesise chiral piperazines
5 CH3
n
En o [Ir(cod)Cllz, L1g N %‘:('Bun

Toluene/DCE (1:1) j iR
,

H, (40 bar), 20°C,24h Rt N° R

(R,Sp)-Josiphos (L1g)

Entry R, R, Yield (%) ee (%)
1 Me Ph 94 91 (3R,55)
2 Me 4-MeCgH, 95 88 (-)
3 Me 4-MeOCgH, 95 84 (-)
4 Me 4-FCeH, 93 92 (+)
5 Me 4-CF5C¢H, 94 93 (-)
6 Et Ph 96 80 (+)
7 "Pr Ph 90 77 (+)
8 "Pr Ph 92 86 (+)
9 "pr Ph 86 76 (+)
10 Cyclopropyl Ph 90 83 (+)

Pyrazines (0.2 mmol), [Ir(cod)Cl],
>20:1.

(1.0 mol%), Ly (2.2 mol%). dr

tected vestipitant in 99% ee. Removal of the benzyl protecting
group yielded Vestipitant in a total of 4 steps from the pyrazine
(Scheme 32). It takes more steps to synthesise such pyrazines
with other methods.

To synthesise Mirtazapine, the pyrazine was subjected to
EH, affording the corresponding piperazine with high ee
(90%). A one-pot reaction was developed which allowed the
Boc group to be installed in the same step with high yield.
Removal of the benzyl protecting group allowed N-methylation
through reductive amination. Finally, removal of the Boc pro-
tecting group furnished the advanced intermediate, which can
be elaborated to the anti-depressant drug (S)-Mirtazapine
(Scheme 33).%"%> Mirtazapine is usually used as the racemate;

Bn.

Bn.
@ N o a WY
NH o NN A N__N._Ar
(i) Triphosgene, TEA T T c” o \[( \‘/
(ii) (R)-ArCH(Me)NHMe © then MeOH °
Ar = 3,5,-(CF3),CeHs reflux
F F F
66% ee 65%yield, 99% ee Vestipitant
81% yield

Scheme 32 Synthesis of Vestipitant from an EH product.

Bn
|

Br
Na (i) [Ir)- L16 H, (i) PAIC, Hy, ACOH
[Nj\ (i) (Boc),0, Na,CO3 Ph (IV) HCHO, NaBH;CN

E]

) TFA lDCM

E]

(S)- Mirtazapine

—_

Scheme 33 Formal synthesis of (S)-Mirtazapine.
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however, only the S enantiomer is under investigation for the
treatment of insomnia.** The development of further reactions
to product chirally pure C-substituted piperazines will help
develop unsearched areas of chemical space. These reactions
will benefit the synthesis of new compounds of pharma-
ceutical relevance or provide more efficient routes to known
compounds.

2.1.5. Pyrimidines derivatives. A handful of tetrahydro-2-
pyrimidinone drugs are available. Phenobarbital is one of the
most common, used to treat epilepsy (Scheme 34). The impor-
tance of phenobarbital is shown by its inclusion in the WHO’s
list of essential medicines. The majority of the remaining tetra-
hydro-2-pyrimidinone drugs are structurally similar to pheno-
barbital; however, not all are related. The peptide-based drug
lopinavir is used in HIV therapy and is also under investigation
for its use in the treatment of COVID-19.** An a4 receptor
antagonist based on a chiral dihydro-2-pyrimidinone has also
been reported.®” Current use of the tetrahydro-2-pyrimidinone
in drugs is, however, fairly limited and often achiral. More
methodologies to produce enantioenriched tetrahydro-2-pyri-
midinones could prove useful in the search for under-devel-
oped scaffolds.

Kuwano et al. reported in 2015 a highly EH of pyrimidines
by iridium catalysis.®® A broad range of pyrimidines were con-
verted into the corresponding 1,4,5,6-tetrahydropyrimidines
with high ees using a catalyst derived from [Ir(cod)Cl],/
Josiphos/I, in the presence of Yb(OTf);. Later Zhou et al®’
developed an efficient palladium-catalysed EH of 2-hydroxypyr-
imidines; however, the reaction required harsh conditions,
such as high pressure and high catalyst loading. Recently in
2018, the same group established the EH of 4,6-disubstituted-
2-hydroxypyrimidines using an Ir catalyst.*® Halogenide addi-
tives were used to increase the reactivity of the Ir-catalysed
hydrogenation through oxidising Ir(1) to Ir(m) and also the
in situ generation of hydrogen halide as a substrate activator.
Using 4-methyl-6-phenylpyrimidin-2-ol as a model substrate,
various additives and conditions were tested and the optimal
conditions were found to be [Ir(cod)Cl],/Ly4/H, (55 bar)/TCCA
(10 mol%). This highly enantioselective catalytic system was
explored on a broad range of substrates (Scheme 35). Both
electron-donating and electron-withdrawing groups were well

Ph Ph
J\I‘/N Ao
HN_ _NH HNT N . N
NGRS S

(0]
Phenobarbital F Lopinavir
o
Z 0 J/\N
MeO,C | : NJ\” ~
HO. N/&O N~

Alpha-1a receptor antagonist

Scheme 34 Examples of tetrahydro-2-pyrimidinone drugs.

1808 | Org. Biomol. Chem., 2022, 20, 1794-1827

View Article Online

Organic & Biomolecular Chemistry

OH [0}

1 [Ir(cod)CI], (1 mol%) By
NN Lys (2.2 mol%) HN™ NH
I 9/ J\)\
RN Hj (55 bar), TCCA (10 mol%) R _
40 °C, EtOH/PrOH (1:2)
X
HN™ NH

”H@”H@M@c

89% yield, 94% ee (+)  94% yield, 93% ee (+)

)\)\CLF

91% yield, 96% ee (+)

86% yield, 83% ee (+)*  90% yield, 96% ee (+) 89% yield, 83% ee (

89% vyield, 90% ee (+)

81% vyield, 86% ee (+)

’”‘u”\@**@[”\@

91% yield, 83% ee (+)

OMe
94% yield, 93% ee (+) 90% yield, 91% ee (+) 89% yield, 90% ee (+)

Scheme 35 EH of hydroxypyrimidines with an Ir—Binaphane catalyst.
Reaction conditions: pyrimidines (0.30 mmol), Ly; (2.2 mol%), 24 h.
?Performed at 80 °C.

tolerated, affording the chiral ureas with good yields and high
ees.

2.1.6. Quinoline The tetrahydroquinoline
(THQ) core is a common motif in natural products.®*>°° These
natural products often possess important bioactive properties
and are the subject of many syntheses. For instance, benzasta-
tin C, isolated from streptomyces sp. possesses antiviral activity
(Scheme 36).°" Galipinine, a plant metabolite, was found to
have anti-malarial properties amongst other activities.”>??
Martinellic acid was isolated from the roots of the martinella
iquitosensis plant and is a bradykinin receptor antagonist.’*

The prevalence and properties of these natural products
have helped highlight the importance of the THQ core. As
such, this has been frequently studied as a privileged scaffold
in drug discovery (Scheme 37). Torcetrapib was found to
inhibit a cholesteryl ester transfer protein.’® Androgen receptor
binder S-40503 was developed as a potential treatment for
osteoporosis. THQs have also been found in molecules that

derivatives.

0]

|
O O

QO
e UL
) OMe
Me o
Benzastatin C

Galipinine
. .y
NN
/\/ \
N \n/ \/w/
NH

Martinellic acid

Scheme 36 Examples of THQ-based natural products with bioactive
properties.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ob02331d

Open Access Article. Published on 04 February 2022. Downloaded on 6/20/2026 2:26:34 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

g HO.C. 6 ol
FaC CF, N O
M "’@
(o]
Y N OH ol
() N

S-40503 Opioid receptor antagonist
3C.
HO. NH,
A A~ HO N
Torcetrapib

Neurotoxin

Argatroban

Scheme 37 Examples of non-natural THQs under investigation and
approved THQ drugs.

have been developed as opioid receptor antagonists®®
However, despite the extensive research on the THQ
core, very few drugs have been approved. Examples of current
drugs include aragotroban and oxamniquine (Scheme 37).

In 2013, Agbossou-Niedercorn et al. reported the asym-
metric hydrogenation of substituted quinolines for the syn-
thesis of optically enriched 2-functionalised-1,2,3,4-tetrahydro-
quinoline derivatives using [Ir(cod)Cl],, a bisphosphine
ligand, and iodine (Table 15).°® With reaction conditions
already found, several different ligands were screened on
various substrates. Quinoline derivatives, such as quinoline
carboxylates, hydroxymethylene quinoline, bromoquinoline,
and amino-substituted quinolines, were shown to give high
reactivity and varying degrees of selectivity. To demonstrate
the practicality of the Ir-L,o system, a gram scale reaction was
performed and achieved the same level of reactivity and
enantioselectivity as the small-scale reactions.

Later, Zhou et al. developed the diastereoselective and
enantioselective hydrogenation of quinolin-3-amines to syn-
thesise chiral exocyclic amines with up to 94% ee.”® Such
chiral exocyclic amines appear in many biologically important
compounds, such as sumanirole, and they also serve as func-
tional handles for further elaboration of the compound. To
eliminate the inhibition effect caused by the substrate and the
product, a phthaloyl moiety was introduced to the amino
group. This also activated the aromatic ring and improved
diastereoselectivity. The reported EH of quinolin-3-amines pro-
vided the corresponding exocyclic amines with high yields,
diastereoselectivities, and enantioselectivities. Although
several amino protecting groups were tested, the N-phth-pro-
tecting group gave high yield and diastereoselectivity despite
the lower ees compared to other protecting groups. The
optimal conditions for this reaction were found to be [Ir(cod)
Cl],/L,5/H,/1, (Table 16). Key to this reaction was the introduc-
tion of the phthaloyl group which allowed access to the valu-
able quinoline substrates. The EH of simple exocyclic enam-
ines and imines by transition-metal catalysts with high ee is

or neuro-
toxins.®”
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Table 15 EH of substituted quinolines using Ir—bisphosphine
complexes
m [Ir(cod)Cl],, Ligand
N/ R H2(50 bar), I, Toluene (7 mL) ©(N\}|\R
1 mmol 20°C,17h H
OMe OMe Pr NMe,
ST e NS i)
N Pr
Meo PPh2 Meo PPh, MeO” P VPR, [ ?

MeO P

MeO. O PPh, o0 PPh.  MeO 2 PR, MeO P
s
§ p " l(le
S r )

(S)-MeO-Biphep (L17) OMe OMe

2
Entry R Ligand Conv. (%) Yield (%) ee (%)
1 COOH L, 90 82 11
2 COOMe L,, 100 88 66
3 COOMe L, 100 95 74
4 COOEt L, 94 89 58
5 COOEt  (R)-Binap 100 100 64
6 COOEt L 100 100 64
7 COOEt L, 99 94 94
8 COOEt Ly 88 88 46
9 COOEt Ly, 14 12 3
10 COO"Pr 1,4 100 100 90
11 COO'Pr 1, 100 100 75
12 COO'Bu  Lyg 100 98 94
13 COO'Bu L, 97 97 9
14° CH,0H Lg 100 100 80
15  CH,0H 1L, 97 97 84
16°  CH,O0H 1Ly, 100 100 70
17%®  CH,Cl Ly Mixture of products — —
18%?  CH,Br Le 100 44 79
19° CH,Br L, 100 65 69
20 CH,Br Ly 100 100 81

Reaction condition: 1 mmol substrate, substrate/Ir/hgand/Iz = 100/1/
1.1/10; toluene 7 ml. “Solvent: toluene/‘PrOH 7/1, 8 mL. ?2-Methyl-
1,2,3,4-tetrahydroquinoline was observed.

Table 16 EH of quinolin-3-amines with a Ir—difluorphos complex

F><O O
R'mNPhth NPhth
P
e m e
F e}

(R)-difluorphos (L32)

[Ir(cod)Cl], L2z

H, (15 bar), I
Toluene/THF (3:1)

Entry R'/R T (°C) Yield (%) ee (%)
1 H/"Bu 25 99 93 (R,R)
2 H/Me 70 97 81 (+)
3 H/Et 45 97 90 (+)
4 H/"Pr 45 94 92 (+)
5 H/'Bu 45 99 94 (+)
6 H/'Pentyl 45 97 88 (+)
7 H/"Hexyl 25 97 92 (+)
8 H/Phenethyl 25 99 93 (+)
9 H/(E)-Styryl” 25 97 90 (+)
10? H/Ph 70 97 40 (+)
11 MeO/"Bn 45 97 87 (+)

Reaction condition: quinoline (0.1 mmol), [Ir(cod)Cl], (2.0 mol%), Ly,
(4.4 mol%), I, (5.0 mol%), 18 h. In all cases the d.r.>20:1. “The conju-
gated double bond was also hydrogenated. ” H, (3 bar).
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rarely reported, in part due to the highly coordinating nature
of the substrate and product.

More recently, Hu et al. reported the highly enantio- and cis-
diastereoselective hydrogenation of unfunctionalised 2,3-di-
substituted quinolines (Table 17). The report focussed on the
EH of 3-alkyl-2-arylquinolines using an iridium catalyst with a
structurally fine-tuned phosphine-phosphoramidite ligand
L,3."% Previous success in the hydrogenation of sterically hin-
dered N-arylimines using the Ir-phosphine-phosphoramidite
catalyst encouraged the authors to explore EH of quinoline
substrates. Initial screening led to the optimal conditions
using [Ir(cod)Cl],/L,3/H,. With this catalytic system, the scope
of the EH of 3-alkyl-2-arylquinolines was examined (Table 17).
Products were obtained in high enantioselectivity and cis-
diastereoselectivity in general, regardless of the various
substitutions.

2.2. Ru-Catalysed enantioselective hydrogenation

Many ruthenium complexes are highly active homogenous cat-
alysts for hydrogenation reactions. For instance, transfer
hydrogenation with chiral ruthenium catalysts has been uti-
lised for various enantioselective hydrogenations including
ketones, aldehydes, and imines.'**°® Chiral ruthenium com-
plexes for asymmetric reduction were pioneered by Noyori
et al.'®” These chiral ruthenium complexes have been further
developed to reduce prochiral unsaturated compounds which
were then utilised for the asymmetric hydrogenation of
N-heteroarenes.>'°® Following are the recent reports on the EH
of N-heteroaromatic compounds.

2.2.1. Indole derivatives. In 2016, Fan and co-workers
demonstrated the asymmetric hydrogenation of unprotected
indoles using n°-arene-Ru(i)-N-Me-sulfonyldiamine complexes
as the catalyst in weakly acidic hexafluoroisopropanol

Table 17 Ir-Catalysed EH of 3-alkyl-2-arylquinolines

N
H d:Pth
N

96% yield, 91% ee
: N :
H

97% yield, 83% ee

O,

97% yield, 92% ee

LK

H
1= Me, 90% yield, 18% ee
R1 =Ph, 86% yield, 11% ee

[Ir(cod)CI]z (0.5 mol%)
.2 mol %) R3

H2 (10 bar) 1 4 dioxane

R1 = Ph, 96% yield, 94% ee
Ry = 2-FCgH,, 95% yield, 89% ee
R4 = 3-FCgHj, 96% yield, 93% ee

Ry = 4-FCgH,, 96% yield, 95% ee

(r“@%

X=0, 94% yield, 89% ee
96% yield, 91% ee X=S, 95% yield, 95% ee
Rj3 = 6-Me, 95% yield, 93% ee
Rj3 = 6-OMe, 94% vyield, 88% ee
Rj3 = 6-F, 95% yield, 96% ee

A
Rs P
N Ph
H
Ry
R4 R4 =Ph, Ry=H, 95% yield, 84% ee
1="Pr, Ry=H 85% yield, 57% ee
N™7Ph Ry, Ry =H, 96% yield, 93% ee
Reaction conditions: substrate (0.4 mmol), 1,4-dioxane (4 mL), 25 °C.
In all cases, dr >20: 1.
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Table 18 EH of indoles using cationic n°-arene-Ru(i) complexes

Ra Ry |
Rsm Ru-(R,R)-1 RS@[&— TssN—Ru-ory
Ry ———— R
N Ha (50 bar), HFIP N o Ph)\’N “Me

H H Ph
Ru-(R,R)-1
Entry Ry/Ry/R3 Yield (%) ee (%)
1 Me/H/H 94 96 (R)
2 "Pr/H/H 88 96 (R)
3 "Bu/H/H 92 97 (R)
4 "Pentyl/H/H 89 96 (R)
5 Ce¢H;CH,/H/H 93 97 (R)
6 4-FC¢H,CH,/H/H 92 97 (R)
7 4-MeCeH,CH,/H/H 90 96 (R)
8 3-MeCH,CH,/H/H 93 97 (R)
9 Me/H/Me 93 95 (R)
10 Me/H/OMe 93 95 (R)
11 Me/H/F 94 94 (R)
12 (CH,)s/H 92 89 (R,R)
13 (CH,)4/H 91 95 (R,R)
14 (CH,)4/CH3 94 90 (R,R)
15 (CH,)4/F 92 94 (R,R)
16 (CH,)s/H 73 99 (R,R)
17 Me/Me/H 95 97 (R,R)
18 H/Me/Me 85 40 (R)
19 Ph/H/H 53 42 (S)

Reaction conditions: substrates (0.2 mmol), RT for 24 h.

(Table 18)."% The analogous Ru(ir) complexes were pioneered
by Noyori, Ikariya and coworkers for the ATH of ketones or
imines.'”" Later the same catalytic system had been used for
the transfer hydrogenation and hydrogenation of quinolones
and quinoxalines."'®''" Based on these successful results, the
catalytic system was explored for unprotected indoles. Initial
screening identified the optimised conditions to be H, (50
bar) at room temperature with a substrate/catalyst molar ratio
(S/C) = 500 in HFIP as solvent. With the optimised conditions
found, a range of 2-alkylated indoles was examined, which
could be hydrogenated to give the corresponding indolines in
high conversion with high to excellent ees in general.

A similar catalytic system was explored by the Arai group on
a wide range of halogenated indoles and indoles with acid-sen-
sitive protective groups (Scheme 38).'"> The substrates were
well tolerated to afford the corresponding chiral indolines with
excellent yields and ees. The functional group tolerability of
this catalytic system is of high importance to medicinal chem-
istry, as these groups could be found in molecules of interest
in pharmacology, such as the example shown in Scheme 38
which possesses anti-inflammatory properties."** They also
serve as functional handles, allowing for further elaboration of
the molecule.

This method was also used to produce a chiral indoline
with a branched-chain ending in an acetal."* In one step, a tri-
cyclic core could be produced, which is found in a compound
under investigation for antitumor properties (Scheme 39).'**

2.2.2. Quinoline derivatives. In 2016, the Fan group
reported the asymmetric hydrogenation of 2,2-bisquinoline

This journal is © The Royal Society of Chemistry 2022
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Ru-cat

R » Ra {
N—r, IR
N H, (50 bar), HFIP N
Ru-cat : : :

Ts\N/Rlu\BFA

TS\N/RIU\BH

FB” Ph
Ph” Y ﬁ‘Me Ph™ Y H\Me \_)‘
Bh Ph H e P
Ru-(R,R)-2 Ru-(R,R)-3 Ru<(S.5)-4
F. Cl Cl ‘;’4> Br-
N N
H H N N
10°C, 31h 20°C,20h 30°C,12h 10°C, 30 h

95% yield, 94% ee? 99% yield, 95% ee®

nO.
N
H

10°C, 29 h
93% yield, 97% ee®

99% yield, 90% ee® 94% yield, 96% ee?

CO,Me

10 °C 30h
95% yield, 91% ee?

OTBS

30 °C 27h
94% yield, 84% ee?

30°C,7h
92% yield, 92% ee®

30 °c, 7h
94% yield, 92% ee?

0°C,30h
97 % yield, 91% ee®

2Catalyst: Ru-(S,S)-4; °Catalyst: Ru-(R,R)-2; “Catalyst: Ru-(R,R)-3

ags °
N\
N

OH

Anti-inflammatory properties

Scheme 38 EH of functionalised indoles.

115 The non-enantio-

derivatives with a ruthenium catalyst.
selective version of this reaction was demonstrated earlier by
the Xiao group, using a cyclometallated Ir complex to obtain a
dl/meso (1:4) selectivity in the case of 2,2-bisquinoline.™*®
Cationic chiral n®-arene-Ru-diamine catalysts were explored for
the EH of bisquinoline and bisquinoxaline derivatives
(Scheme 40). The optimal conditions for this hydrogenation
were found to be the Ru-(R,R)-1 complex as catalyst
(2.0 mol%), H, (50 bar) and room temperature in 'PrOH.
Under these optimised conditions, a variety of 2,2-bisquino-
line derivatives were shown to produce the desired diamines
with excellent enantioselectivity in most cases, regardless of
steric hindrance from alkyl side chain at the 6,6"-, 7,7"-, or 5,5"-
positions. A notable decrease in diastereoselectivity was
observed, however, when introducing alkyl groups into the
8,8"-positions of 2,2"-bisquinoline. In addition, substrates
bearing methoxy and CF; groups at the 6,6'-positions demon-

] CF3COOH, AcOH
./ < NaBHyCN

rt, 10 h, 80%

R,

Antitumor properties

G-

90% ee

g

89% ee

Scheme 39 Synthesis of chiral tricyclic indoline.
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7 N\
F—dhn:@—F

87% (90:10 di/meso, >99% ee)

Ru-{ (RR)1

91% (93:7 d/meso, >99% ee)

Hj (50 bar), HFIP

90% (93:7 di/meso, >99% ee)

97% (60:40 dl/meso, 69% ee)

Me

80% (84:16 dl/meso, >99% ee)

2

77% (79:21 di/meso, 99% ee)

89% (90:10 di/meso, >99% ee)

D

94% yield (meso) 90% (91:9 dr, 99% ee)

Scheme 40 EH of 2,2'-bisquinoline derivatives using a chiral Ru-
diamine catalyst.

strated low reactivity, diastereoselectivity, and enantio-
selectivity. The synthesised chiral vicinal diamines were
employed for the preparation of chiral benzimidazolium salts,
a precursor to chiral NHC ligands, which can be difficult to
access through other methods.

More recently, Fan and co-workers demonstrated the asym-
metric hydrogenation of terpyridine type N-heteroarenes using
a similar Ru-diamine complex as a catalyst. Partially reduced
chiral pyridine-amine type products were obtained in
high yield with excellent diastereo- and enantioselectivity
(Scheme 41).""7

This catalytic system worked well on a broad range of 2,6-
bis(quinolinyl) pyridines, providing the corresponding chiral
2,6-bis(tetrahydroquinolin-2-yl)pyridines. The substituents at
the 8,8"-positions of the quinolinyl rings influenced the stereo-
selectivity. Thus, substitution with small groups, such as Me
and CF;, showed high diastereoselectivities and enantio-
selectivities, whereas the sterically hindered ¢-butyl group led
to lower diastereoselectivity and enantioselectivity. The result-
ing pyridine-amine-type compounds from this new method
could serve as novel, chiral tridentate nitrogen ligands.
Ligands of this nature are difficult to access with other
approaches.

The potential of the compounds as ligands were showcased
with a copper-catalysed asymmetric Friedel-Crafts type alkyl-
ation reaction of indoles with nitroalkenes, resulting in high
ees."” Initial optimisation of the asymmetric alkylation reac-
tion showed that the Cu(OTf),-(S,S)-PyMBTH (see Scheme 41
for the ligand) catalyst was effective in the presence of HFIP
(2.0 eq.) at 0 °C. Under the optimised conditions all substrates
underwent alkylation efficiently with excellent reactivity and
selectivity (Scheme 42).

2.2.3. Miscellaneous compounds.
Glorius and co-workers established the first EH of indolizines
using a chiral Ru-NHC complex in 2013."*® Initial screening
focused on the hydrogenation of 3-butyl-5-methylindolizine as
a model substrate using various solvents, temperatures and
Ru-NHC catalysts. Under the optimised conditions various

indolizines showed excellent reactivity and moderate to good

N-heteroaromatic
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—o .

Ts-N—Ru-o -
prr Nz < J-
Ph Ru-(RR)-5 N™
NH HN
Ha (50 bar), HFIP (0.5 ml)
00r25°C, 24 h Ry Ry
= Z |
N \N s
NH NH HN
F F
) 88% yield
" 58% yield . 88% yield (80:20 dl/meso, >99% ee)
(o G(g g)'egomng/e ee) (68:32 dl/meso 92% ee)
¥ OMe
CFs  FiC 81% yield
86% yield °
92% yield 6 yie (87:13 di/meso, >99% ee)

(86:14 d/meso, 98% ee) (92:8 difmeso, >99% ee)

= =
V. s
N~ N~
NH HN NH HN
CF3

90% yield
(91:9 dr, >99% ee)

=
<
N7
NH HN
CFs

93% yield

o
83% yield (87:13 dr, 99% ee)

(91:9 dr, >99% ee)
Scheme 41 EH of terpyridine type N-heteroarenes using a Ru—diamine
catalyst.

Ry

p O
Q ) NO,

HN
Me; 99% yield, 89% ee
Cl; 98% yield, 89% ee

(S,S)-PyMBTH (5.5 mol%)
Cu(OTf), (5 mol%)

Ry Rz
A\ HFIP (2 eq.
+ P .
H NO, DCM,0°C,24-72h

Ri=H,R; =
=H,Ry =

=H.Rx=
R1 MeR; =
Ry =Br, Ry =H; 98% yield, 82% ee

H; 98% yield, 89% ee
H; 99% yield, 91% ee Rt

Ri=H,Ro= >\, : 97% yield, >99% ee

90:10 dimeso?

Scheme 42 Asymmetric Friedel-Crafts alkylation using a Cu-(S,S)-
PyMBTH catalyst. ?10 mol% catalyst (Cu(OTf),/(S,S)-PyMBTH = 1:1.1);
double alkylation occurred.

enantioselectivity with a Ru-L,, precatalyst. The reaction also
tolerated the presence of esters without them undergoing any
reduction (Scheme 43).

The scope of the reaction was extended to the EH of 1,2,3-
triazolo-[1,5-a]pyridines. Under the same conditions these
substrates also showed significant reactivity (Scheme 44). The
enantioselectivity decreased slightly when the length of the
alkyl substitution was increased at C7. Finally, the product was
explored by further hydrogenation, allowing access to the
enantiomer of the natural product monomorine, as shown in
Scheme 45.

Later in 2016 Glorius and co-workers described a structural
investigation of the ruthenium-NHC catalysts that had been
established for the EH of heteroarenes."*® To examine the cata-
lytic activity and selectivity, several chiral and achiral Ru-NHC
complexes were tested on the hydrogenation of 2-methyl-
benzofuran. The investigation revealed the formation of a
structurally novel complex (Ru-L,,) arising from 2 eq. of the
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A= Re [Ru(cod)(2- methylallyl =y Re
R —@?
KO'Bu, "hexane, H,
=
P, F'Undec :

99% yield 99% yleld 99% yield  99% yield 99% yield
94% ee 82% ee 82% ee 90% ee 24% ee
)—COOEt mF

Oi>7 N / Ph .
99% yield 99% yield 88% ee
82% ee 50% ee?

Scheme 43 EH of indolizines using a chiral Ru-NHC complex. [Ru(cod)
(2-methylallyl);] (0.015 mmol), KOBu (0.045 mmol), and Ly,
(0.03 mmol) were stirred at 70 °C in n-hexane (2 mL) for 12 h; later sub-
strate (0.30 mmol) was added, H, (100 bar), rt, 24 h. 240 °C.

L4 (10 mol%)

7\ [Ru(cod)(2-methylallyl) ;] =\
X N\,\]' N‘l\f
KO'Bu, "hexane, H,
R R

= =
N
N Ney
"Dec
99% yield 99% vyield 99% vyield 99% yield 99% yield
66% ee 66% ee 56% ee 55% ee 66% ee

Scheme 44 EH of 1,2,3-triazolo-[1,5-a]pyridines using a chiral Ru-—
NHC complex. [Ru(cod)(2-methylallyl),] (0.015 mmol), KO'Bu
(0.045 mmol), and L,4 were stirred at 70 °C in n-hexane (2 mL) for 12 h;
later substrate (0.30 mmol) was added, H, (100 bar), rt, 24 h.

H

D

"By
(=)-monomorine

= PtO,, HOAc, EtOH

H, (20 bar), rt, 16 h

Scheme 45 Synthesis of unnatural (-)-monomorine.

homochiral carbene precursor L,, reacting with [Ru(cod)
(2-methylallyl),] in the presence of KO‘Bu. The molecular struc-
ture of Ru-L,, features a unique tridentate ligand as a result of
deprotonation of the methyl and naphthyl groups from one of
the usually monodentate carbene ligand. The study also shows
that ligand hydrogenation plays a key role in forming the active
catalyst. Ru-L,, showed high activity and selectivity in the
hydrogenation of 2-methylbenzofuran (Scheme 46). Very
recently, a detailed mechanistic study of a related asymmetric
hydrogenation reaction catalysed Ru-L,4 has been reported.'*°
Kuwano et al. in 2016 reported the EH of azaindoles using a
chiral catalyst prepared from [Ru(n’-methallyl),(cod)] and a
trans-chelating bis-phosphine ligand (L,5) (Table 19)."*" The

This journal is © The Royal Society of Chemistry 2022
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m Ru-Ly4 (5 mol%)
-
X

X=0,8

H, (10 bar), 25 °C

Nhexane, 2.5 h

X =0; >99% vyield
92% ee

X =S8; 98% yield
98% ee

P
cta

Ru-Lyy

@

Scheme 46 EH of 1,2,3-triazolo-[1,5-alpyridines using a chiral Ru-
NHC complex.

catalytic system was established to access partially reduced
azaindoles, ie. azaindolines. Selected examples were further
hydrogenated with Pt/C to provide the chiral products as fully
saturated heterocycles.

Initial attempts at this catalytic EH of azaindoles were per-
formed using a protected 2-methyl-7-azaindole as a model sub-
strate. Whilst a [Rh(nbd),] /PhTRAP (L,;) catalyst exclusively
reduced the pyrrole ring, a remarkable improvement in the
yield and enantioselectivity was observed when a catalyst
derived from [Ru(n*-methallyl),(cod)]/L,s was used for the
hydrogenation. Under the optimised conditions, a broad range
of 2-substituted 7-azaindoles underwent the EH, and 6-, 5-,
and 4-azaindoles were also well-tolerated to provide high yields
and high enantioselectivity (Tables 19 and 20).

In 2017, Glorius et al. established the first EH of imidazo
[1,2-a]pyridines using the same Ru-NHC catalyst.'** In the
initial screening, the hydrogenation was performed on
5-methylimidazo[1,2-a]pyridine as model substrate in the pres-
ence of in situ prepared Ru-L,, in various solvents. Under the
optimised conditions, a series of mono and disubstituted
imidazo[1,2-a]pyridines were hydrogenated providing products

Table 19 EH of 7-azaindoles using a Ru—PhTRAP catalyst

Ru-Lys

Rst EtsN, H, (50 bar), EtOAc Rs [ = Ry
Rs N N 1 60°C,4h Ry N N

Boc Boc
Entry Ry/Ry/R3 Conv (%) Yield (%) ee
14 Me/H/H 100 98 88 (+)
2 "Hex/H/H 100 98 76 (+)
3 'Bu/H/H 80 71 54 (+)
4 "Hex/H/H <5 — —
5 Ph/H/H 17 10 92
67 Ph/H/H 84 77 94 (=)
7° 4-MeOCgH,/H/H 84 77 94 (-)
? 4-CF,C¢H,/H/H 60 56 82 (-)
9? COOEt/H/H 100 9 94 (=)
10° Me/Me/H 87 81 82 (+)
11¢ Me/F/H 100 93 68 (+)
12¢ Me/CF;/H 88 79 62 (+)
13¢ Me/H/Me 100 85 86 (+)

Reactions condition: 0.20 mmol scale in 1.0 mL of EtOAc. “ Without

Et;N. ? In toluene at 40 °C for 48 h. “H, (100 bar).

This journal is © The Royal Society of Chemistry 2022
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Table 20 EH of 6-, 5-, and 4-azaindoles using a Ru—PhTRAP catalyst

me Ru-Ls (2.8 mol%) \ﬂﬁR
1 1
I AN EtsN, H, (50 bar), EtOAC I AN
Boc 60°C, 4 h Boc
X=CH, Y=CH, Z=N
X=CH, Y=N, Z=CH
X=N, Y=CH, Z=CH
Entry Product Conv (%) Yield (%) ee
14 SN 100 98 82 (-)
Me
N A~N
\BOC
2? SN 90 86 88 (-)
I Ph
N A~N
Boc
3 X 100 90 82 (=)
I COOEt
N AN
\BOC
4 N 100 94 90 (-)
Me
Z >N
\BOC
5 N 87 81 84 (-)
| Ph
Z N
\
Boc
A 1 2 4 (—
° I >-cooe 10 s 80)
Z N
‘BOC
7¢ N 100 99 86 (-)
Z N
\BOC
8 Ny 100 99 58 (=)
m”Hex
ZN
\BOC
9 Ns v 100 89 54 ()
| '‘Bu
Z >N
‘BOC
10 N\ <5 — _
-
Z N
\BOC
117 Ny 75 68” 66 (-)
| Ph
Z N
\BOC
12° 100 85 50 (-)

COOEt

Y
Z

Boc

Reaction conditions: 0.20 mmol scale in 1.0 mL of EtOAc. “ Without
Et;N. 2 In toluene at 40 °C for 48 h. € At 100 °C.

in high yields and enantioselectivities. The reaction was found
to tolerate multiple functional groups well, including amines,
amides, esters, silyl ethers, pyridines and halides which could
be utilised for further transformations (Scheme 47).

To showcase the synthetic utility of this newly developed
reaction, a product from the EH was further functionalised
into a bioactive molecule (Scheme 48). The product was depro-
tected and oxidized under Jones-oxidation conditions to
provide  5,6,7,8-tetrahydroimidazo[1,2-a]pyridine-5-carboxylic
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Scheme 47 EH of mono- & di-substituted imidazo[1,2-alpyridines. [Ru
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(150 bar).
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Scheme 48 Application of the tetrahydroimidazopyridine scaffold.

acid. This molecule could further undergo an Ugi reaction to
provide an IDH1 mutant inhibitor. Furthermore, a new chiral
NHC ligand was synthesised, derived from an imidazo[1,5-a]
pyridine.

More recently, the Glorius group explored the EH of 2-qui-
nolones to access chiral 3,4-dihydro-2-quinolones.'*® Initial
experiments were conducted using their previously reported
method, with Ru-L,, as catalyst under 70 bar H, in hexane at
room temperature. In an earlier report,"** no desired product
was obtained for unprotected quinolones. The reaction was
tested on various alkylated quinolones under the optimised
conditions, showing excellent yield and moderate to high
enantioselectivity. The catalytic system tolerated various substi-
tutions, such as alkyl, methoxy, aryl, and fluorine on the 2-qui-
nolones (Scheme 49).

The same group also reported the EH of pyrido-pyrimi-
dones to form multiple stereocenters in adjacent rings leading
to structurally complex motifs."*> The previously reported
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Scheme 49 EH of substituted 2-quinolones using Ru—NHC catalyst.
[Ru(cod)(2-methylallyl),] (5 mol%), KO'Bu (12.5 mol%), Et,O (1 mL).
aHexane (1 mL) and H; (70 bar). °30 °C, 20% [Rul catalyst and H, (70 bar)
for 48 h.

conditions**'%

were adopted for the hydrogenation, which
showed complete chemoselectivity, with moderate to excellent
diastereo-, and enantioselectivity (Scheme 50).

The reaction could be stopped to yield tetrahydropyrido-pyr-
imidinone as a sole intermediate. EH of the isolated inter-
mediate led to opposite diastereomers with excellent diastereo-
and enantioselectivity depending on the chirality of the cata-

lyst used (Scheme 51).

2.3. Rh-Catalysed enantioselective hydrogenation

Rhodium catalysis has been widely used for hydrogenation
since the discovery of Wilkinson’s catalyst. The catalyst is one

N Ry
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Scheme 50 EH of substituted pyrido[1,2-alpyrimidinones using a Ru—
NHC catalyst. ?H, (80 bar).
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Scheme 51 EH of a tetrahydropyrido—pyrimidinone intermediate.

of the most widely used transition metal catalysts for the
hydrogenation of various substrates such as olefins, imines
and later arenes and heteroaromatic compounds. In 2008, our
group disclosed the first examples of EH of dihydroisoquino-
lines and analogues with a chiral cationic Cp*Rh-diamine
catalyst, which afforded tetrahydroisoquinolines and tetrahy-
dro-p-carbolines with up to >99% ee.'*® We subsequently
reported achiral transfer hydrogenation of
N-heteroaromatic compounds, such as pyridines and quino-
lines, using a Cp*Rh(m) catalyst promoted by iodide.'*”**®
Thereafter several groups have exploited chiral rhodium com-
plexes to reduce various N-heteroaromatic compounds.

2.3.1. Indole derivatives. In 2018, Zhang and co-workers
established the asymmetric hydrogenation of unprotected
indoles."*® The strategy made use of an Rh-L,, complex as the
catalyst and a strong Bregnsted acid (Scheme 52). The Bronsted
acid not only activated the aromatic substrate but also allowed
for its interaction with the chiral thiourea moiety of the
ligand, contributing to enantio-differentiation. The catalyst was
found to be highly active, with loadings as low as 0.25% being
feasible. The substrate scope of this transformation was
explored on various 2-monosubstituted and 2,3-disubstituted
indoles. Over a range of substrates, the EH proceeded efficien-
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FsC

Qh@

PhoP Fe

[Rh(COD)Cll,/Lzg

HCI (2 eq.) o w
— LR
H, (40 bar), 25 °C, 48 h Z

then basic work-up Ph,P

96% yield, 98% ee 99% yleld, 97% ee 95% yield, 98% ee

COOEt
. ipent @f}ncw
H m N
H

86% yield, 97% ee

Ry
X
Ret D R
Z N
H

98% yield, 98% ee

N
F H

90% vyield, 96% ee 48% yield, 82% ee

5@ s

62% yield, 98% ee 97% yield, 4% ee

Br:
Br H N

H
70% yield, 93% ee 74% yield, 97% ee

90% yield, 97% ee

H H

76% yield, 97% ee 85% yield, 99% ee

Br
(L
N
H

61% yield, 87% ee

Scheme 52 EH of indoles using an Rh—L;¢ catalyst.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

tly and provided excellent yields, enantioselectivities and
diastereoselectivities (Scheme 52). Furthermore, several aryl
halides were successfully hydrogenated in good yields and
ees, without encountering hydrodehalogenation. Not only are
these challenging substrates due to dehalogenation but the
halides are important as a synthetic handle for further
derivatisation.

2.3.2. Pyridine derivatives. EH of a highly challenging class
of substrates, 3-substituted pyridinium salts, was reported by
Lefort et al. in 2016. In comparison to their 2-substituted ana-
logues, 3-substituted pyridines have proved much harder to
undergo EH in high ee. This is in part due to the usually non-
enantioselective enaminium-iminium tautomerisation of a
partially hydrogenated pyridinium intermediate. It was found,
however, that the addition of a base in the EH of N-benzylated
pyridines could slow down this tautomerization by scavenging
the HBr produced during the reaction (Scheme 53). As a result,
the formation and subsequent hydrogenation of the racemic
iminium salt could be prevented. The corresponding 3-substi-
tuted chiral piperidines were accessed through the use of a
Rh-L,¢ catalyst in the presence of Et;N."*°

In the initial screening, various bases were examined. It was
found that the use of basic amines like DIPEA, DMAP and
Et;N gave the best ee. The optimised conditions for this trans-
formation were found to be [Rh(cod),]OTf /L,,/H,. Under these
optimised conditions, a range of substrates was hydrogenated
with various ees observed (Table 21). The EH was carried out
both in the presence and absence of Et;N to verify the impor-
tance of the base. The ee of the corresponding piperidines in
the presence of Et;N was found to be moderate to good com-
pared to the poor value found in its absence.

In 2019, Glorius et al. established a straightforward route to
access the fluorinated cis-piperidines via hydrogenation using
a dearomatization strategy.*' This reaction overcomes the
limitation of the hydrogenation of fluorinated pyridines, avoid-
ing both the catalyst deactivation and the hydrodefluorination
side reactions. In the initial screening, a borane reagent was
introduced to co-ordinate to the pyridine, not only causing
dearomatization but also preventing poisoning of the catalyst
in following hydrogenation. A known additive 4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane (HBpin) was used for the dearoma-
tization step and various Rh precursors were tested for the
hydrogenation. The Rh-L,g complex was found to show high
activity as well as selectivity (Scheme 54).

7=
N

—_—
Base N r}j
Bn Bn Bn
\ R R
S —
N N
Bn én

Scheme 53 Proposed mechanism for base-promoted EH of 3-substi-
tuted pyridines.
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Table 21 EH of 3-substituted pyridines using a Rh—L;7 catalyst

Bu
R R \
~ [Rh(cod);]0TflLzy 'Bu’PPPPhZ
+ =
N EtsN, THF/TFE (2:1) N Fe
Bn 50 °C, H, (50 bar) Bn @
Josiphos SL-J002-2 (Ly7)
With Et;N Without Et;N

Entry R Yield (%) ee (%) Yield (%) e (%)
1 Ph 50 920() 5 23 (S)
2 Ph 57 84 (S) — —
3 4-CF;C¢H, 20 83(-) 12 14 (-)
4 2-MeCgH, 50 75 (=) 7 30 (-)
5 4-MeOC¢H, 52 90(-) 8 40 (-)
6 2-naphthyl 42 86 (-) 21 20 (=)
7 Me 36 57 (R) <1 n.d.
8 COOEt 2 33 3 -17
9 NHBoc 24 55(R) 25 27 (R)
10 CF; 2 41 2 11
11 "Bu 43 32(-) < n.d.

Reaction conditions: Rh-L,; (2.2 mol%), Et;N (5 eq.), 20 h.
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Scheme 54 Synthesis of cis-(multi)fluorinated piperidine building
blocks.

Under the optimised conditions identified, various di and
multi-substituted fluoropyridines were hydrogenated to the
corresponding fluoropiperidines in high yields and moderate
to excellent diastereoselectivities. Various functional group,
such as silyl ethers, amines and pinacol boronic esters, were
tolerated. To prevent the loss of the volatile fluorinated piper-
idine, the product was trapped after the completion of the
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reaction using trifluoroacetic anhydride. The TFA analogues
were then deprotected to provide fluoropiperidine hydrochlo-
rides. The reaction was also scalable, affording good yields
and excellent cis-selectivities.

To demonstrate the utility of this method, several fluoropi-
peridine products were derivatised to commercial drugs.
Applications towards the synthesis of a Pipphos ligand and
ionic liquids were also demonstrated (Scheme 55).

Fluorinated scaffolds, particularly those based on piper-
idines, are of great interest to medicinal chemists due to the
modification of the chemical and physical properties of a
molecule.** For example, during an investigation into 3-piper-
idinylindole antipsychotic drugs, fluorination was found to
decrease the basicity of the amine (Scheme 56). This increases
the bioavailability and affinity to 5-HT, receptors, which has
been suggested to decrease some negative side effects."*

2.3.3. Quinolines and isoquinolines. In 2016, Zhang et al.
demonstrated that strong Brensted acids promoted asym-
metric hydrogenation of quinolines and isoquinolines with a
Rh-thiourea phosphine complex (Scheme 57)."** In the cata-
Iytic system, a secondary interaction between the substrate and
the ligand of catalyst occurred via anion binding, forming ion-
pair intermediates. The introduction of a strong Brensted acid
not only activated the aromatic ring but also established the
interaction between the substrate and the catalyst. A range of
primarily 2-substituted quinolines and 3-substituted isoquino-
lines were reduced, showing good to excellent yields with high
enantioselectivities. Deuterium labelling experiments indi-
cated that an enamine-iminium tautomerization equilibrium
occurred after the first hydride transfer step.

2.4. Pd-Catalysed enantioselective hydrogenation

2.4.1. Indole derivatives. In 2014, Zhou et al. reported Pd-
catalysed asymmetric hydrogenation of unprotected indoles
using a strong Brensted acid as the activator."*> A wide range
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Scheme 55 Synthesis of fluorinated analogues of commercial drugs,
ligand and ionic liquids.
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Scheme 56 pKj, value of fluorinated and non-fluorinated piperidines.
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Scheme 57 EH of quinolines and isoquinolines using a Rh—thiourea
phosphine complex. Reaction conditions: substrate (0.2 mmol) in 1.2 mL
solvent, substrate/[Rh(COD)Cl],/Lyg ratio = 100/0.5/1.

of substrates bearing primary or secondary alkyl groups were
tested, which provided excellent ees with moderate to excellent
yields. To further show the utility of this reaction, an optically
active, tricyclic indoline derivative was synthesised (Scheme 58).
This was elaborated to a bioactive indoline, whose derivatives
are under investigation as a neuroleptic agent.

Later in 2018, the same group expanded on the Pd-catalysed
synthesis of chiral indoles.’*® A one-pot process was reported,
where substituted anilines could be cyclised to the corres-
ponding indoles and hydrogenated asymmetrically to chiral
indolines (Table 22). Such a reaction could pose several chal-
lenges. Firstly, conditions for the formation and asymmetric
hydrogenation of indoles must be compatible; secondly, by-
products such as water may affect the catalysis and thirdly, the
carbonyl group may undergo hydrogenation before the for-
mation of the indole. A strong Bregnsted acid played a crucial
for both the formation of the indoles as well as their asym-
metric hydrogenation. The optimal conditions for this one-pot
reaction were found to be Pd(OCOCF3),/L3o/H,.

Under the conditions established, various aniline ketones
underwent cyclization and reduction in a one-pot fashion, fur-

Pd(OCOCFs),, (R)-BINAP
L-CSA 2 steps
A\ _— > fo
N
N TFE/IDGM, H (50 bar), 95% N 99.9% ce

N
88% ee Q
Neuroleptic agent

Scheme 58 Pd-Catalysed EH of indole to yield a tricyclic indoline
derivative.
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Table 22 Pd-Catalysed EH of in situ generated indoles

Pd(OCOCFs),/Lsg ‘O
INHBoc EtSO3H, TFE/Toluene (1:1) n PPh,
X N _ R PPh;
|/ g1 Hy (20 bar), 40 °C, 24 h R,/ N ‘O
R
(R)-Hg-BINAP (L)
Entry R/R’ Yield (%) ee (%)
1 Bn/H 98 95 (+)
2 2-MeCeH,CH,/H 91 94 (+)
3 3-MeCH,CH,/H 90 95 (+)
4 4-MeCH,CH,/H 93 95 (+)
5 Me/H 96 90 (+)
6 Et/H 82 94 (+)
7 "Pr/H 84 94 (+)
8 'Pr/H 94 96 (+)
9 "Bu/H 98 94 (+)
10 "Pentyl/H 97 93 (+)
11 Me/2-Me 94 96 (+)
12 Me/2-MeO 91 80 (+)
13 Me/4-MeO 81 84 (+)
14 Me/2,4-Me, 90 94 (+
15 Ph/H 55 68 (—)
Reactions conditions: substrate (0.25 mmol), Pd(OCOCF;),/Lse

(2.5 mol%), EtSO;H (0.50 mmol).

nishing indolines with up to 96% ee (Table 22). The length of
the alkyl chain (R) of the ketone moiety had only little influ-
ence on the ee values. To further demonstrate the practical
usability of the catalytic system, a gram scale experiment was
carried out. Loss of activity or enantioselectivity was not
observed during this reaction.

2.4.2. Quinoline derivatives. Since the first examples of
highly enantioselective quinoline hydrogenation in 2003 with
[Ir(cod)Cl], and a bisphosphine ligand,"*” several platinum
group metals, including Ru, Rh, and Ir, and also organo-
catalysts, have been reported for this transformation. In 2014,
Zhou et al. established for the first time a homogeneous
Pd-catalysed EH of 3-phthalimido quinolines.
Tetrahydroquinolines bearing two stereogenic centres were
obtained in up to 90% ee (Table 23)."*® The optimised con-
ditions for this reaction were found to be Pd(OCOCF3),/Ls1/H,/
TFA. A series of 3-phthalimido-substituted quinolines were
well tolerated. Substrates bearing an alkyl group at the 2-posi-
tion were hydrogenated with high yields and good ees, regard-
less of the length of the side chain. Phenyl substituted sub-
strates gave high yields but poor enantioselectivity.

3. Heterogeneous catalytic
hydrogenation

Heterogeneous asymmetric catalysis presents great opportu-
nities for the production of high-value compounds, including
enantio-enriched heterocycles. The advantages provided
include easy recycling of the usually expensive catalysts, facile
purification of products, and the possibility of the continuous
production of chiral compounds with a fixed-bed reactor.
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Table 23 EH of 3-phthalimido substituted quinolines using a Pd

catalyst
F/HmNPhth O
Z
N Ry

Pd(OCOCF3),/Ly phr,

m «NPhth

Hy (70 bar), PAry
TFA, CH,Cly ‘
O
Ar = 3,4-Methylenedioxyphenyl
Lag

Entry H(or)F/Ry Temp (°C) Yield (%) ee (%)
1 H/"Bu 70 91 90 (S,S)
2 H/Me 70 86 81 ()
3 HJ/Et 80 93 85 (-)
4 H/"Pr 80 97 87 (-)
5 H/'Pr 80 72 80 (-)
6 H/'Bu 80 94 90 (-)
7 H/'Pentyl 80 91 90 (-)
8 H/"hexyl 70 86 90 (-)
9 H/phenethyl 80 95 90 (-)
10 F/"Bu 80 97 79 (-)
11 H/Ph 70 83 14 ()
12 H/(E)-styryl 80 99 90 (-)
13 H/(E)-4-fluorostyryl 80 86 88 (-)

Reaction conditions: substrate (0.10 mmol), Pd(OCOCF3), (5.0 mol%)
and L3y (6.0 mol%), TFA (60 mol%), CH,Cl, (4 mL), H, (70 bar), and
18 h.

Despite the great impact of homogeneous asymmetric catalysis
in the pharmaceutical and fine chemical industries and
research laboratories, heterogeneously enantio-catalysed reac-
tions have been underdeveloped."*'*® A notable contribution
was made by Glorius and co-workers in 2004, who reported the
EH of pyridines substituted with a chiral oxazolidinone moiety
using a heterogenous catalyst.'*" The chiral auxiliary on the C2
position of pyridines was found to induce chirality onto the
piperidines with heterogeneous Pd, Pt or Rh catalysts in an
acidic medium. This was the first report showing highly selec-
tive EH of multisubstituted pyridines. To induce enantio-
selectivity with solid metal catalysts, the simplest and currently
most promising strategy is the modification of the metal
surfaces with chiral organic compounds.'*> Whilst there
are reports on the non-asymmetric hydrogenation of
N-heteroaromatic compounds catalysed by metal nano-
particles, little work has been reported on the asymmetric
version. Wu et al. in 2017 explored the application of
binaphthyl-stabilised palladium nanoparticles (BIN-PdNPs)
containing a chiral modifier as a chiral nanocatalyst in the
asymmetric hydrogenation of indole and quinoline deriva-
43 The Bin-PdNPs nanocatalyst comprised Pd(0) and Pd
(), prepared by in situ reduction of palladium acetate in the
presence of 1,1-binaphthyl-2,2"-bis(diazonium-tetrafluoro-
borate) providing a size distribution of 2.5 + 0.5 nm. The
optimal ratio for the chiral modifier H8-BINAP to Bin-PdNPs
was found to be 1.2:1, with the chiral ligand occupying 34%
of the surface of the nanoparticles.

The screening results on solvents, hydrogen
pressure, and reaction temperature showed that the optimal
conditions for this EH were Bin-PdNPs/(R)-H8-BINAP/H,/L-CSA
additive. With these optimised conditions in hand, the scope

tives.

additives,
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of mainly 2-substituted indoles was explored, displaying good
to excellent yields of hydrogenated products with moderate ees
(Table 24). Furthermore, the reactions were diastereoselective;
cis-products were detected for the 2,3-substituted indoles. The
protocol also worked for the EH of quinolines, with the
optimum chiral modifier being BINAP (Table 25). Previous
work had already established a series of metal-carbon bond
stabilized palladium nanoparticles (MCBS-PANPs) as catalysts
for the hydrogenation and dehydrogenation of N-heterocycles.**

In 2014, the Fan group described a dendronised chiral Ir/
Ru bimetallic polymer catalyst, which was generated using a
chiral polymer derived from flourene and (S)-BINAP. The den-
dronised polymer was used in the asymmetric hydrogenation
of quinaldine with good reactivity and moderate selectivity
(70-73% ee) as shown in Scheme 59.'*

Liu, Li and co-workers developed in 2015 a conjugated
microporous polymer (CMP) embedded with a chiral Ir~-BINAP

Table 24 EH of indoles using a palladium nanoparticle catalyst

R1 R3 R1 R3
N A BIN-PdNPs/(R)-H8-BINAP X
| Ry | P R;
F H 1 eq. L-CSA, DCM/TFE (1:1) N

H
50 bar H,, 60 °C

Entry Ry/R,/Rs Yield (%) ee (%)
1 H/Me/H 85 64 (R)
2 5-F/Me/H 81 50 (R)
3 5-Me/Me/H 92 47 (R)
4 H/Me/4-F-Benzyl 83 48 (R)
5 H/4-Me-Benzyl/H 81 55 (R)
6 H/3-Me-Benzyl /H 86 53 (R)
7 H/Benzyl /H 93 54 (R)
8 H/Phenyl/H 76 31(S)
9 H/p-F-C¢H, /H 51 35(S)
10 H/p-MeO-CH,/H 86 22 (5)

Reaction condition: indole (0.25 mmol),
(2 mol%/2.4 mol%), 1 equiv. of L-CSA, 24 h.

Bin-PdNPs/(R)-H8-BINAP

Table 25 EH of quinolines using a palladium nanoparticle catalyst

R R
m BIN-PANPs/(R)-BINAP 1|\\
ZSN" R, 1eq. L-CSA, DCMITFE (1:1) 7 “N” R,
50 bar Hy, 60 °C H

Entry Ry/R, Yield (%) ee (%)
1 H/Me 93 70 (R)
2 6-Me/Me 95 62 (R)
3 6-MeO/Me 95 46 (R)
4 6-F/Me 71 54 (R)
5 6-COOMe/Me 63 59 (R)
6 H/Et 86 66 (R)
7 H/Phenyl 91 56 (S)
8 H/o-Tolyl 84 46 (S)
9 H/2,4-dimethylphenyl 82 52 (S)

Reaction condition: quinolines (0.25 mmol),
(2 mol%/2.4 mol%), 1 equiv. of L-CSA, 24 h.

Bin-PdNPs/(R)-BINAP

This journal is © The Royal Society of Chemistry 2022
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Scheme 59 EH of quinaldine using dendronised polymer catalyst.

complex as a heterogeneous catalyst. The EH of a range of qui-
nolines proceeded with excellent yield and moderate ees.'*®
Previous reports on the asymmetric hydrogenation of quino-
lines showed excellent selectivities wusing various Ir
complexes;'*”"*° but the catalytic systems have the limitation
of high catalyst consumption due to the formation of an irre-
versible iridium dimer and trimer during the reaction. To over-
come this limitation, Fan developed the EH of quinolines with
chiral dendritic catalysts bearing BINAP."*° In the work of Li
and co-workers, a series of CMPs were synthesized by embed-
ding the chiral BINAP ligand into a CMP network. Using the
optimised conditions, a range of substituted quinolines were
reduced with a low catalyst loading (Table 26).

More recently, Yang and co-workers reported polymer/CNT
composites as a heterogeneous catalyst for the asymmetric

Table 26 EH of quinolines using Ir—-BINAP-CMPs heterogeneous

catalyst
Rzm Ir-BINAP-CMPs, I, Rzm
N” Ry H, (40 bar), DCM (3 mL) NTRy
0.25 mmol 25°C,2h
Ligand v
sol
O l PPh,
» et .
o i O I
O W Ir-BINAP-CMPs”
>,
Entry Ri/R, Conv. (%) ee (%) Config.
1 Me/H 99 70 R
2 Et/H 99 77 R
3 'Pr/H 83 79 R
4 Me/F 99 63 S
5 Me/OMe 97 70 R
Reaction conditions: [Ir(COD)Cl], 0.00125 mmol, I, 0.05 mmol.

“Reprinted from ref 146 with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2022
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hydrogenation of 2-methyl quinoline to give over 90% ee."*! In
2020, this work was developed further for the asymmetric
hydrogenation of quinolines (Table 27). A chiral porous
polymer was integrated with chiral (1R,2R)-N-(4-vinylbenzene-
sulfonyl)-1,2-diphenylethane-1,2-diamine(VDPEN)-Ru-OTs sites
as well as substrate activation sites (TsOH)."*” Initially various
catalysts at different temperatures were screened. The bifunc-
tional porous polymer (P-C-Ax)-Ru-OTs catalyst, where C
denotes the chiral site, A the acidic site and X refers to the
molar ratio between A and C, provided 99% yield of the corres-
ponding tetrahydroquinoline product in 12 h when x > 0. The
activity of the catalyst was drastically increased by the incorpor-
ation of TsOH into the polymer network. With a similar H'/Ru
ratio, P-C-A, o-Ru-OTs was found to be much more active
than P-C-A,-Ru-OTs in the presence of 1 equiv. of TsOH,
showing that the pre-organised close contact of acidic sites
and chiral centres has a synergistic effect on the EH. TsOH
incorporation in the polymer network also improved the stabi-
lity, allowing the catalyst P-C-A;,-RuOTs to be recycled
5 times without a drop in ee and with only a small drop in
activity. In addition to the EH reaction, benzo-quinolizidines
were synthesised using the bifunctional polymer catalyst via a
cascade asymmetric hydrogenation/reductive amination reac-
tions from 5-(quinolin-2-yl)pentan-2-one.

Very recently, Glorius et al. reported a simple, cis-selective
hydrogenation of multi-substituted fluorinated pyridine
derivatives using a heterogeneous Pd catalyst (Scheme 60).">?
Initially, the hydrogenation of 3-fluoropyridine was studied
using various heterogeneous catalysts in a variety of organic
solvents. In these conditions, the catalyst was not found to be
active enough. Several modifications to the reaction con-
ditions, such as pressure, temperature, catalyst, and the
addition of acid, were tested. The optimal conditions were
found to be 5-10 mol% Pd(OH),/C/H,/aq. HCI (or aq. H,SO,).
Other heterogeneous catalysts could lead to defluorination,
and the absence of acid resulted in low yields of hydrogenated

Table 27 EH of quinolines using a polymer/CNTs composite as a
heterogeneous catalyst

§a
R1\©\/j Ru catalyst R4 % % »Qi': a
9V .
= H, (50 bar), m 2l igr O
N" Re MeoH, 24 h N R pcaeruors f@“*“
(P-C-A-RuOTf) [ Ts0H

Entry Ry/R, Temp (°C) Yield (%) ee (%)
1 H/"Bu 20 96 88
2 Me/Me 20 95 92
3 F/Me 20 94 90
4 Br/Me 20 96 88
5 H/Ph 40 87 72
6 H/4-MeOCgH, 40 83 71
7° H/2-naphthyl 40 99 50

Reaction conditions: S/C = 100, 0.20 mmol of the substrate, 1 mL of
MeOH. Reprmted from ref 152 with permission from American
Chemical Society. 2 mL of MeOH.
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R 5-10 mol% Pd(OH),/C R
ag. HCl or H,SO4 [\/\
N H, (50 bar ) N

MeOH or THF/H,0 (0.5 M)
25-40°C, 24 h

6767

Cbz
76% yield, dr >95:5
10 mmol: 67%, 1.67g

F. F. F.
F. COOMe
F
H H H N
F F CFy Cbz
13

30% yield, dr 86:14

s,

F F
R= Fmoc: 59% yield, dr >95:5 \(j’

R= Piv: 62% yield, dr >95:5 N
)
R=Tos 58% yield, dr >95:5 Cbz
30% yield, dr >95:5

50% yield, dr 89:11
F axial

Csz ;@

60% yield, dr 88:12 57% yield, dr >95:5
F axial F axial

Csz Jﬁj

Cbz Ph
42% yield, dr 92:8 55% yield, dr >95:5 52% yield, dr 71:29:
F axial F axial F axial

Scheme 60 Diastereoselective hydrogenation of fluoropyridines with
Pd(OH),/C.

product. Purification of the unprotected fluorinated piper-
idines was found to be challenging due to their volatility. The
piperidines were therefore trapped with different protecting
groups. Fmoc and sulfonamide-protected fluorinated piper-
idines showed good yields with excellent diastereoselectivities.
Selected examples are seen in Scheme 60.

To showcase the utility of the method, several fluorinated drug
derivates were prepared. As shown in Scheme 61, fluorinated
derivatives of methylphenidate, bupivacaine and ropivacaine were
synthesised from the corresponding fluorinated piperidines. In
the presence of a chiral auxiliary, the hydrogenation allowed
enantioenriched fluorinated piperidine to be synthesised.

The auxiliary strategy was further advanced by Glorius et al.
in 2021, who reported the enantio- and diastereoselective
hydrogenation of oxazolidinone-substituted pyridines using
Pd/C as catalyst to access enantioenriched 8-lactams.">* Initial
screening showed that the use of a strong Brensted acid in
combination with H,O was critical to the formation of the
lactams. Under the optimised conditions, a series of oxazolidi-

F oF
o H,S0,, MeOH o
N NH, 89% yield N OMe
o opn Ph

fluoromethylphenidate

F.

F
QH Bl KOs \(j\y(
N N
N 1
H o) DMP "Bn O

ZT

72% vyield
fluorobupivacaine

F
fI( e (\Lm“
N
DMF b
/\ﬁj 87% yield Pr O

fluoropivacaine

Scheme 61 Synthesis of fluorinated piperidine and drug derivatives.
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none-substituted pyridines were reduced, affording alkylated
8-lactams in high yield and excellent enatioselctivities as
shown in Scheme 62. Various functional groups could be toler-
ated without a considerable decrease in yield or ee. This
method could also be used to form multiple stereocenters in
high selectivity. The utility of this reaction was further demon-
strated on a 2 g scale.

A proposed mechanism for the hydrogenation is seen in
Scheme 63. Initial hydrogenation occurs by the addition of H,
to form an oxazolidinone-substituted iminium I. Nucleophilic
substitution with water forms the product II while releasing the
chiral oxazolidinone, and tautomeriztion of II yields the final
product. Due to the interruption by water, the hydrogenation of I
to give the normal hydrogenation product III is suppressed.'*>*>>

4. Organocatalytic and other
miscellaneous asymmetric
hydrogenation

As is clear, the asymmetric hydrogenation of N-heteroaromatic
compounds has been widely explored with various transition

7~ Bn

R& | 1 Pd/C (10 mol%), Hy (50 bar) R’/l
NTON
)\/0 HCI (2.4 eq.) KN 0
o H,O/THF (0.15 M, 1/1) H
40°C, 24 h
i A N o H it N"o
89% yield 90% yield 87% yield  40% yield 84% yield i

66% yield

96% ee 96% ee 0% ee®  24% ee? 98% ee® 96% ce

>95:5 dr

CF4
FsC” "N” 0 N0 N0 HRCTTN /(l
H H MeOOC N
32% yield 66% yield 66% yleld 64% yield 73% yield o
94% ee 92% ee® 86%ee 49 eet 98% ee 832’:/3:6'“
R COOMe COOMe COOMe
N0
H
R = Me, 65% yield; 76% ee® 80% yield 30% yield 86"/3 yield 86% yield
R = CF3, 87% yield; 90% ee? 94% ee 78% ee 86% ee 86% ee
>95:5dr >95:5 dr

R=F, 76% yield; 84% ee?

Scheme 62 Synthesis of 2-piperidones via palladium catalysed hydro-
genation.  Chiral  auxiliary: ?4-isopropyloxazolidinone,  °4-tert-
Butyloxazolidinone, “Epimeric (R)-isopropyloxazolidinone.

R
R Z I Bn Bn R
7 H,0
S, e Sy N/ko . +/ m
o} H* H, P - oxazolidinone H
o ! pted arene hydrc 1
by nucleophilic attack
R Bn R
Pd/C . x *(j
o

n classic arene hydrogenation
product

Scheme 63 Proposed mechanism for the hydrogenation of pyridines
to form lactams.

This journal is © The Royal Society of Chemistry 2022
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metal catalysts. This often requires harsh reaction conditions
and/or specific substrates. In addition, the use of expensive
and toxic noble metals poses a potential problem for practical
applications. Recently, an organocatalytic transfer hydrogen-
ation strategy has been explored for the asymmetric hydrogen-
ation of N-heteroaromatic compounds. This metal-free
approach to hydrogenation is of great interest and an underde-
veloped field in the EH of N-heteroaromatic compounds.

In 2014, Zhou et al. developed an efficient ATH of quinolin-
3-amines with a phosphoric acid as catalyst to access chiral
exocyclic amines with high diastereo- and enantioselectivities
(Table 28).*® Previous successful applications of chiral phos-
phoric acids (CPAs) in the ATH of C=C, C=N, and C=0
double bonds with Hantzsch esters as the hydrogen source
led to further development of the catalytic system for
N-heteroaromatic compounds.’®”*®® TInitial screening estab-
lished the use of a sterically demanding CPA catalyst (5 mol%)
and Hantzsch esters (2.4 eq.) as the hydrogen source in 1,4-
dioxane/CH,Cl,. With these optimised conditions, the sub-
strate scope and limitation of this strategy were explored. All
the 2-aryl substituted substrates were converted to the corres-
ponding products in high yields with high ees, regardless of
the electronic properties of the C2 substitution.

Two possible mechanistic routes were postulated for the
reaction (Scheme 64). In path a, the partially reduced inter-
mediate I isomerises to exocyclic imine II; in path b, I iso-
merises to endocyclic imine III. A deuterium labelling experi-
ment illustrated that the reaction mainly proceeds via the
endocyclic imine intermediate III (path b), and a kinetic
dynamic resolution process is involved to afford the enantio-
enriched product.

The discovery of frustrated Lewis pair (FLP) chemistry was a
breakthrough in the emerging metal-free hydrogenation using
molecular H,.'®*'®® Initial studies in FLP catalysis was con-

Table 28 ATH of quinolin-3-amines using a chiral phosphoric acid
catalyst

Ar
NHTs Etooc COOEt i Emote S m WNHTs ‘ o0
°F
m II Tadioxane 0" ok
25°C

View Article Online

Review

NHTs NHTs
. | patha
N
n

path b l
N Ph
H

Scheme 64 Proposed mechanism for the hydrogenation of quinolin-
3-amines.

N
H

ducted on a wide range of unsaturated compounds, such as
olefins, alkynes, imines, oxime ethers etc.'®® Stephan et al. in
2010 first described the hydrogenation of N-heteroaromatic
compounds using the Lewis acid B(CgFs)s.'®” Later in 2013, Du
et al. established the cis-selective hydrogenation of simple pyri-
dines using a borane catalyst (Table 29)."%®

Reaction conditions were initially screened for the hydro-
genation of 2,6-diphenylpyridine. A Piers’ borane catalyst with
H, (50 bar) in toluene at 100 °C was chosen as the most
efficient condition. In situ generation of boranes by hydrobora-
tion of an alkene with HB(C4Fs5), led to a more active catalyst,
and electron-deficient alkenes were found to be more effective.
With these conditions in hand, the substrate scope was
explored. Various 2,6-disubstituted pyridines were reduced,
affording high to excellent yield of the corresponding cis-piper-
idines (Table 29). This method was used to synthesise
the natural product isosolenopsin A'®® in racemic form
(Scheme 65). Good yield and diastereoselectivity were
achieved.'® Isosolenopsin A displays various biological activi-
ties, such as antibacterial properties."”®

Table 29 cis-Selective hydrogenation of pyridines using an alkene-
derived borane catalyst

Z CeFs (10 mol%)

| N HB(CgFs), (10 mol%) J\/l
Z H, (50 bar) R

" R” N Ar N~ SAr
2 Aeq C1 (Ar=2,4,6-PrCaHy) toluene, 100 °C, 20 h H

Entry Ry/R, Yield (%) ee (%)  Entry R/Ar Yield (%) dr (%)
1 H/C¢H; 94 95(S,8) 1 Me/CeHs 96 95:5
2 H/3-MeCgH, 96 97(-) 2 Me/4-MeOC¢H, 98 96:4
3 H/4-MeCgH, 98 =) 3 Me/4-PhCgH, 96 96:4
4 H/4-"BuCeH, 93 - 4 Me/4-CF,CgH, 86 97:3
5 H/4-MeOCgH, 9 - 5 Me/4-CIC4H, 88 96:4
6 H/4-CIC¢H, 97 (-) 6 Me/3-MeOC¢H, 96 96:4
7 H/4-BrCeH, 99 96 (-) 7 Me/2-naphthyl 99 96:4
8 H/4-FCgH, 93 (- 8 Me/4-allyloxyCeH, 80 96:4
9 H/4-CF;C¢H, 99 = 9 R=Ar=Ph 98 98:2
10 H/2-naphthyl 91 (= 10 R = Ar = 4-MeC¢H, 97 98:2
11 F/C¢Hs 94 (- 11 R = Ar = 4-MeOCg¢H, 99 98:2
12 H/3-pyridinyl 70 =) 12 R = Ar = 2-furyl 93 90:10

13 4-FCH,/4-MeOCGH, 92 99:1
Reaction conditions: substrate (0.125 mmol), Hantzsch ester

(0.300 mmol) in 1,4-dioxane/CH,Cl, (2: 1, 3.0 mL), C; (5 mol%), 24 h.

This journal is © The Royal Society of Chemistry 2022
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= \CoFs (10 mol%)

/(j HB(CsFs)2 (10 mol%) )\/l
N H, (50 bar) N C11Has

C1qHz
toluene, 100 °C, 20 h

isosolenopsin A
60% yield, dr 93:7

Scheme 65 Synthesis of natural product isosolenopsin A.

In further studies, Du et al. expanded on the previously
reported work by developing an enantioselective and cis-selec-
tive metal-free hydrogenation of quinoxalines (Scheme 66)."”"
Previous results on novel FLP catalytic systems for the asym-
metric hydrogenation of imines and silyl enol ethers encour-
aged them to expand the utility of FLP on the EH of other
N-heterocycles. Initial optimisation of the reaction allowed for
the hydrogenation of 2,3-disubstituted quinoxalines giving cis-
products. An asymmetric version was then developed using a
chiral diene-borane catalyst, with the diene based on a chiral
binaphthyl framework (C,). The borane catalyst was generated
by the in situ hydroboration of the chiral diene with HB(C¢Fs5),
under mild reaction conditions The catalyst allowed for the
formation of tetrahydroquinoxalines in moderate to high
enantioselectivities.

The ATH of 2,3-disubstituted quinoxalines was also realised
using the combination of HB(C¢Fs), and (R)-tert-butylsulfina-
mide as a chiral FLP catalyst (Scheme 67). Ammonia borane
was used as the hydrogen source.'”” The ATH of 2-alkyl-3-aryl-
quinoxalines provided high cis-selectivities with up to 86% ee.
However, when 2,3-dialkylquinoxalines were used as sub-
strates, the desired products were obtained with lower dr
values (trans : cis) but higher ees.

Following their work on quinoxalines, Du et al. reported the
metal-free EH of 2,4- and 2,3-disubstituted quinolines using a

Rs Catalyst?®
AN R 10 mo% HB(CGF5)2
L X I
N R, HQ (20 bar), toluene

H
L
N~ "Me
H
94% yield, dr=98:22
H
Clj@[NIMS
Cl N Ph
H
87% yield, dr=93:72

sudy

91% yield, dr >99:1
ee: 96%°

H H H
L "0 X

N~ "Ph D[

H H

97% yield, dr=99:12 95% yield, dr=>99:12 92% yield, dr=99:12

H H
QoL oo :
NTTPh N Br @:N:fph
H H

99% yield, dr=99:12 82% yield, dr >99:1
ee: 89%°

H H H

RSN CONG N
N” “Ph  CI N™ "Ph N~ "Ph
H H H

87% yield, dr=99:1
ee: 86%"

93% yield, dr=96:42

85% yield, dr >99:1
ee: 94%°

99% vyield, dr >99:1
ee: 92%P°

Scheme 66 Diastereo and enantioselective reduction of quinoxalines
with a borane catalyst. “Catalyst: B(CgFs)s (10 mol%) or B(p-HCgF4)3
(5 mol%) was used. °Catalyst: chiral diene C, (10 mol%) was used.
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R .
@[Nim HoN">g,, / HB(CFs);
Z N/ R, NH;BH; (2 eq.), solvent, 30 °C, 24 h
H
oL OO I
N Ph
H

78% yield, 78% ee 95% yleld 82% ee
dr=94:62 dr=96:42

/Trj\ b\ % Ra=H 87% yield, 99% ee

Rs H
X
= u Ry
H H
o CUx,
N Ph
Me’ H Ph H

84% yield, 86% ee
dr=94:62

72% yield, 84% ee
dr=94:62

82% yield, 77% ¥ % Y 9 or=71:29°
o yle_ A ee 79% yle_ld, 823/0 ee 95% yield, 77% ee Ra=F 72% yield, 98% ee
dr=95:5 dr=97:3 dr=96:42 dr=64:36°

Ry H
it o
I N "Pr
H Me H
72% yield, 98% ee
dr=58:42°

O O

78% yield, 99% ee
dr=29:71°

R3=Cl 78% yield, 99% ee
dr=55:45°

R3=Me 85% yield, 99% ee
dr=72:28°

93% yield, >99% ee
dr=59:41°

Scheme 67 ATH of quinoxalines using a butylsulfinamide derived
borane catalyst. Reaction condition: quinoxaline (0.30 mmol), HB(C¢Fs),
(0.06 mmol), (R)-tert-butylsulfinamide (0.09 mmol), and ammonia
borane (0.60 mmol) in a solvent (3.0 mL) at 30 °C. ?Solvent = CgHsBr/
n-hexane (3:7). ®Solvent = CH,Cl,.

similar chiral diene-derived borane catalyst to yield highly
diastereoselective tetrahydroquinolines with good to excellent
ees (Table 30)."”% Various chiral dienes were initially investi-
gated for this hydrogenation. On finding a chiral diene that
provided high yields and selectivities, reaction conditions were
further optimised. Lowering the temperature to 15 °C was
found to give 90% ee and a catalyst loading of 10 mol% pro-
vided good to excellent yields without loss of diastereo-
selectivity or enantioselectivity. The EH tolerated aryl substitu-
ents containing both EWGs and EDGs at the 2- and 4-positions
of quinolines, showing high levels of diastereoselectivities and
enantioselectivities (Table 30). Furans, thiophenes, and alkene
substituents were all well tolerated in this FLP catalytic system.
However, alkyl substituents at 2- or 4-position of quinoline
gave only low to moderate ees.

More recently, Song et al. described a new Brgnsted acid
catalyst for the asymmetric reduction of indoles with a hydro-
borane (Scheme 68). The chiral Bronsted acid was generated
in situ from a chiral phosphoric acid (C,) boron complex
(CPAB) by interaction with water."”* TsOH, a strong acid, had
been previously used to protonate the C3 position of 2-alkyl-
indoles forming an iminium salt."”>'”® Treatment with a suit-
able reducing agent allows for the conversion of the iminium
into the corresponding indoline. DFT calculation demon-
strated that the newly designed CPAB-derived acid catalyst is
more acidic than TsOH and possesses higher reactivity, higher
selectivity, and better versatility. The Brensted acid activates
the indole and facilitates its stereoselective reduction to form
the chiral indoline. Initial optimisation showed that the
CPAB-H,0 catalysed reaction proceeded at —50 °C in toluene.
Under the optimised conditions, a range of substituted

This journal is © The Royal Society of Chemistry 2022
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Table 30 EH of quinolines using a chiral diene-derived borane catalyst

Ar
L

Rs
©\/\/ER2 HB(CgF5)2/Cs @(IRZ
N/ Ry H; (20 bar), toluene, N"OR, OO ~
15°C, 24 h H Ar
Ar = 2Pr0-5-BuCgH,
Cs
Entry Product Yield (%) cis/trans e (%)
1 Ph 91 97:3 91
N X
Ho [ R
R=H
2 R =2-Br 86 99:1 97
3 R =4-CF; 75 95:5 87
Ph
N~ “Ar
H
Ar=2-furyl
4 Ar = 2-furyl 80 98:2 87
5 Ar = 2-thienyl 93 98:2 89
6 é 89 96:4 96
O N Ph
H
R=F
7 R=Me 90 98:2 90
8 Me 91 >99:1 69
N1 R
R=H
9 R =3-Br 99 >99:1 66
10 R =4-CF; 92 >99:1 70

Reaction condition: quinoline (0.40 mmol), HB
chiral diene (0.02 mmol) in toluene (0.8 mL).

(C6Fs), (0.04 mmol),

_ Ci(t0moi%)

+

> > ‘O
L) (e SOy 08
Z H,0, toluene, 24 h o P
R 3

R

- ’/ \
~0-R 0o -0k |0
{+ Jdog :@ o e \o'l

o o

CPAB

Iz )

R=2,4,6-(Me)3CgH,
Cy
Chiral Bronsted acid

p ) <0 "C—=O
H H ﬂ H

R=0CF3, 47% yield, 92% ee
R=CF3, 62% yield, 92% ee

88% yield, 91% ee R=0OMe, 99% yield, 93% ee
R=Ph, 66% yield, 96% ee
R=Me 91% yield, 91% ee
R=F, 58% yield, 93% ee
R=Cl, 94% yield, 92% ee

oS o 0 et

R=Br, 80% yield, 84% ee
R=l, 94% yield, 87% ee
R=Me, 92% yield, 93% ee

R ~ s

95% yield, 86% ee

74% yield, 96% ee
R=COOMe, 26% yield, 93% ee

R=CN, 79% yield, 84% ee
R=NO,, 77% yield, 83% ee

83% yield, 87% ee 78% yield, 82% ee 83% yield, 93% ee

70% yield, 85% ee 85% yield, 93% ee 83% yield, 87% ee

Scheme 68 EH of indoles using a chiral phosphoric acid—boron
complex. Reaction conditions: substrate (0.1 mmol), catecholborane
(0.3 mmol), H,O (0.3 mmol), C4 (10 mol%), toluene (4 mL), —50 °C.
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Oy S (e
N (¢] H,0 (3 eq.) H
H Toluene, 24 h
1.01g 91% ee
(o]

EDCI (1.3 eq.)

AKT(PKB) phosphorylation
inhibitor 11, 93% ee

©\/><Ph N OEt
” CH(COOEt);3 (4 eq.)

Ph
Analogue of HIF Prolyl
hydroxylase inhibitor

U
Ph N

PhCN, O o}

AICI; (1 eq.) H
BCl; (1.1 eq.) N

PhNH,
TiCl, (0.75 eq.)

T, “1Ph

“1Ph

ZT

81% yield, 79% ee

Scheme 69
complex.

Synthetic applications of the chiral phosphoric acid—boron

indoles was reduced with up to 96% ee. The results show that
the substitution on the indole moiety has no major effect on
the reactivity or selectivity. Potential functional handles such
as BPin, Br, COOMe, CN and OMe were tolerated. To demon-
strate the practical usability of the catalytic system, a gram
scale asymmetric reduction was performed. No detrimental
effect on reactivity or enantioselectivity was observed.

The importance of the resulting indolines was further
demonstrated by elaboration of the phenyl substituted indo-
line into two different potential drug molecules, each with
differing biological targets. The methodology was also used to
synthesise a chiral ligand (Scheme 69).

5. Conclusion

This review shows the scope of a number of catalytic systems
for the diastereo- and enantioselective hydrogenation of
various N-heterocycles that have been developed over the past
decade. While great progress has been made in transition
metal catalysis, recent developments in organocatalysis and
heterogeneous asymmetric catalysis have shown new promise.
However, despite the advances made, there remain several
challenges. For most of the catalysts reported, the substrate
scope is narrow and often, a different type of substrate requires
a different set of conditions. The field is also dominated by
metal catalysts based on a few noble metals, Ir, Rh and Ru,
which are not only expensive but also toxic, making their com-
plete removal and reuse necessary. In addition, the reaction
conditions tend to be harsh, with high pressure usually necess-
ary when using H,. Consequently, the reaction is yet to be
widely utilised in industrial processes. In comparison, the
asymmetric reduction of olefins has seen many successful
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examples at an industrial scale. Clearly, much remains to be
done to provide more efficient, greener and more economic
catalytic systems for the asymmetric hydrogenation of
N-heteroaromatic compounds.
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