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Chiral catalysts play a crucial role in the realm of asymmetric catalysis. Since their breakthrough
discovery in 2006, chiral frustrated Lewis pairs (FLPs) have risen as a novel catalyst category for a broad
range of metal-free asymmetric reactions. This review provides an overview of the remarkable progress
made in this field over the past 15 years. The design and synthesis of chiral FLPs and their applications in

hydrogenation, hydrosilylation, transfer hydrogenation, and various other reactions are summarized and
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Introduction

Asymmetric catalysis represents the most efficient and powerful
pathway for the synthesis of optically active compounds, which
are in growing demand for chemical, pharmaceutical, agri-
cultural, and material science applications. Generally, chiral
catalysts play a key role in asymmetric catalysis, and the pursuit
of innovative catalysts stands as one of the most important
subjects of this field." In 2006, Stephan and co-workers found
that sterically encumbered Lewis acids and bases could form
unquenched Lewis pairs deviating from the conventional Lewis
acid-base adducts, which were later vividly named frustrated
Lewis pairs (FLPs) (Scheme 1).> An unusual property of FLPs is
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that they could activate dihydrogen reversibly, which belongs to
the inherent advantage of transition metals for a very long
period. Shortly thereafter, a pioneering example of the FLP-
catalyzed hydrogenation of imines was disclosed, which paved
a metal-free way for catalytic hydrogenation.® A significant
advancement in the rapid expansion of FLP catalysts and
substrate scope for the catalytic hydrogenation has been
achieved over the past 16 years.*

Another pioneering work was reported by Klankermayer and
co-workers in 2008. An asymmetric hydrogenation of an imine
was realized by using a chiral borane generated from (+)-o-
pinene and HB(CgFs),, yielding the desired amine product with
13% ee (Scheme 2).° Despite its modest enantioselectivity, it
marks the commencement of chiral FLPs stepping into asym-
metric catalysis as a novel class of catalysts.

As a dual-component class of catalysts, the apparent simpli-
city and versatility in the design of FLPs may suggest that either
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Scheme 2 Initial asymmetric hydrogenation catalyzed by a chiral borane.

the Lewis acid, the Lewis base, or both could serve as the chiral
element. However, the actual process of developing chiral FLPs
is a formidable undertaking, dictated by their intrinsic char-
acteristics. In the realm of Lewis acid components, chiral
boranes deviate obviously from metallic Lewis acids, which
could rely on numerous chiral ligands to form structurally
diverse complexes. In contrast, chiral frameworks must be
integrated into the boron centre through covalent bonds. The
absence of secondary interactions between the substrate and
catalyst makes it difficult to find an effective chiral framework
to govern the enantioselectivity. Moreover, their strong acidity,
bulky structures, and sensitivity to moisture render the synth-
esis and purification of chiral boranes a formidable task.
Conversely, the landscape of Lewis base components unveils
a different facet. Chiral Lewis bases manifest robust stability
and convenient accessibility indeed. Nevertheless, asymmetric
induction with chiral Lewis bases remains a conundrum,
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primary due to the inherent mechanism of hydrogenation
and the unavoidable competition of the substrates as achiral
Lewis bases. Despite these obstacles, an assorted array of chiral
FLPs have been successfully developed and applied in asym-
metric reactions (Fig. 1).°

The development of chiral FLP catalysts can be roughly
delineated into three stages: chiral Lewis acid-driven FLPs
(commencing from 2008), chiral Lewis base-driven FLPs
(initiated from 2016), and achiral FLPs in concert with other
types of chiral catalysts (commencing from 2021). The synthesis
method of chiral boranes can be categorized into three proto-
cols. The first one is the hydroboration of chiral alkenes with
Piers’ borane HB(C¢Fs),. The second one is the substitution
reaction of (C¢F5),BCl;_, with chiral organometallic reagents.
The last one is the in situ hydroboration of chiral alkenes or
alkynes with Piers’ borane obviating the need for purification,
which stands as a more efficient and convenient method. The
realm of asymmetric reactions catalyzed by FLPs has also been
transcended from hydrogenation to hydrosilylation, transfer
hydrogenation, Mannich-type reactions, and cyclization reactions.
Moreover, the advent of heterogeneous chiral FLP catalyst systems
further augments the scope of this catalytic modality.

In this review, we provide an overview of the significant
progress accomplished over the past 15 years. The architecture
of this review is according to the reaction categories, including
asymmetric hydrogenation, asymmetric hydrosilylation, asym-
metric transfer hydrogenation, and other asymmetric reactions.
Examples in each reaction category were summarized accord-
ing to the substrate type. We highlight both the merits and
limitations of FLP-catalysis and wish to provide some useful
information for future development.

1. Asymmetric hydrogenation

The asymmetric hydrogenation of unsaturated compounds has
achieved great success and become one of the most reliable
tools for the synthesis of optically active compounds. This field
has been traditionally predominated by chiral transition-metal
catalysts. Since the seminal discovery by Stephan and co-
workers, chiral FLPs have risen to prominence as a distinct
category of metal-free catalysts for the asymmetric hydrogena-
tion. Notably, they exhibit some distinctive merits. The sub-
strate scope was also expanded from the initial imines to
encompass alkenes, heteroarenes, and ketones.

1.1 Asymmetric hydrogenation of imines

Having reported the initial example of asymmetric hydrogenation
with a chiral borane, Klankermayer and co-workers devoted their
efforts toward the design and synthesis of more effective chiral
FLPs.” As illustrated in Scheme 3, the reaction of (1R)-(+)-camphor
(1) with phenylmagnesium bromide followed by dehydration
yielded chiral alkene 3.

Subsequent hydroboration of 3 with HB(C¢Fs), produced
a pair of chiral borane diastereomers 4 and 5 in a 1:4 ratio,
which brought about difficulty in terms of their separation at
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Scheme 3 Synthesis of chiral boranes and their application in asymmetric
hydrogenation.

this point. Fortunately, a resolution was eventually attained
through a partitioning of salts 6 and 7, generated by the splitting
of H, with tri-tert-butylphosphine and boranes. The X-ray analysis
of salts 6 and 7 unveiled multiple C-H- - -F interactions between
the phosphonium and hydridoborate moieties. Salt 7 proved to be
a more effective catalyst, delivering the desired amine products 9
in high yields with 74-83% ee, thus representing the first highly
enantioselective example achieved in the field of FLP catalysis. In
succession, the same research group developed a stable intra-
molecular phosphine-borane FLP salt 10, which could be recycled
under ambient conditions and reused in the asymmetric hydro-
genation of imines 4 times without loss of any activity and
enantioselectivity (Scheme 4).®
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Scheme 4 Asymmetric hydrogenation with a recyclable chiral FLP
catalyst.

In the year 2020, Repo, Papai and co-workers made a
modification of this category of chiral boranes using density
functional theory (DFT) calculations. Employing chiral borane
11, the asymmetric hydrogenation of imines 8 could produce
amine products 9 in high yields with up to 95% ee (Scheme 5).°
Impressively, the predicted DFT analysis was in close agree-
ment with the experimental results. Specific aryl-aryl and aryl-
alkyl catalyst-substrate interactions are found to be essential
for stereoinduction.

The Erker research group developed a planar-chiral ferro-
cene-based phosphonium/hydridoborate 12 through the hydro-
boration of terminal alkenes with HB(CFs), for the asymmetric
hydrogenation of imines, but only 26% ee was achieved
(Scheme 6).'° The introduction of a phenyl group into the
alkene engendered the formation of chiral borane diastereo-
mers during the hydroboration process.'’ After being treated
with H,, phosphonium/hydridoborate 13 could be easily
obtained as the major isomer. Notably, the presence of an
adjacent chiral stereogenic center to the boron of 13 is helpful
to improve the enantioselectivity.

Repo and co-workers developed a chiral ansa-ammonium
borate catalyst 14 for the metal-free hydrogenation of imines 8,
yielding the corresponding amines 9 with up to 35% ee
(Scheme 7). In 2015, the same research group disclosed the
synthesis of a chiral binaphthyl-linked aminoborane and its

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00701d

Open Access Article. Published on 14 November 2023. Downloaded on 2/7/2026 7:17:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

.R _R
NI 11 (5 mol %) HN
Ph/l\ H; (50 bar) PR
toluene, 25 °C, 24 h 9
o _Bn
HN,Ph 99.5% ee N HN
: (calculated) )\ H
Ph/\ Vs Ph”* Ph/\

99% (92% ee) 99% (93% ee) 99% (33% ee)

Scheme 5 Asymmetric hydrogenation of imines with chiral borane 11.

.R
NI 12 or 13 (20 mol %) un-PB
LA ol e A
Ar)\ H,, (60 bar), rt, 96 h /'\
8 9
H.©
B(CeFs)2
B &/ J BH(CoFs):
PMes ®hMes;
o L ij 5
10 26% MeO
upto e @ 61% (69% ee) @
12 (S, R)-13
Scheme 6 Planar-chiral FLP-catalyzed asymmetric hydrogenation of
imines.
I I NH, (1) Prl, Ko,CO4 “ ,LJ\
—_—
Cy ey
B F
(CeFs)2 15 16
L O,
n-BuLi N Hy ®NIy
B(CgF5)oCl O O B(CgFs)2 OO %H(Cst)z
17 18

Scheme 7 Synthesis of chiral ansa-ammonium borate catalysts.

application in the asymmetric hydrogenation of imines and
enamines."? The stepwise introduction of methyl and isopropyl
groups into the nitrogen atom of 15 followed by the substitu-
tion of the iodine atom with CIB(C¢Fs), delivered intra-
molecular aminoborane 17. Subsequent treatment of 17 with
H, afforded ammonium borohydride salt 18, which is a highly
effective catalyst for the enantioselective hydrogenation of
unhindered imines 8 and enamines 19, delivering the corres-
ponding amines 9 in moderate to good yields with up to 99% ee
(Scheme 8). DFT calculations indicate that both repulsive steric
and stabilizing intramolecular non-covalent forces are very
important in the hydride transfer step of the catalytic cycle.
To circumvent the tedious isolation and purification of
sensitive chiral boranes, Du and co-workers introduced a pio-
neering strategy. This novel approach pivoted on the in situ
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Scheme 9 The synthesis of chiral dienes and the development of chiral
boranes.

hydroboration of chiral dienes with HB(CgFs),."* The incorpora-
tion of various substituents into binaphthyl-based dicarboxy-
late 20 via a Suzuki coupling reaction followed by reduction
with LiAlH, and oxidation with PCC could afford chiral dialde-
hydes 22. Via a Wittig reaction, chiral dienes 23 can be easily
obtained (Scheme 9)."” Employing terminal alkenes in lieu of
internal alkenes obviates the generation of superfluous diaster-
eomers. The hydroboration of chiral dienes 23 in situ engen-
dered the formation of chiral boranes 24. Due to the flexible
structure of chiral boranes 24, bulky substituents on the
binaphthyl-framework were required to attain commendable
enantioselectivities for the asymmetric hydrogenation of imi-
nes 8. Chiral borane 24a is a highly effective catalyst, giving a
variety of optically active secondary amines 9 in high yields with
up to 89% ee (Scheme 10)."® To shorten the synthetic routes
towards chiral alkenes, a spectrum of binaphthyl-based chiral
mono-alkenes 26 were prepared from readily available diols 25.
Chiral borane 27 derived from the corresponding chiral alkene
is also an effective catalyst for the asymmetric hydrogenation
of imines 8, and the value of ee could reach up to 89%
(Scheme 11)."”

The hydroboration of internal alkenes with HB(C¢Fs), con-
ventionally results in a mixture of diastereomers, posing chal-
lenges for subsequent purification endeavours. However, the
presence of an adjacent stereogenic center to the boron atom

Chem. Soc. Rev., 2023, 52, 8580-8598 | 8583
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Scheme 11 Synthesis of chiral mono-alkene-derived boranes.

holds promise for facilitating asymmetric induction. In 2018,
Wang and co-workers developed a new class of chiral C,-
symmetric bicyclic bisborane catalysts, originating from the
hydroboration of internal dienes 28 with HB(CcFs), or HB(p-
CoF,4H), (Scheme 12)."® By judiciously varying reaction tempera-
tures, the kinetic and thermodynamic products, 29 and 30,
respectively, could be selectively accessed. Bisborane catalyst 30
exhibited remarkable activity and selectivity for the asymmetric
hydrogenation of imines 8, delivering a wide range of optically
active amines 9 in high yields with up to 95% ee (Scheme 13).
Significantly, both C-C double bonds and triple bonds could be
maintained under hydrogenation conditions, which is an
advantage of the FLP catalysis.

Beyond the extensively studied borane Lewis acids, bore-
nium species derived from carbene-borane adducts have also
been harnessed as Lewis acid components within FLPs. As
shown in Fig. 2, a hydride abstraction of carbene adduct
precursors with [Ph;C][B(C¢Fs),] engenders the formation of

Ar Yy
25°C ¢
A ™ kinetic (CeFmH)zBu--%:Q--'B(pH06F4)z
r H =4
5 H
HB(pHCeF ), 29 A"
E Ar.
oo 80°C 2 4
—_—
Ar = 3,5-Bu,CeHj thermodynamic (CGF4P'H)ZB—<:E>—-B(p'HCSF4)2
28 Fl B
30 Ar

Scheme 12 Synthesis of chiral C,-symmetric bicyclic bisboranes derived
from internal dienes.
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Fig. 2 Catalytic cycle for hydrogenation with borenium cations.

borenium cations, which can split dihydrogen coupled with
imine Lewis bases to form iminium cations. These cations, in
turn, engage in dihydrogen splitting, concomitant with the
participation of imine Lewis bases to furnish iminium cations.
A subsequent hydride transfer from carbene adducts to the
generated iminium cations yields amines and simultaneously
regenerates borenium cations (Fig. 2). Chiral carbene-borane
adducts, characterized by stability and facile accessibility, are
promising catalyst candidates for the FLP catalysis. Stephan and
co-workers have prepared an array of chiral carbene-borane
adduct precursors, exemplified by 31 and 32, and examined their
utility in the asymmetric hydrogenation of imines 8 (Scheme 14)."
Unfortunately, the outcomes were not satisfactory, yielding enan-
tioselectivities ranging from 1 to 20% ee.

Fuchter and co-workers reported an enantioselective hydrogena-
tion of ketimines 8 using chiral N-heterocyclic carbene-stabilized

.Ph 31 or 32 (5 mol %) _Ph
N [PhsCl[B(CgFs)4] (5 mol %) HN

H, (102 bar), CH,Cl,

OO +OMe

) o

Pr N.@.Ph N~ PR
H-B© - N
e OO
e
31 32 10 : 1 32'

50% (12% ee) 100% (6% ee)

Scheme 14 Chiral borenium-based hydrogenation of imines.
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borenium cation 33 as a catalyst. Optically active secondary amines
9 were obtained in moderate to high yields with up to 80% ee
(Scheme 15).%° The deviation from Stephan’s work lies in the choice
of borane and anion, which leads to a substantial improvement in
enantioselectivity. The use of elevated hydrogen pressure remains a
requisite element for this reaction to proceed.

In spite of the favourable attributes such as stability and
accessibility associated with chiral Lewis bases, the develop-
ment of chiral Lewis base-driven FLP catalysts remains rela-
tively scant. In 2011, Stephan and co-workers unveiled an
asymmetric hydrogenation of imine 8a facilitated by a chiral
FLP comprising B(C¢Fs); and diop 34. The desired amine 9a
was obtained in 99% yield with 25% ee (Scheme 16).>' In this
context, an inevitable rivalry emerges involving imine 8a as
a prospective Lewis base component, ultimately leading to
racemic hydrogenation. Notably, in view of the hydrogenation
mechanism, the proton transfer occurs prior to the hydride
transfer and forms an iminium cation. Concomitantly, the
Lewis base is prone to dissociate from the reaction center,
thereby resulting in a challenge to effect the following asym-
metric induction process with a chiral Lewis base.

Heterogeneous catalysis emerges as a potential remedy to
address this intrinsic challenge. Recently, Tang and Ma incor-
porated a chiral FLP (CFLP) comprising a chiral Lewis base and
B(CeF5); into an achiral porous metal-organic framework
(MOF), thereby achieving a heterogeneous catalyst CFLP@MOF.
It is a highly effective catalyst for the asymmetric hydrogenation of
imines 8, delivering the desired amines 9 in excellent yields with

N’Ph B(C¢F5)3 (20 mol %)
)|\ (S,S)-diop (34) (20 mol %)
Ph H, (4 bar), toluene

N PPh,
Ph)\ >< :I\/Pth

99% 25% ee)

8a

Scheme 16 Asymmetric hydrogenation with a chiral Lewis base-driven
FLP.
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Scheme 17 Asymmetric hydrogenation of imines with a heterogeneous
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77-88% ee (Scheme 17).>* Significantly, alkyl-alkyl imines were
also suitable substrates for this reaction. The CFLP@MOF com-
posite inherits the merits intrinsic to both homogeneous and
heterogeneous catalysts, exhibiting not only high activity and
selectivity, but also good recyclability.

An extension of the imine scope for FLP-catalyzed asym-
metric hydrogenation has achieved important progress. Vicinal
diamines are important building blocks, and the direct asym-
metric hydrogenation of vicinal diimines provides a straightfor-
ward way for their synthesis. However, such an asymmetric
transformation has not been reported, which might be attrib-
uted to the steric hindrance and/or deactivation of the metal
catalysts. In 2015, Du and co-workers reported a B(C¢Fs)s-
catalyzed hydrogenation of 1,2-diaryl-1,2-diimines 35, furnishing
a wide range of cis-1,2-diaryl-1,2-diamines 36 in 92-99% yields as
single isomers (Scheme 18).>* Unfortunately, after evaluation of a
wide range of chiral diene-derived boranes, only 10% ee was
obtained using a chiral diene 37 derived borane catalyst. The
difficulty may be attributed to the cis-selectivity of this reaction,
rendering a subtle distinction between two sides of imines.

Cyclic imines were seldom employed as substrates for FLP-
catalyzed hydrogenation. Du and co-workers extended the
application of bulky borane 24a to the asymmetric hydro-
genation of 3-substituted 2H-1,4-benzoxazines 38, delivering
optically active 3,4-dihydro-2H-1,4-benzoxazines 39 in 90-97%
yields with up to 42% ee (Scheme 19).**
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toluene, 20 °C
35a 36a
Ph >99% conv.
10% ee
=

99
Ph
37

Scheme 18 Catalytic hydrogenation of diimines.
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Cco’
N/OSi'Pra B(CeFs)a
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NI H, (40 bar)

R)\R' 60 °C R/\R' B(CeFs)2
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Ar = 3,5-(2-OMe-5-BuCgH3),CeHs
24b
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\©\/\OSIIPr3

87% (33% ee)

©A EC(Y DN
97% (65% ee)  90% (68% ee) 90% (60% ee)

Scheme 20 Asymmetric hydrogenation of TIPS-protected oximes.

The asymmetric hydrogenation of oxime derivatives pro-
vides an attractive and straightforward route for accessing
optically active hydroxylamine derivatives, but it usually leads
to primary amines instead of hydroxylamines owing to the
sensitive N-O bond. In 2014, Oestreich and co-workers reported
a B(CgFs);-catalyzed hydrogenation of oxime ethers to obtain
hydroxylamine derivatives in the presence of H, (100 bar).*®
More recently, Du and co-workers achieved an enantioselective
hydrogenation of TIPS-protected oximes 40 by using a very
bulky chiral borane catalyst 24b (Scheme 20).>° A wide range
of hydroxylamine derivatives 41 could be afforded in 84-99%
yields with 33-68% ee. As a subsequent advancement, the same
research group employed chiral borane 24c for the asymmetric
hydrogenation of hydrazones 42, affording a broad range of
optically active hydrazines 43 in 87-99% yields with 75-93% ee
(Scheme 21).*” The 2,2,6,6-tetramethylpiperidinyl moiety was

904
B(CeFs)2

N 24c (5 mol %) N )
. Hy (40 bar, -
N 2 (40 b2y HN B(CeFs)
)\ toluene, 0-30 °C A~
Ar” TR 48-72h Ar” R
42 43 Ar

Ar = 3,5-Bu,CeHg
24c

@@

96% (93% ee) 98% (87% ee) 87% (91% ee) 92% (83% ee)

Scheme 21 Asymmetric hydrogenation of hydrozones.
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found to be essential for the attainment of the high enantios-
electivities observed.

1.2. Asymmetric hydrogenation of N-heteroarenes

The pioneering FLP-catalyzed asymmetric hydrogenation of
N-heteroarenes was reported by Repo and co-workers. Through
the unitization of chiral ansa-ammonium borate catalysts 14,
the asymmetric hydrogenation of 2-substituted quinolines
yielded the desired products with up to 37% ee.'* In recent
years, considerable progress has been accomplished for the
asymmetric hydrogenation of N-heteroarenes. In particular,
chiral FLPs have exhibited some distinctive catalytic activities
and selectivities during the hydrogenation of these types of
substrates.

The asymmetric hydrogenation of 2-substituted quinoxa-
lines has been well developed with chiral transition metal
catalysts. Conversely, scarce examples have been documented
concerning the asymmetric hydrogenation of 2,3-disubstituted
quinoxalines to access optically active tetrahydroquinoxalines
containing two contiguous stereogenic centers. In 2015, Du and
co-workers reported an enantioselective hydrogenation of
2,3-disubstituted quinoxalines 44 with chiral borane 24d as a
catalyst (Scheme 22).*® A variety of optically active cis-2,3-
disubstituted 1,2,3,4-tetrahydroquinoxalines 45 were obtained
in high yields with up to >99/1 dr and 96% ee. However, diaryl
or dialkyl substituted quinoxalines were inert substrates for
this asymmetric hydrogenation, despite that they were effective
substrates for the B(C¢Fs);-catalyzed reaction.

Through a subtle modification of the chiral diene, an
asymmetric hydrogenation of 2,3,4-trisubstituted quinolines
46 was also successfully realized. A wide range of cis,cis-2,3,4-
trisubstituted tetrahydroquinolines 47 bearing three contigu-
ous stereogenic centers were furnished in 76-99% yields with
82-99% ee (Scheme 23).>° Remarkably, 2,4-disubstituted qui-
nolines 48 were also effective substrates for chiral borane 26d
catalyzed asymmetric hydrogenation, delivering a variety of 2,4-
disubstituted tetrahydroquinolines 49 in 75-98% yields with
95/5-99/1 dr and 86-98% ee (Scheme 24).%° As for the domain
of 2,3-disubstituted quinolines 50, despite their high reactiv-
ities, the outcomes remain somewhat modest. The asymmetric
hydrogenation of 2-substituted quinolines was also examined,
revealing enantioselectivities of markedly lower magnitude.**

209
B(CeFs)2
OO B(CGF5)2
Ar

Ar = 2-OMe-5-BuCgH3
24d

H H H H

©:NIMe C[NIB Cl\@iNIMe ©:N]:Me
N~ “Ph N~ "Ph N~ "Ph N™ Y4-tol
H H H H

91% (96% ee)

24d (5 mol %)
Hy (20 bar)

L CE IM

82% (89% ee)  71% (77% ee) 85% (94% ee)

Scheme 22 cis-Selective and enantioselective hydrogenation of 2,3-
disubstituted quinoxalines.
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24e

et Cl

@% 2

78% (96% ee)

0
=2
:é
() °

Me

90% (90% ee) 91% (93% ee) 89% (97% ee)

Scheme 23 cis-Selective and enantioselective hydrogenation of 2,3,4-
trisubstituted quinolines.

Ar
©\)j\ ©\/';lj\Ar'
A" 24d (5 mol %) 49
H, (20 bar) 75-98% (86-98% ee)
toluene R
H
51

74-99% (45-80% ee)

Scheme 24 Enantioselective hydrogenation of disubstituted quinolines.

This points to the pivotal role played by substituents at the
4-position of quinolines in engendering the observed high enan-
tioselectivities. It is noteworthy, however, that 4-substituted
quinolines continue to present a challenge within the realm of
transition metal catalysis.

Wang and co-workers developed chiral spiro-bicyclic bisbor-
anes 54 and 55 by means of the hydroboration of C,-symmetric
spiro-bicyclic dienes with HB(C¢Fs), and HB(p-C¢F4H),. These
chiral boranes were remarkably efficient for the hydrogenation
of 2-substituted quinolines 52, affording a variety of tetra-
hydroquinolines 53 in 80-99% yields with 86-99% ee
(Scheme 25).%> In the case of 2-aryl substituted quinolines,
the introduction of an additional phosphine Lewis base was
needed. Notably, a remarkable turnover number (TON) of up to
460 could be reached for this reaction, which stands as the
highest one within the realm of FLP-catalyzed asymmetric
reactions. It is noteworthy to point out that a wide range of
functional groups, including carbon-carbon double bonds or
triple bonds, pyridinyl, boryl, and methylthio moieties, were all
well tolerated for the metal-free asymmetric hydrogenation.

In the year 2016, a metal-free hydrogenation of 2,7-
disubstituted 1,8-naphthyridines 56 was accomplished through
the utilization of an in situ generated borane catalyst by the
hydroboration of pentafluorostyrene with HB(C¢Fs),, furnish-
ing 1,2,3,4-tetrahydro-1,8-naphthyridines 58 in high yields. The
employment of chiral borane 24f as a catalyst engendered the
production of 1,2,3,4-tetrahydro-1,8-naphthyridines 58 in high
yields with up to 74% ee (Scheme 26).*’ It is intriguing to
observe that alkyl-substituted rings within 1,8-naphthyridines
were more reactive to be reduced exclusively. The asymmetric

This journal is © The Royal Society of Chemistry 2023
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o X 54 or 55 R'—'—\
g H, (20 or 50 bar) A
= ~ 2
N>R PhCF, -20°C N R
52 53
®/Ph
(P-HCGF ) e 3
P-HCGF4)B < CeF5)2B :
6" 4/2' \wB(pHCBF4)2 (CeF5)2 B(CqFs)
Ph
54 Ph 55

R = alkyl, alkenyl, akynyl: 54 (2 or 5 mol %)

e L

94% (96% ee) 86% (96% ee) 95% (

\"C@ L O

98% (91% ee) 63% 91% ee) 91% (98% ee)

98% ee)

R = aryl: 55 (2 or 4 mol %) + [3,5-(CF3)2CeH3lsP (5 or 10 mol %)

BPin

97% (88% ee) 95% (88% ee)

97% (87% ee)

Scheme 25 Enantioselective hydrogenation of quinolines with chiral
spiro-bicyclic bisboranes.

i ! Ar
B(CeFs)2
OO B(CeFs)2
Ar

Ar = 2-OEt-5-BuCg¢H3

2
® S S
- L \
N H Me \\ N ” Me By~ >N" N"Bu
eO s H

93% (74% ee)

_ 241 (5 mol %) m

H2 (30 bar)

m

92% (33% ee) 95% (37% ee)

Scheme 26 Enantioselective hydrogenation of 1,8-naphthyridines.

hydrogenation of simple pyridines still remains an unsolved
problem. Du and co-workers utilized a pentafluorostyrene-
derived borane as a catalyst for the hydrogenation of pyridines,
furnishing the desired piperidines in high yields with excellent
cis selectivity.*® Regrettably, the chiral borane proved to be
ineffective for the asymmetric hydrogenation, leading to only
less than 10% ee.

1.3 Asymmetric hydrogenation of silyl enol ethers, simple
ketones, and enones

Great success has been achieved for the asymmetric hydroge-
nation of ketones by using a diverse range of chiral transition
metal catalysts for the synthesis of optically active secondary
alcohols. However, simple ketones were less reactive substrates
for the FLP catalysis. Silyl enol ethers can be conveniently
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Scheme 27 Asymmetric hydrogenation of silyl enol ethers.

prepared from ketones. Erker and Paradies reported the cata-
Iytic hydrogenation of silyl enol ethers by using a combination
of phosphine and borane as the FLP catalyst, respectively,>*>®
which provides a detour for the synthesis of secondary alcohols.

Subsequently, Du and co-workers realized the first highly
enantioselective hydrogenation of silyl enol ethers 56 by using a
combination of ‘BusP and chiral borane 24c¢ as an ingenious
FLP catalyst. A wide range of optically active alcohols were
furnished in excellent yields with remarkably high ees
(Scheme 27).>” Lewis bases were required and found to have a
substantial impact on both the reactivity and the enantioselec-
tivity. Notably, carbon-carbon double bonds can be well main-
tained under hydrogenation conditions. In 2015, the same
group developed a novel chiral alkenylborane 58 stemming
from the in situ-hydroboration of chiral diyne with HB(CgF5),. It
was also an effective catalyst for the asymmetric hydrogenation
of silyl enol ethers 56 (Scheme 27).%®

In 2014, the FLP-catalyzed hydrogenations of ketones 59
were successfully unlocked by Stephan and Ashley, respectively
(Scheme 28).>°*° The choice of Lewis base is crucial for this
success. As weak Lewis bases, diethyl ether and 1,4-dioxane can
be transformed as strong Brensted acids after the splitting of
H, with B(C¢F5);. The possible activation models are outlined
in Scheme 28, in which the proton tethered to the oxygen atom
activates the ketone and facilitates the nucleophilic hydride
attack to yield alcohols 60. This provides a good possibility to
use a chiral FLP as a catalyst for achieving the asymmetric
reaction.

B(CeFs)s H_OH

,+ H '
R 2 “diethyl ether or 1,4-dioxane R~ R
60

HQB(Cer)a m(©,

\ R'
o=( </
R

Scheme 28 Catalytic hydrogenation of simple ketones.

8588 | Chem. Soc. Rev., 2023, 52, 8580-8598

View Article Online

Review Article
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A 2, N
R” "R H, (40 bar) R™ 'R
59 toluene/cyclohexane, 30 °C 60 Ph’ 62a
/©)\ \CHG H t
Phkgf 1 N<F
Z~F
90% (81% ee) 74% (87% ee) E
.-B
\H/QH)\OH ; ‘;{B\ | ‘\
46% 74% ee) 97% (75% ee)

Scheme 29 Asymmetric hydrogenation of simple ketones.

Du and co-workers developed a novel FLP of chiral oxazoline
Lewis base 62a and achiral boron Lewis acid 61a for asym-
metric hydrogenation of simple ketones 59 (Scheme 29)."" A
variety of optically active secondary alcohols 60 were obtained
in moderate to high yields with up to 87% ee. Electron-
withdrawing substituents on the phenyl group were preferred
to increase the reactivity. Interestingly, the asymmetric hydro-
genation of 1,4-diacetylbenzene furnished the product in 46%
yield with 74% ee without any over-reduced diol by-products.
Significantly, dialkyl ketones were also suitable substrates to
obtain reasonable results. A DFT-calculation reveals that there
are hydrogen bonding and m-n stacking interactions in the
transition state and a sequential concerted H-transfer process
of proton and hydride (TS1). An unavoidable competition of
ketone as a Lewis base is attributed to the obvious dwindling ee
between calculation and experiment.

The application of this chiral Lewis base-driven FLP was
further extended to the asymmetric hydrogenation of 1-
tetralone-derived enones 63 (Scheme 30).*" With the utilization
of oxazoline 62b, all hydrogenation reactions proceeded
smoothly to produce optically active ketones 64 in high yields
with 63-92% ee. The over-reduction of the resulting ketones
was not observed.

3-Substituted chromones 65 were more effective substrates
for the asymmetric hydrogenation by using an FLP comprising
61b and 62b, giving the corresponding products 66 in 91-98%
yields with up to 95% ee (Scheme 31).*' The ee was highly
depended on the steric hindrance of chromones. A sharp
decrease of ee to 51% was observed when using a less bulky

B(p-HC¢F 4)3 (61a)
(10 mol %)

oxazolme 62b
(20 mol %)

H2 (40 bar)

mesitylene, 30 °C
Br
CF3

94% (80% ee) 98% (92% ee)

OfJAO ﬁ%

Ph 62b

99% (92% ee)

Scheme 30 Asymmetric hydrogenation of enones.
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Scheme 31 Asymmetric hydrogenation of chromones.

ethyl group instead of the isopropyl group. Distinct from
ketones, the hydrogen-transfer for the hydrogenation of enones
is stepwise. The protonation of the enolate is the configuration
step (TS2). A 2.2 keal mol~" activation free energy difference
between two transition states indicates the formation of an
S-isomer favourably, which is well consistent with experimental
results.

Unexpectedly, with fluorine as a small size substituent,
3-fluorinated chromones 65 were also suitable substrates for
the asymmetric hydrogenation. (Scheme 32).*> By using borane
61c and chiral oxazoline 62b as an FLP catalyst, a variety of
3-fluorochroman-4-ones 66 were obtained in 89-99% yields
with 75-88% ee. However, when the fluorine substituent was
changed to a bromine atom, the ee dropped sharply to 13%,
which indicates that there might be interactions between the
fluorine atom and the FLP catalyst.

Inspired by the aforementioned work, Du and co-workers
put forward a novel strategy of relay catalysis with a combi-
nation of an achiral FLP and a chiral proton shuttle. An asym-
metric hydrogenation of chromones 65 was successfully
accomplished by using achiral borane 61b and chiral phospho-
ric acid 67 to obtain the desired products 66 in 88-98% yields
with up to 95% ee (Scheme 33).*> Achiral borane 61b and chiral
phosphoric acid 67 are well compatible in this reaction. The
reactivity is mainly determined by borane 61a, while the enantio-
selectivity is controlled by CPA 67 as a chiral proton shuttle. A DFT
calculation indicates that there exists a 6.1 kcal mol™" energy

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Scheme 32 Asymmetric hydrogenation of 3-fluorinated chromones.
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Scheme 33 Asymmetric relay hydrogenation of chromones.
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49- 57% yield
72-95% ee
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(61a)
=

Ar
39- 47% yield
89-97% ee
Scheme 34 Asymmetric hydrogenation of 3-alkylidene flavanones.

difference between two transition states during the 1,3-proton
transfer process leading to (S)-stereoselectivity.

The direct asymmetric hydrogenation of 2,3-disubsituted
chromones to access flavanones or chromanones containing
two contiguous stereogenic centers remains a challenge. As a
detour, an asymmetric hydrogenation of racemic 3-alkylidene
flavanones 68 for the stereodivergent synthesis of 3-substituted
flavanones has been accomplished by Du and co-workers via a
relay catalysis by borane 61a and chiral phosphoric acid 67. A
wide range of trans- and cis-flavanones 69 and 70 were obtained

with high levels of yields and ee values (Scheme 34).**

2. Asymmetric hydrosilylation

In 1996, Piers and co-workers unveiled a catalytic hydrosilyla-
tion of aromatic aldehydes, ketones, and esters by using
B(CeFs); as a catalyst, wherein the boron Lewis acid activates
the Si-H bond instead of the substrates to form zwitterions of
silylium and hydridoborate.*> This type of hydrosilylation was
therefore called Piers-type hydrosilylation and has attracted
both synthetic and mechanistic interest from chemists.

2.1 Asymmetric hydrosilylation of imines

In 2009, Oestreich and co-workers attempted the hydrosilyla-
tion of imines with a silicon-stereogenic silane. However,
racemic amines were produced.’® Klankermayer and co-
workers reported a highly enantioselective hydrosilylation of
imines 8 by using chiral FLP salt 7 as a catalyst (Scheme 35)."”

variety of chiral secondary amines 9 were furnished in moder-
ate to high yields with 81-87% ee. The addition of phosphine
was revealed to be crucial for achieving high enantioselectivity.
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Scheme 35 Hydrosilylation of imines with a chiral FLP catalyst.
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7
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Ph)*\ Ph)*\

78% (33% ee) 52% (30% ee) 94% (36% ee) 97% (41% ee)

Scheme 36 Enantioselective hydrosilylation of imines with a chiral
borane.

In contrast, employing the enantiopure borane itself as a
catalyst, despite its high reactivity, only resulted in a racemic
product.

Oestreich and co-workers developed an axially chiral Cg¢Fs-
substituted borane 71 for asymmetric hydrosilylation of imines
8 (Scheme 36).*® For the benzyl-substituted imine, a promising
62% ee was achieved. With a combination of borane 71 and
axially chiral silanes, obvious matched/mismatched phenom-
ena were observed, but the enantioselectivity was not improved.

Du and co-workers described an enantioselective hydrosily-
lation of imines 8 using chiral borane catalyst 24a, giving
secondary amines 9 in 70->99% yields and 44-82% ee
(Scheme 37).*° An additional Lewis base was not required for
this reaction. The racemization of products with chiral borane
24a did not occur, which might be attributed to its bulky steric
hindrance. Very recently, the same research group expanded

Ar
_PMP _PMP OO
N 24a (1.0 mol %) HN B(C
_—_—m

I 6F5)2
R)\ R PhMe,SiH Ar),\R B(CeFs)s
8 CaHsF, 1t 9 OO
Ar
Ar = 3,5-(3,5-Bu,CgH3):CeHs
PMP 24a
PMP HN” PMP
. - _PMP
HN MeO . HN HN
O)\ oo ©)\/ >H\

OMe

>99% (67% ee) 96% (82% ee)  >99% (50% ee)  70% (60% ee)

Scheme 37 Asymmetric hydrosilylation of imines with a chiral bisborane.
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Scheme 38 Enantioselective hydrosilylation of N-alkyl ketimines with
chiral borenium.

the imine scope to N-sulfonyl ketimines and vicinal diimines.
In particular, optically active cis-vicinal diamines could be
afforded with up to 70% ee.>® Moreover, chiral borenium cation
33 was also an effective catalyst for asymmetric hydrosilylation
of N-alkyl imines 8 (Scheme 38).>° The desired amine products
9 were obtained in moderate to high yields with up to 86% ee.

2.2 Asymmetric hydrosilylation of ketones

In comparison to imines, the progress of the asymmetric
hydrosilylation of ketones was relatively slow. Oestreich and
co-workers reported a B(CgFs)s-catalyzed hydrosilylation of
acetophenone with a chiral silane. The chiral silane was recov-
ered in 89% yield with 84% ee and chiral alcohol was simulta-
neously produced in 67% yield with 38% ee.”" In 2016, Du and
co-workers disclosed an asymmetric hydrosilylation of 1,2-
dicarbonyl compounds using chiral alkenylboranes 58 and
Cy;P as an FLP catalyst. A wide range of optically active
a-hydroxy carbonyl compounds were furnished in 52-98%
yields with 86-99% ee (Scheme 39).°> Notably, a Lewis base
was required for this reaction, and no diol by-products
were observed even with excess amounts of PhMe,SiH. Chiral
alkenylborane 58 exhibited noticeable advantages over chiral
alkylborane 24c in terms of both reactivity and enantioselec-
tivity. However, the hydrosilylation of simple ketones under the
current conditions gave only moderate ee.

o 58 (5 mol %)

CysP (10 mol %) HO H
Ar/kwﬂ PhMe,SiH (3.0 equiv) Ar/ﬂ('*
o workup with Py-HF o
72 73

l ! Ar
B(CgFs)2
S0 S
Ar

24c Ar=35- 'BUZCGHa

Ar HO, H
P ‘ Ph
B(CeFs)2 o
o BCeF)
24c: 11% conv. (56% ee)
Ar

58: 94% conv. (99% ee)

HO H HO, H
OEt g OEt
~
o s o

89% (99% ee)

96% (96% ee) 93% (99% ee) 87% (97% ee)

Scheme 39 Enantioselective
compounds.

hydrosilylation  of  1,2-dicarbonyl
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Scheme 40 Enantioselective hydrosilylation of simple ketones.

In the same year, Oestreich and co-workers developed an
axially chiral borane 74, which was a highly effective catalyst for
the enantioselective hydrosilylation of simple ketones 59 with
PhSiH; without the addition of a Lewis base. The desired chiral
secondary alcohols 60 were accessed in 12-87% yields with up
to 99% ee (Scheme 40).>® The success is likely attributed to the
bulky steric hindrance of chiral borane 74 and the use of
reactive trihydrosilane as a reductant.

Utilizing the silane Ph,SiH, as a reductant, Du and co-
workers also realized the asymmetric hydrosilylation of simple
ketones 59 under the catalysis of “Bu;P and chiral borane 24c
(Scheme 41).>* An array of optically active secondary alcohols
60 were furnished in 80-99% yields with 81-97% ee. The
introduction of a C,-symmetric 1,1’-spirobiindane framework
into a chiral borane offered an effective catalyst 75 for the
asymmetric hydrosilylation, affording up to 90% ee.>

2.3 Asymmetric hydrosilylation of enones

Du and co-workers reported a highly efficient hydrosilylation of
chromones and flavones 76 with as low as 0.1 mol% borane
catalyst derived from pentafluorostyrene and HB(C¢Fs),, giving
a variety of chromanones and flavanones 77 in 60-99% yields.
Subsequently, the asymmetric reaction was realized with chiral
alkenylborane 58 and Cy;P as an FLP catalyst, delivering
optically active chromanones and flavanones 77 in high yields
with up to 32% ee (Scheme 42).>°

2.4 Asymmetric tandem cyclization/hydrosilylation

In a recent revelation, Xu and co-workers unveiled the dis-
covery of a one-pot tandem cyclization/hydrosilylation of

0 24c or 75 (5-10 mol %) OH

. BugP (5-10 mol %)
I+ Phosit,

R workup with TBAF, rt
59 60

CCr
B(CeFs)2
O O B(CeFs)2
Ar

Ar = 3,5-BuyCeHs 75

Ar

24c

67-95% yield

80-99% yield
75-90% ee

81-97% ee
Scheme 41 Asymmetric hydrosilylation of ketones with chiral bisboranes.
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Scheme 42 Asymmetric hydrosilylation of chromones and flavones.
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Scheme 43 Enantio- and diastereoselective synthesis of trans-2,3-
disubstituted 1,2,3,4-tetrahydroquinoxalines.

1,2-diaminobenzenes 78 and 1,2-diketones 72 by using chiral
borane 24c. A wide range of trans-2,3-disubstituted 1,2,3,4-
tetrahydroquinoxalines 45 were furnished in high yields with
up to >20:1 dr and up to >99% ee (Scheme 43).%” Alkyl-alkyl,
alkyl-aryl, and aryl-aryl substituents were all tolerated in this
reaction. Mechanistic studies reveal that the hydride transfer
might be involved in the rate-limiting step. Moreover, the
transformation of the cis-isomer to trans-isomer was also ruled
out according to the control experiments.

3. Asymmetric transfer hydrogenation

Asymmetric transfer hydrogenation stands as a mild reduction
method for the synthesis of optically active compounds. Several
hydrogen sources have been employed for both catalytic and
asymmetric transfer hydrogenation of unsaturated compounds
with FLPs as catalysts.

3.1 Asymmetric transfer hydrogenation with ammonia borane

Ammonia borane (NH;3-BH;) possesses several favourable attri-
butes, rendering it an excellent candidate for hydrogen storage
due to its substantial storage capacity (19.6% weight H), low
molecular weight (30.87 g mol™ '), and robust stability. More-
over, it holds the potential to serve as a hydrogen source,
offering both proton and hydride transfer capabilities in syn-
thetic processes. Despite these advantages, the application of
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ammonia borane as a hydrogen donor in the context of asym-
metric transfer hydrogenation has garnered relatively limited
attention in the literature.

Taking inspiration from the well-established zwitterion
species commonly associated with FLPs, Du and co-workers
devised an innovative variation of FLP, one that incorporates an
active acidic hydrogen atom within the Lewis acid and a
hydridic hydrogen atom within the Lewis base. This strategic
design was formulated to curtail the displacement of the Lewis
base from the reaction center after proton transfer (Fig. 3).>®
Accordingly, they introduced a novel chiral Lewis base-driven
FLP 79 through the in situ pairing of HB(C¢Fs), and chiral
tert-butylsulfinamide. This development has opened up new
avenues for controlling enantioselectivity by harnessing the
potential of chiral Lewis bases.

By utilizing chiral FLP 79 as a catalyst, a highly enantio-
selective transfer hydrogenation of imines 8 was successfully
achieved, leading to the formation of optically active amines 9
in 78-99% yields with 84-95% ees (Scheme 44).>® The incor-
poration of a pyridine additive in this reaction was observed to
play a crucial role in preventing the racemic reaction of imines
8 led by HB(CgFs),, effectively capturing free HB(CgFs), in the
reaction mixture. A plausible mechanism for this transforma-
tion is postulated based on both experimental observations and
DFT calculations (Fig. 4). The transfer of hydrogen takes place
through an 8-membered ring transition state TS4, and the
regeneration of catalyst 79 from compound 80, utilizing ammo-
nia borane, occurs via a 6-membered ring transition state TS5.

Building upon these findings, Du and co-workers extended
the application of this catalyst to the asymmetric transfer
hydrogenation of B-N-substituted enamino esters 81. This effort
afforded the desired f-amino esters 82 in moderate to good
yields with up to 91% ee (Scheme 45).>° An enantiopure

o+
product olLA—lBo H".‘/H o

hydrogen . S\\o !-{ R F

source ﬁ '''' B

f— R F
substrate £F E
F
g F
novel FLPs 79

Fig. 3 Design of a novel type of FLP catalysis.

CN 4. 70 (10 mol %) CN
toluene, 30 °C,12 h
/"I‘l\ 2. pyridine (10 mol %) HN
8

NH3-BH3 (1.0 equiv)
Me 30°C, 24 h ATy Me

oN CN CN CN
NN e ume
o ey <

99% (89% ee) 90% (90% ee) 92% (92% ee) 99% (86% ee)

Ar

Scheme 44 Asymmetric transfer hydrogenation of imines.
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Fig. 4 Catalytic cycle for transfer hydrogenation of imines.

Ar' 1. 79 (10 mol %) Ar'<
“NH O cyclohexane, 30 °C, 12 h ';‘H % R
A 0" 2 NHyBH, (2.0 equiv) Ar 0
81 EtsN (10 mol %) 82
cyclohexane, 60 °C 51-90% yield
41-91% ee
MeO

CH3CHo MgBr @ 0

THF, 0 °C

Meo\©\
NH O
NN

o

Ph
88% (>99% ee)

OPr
93% ee

Scheme 45 Asymmetric transfer hydrogenations of p-N-substituted
enamino esters.

B-lactam could be easily prepared from a B-amino ester via
a single-step Grignard reaction. Furthermore, these studies
served as inspiration for a novel approach in chiral ammonia
borane regeneration. This strategy hinges on the liberation of
H, through interactions between CPA and ammonia borane,
and the subsequent regeneration is facilitated through the
hydrolysis of the resulting boro-phosphate. This regenerable
ammonia borane system was also successfully applied to asym-
metric transfer hydrogenation.®°

Chiral FLP 79 has also demonstrated its effectiveness as
a catalyst for the asymmetric transfer hydrogenation of 2,3-
disubstituted quinoxalines 44. In the cases of 2-alkyl-3-aryl-
quinoxalines, the reaction predominantly led to cis-tetrahydro-
quinoxalines 45 as major products, exhibiting high reactivity
and notable cis-stereoselectivity (Scheme 46).°* It’s worth noting
that the enantioselectivities achieved in the transfer hydrogena-
tion were relatively low compared to the direct hydrogenation
process. On the other hand, 2,3-dialkylquinoxalines, which were
unreactive in the context of asymmetric hydrogenation, became
suitable substrates for asymmetric transfer hydrogenation with
ammonia borane as the reductant. This transformation furnished
the trans isomers as the major products in moderate to good
yields and with up to >99% ee (Scheme 47).*

More recently, a notable advancement was reported involv-
ing the asymmetric transfer hydrogenation of N-unprotected
indoles 83. This was facilitated by employing an FLP catalyst

This journal is © The Royal Society of Chemistry 2023
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Scheme 46 Asymmetric transfer hydrogenation of 2-alkyl-3-arylquin-
oxalines.

1. 79 (20 mol %)
R (R)-tert-butylsulfinamide (10 mol %)

CHyCly, 30°C,12h
2. NH3' BH3 (2.0 equiv)

@cf @

84° %
(trans/cis: 72/28) (trans/CIs 55/45)
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S0

45H
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63%
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Scheme 47 Asymmetric transfer hydrogenation of 2,3-dialkylquin-
oxalines.

R (S)-tert-butanesulfinamide R

(30 mol %)
R_@\/\gfw. HB(C¢F5)2 (20 mol %) il X -
Z ﬁ NH3BH3 (2 equiv) _ H

cyclohexane, 30 °C, 48 h
83
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77% (90% ee)

71% (75% ee€) 43% (80% ee) 56% (81% ee)

Scheme 48 Asymmetric transfer

indoles.

hydrogenation of N-unprotected

consisting of (S)-tert-butylsulfinamide and HB(CgFs),. A variety
of optically active indolines 84 were obtained in 40-78% yields
with up to 90% ee (Scheme 48).°>

3.2 Asymmetric transfer hydrogenation with Hantzsch esters

Hantzsch esters have been widely employed as hydrogen
donors in the context of asymmetric transfer hydrogenation
reactions. Du and co-workers described an efficient transfer
hydrogenation of imines using Hantzsch esters as a hydrogen
source. With as low as 0.1 mol % B(CFs);, a variety of amines
were furnished in 80-99% yields. Furthermore, by employing
chiral borane 24c as the catalyst, the asymmetric transfer of
imines 8 with Hantzsch ester 85 went smoothly to afford the
corresponding amine products 9 in high yields. However, the ee
values achieved in these reactions were in the range of low to
moderate values (Scheme 49).
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Scheme 49 Asymmetric transfer hydrogenation of imines with Hantzsch
esters.

3.3 Asymmetric transfer hydrogenation with H,

Dinucleotide (NAD(P)H) mimics such as Hantzsch esters, dihy-
drophenanthridine, and benzothiazoline have been widely
employed as stoichiometric hydrogen donors for asymmetric
transfer hydrogenations. The transfer hydrogenation with cat-
alytic amounts of hydrogen donors, which could be regenerated
by the hydrogenation with H, stands as a very attractive way.
Zhou and Beller have already developed a practical strategy for
the regenerable hydrogen donors facilitated by transition-metal
catalyzed hydrogenation, respectively.®*®

Recently, Du and co-workers reported a highly enantioselective
transfer hydrogenation of electron-deficient benzoxazinones 86
with chiral phosphoric acid 89 under H,, wherein borane 61
promoted the hydrogenation of phenanthridine 90 to regenerate
dihydrophenanthridine 91 as the hydrogen donor (Scheme 50).%°
A wide range of desired products 88 were accessed in 69-99%
yields with 64-99% ees. Notably, benzoxazinones 86 were inert
substrates for the borane-catalyzed hydrogenation, and only
0.5 mol % chiral phosphoric acid 89 was enough for achieving
excellent enantioselectivity. This work provides a possible resolu-
tion of unreactive substrates in the asymmetric FLP catalysis.

0.__0
N o._0O R S
R L A AR
Z>NR N M
86 (0.5 mol %) 88

L o O
(40 bar] ~N
o1 B(2,6-Cl,CeH3)(4-HCgF 1), %0
(61d) (5 mol %) (10 mol %)

0._0 0.0 o_o ¢
o GO, OO ey
Hf’Ph ”@ HT ”fph

69% (71% ee)

96% (92% ee) 98% (64% ee)  98% (98% ee)

Scheme 50 Asymmetric transfer hydrogenation of benzoxazinones.
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= N/ . H, (40 bar) ZSNT R
toluene, 80 °C, 24 h H
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@O©O©©O « CLJ.,
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Scheme 51 Asymmetric transfer hydrogenation of quinolines.

In contrast to benzoxazinones 86, 2-substituted quinolines
52 exhibited notable reactivity as substrates in the context of
borane-catalyzed hydrogenation. Interestingly, the realm of
asymmetric transfer hydrogenation was successfully extended
to 2-substituted quinolines 52 through the utilization of borane
61d with chiral phosphoric acid 89 and 20 mol % phenanthri-
dine 90. The reaction proceeded well to afford a variety of
tetrahydroquinolines 53 in 95-99% yields with 39-91% ee
(Scheme 51). Despite involving a borane-driven racemic path-
way, satisfactory ee values could still be obtained.®”

4. Other asymmetric reactions

Recently, Wang and co-workers unveiled a highly chemoselec-
tive and enantioselective reduction of 2-vinyl-substituted pyri-
dines 92 by the utilization of chiral spiro-bicyclic bisborane 54
as a catalyst and HBpin and an acidic amide as reducing
reagents (Scheme 52).°® A diverse array of 2-vinyl-substituted
piperidines 93 containing various functional groups were furn-
ished in moderate to high yields with up to 96% ee. The
reactions proceed through a cascade process involving 1,4-
hydroboration followed by the transfer hydrogenation of a
dihydropyridine intermediate. In this reduction, the double
bond was retained and could be conveniently converted into
natural products and other useful heterocyclic compounds.
Asymmetric halocyclization of alkenes stands as a potent
avenue for accessing chiral heterocyclic compounds. In
this realm, Du and co-workers described an asymmetric

(j\/\ﬂ
PG

1. 54 (1 mol %)
"Bu3BnNCI (5 mol %)
HBPIn (5 equiv)
3,5-(CF3),CgHaNHAC (3 equiv)
2. hydrolysis
3. PG-Cl, base

Ow

CeF
(CeF5)2B CsF N

O\x

Cbz
56% (93% ee)
65% (90% ee)

O\D

82% (87% ee)

77% (96% ee)

81% (91% ee)

Scheme 52 Metal-free enantioselective reduction of 2-vinylpyridines.
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Scheme 53 Asymmetric halocyclization of 2-vinylbenzyl alcohols with
chiral FLPs.

halocyclization of 2-vinylbenzyl alcohols 94 with NBS or NIS
by using a combination of chiral borane 24¢ and ‘Bu;P as a
catalyst (Scheme 53).°° A wide range of chiral 1,3-dihydroiso-
benzofuran derivatives 95 were obtained in good to excellent
yields with 53-87% ee. A notable facet is the requisite involve-
ment of a Lewis base, which emerges as an essential factor in
achieving the high enantioselectivities. Chiral borane 24c
exhibited remarkable activity, while the enantioselectivity was
observed to be profoundly low. Moreover, the utilization of NBS
as the halogen source facilitates an efficient and clean oxida-
tion of compound 94, yielding the corresponding ester 96
without any loss of ee.

The asymmetric intramolecular hydroalkoxylation of alkenes
represents an efficient and straightforward avenue for synthesiz-
ing optically active cyclic ethers. Very recently, Du and co-workers
realized a highly efficient cyclization of 2-vinylbenzyl alcohols 94
employing 0.05 mol % B(CeFs); as a catalyst, delivering the
desired products 97 in 82-99% yields.”® Chiral boranes derived
from chiral dienes were not effective catalysts for the asymmetric
hydroalkoxylation, leading to only less than 30% ee. A novel
intramolecular FLP 98 derived in situ from chiral phosphoric acid
and HB(C¢Fs), was designed and prepared. It proved to be an
effective chiral catalyst for the hydroalkoxylation of 94, delivering

HB(C¢Fs)2 (10 mol %)
CPA 98 (10 mol %)

toluene

99% (93% ee)

96% (97% ee)
Scheme 54 Asymmetric hydroalkoxylation with CPA-derived FLPs.
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optically active 1,3-dihydroisobenzofurans 97 in 78-99% yields
with 60-97% ee (Scheme 54). For chiral boro-phosphates, the
oxygen atom of P = O acts as a Lewis base and the boron atom acts
as a Lewis acid, which serve to activate the O-H bond coopera-
tively and further promote the subsequent hydroalkoxylation
process.

5. Asymmetric reactions with chiral
FLPs as bifunctional catalysts

FLPs have attractive dual roles in catalysis, one lies in their
ability to activate the covalent bonds, thus facilitating the
following transformation, and the other rests in their capacity
to serve as Lewis bases and acid bifunctional catalysts.

Wasa and co-workers reported an FLP comprising chiral
base 102 and B(CeFs); for the enantioselective direct o-
amination of carbonyl compounds 99 with azodicarboxylates
100, delivering the desired products 101 in 47-95% yields with
up to 98% ee (Scheme 55).”* The acidity of the o-C-H bond of 99
was increased through the coordination of the carbonyl group
with B(CgFs)s;, which was subsequently deprotonated by the
hindered amine 102 to form a tight ion pair consisting of a
boron enolate and an ammonium cation. The ammonium
cation served as the hydrogen-bond donor to activate 100 and
facilitated the following nucleophilic attack by the boron
enolate.

Furthermore, the same group advanced their exploration of
an enantioselective direct Mannich-type reaction of carbonyl
compounds 99 and aldimines 103 by using an FLP of chiral
Lewis borane 24c¢ and amine 105 (Scheme 56).”> A variety of
optically active B-aminocarbonyl compounds 104 were obtained
in high yields with up to >20/1 dr and 96% ee. The cooperative
interactions of carbonyl compounds 99 with an unquenched
Lewis pair of chiral borane 24c and amine 105 accelerate the
generation of enolate and promote the subsequent addition to
hydrogen-bond-activated aldimines 103.

o
B(CeFs)3 (5 mol %) _COOR
9 oo O HN
)K(H NJ\OR 102 (10 mol %) N
+ I . mr T R
X RO N toluene, -46 °C, 24 h XJ\*( COOR
R g 1
99 O 100 101
\)P\h i ? H'\'I/COOMe 0 Hn-COOMe
Ph N \
N n.
H H CFs3 COOMe COOMe
Me” "Me
102 OMe
85% (36% ee) 65% (>98% ee)
Ph Ph
_-B(CeFs)3 o o
lH Me Me,N' N
X At N'/, Ph 'T' H CF,4
R Mﬂ: ROOC-N O
HNY ~Ph o N_<
(CeFs)3B—0 8+ OR'
FsC~ SO _

X R
Scheme 55 Direct enantioselective a-amination of carbonyl compounds.
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Scheme 56 Enantioselective direct Mannich-type reactions.

o 8o 108 (5 mol %) o NHBoc
) 109 (20 mol % :
A’MR + L ( 6) Ar)H/Y\Ar'
A7 H PhCF,4 .
R H 10°C, 24 h R R
103 107
106 (0] NHBoc
(0] NHBoc :
H 4BuCgH, P X = Ph
N Ph Ph \
S Me Me
€8~ )=BCFI Mo We
Nl 92% 111 dr. 929 61%, 10/1 dr, 90% ee
CeH4Bu-4 H ° n9<s ee 0 NHBoc
108 o) NHBoc p,
C Ph Z Ph Me F
Me Et 84%, 1.7/1 dr
109 85%, 15/1 dr, 96% ee  71% ee (trans); 87% ee(cis)

Scheme 57 Direct asymmetric vinylogous Mannich reactions of acyclic
o,B-unsaturated ketones.

In a recent work, Wang and co-workers unveiled highly
regio-, diastereo-, and enantioselective direct asymmetric viny-
logous Mannich reactions of acyclic ao,B-unsaturated ketones
106 and aldimines 103 under the cooperative catalysis of chiral
bicyclic bisborane 108 and amine 109 (Scheme 57).”> A wide
range of optically active 6-amino-u,B-unsaturated carbonyl deri-
vatives 107 were delivered in good yields with up to 96% ee.
Strong Lewis acidity, bulky steric hindrance, and structural
rigidity of borane 108 catalysts were pivotal for the initiation
of the reaction and for achieving high selectivities.

Luo and co-workers recently reported an asymmetric dis-
ulfuration of B-ketocarbonyls 110 with 111 by utilizing the
combination of B(C¢Fs)s, chiral amine 113, and achiral amine

o o B(CFs)s (20 mol %) 0
113 (20 mol %) S__R
R R"+ R-SSOMe _ 114 (20mol%) _ R " S
A" 111 CHCl, 35 °C, 32h COR"
110 12
J\ CHO
)} h/\
NH2 COzEt
113 85% (96% ee) 78% (84% ee)

o
)f>/3\s/\/\cozEt
“CO4Bn

78% (92% ee)

BU 38 (96% ee)
dr>20:1

Scheme 58 Asymmetric disulfuration with B-ketocarbonyls.
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114 as a three-component Lewis acid-base catalyst (Scheme 58).”*
A wide range of optically active disulfides 112 bearing S-containing
tetrasubstituted carbon stereocenters were obtained in moderate to
good yields with high levels of enantioselectivities. The bulky
tertiary amine 114 served to activate the bulky primary-tertiary
diamine-borane Lewis pair for enamine catalysis via frustrated
interactions.

Summary and outlook

The advent of FLP chemistry provides a novel category of cata-
lysts in the realm of asymmetric catalysis, leading to remarkable
advancements in recent years. As dual-component catalysts, both
chiral Lewis acid-driven FLPs and chiral Lewis base-driven FLPs
have been designed and successfully accessed. Furthermore, an
innovative strategy has emerged wherein achiral FLPs synergize
with other types of chiral catalysts, effectively broadening
the scope of FLP applications. The domain of metal-free asym-
metric hydrogenation has undergone a remarkable expansion
encompassing a diverse array of unsaturated compounds, such
as imines, enamines, N-heteroarenes, silyl enol ethers, simple
ketones, and enones. FLP catalysis has been extended from
hydrogenation to a diverse set of enantioselective reactions,
such as hydrosilylation, transfer hydrogenation, and cycliza-
tion. The versatility of chiral FLPs extends to their utility as
unquenched Lewis acid-base bifunctional catalysts for an array
of asymmetric transformations. It is noteworthy that chiral
FLPs have exhibited some interesting and distinctive catalytic
activities and stereoselectivities, presenting a promising avenue
for their increasing application in asymmetric catalysis.
Despite the significant progress made in the field, several
formidable challenges remain in the realm of FLP catalysis. These
challenges encompass catalytic efficiency, substrate scope, and the
diversity of reaction types, all of which require further attention and
innovative solutions in the future. A notable disparity exists
between the catalytic efficiency of chiral FLPs and that of
transition-metal catalysts. While transition-metal catalysts have
demonstrated remarkable efficiency, chiral FLPs still lag behind
in this regard. Addressing the underlying factors responsible for the
deactivation of FLP catalysts and designing more efficient catalysts
accordingly are important research subjects in this field. Addition-
ally, expanding the repertoire of reaction types and extending the
substrate scope are still in demand. A particularly promising
avenue is the integration of chiral FLPs into heterogeneous cata-
lysis, which also represents an important direction in the future.
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