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1. Introduction

Chiral carbon-carbon (C-C) and carbon-heteroatom (C-X)
bonds are pervasive and very essential in natural products,
bioactive molecules, and functional materials, and their cata-
lytic construction has emerged as one of the hottest research
fields in synthetic organic chemistry.'™ Among various meth-
odologies, direct asymmetric functionalization of C-H bonds,
which are ubiquitous in organic molecules, via transition metal
catalysis represents one of the most powerful approaches in
this field benefiting from its atom- and step-economy.*"® Addi-
tionally, such an approach offers a new synthetic opportunity as
well as an unconventional and complementary retro-synthetic
disconnection compared with traditional methodologies

requiring pre-activation or pre-functionalization of both reac-
tion partners. Although C-H bonds are more difficult to be
implemented than their pre-functionalized counterparts, they
are, virtually, not completely inert, and could be cleaved by an
appropriate catalyst to serve as latent surrogates of various
functional groups.
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Scheme 1 Rh()-Catalyzed enantioselective intramolecular C(sp?)-H
alkylation of alkenes.

Actually, the past few decades have witnessed the successful
implication of diverse transition metals in asymmetric C-H
bond functionalization, including first, second, and third-row
transition metals, as well as lanthanides.’™' Compared to other
transition metals, one characteristic feature of rhodium catalysts
resides in the availability of multifarious oxidation states (0, 1, 2,
and 3), offering an opportunity to effect various catalytic reac-
tions. In particular, rhodium catalysts have been extensively
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investigated in asymmetric C-H functionalization with diverse
mechanisms.>*™**> From the viewpoint of substrate activation
modes, Rh-catalyzed C-H functionalization could be classified
into two categories: inner-sphere mechanism and outer-sphere
mechanism, which differ in the mechanism of the C-H activa-
tion step (Scheme 1).***” Generally, Rh(m)-catalyzed asymmetric
C-H functionalization adopts the inner-sphere mechanism
by taking advantage of a chiral cyclopentadienyl (Cp)
ligand,*>?%39*851 whereas Rh(u) usually coordinates with a
chiral carboxylic acid to achieve the effect of asymmetric C-H
functionalization via the outer-sphere mechanism,"***>* both
of which have been well reviewed elsewhere.

Of note, the last decade has witnessed vigorous progress in
Rh(1)-catalyzed asymmetric C-H functionalization as a comple-
ment to Rh(u) and Rh(um) catalysis. In the asymmetric Rh(1)
catalysis, both inner-sphere and outer-sphere mechanisms
could be involved, despite that the inner-sphere dominates
(Fig. 1). Additionally, a special 1,4-Rh migration pathway may
also be involved in the asymmetric Rh(1) catalysis. Notably,
various types of chiral ligands could be implemented including
phosphoramidite, phosphonate, carbodicarbene, bisoxazoline-
phosphane, BINAP, Segphos, Tangphos, Josiphos, diene, and
so on (Fig. 2). As a consequence, a diversity of asymmetric C-H
transformations, such as alkylation, alkenylation, allylation,
arylation, and silylation, have been developed. Despite these
advances, a review comprehensively summarizing Rh(1)-
catalyzed asymmetric C-H functionalization is elusive. Herein,
we aim to provide the most comprehensive and up-to-date
summary covering the recent advances in Rh(i)-catalyzed asym-
metric functionalization of both C(sp*)-H and C(sp®)-H bonds.
Rh(1)-catalyzed hydroacylations and Friedel-Crafts reactions
have been the subject of multiple reviews and are therefore
not covered here.”>*® We believe that this review will gain much
attention from researchers with C-H functionalization and
asymmetric transition metal catalysis backgrounds, stimulate
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Fig. 1 Catalytic cycles for Rh()-catalyzed enantioselective C-H

functionalization.

more future efforts in this area, and facilitate the synthetic
application of these novel reactions. We have structured the
literature according to substrate activation modes and
reaction types.

2. Inner-sphere C—H functionalization

In the inner-sphere mechanism, the metal directly interacts
with a specific C-H bond to effect its activation and cleavage,
leading to a discrete organo-rhodium species to proceed with
follow-up functionalization. For Rh(i)-catalyzed asymmetric C-
H functionalization, the inner-sphere mechanism represents
the most prevalent C-H activation pathway. Owing to the
fundamental differences in substrate activation modes, the
selectivity of multiple C-H bonds differs. Typically, the inner-
sphere activation mode is highly sensitive to the steric factor
surrounding C-H bonds.

Chem. Soc. Rev,, 2024, 53, 3457-3484 | 3459
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Fig. 2 The generally used chiral ligands in Rh(i)-catalyzed asymmetric C—H functionalization.

2.1 Functionalization of C(sp”)-H bonds

Compared with C(sp®)-H bonds, the sp*hybridized counter-
parts are generally more sterically accessible and acidic, leading
to more vigorous progress in C(sp*)-H functionalization.
Additionally, rhodium usually possesses a good coordination
affinity to unsaturated double and triple C-C bonds. Therefore,
the use of alkenes, allenes, or alkynes as electrophiles can
provide a good solution for the Rh(i)-catalyzed asymmetric
functionalization of C(sp®)-H bonds.

2.1.1 Asymmetric addition of C(sp”)-H bonds to unsaturated
bonds. In this part, Murai and co-workers pioneered a Rh(i)-
catalyzed asymmetric intramolecular alkene C(sp®)-H activation/
olefin coupling reaction of 1,5-dienes with a 2-pyridyl (1) or
2-imidazolyl (3) directing group in 1997 (Scheme 1).> By the use
of monodentate planar chiral ferrocene phosphine ligand L15, the
desired cyclopentane derivatives 2 and 4 were attained in 45% and

3460 | Chem. Soc. Rev, 2024, 53, 3457-3484

82% ee, respectively. Following this pioneering work, an elegant
example was communicated at the beginning of this century, when
Bergman and Ellman effected an imine-directed intramolecular
addition of aromatic C-H bonds to 1,1-disubstituted alkenes
(Scheme 2).*® Using [RhCl(coe),], as the catalyst and (S)
binaphthol (BINOL)-derived monodentate phosphoramidite L1 or
L2b as the chiral ligand, several five-membered carbo- and
heterocycles 6 were accessed with impressive yields and
enantioselectivities (up to 96% yield and 96% ee). Subsequently,
the same group further expanded the substrate scope to 1,2-
disubstituted as well as 1,1,2-trisubstituted alkenes by taking
advantage of (S)-octahydrobinaphthol-based phosphoramidite L3
as a chiral ligand, thus giving rise to 2,3-dihydrobenzofuran
derivatives 8 in moderate to excellent yields (40-82%) and excellent
enantioselectivities (87-93% ee).”® For the cyclization of aldimine or
1,1,2-trisubstituted alkene substrates, ligand L4 provided better

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Rh()-Catalyzed
molecular C(sp?)—H alkylation.

enantioselective  imine-directed intra-

enantiocontrol. Notably, only syn-selective products were achieved,
owing to that the E-alkenes, which would lead to anti-selective
products, were unreactive. More importantly, the application of this
approach was validated by the total synthesis of a PKC inhibitor.*

Aside from several reports of imine-directed C(sp*)-H func-
tionalization, carbonyl could also serve as an effective directing
group to enable similar transformations. For example, in 2007,
Shibata and co-workers described a carbonyl-directed cascade
C(sp®)-H activation and cyclization with enynes via asymmetric
Rh(i) catalysis.®® With the chiral Rh-(S)-BINAP complex as a
catalyst, both alkyl and aryl substituted N-tethered enynes
readily reacted with the C(sp*)-H bond of benzophenone to
furnish products 11a and 11b with 92% and 91% ee, respec-
tively (Scheme 3). Apart from benzophenone, vinylic C-H
functionalization of chalcone was also effected, thus affording
the corresponding dienones 11c¢ and 11d in excellent enantio-
control. For the mechanism, the reaction was speculated to
commence with carbonyl-directed C-H oxidative addition onto

This journal is © The Royal Society of Chemistry 2024
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Scheme 3 Rh())-Catalyzed cyclization of enynes initiated by carbonyl-
directed activation of aromatic and vinylic C—H bonds.

Rh(1) to provide aryl- or alkenyl-rhodium complex Int-1. Hydro-
rhodation of Int-1 to the alkyne moiety of enyne 10 afforded
intermediate Int-2, which then underwent intramolecular
carbo-rhodation to the alkene moiety to afford metallacyclo-
hexane Int-3. Finally, reductive elimination of Int-3 led to the
release of the desired product 11.

In 2009, Bergman and Ellman documented a Rh(i)-catalyzed
intramolecular asymmetric C(sp®)-H alkylation of imidazoles
(Scheme 4).°> While most bidentate ligands failed to deliver the
desired product according to their previous work,*® Tangphos
(L20) represented an exception. At elevated temperatures
(135-175 °C), the intramolecular cyclization of allyl-substituted
imidazoles 12 readily proceeded to forge various dihydro-pyrrolo-
imidazoles 13 in moderate to excellent yields (71-92%) and
enantioselectivities (53-98% ee).

Bergman & Ellman 2009
3
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Scheme 4 Rh()-Catalyzed enantioselective intramolecular

alkylation of imidazoles.
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Scheme 5 Rh ()-Catalyzed [3+2] annulations of aromatic ketimines with
internal alkynes.

In 2010, Zhao and co-workers reported a single example of a
Rh(1)-catalyzed [3+2] annulation reaction of benzophenone
imine 14 with diphenylacetylene 15.°* In this reaction, the
imine group in benzophenone imine 14 not only served as a
directing group to enable C(sp*)-H activation at the ortho-
position, but also could be transformed into an amino group
by an addition reaction across the C=N bond. To their dis-
appointment, with bidentate phosphine (R,R)-DIOP L21 as the
chiral ligand, only moderate enantioselectivity (51% ee) was
achieved for the production of the tertiary 1H-inden-1-amine
16. Subsequently, the Cramer group disclosed an elegant
approach for the [3+2] annulation reaction of aromatic keti-
mines 17 with internal dialkyl or arylalkyl alkynes 18 by taking
advantage of the biphenyl diphosphine ligand DTBM-
MeOBiphep (L11b) (Scheme 5).°> This approach allowed for
the synthesis of a broad set of tertiary 1H-inden-1-amine
derivatives 19 in 43-90% yields and good to excellent enantios-
electivities (76-95% ee). The reaction was envisioned to be

3462 | Chem. Soc. Rev., 2024, 53, 3457-3484
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initiated by imine-directed ortho C(sp*)-H activation to form
the cyclometalated rhodium complex Int-4. Notably, the C(sp®)-
H activation step revealed a good positional preference for the
more electron-poor aromatic substituent of the ketimine sub-
strates. Subsequent removal of hydrogen from the metal center
in Int-4 provided intermediate Int-5, which was essential to
avoid undesirable hydroarylation reactivity. Migratory insertion
of Int-5 into internal alkyne 18 then occurred to furnish an
alkenyl-rhodium species Int-6, wherein the regioselectivity con-
trol could be achieved by using a potentially coordinating
functional group in unsymmetrically substituted alkynes, such
as ether (19a-c, 19g), ester (19e), phthalimide (19d), and sulfur-
containing group (15f). Finally, enantioselective addition of Int-
6 across the ketimine group set the desired product 19.

Soon after, the Cramer group further devised a Rh(i)-
catalyzed dynamic kinetic asymmetric transformation (DYKAT)
of racemic allenes 21 with ketimines 20 (Scheme 6).°>%” Similar
to the above-described process with alkynes, this [3+2] annula-
tion version of allenes with ketimines exhibited excellent
regio-selectivity ranging from 4:1 (22a) to >20:1 (22b). The
regio-selectivity resulted from the different positions of C-H
activation of ketimines, which favored the electron-poor aryl
and heteroaryl substituents. The coordination and migratory
insertion of the initially generated cyclometalated species Int-7
into a racemic allene 21 gave rise to eight stereoisomers Int-8,

NH [Rh(OH)(cod)], (2.5 mol%)
-BINAP or L Y
N R+ qu/-y\R:* (R) or L9b (6 mol%)
RT _ Z toluene, 120 °C, 12 h
20"' 2 22 examples, 38-97% yields
90-98% ee
l [Rh'JOH
-H,0
R
It X \lN’H rac-21 ast
T ,
IR DYKAT
Int-7
90 CI
PPh, o PAr,

PPh; o PAr,
OO < O 22
o) a

91% yield, 98% ee
(R)-BINAP L9b (Ar = 3,5-Me,-CgH3) 15:1 E/Z, 41 ir

FisC OaN

22d

220 Pr .
72% yield, 92% ee 62% yield, 98% ee
5:1 E/Z,>20:1 ir >20:1 E/Z

Ph

wNHz

OAc
22e 22f 229
65% yield, 94% ee 70% yield, 98% ee 38% yield, 92% ee
5201 E/Z >20:1 E/Z >20:1 E/Z
Scheme 6 Rhodium()-Catalyzed [3+2] annulations of aromatic ketimines
with allenes.
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which rapidly equilibrated and isomerized to reach the appro-
priate (E)-allyl isomer Int-9 by either a B-H elimination/
re-addition sequence or a o-m-c mechanism.®® Follow-up
intramolecular 1,2-addition across the imine moiety in Int-9
prevailed to arrive at the desired indanylamine 22 with excel-
lent diastereomeric (syn-diasteroselectivity) and enantiomeric
control (90-98% ee). For unsymmetrically 1,3-disubstituted
allenes, the selectivity in the equilibration process of Int-8 was
intensively governed by electronic factors with a preference for the
formation of a benzylic allyl rhodium intermediate over the alter-
native alkyl allyl intermediate. Notably, the ketimine part did not
exert a significant effect on the enantioselectivity, and both aryl aryl
and aryl alkyl ketimines were well suited for this reaction.

In 2015, Rovis and co-workers disclosed an asymmetric
intermolecular C(sp®)-H alkylation of benzoxazole 23 with
acrylates 24 via Rh(i)-catalysis (Scheme 7).°® Mechanistic stu-
dies indicated that this reaction was initiated by reversible C-H
activation of benzoxazole 23 with the aid of the rhodium acetate
catalyst, thus providing Rh-benzoxazole complex Int-10. Migra-
tory insertion of Int-10 across acrylate 24 furnished Rh-enolate
Int-11, which isomerized into heterobenzylic rhodium species
Int-13 via a B-hydride elimination/hydrorhodation sequence.
Protonation of Int-13 then occurred to set the alkylated benzox-
azole 25, which was assumed to be the turnover limiting step. It

[RhOAc(cod)] (5 mol%)
L13 (10 mol%)

R1
o N\>_H EWG w/ or w/o CsOAc (25 mol%) (\INJEWG
T + 1 RT
Z~d R MeCN, 100 °C, 48 h Z~0
23 24 15 examples 25
— P 31-98% yields, 68-96% ee ]
[ "RhOAc S, ,
P ; i jon
HOAc 3 steric repulsion :
~-N P : Me) (thl-n ;
i N i :
RT >_Rh j ' N i
o P 1 > HOAc
Int-10 ; o ;
; Int-14 5
24 P
b P L—Rh--p
R4 f H—Rh--p
Q\P—--Rh——p — _ EWG ! N 1 \0
—\ R —
EWG N
© SEWG R'  Het Rr
L Int-11 Int-12 Int-13

selected examples ---------------------

Me Me Me Me
C[%_)Lcoza C[NJCN
\ A\
o o

OMe
N™N
|
> 25a 25b
MeOQ P(m-xylyl), 88% yield, 94% ee 54% yield, 84% ee
MeO. g P(m-xylyl),
| Me Ph
Na Me
N, COEt N Y=CO,Me
OMe * N
L13 O Me o]

25¢ 25d
15% yield, <56% ee 65% yield, 93% ee

Me Me Me
N>_>LCOZE1 N, Y-CO,Et MeO N CO,Et
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Scheme 7 Rh()-Catalyzed asymmetric intermolecular C(sp?)-H alkyla-
tion of benzoxazoles with acrylates.
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was also demonstrated that 4-methylbenzoxazole, characteris-
tic of a [1,3]-strain, disfavored strong coordination to rhodium
in Int-14, thus exhibiting higher reactivity compared with its 6-
substituted or unsubstituted counterparts (25a vs. 25e vs. 25f).
In this scenario, the authors took advantage of a bulky Segphos
derivative CTH-(R)-Xylyl-P-Phos (L13) as chiral ligand to sur-
mount the possible deleterious coordination of the heteroarene
and harness the reactivity. As a consequence, a diversity of 2-
alkylated benzoxazoles 25 were attained in moderate to excel-
lent yields (31-98%) and good to excellent enantioselectivities
(68-96% ee). This reaction was tolerant of a-methyl substituted
acrylate derivatives, whereas using B-substituted acrylate deri-
vative crotonate as an alkylation reagent led to the racemic
product 25¢ in extremely poor results (15% yield and <5% ee).

In addition to a number of reports on constructing central
chirality, Rh(i)-catalyzed addition of C(sp®)-H to unsaturated
bonds could also be applied in effecting axial chirality. In 2000,
Murai and co-workers, for the first time, disclosed the con-
struction of axially chiral biaryls 27 and 29 via Rh(i)-catalyzed
C(sp*)-H alkylation of naphthylpyridine derivatives 26 & 28
with ethylene (Scheme 8).”° Unfortunately, only moderate yields
and enantioselectivities could be achieved (up to 37% yield and
49% ee) with [RhCl(coe),], as the catalyst and chiral ferrocenyl
phosphine L15 as the ligand.

2.1.2 Asymmetric arylation of C(sp’)-H bonds. In 2019,
You and co-workers reported a Rh(i)-catalyzed atroposelective
C(sp®)-H arylation of heterobiaryls 30 with aryl and heteroaryl
bromides (Scheme 9).”' By taking advantage of TADDOL-
derived monodentate phosphonite L10 as the chiral ligand
and N-heterocycles as directing groups, a diverse set of axially
chiral heterobiaryls 31 were released in moderate to excellent
yields (58-99%) with high to excellent enantioselectivities (72—
99% ee). Remarkably, this approach lays a foundation to
synthesize various axially chiral heterobiaryl catalysts.

Recently, the implementation of planar chirality in Rh(i)-
catalyzed C(sp®)-H functionalization was also demonstrated by
You and co-workers (Scheme 10A).”> With thioketone as the
directing group and L5a as the chiral ligand, a range of aryl and

N
I ‘ N
_N [RhCl(coe),], (5 mol%) Me
Me L15 (30 mol%) "
+ = e
OO H ~ toluene, 120 °C, 20 h OO
26
B O
_N [RhCI(coe),], (5 mol%)
+ Z
H L15 (30 mol%) OO Me
OO toluene, 120 °C, 20 h
28 29
33% yield, 22% ee
Scheme 8 Rh()-Catalyzed atroposelective C(sp?)-H alkylation of

naphthylpyridine derivatives with ethylene.
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97% yield, 97% ee 95% yield, 86% ee 95% yield, 94% ee

Scheme 9 Rh()-Catalyzed atroposelective C(sp?)—H arylation of hetero-
biaryls with aryl and heteroaryl bromides.

heteroaryl iodides were readily incorporated into thiocarbonyl-
ferrocene 32, thus providing direct access to various planar
chiral ferrocenes 33 in moderate to good yields (53-82%) and
excellent enantioselectivities (up to >99% ee). Subsequently,
the same group further extended the ferrocene scope to pyr-
idylferrocenes 34 by use of the Rh(i)/phosphonite catalytic
system, wherein pyridine served as the directing group
(Scheme 10B).”> As a consequence, a variety of (hetero)aryl
bromides were readily coupled with pyridylferrocenes 34 to
afford planar chiral ferrocene-based pyridine derivatives 35 in
excellent yields (up to 97%) and enantioselectivities (93->99%
ee). Additionally, aryl iodide and aryl chloride were competent
coupling partners, leading to the formation of 35a in compar-
able results (95% and >99% ee, respectively). Notably, aside
from (hetero)aryl halides, alkenyl bromide also proved compa-
tible with this reaction, giving product 35e in 40% yield and
95% ee. Meanwhile, substitution on the pyridine ring or
ferrocene part was also tolerated (35f, 35g). However, 5-
substituted pyridine was not a suitable substrate, which was
probably attributed to its weak coordination with the rhodium
catalyst (35h).

Most recently in 2023, You and co-workers further achieved
the Rh(i)-catalyzed enantioselective C(sp*)-H arylation of metal-
locenes for the synthesis of both planar chiral 1,2-disubstituted
and 1,3-disubstituted metallocenes via kinetic resolution
(Scheme 11).”* In the presence of Rh(i) catalyst and 3,5-(MeO),-
CeH;-substituted TADDOL-derived monodentate phosphonite
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0, iOfl
H L5b (20 mol%), LiO'Bu (HehAr Ph O\P,O Ph
Oy 1
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: 8 examples
R1© 40-97% yields, 93->99% ee R1©
MeO OMe
34

@e <

35b 35¢ 35d
87% yleld >99% ee 70% yield, >99% ee  80% yield, >99% ee  60% yield >99% ee

ole \g
r©

@4
5 ()

Fe Fe Fe
35e 35f 35h
40% vyield, 95% ee 82% yield, >99% ee 97% yleld 99% ee <5% yield

Scheme 10 Rh()-Catalyzed enantioselective C(sp?)—H functionalization
of ferrocenes (PMB = p-methoxybenzyl).

L5b as the chiral ligand, a broad range of aryl and heteroaryl
bromides were readily incorporated into various directing group
(e.g. 3- or 4-methyl, 4-phenyl and 4-methoxy pyridine) functiona-
lized 1,2-disubstituted or 1,3-disubstituted ferrocenes and ferro-
cenes rac-36 containing diverse substituents, including alkyl
groups, aryl groups, and even heteroatoms, thus giving rise to
arylated products 37 with satisfactory selectivity factor values (s
up to 618) and excellent enantiomeric control (up to 99% ee). For
instance, ferrocene 36a and ruthenocene 36b with ortho-
trimethylsilyl substituent acted as applicable substrates with
outstanding selectivity (s = 525 for 37a and s = 139 for 37b).
Additionally, the calculated conversion (C) matched well with the
isolated yields. The underlying mechanism of this reaction has
been studied using 2-pyridinylferrocenes and aryl bromides as
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Scheme 11 Rh()-Catalyzed enantioselective C(sp?)—H arylation of metal-
locenes via kinetic resolution.

representative reagents by both experimental and computational
studies (Scheme 11).”” The reaction was proposed to be initiated
by the coordination of rhodium with 2-pyridinylferrocenes to
afford intermediate Int-15. Subsequently, C-H activation of
Int-15 occurred to generate intermediate Int-16, which then
proceeded to oxidative addiction with aryl bromide to provide
Int-17. Finally, reductive elimination of Int-17 readily proceeded to
arrive at the expected product and release the rhodium catalyst.

Ferroceneformaldehydes constitute a vital type of platform
molecules, which can be smoothly converted into diverse
functionalities to provide facile access to chiral ligands and
catalysts. However, it had been a long-standing challenge to
synthesize enantiopure planar chiral ferroceneformaldehydes
via a straightforward and highly efficient approach. To sur-
mount this obstacle, You and co-workers recently disclosed a
Rh(i)-catalyzed enantioselective C(sp*)-H arylation of ferroce-
neformaldehydes 38 with the assistance of a chiral phosphor-
amidite ligand L6 (Scheme 12).”° It was demonstrated that the
formation of imine intermediates 39 was critical for the success
of this transformation. A broad set of readily available aryl
halides such as aryl iodides, aryl bromides, and even aryl
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Scheme 12 Rh()-Catalyzed enantioselective C(sp?)—-H
ferroceneformaldehydes.

arylation of

chlorides are found to be competent substrates for this reac-
tion, providing access to chiral ferroceneformaldehydes 40 in
uniformly excellent enantioselectivity (98->99% ee). Among
various functionalities derived from ferroceneformaldehydes
by an elegant decoration of the aldehyde group, enantiopure
Ugi’s amine 41a and PPFA analogues 41b were particularly
noteworthy, as the latter proved as a highly efficient ligand in
Pd-catalyzed asymmetric allylic alkylation reactions.

2.1.3 Asymmetric silylation of C(sp*)-H bonds. In 2013,
Takai and collaborators presented a Rh(i)-catalyzed dual
dehydrogenative cyclization of bis(biphenyl)silanes 42 via C-H
silylation (Scheme 13).”77® By the use of [RhCl(cod)], as a
catalyst and (R)-BINAP as a ligand, chiral
spirosilabifluorenes 43 were constructed in favorable yields
(73-85%) and enantiomeric control (70-81% ee). Subsequently,
the same group found that the enantioselectivities of the
products could be further enhanced to 72-95% ee without
sacrificing the yields by lowering the temperature from
135 °C to 70 °C and extending the reaction time to 24 h.”®

In 2015, He and co-workers opened the door to the untamed
Rh(i)-catalyzed asymmetric C-H bond silylation under much
milder reaction conditions (Scheme 14A).%° With the aid of
chiral ligand (S)-TMS-Segphos (ent-L9c), a plethora of Fe and Ru
metallocenes 44 proceeded intramolecular dehydrogenative
cyclization at temperatures between room temperature and
45 °C, thus providing direct access to planar-chiral ferrocene
and ruthenocene siloles 45 in good yields (up to 98%) with high
to excellent enantioselectivities (up to 97% ee). In general, the
enantioselectivity was largely independent of the substituents on
the aryl or metallocene part. In contrast, the substituents on the
silicon atom exerted a profound effect on the enantioselectivity,

several

Chem. Soc. Rev,, 2024, 53, 3457-3484 | 3465


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00762f

Open Access Article. Published on 27 februari 2024. Downloaded on 16/05/2026 2:12:57.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

—\ R —
\ / [RhClI(cod)], (0.5 mol%) Q—QR
) (R)-BINAP (1.2 mol%) ,
SiHyH .Si
H 1,4-dioxane \ N\
4 \\ 5 examples / __JR
42 R 135°C, 3h:73-05% yields, 70-81% ee 43

70 °C, 24 h: 44-96% yields, 72-95% ee

Je
.

O
(J

(R)-43a
95% yield, 81% ee

.
ph

(R)-43d 43e
90% yield, 70% ee 73% yield, 77% ee

(R)-43b
94% yield, 78% ee

(R)-BINAP

e
CI

O

(R)-43c
90% yield, 75% ee

Scheme 13 Rh()-Catalyzed
bis(biphenyl)silanes.

dual dehydrogenative cyclization of

and substrates with two ethyl or propyl groups on the silicon
atom gave rise to better results (45b) compared with that with
two methyl groups (45a). Besides, only moderate enantiocontrol
(56% ee) was achieved for diphenyl silane 45c. Meanwhile, the
Takai group realized the same transformation by using (R)-
DTBM-Segphos L9d as a chiral ligand, which provided several
planar-chiral ferrocene and ruthenocene siloles 46 in compar-
able enantioselectivities (77-93% ee) but with opposite absolute
configuration (Scheme 14C).*"® Remarkably, apart from
Segphos-derived ligand, a chiral diene ligand L24 was also
competent to effect this transformation, but with much lower
yields (39-75%) and enantioselectivities (18-86% ee),
described by Shibata and co-workers (Scheme 14B).** Addition-
ally, this catalytic system was also applied for the intramolecular
dehydrogenative coupling of the C(sp*)-H bond with the Ge-H
bond in (dimethylhydrogermyl)phenylferrocene 45g. Unfortu-
nately, the corresponding benzogermoloferrocene 45g was
afforded with only 40% yield and 33% ee. It should be noted
that an excess of 3,3-dimethylbut-1-ene as addictive was crucial
for the maintenance of enantiocontrol.

In 2020, He and co-workers developed a Rh(i)-catalyzed
cascade enantioselective C(sp”)-H silylation/alkene hydrosilyla-
tion of dihydrosilanes (Scheme 15).®* By the use of Josiphos-
derived chiral ligand L16, a diverse set of bi-(hetero)aryl dihy-
drosilanes 47 with different substituents at different positions
smoothly converted to silicon-stereogenic tetra-
substituted silanes 48 in 55-88% yields and good to excellent
enantiocontrol (81-99% ee). For the scope of alkene partners,
alkyl, aryl and heteroatom-substituted alkenes all proved as
competent substrates. Alternatively, with (R)-Segphos as a
chiral ligand, various ferrocene dihydrosilanes 49 were compa-
tible with this transformation, which enabled streamlined
construction of tetrasubstituted silicon-stereogenic and planar

were
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Scheme 14 Rh(i)-Catalyzed enantioselective intramolecular C—H silyla-
tion for the synthesis of planar-chiral metallocene siloles and germolane.

chiral benzosiloloferrocenes 50 as single diastereomers (dr >
20:1) with excellent enatioselectivities (90-99% ee). It is worth
mentioning that several core scaffolds from pharmaceuticals,
bioactive molecules, and materials, such as (—)-menthol,
B-estradiol, p-ribofuranoside, and pitavastatin fragment, were
well accommodated in this reaction to furnish the corres-
ponding benzosiloloferrocenes 50a-d in 40-86% yields and
93-98% ee.

Most recently, He and co-workers described an elegant
synthesis of chiral monohydrosilanes by Rh(i)-catalyzed intra-
molecular C-H silylation of dihydrosilanes (Scheme 16).%°
Under mild conditions, a diverse set of chiral monohydrosi-
lanes 52 were obtained in 55-83% yields with favorable enan-
tioselectivities (up to >99% ee). Substrates with substituents
on both aryl rings were also compatible with this transforma-
tion, resulting in decreased yields and enantioselectivities
(52b). Furthermore, a wide array of silicon-stereogenic and
planar chiral ferrocene monohydrosilanes were successfully
accessed by this approach with consistently excellent enantios-
electivities (93-99% ee, i.e. 52d). Unfortunately, only aryl alkyl

This journal is © The Royal Society of Chemistry 2024
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Scheme 15 Rh()-Catalyzed tandem enantioselective C-H silylation/
alkene hydrosilylation of dihydrosilanes.

dihydrosilanes proved as competent substrates, whereas the
use of diaryl dihydrosilanes was not successful in delivering
the corresponding products, due to their decomposition
issue in the presence of highly reactive rhodium catalysts. It
is noteworthy that the resulting chiral monohydrosilanes 52
served as critical building blocks to effect the facile synthesis of
different stereogenic tetraorganosilanes 53. While alcoholysis
with isopropanol and C-H functionalization with 2-methylthio-
phene furnished products 53a and 53b, respectively, hydrosily-
lation with © bond compounds such as alkenes, alkynes,
and ketones, delivered chiral tetraorganosilanes 53c-e via the
construction of Si-C(sp?), Si-C(sp®), and Si-O bonds. In all
cases, high yields were achieved with intact enantiocontrol.
Remarkably, tandem C(sp’)-H  silylation/hydrosilylation
of dihydrosilanes with alkenes and alkynes also proved
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Scheme 16 Rh(i)-Catalyzed intramolecular C—H silylation of aryl alkyl
dihydrosilanes.

A

93% yield, 92% ee

successful, thus providing 53c and 53d in excellent yields and
enantioselectivities.

Subsequently, He’s group further expanded the substrate
scope of the Rh(1)-catalyzed intramolecular C-H silylation reac-
tion to diaryl dihydrosilanes (Scheme 17).%® The key to the
success of this transformation relied on decreased rhodium
catalyst loading (1 mol%) to address the decomposition issue of
the monohydrosilane products. To the authors’ delight, a
variety of silicon-stereogenic and planar chiral trisubstituted
1H-benzosiloloferrocenes 55 were achieved as single diastereo-
mers with excellent enantioselectivities (84-99% ee). Further-
more, a ruthenocene-containing substrate was also compatible
with this transformation, thus affording 55d in 80% yield and
99% ee. Meanwhile, with this catalytic system, He and co-
workers effected asymmetric intramolecular dehydrogenative
C-H silylation of alkenyl dihydrosilanes (Scheme 17).%¢ With 1
mol% of rhodium catalyst, various alkenyl dihydrosilanes con-
taining a diverse set of substituents at different positions were
readily transformed into trisubstituted silicon-stereogenic 1H-
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Scheme 17 Rh(i)-catalyzed intramolecular C—H silylation of diaryl and
alkenyl dihydrosilanes.

benzosiloles 57 in moderate to decent yields (41-72%) and
good to excellent enantioselectivities (80-99% ee).

Aside from a number of reports on the Rh(i)-catalyzed
enantioselective construction of five-membered silicon-
stereogenic silanes, most recently, He and co-workers disclosed
a novel synthesis of six and seven-membered counterparts via
asymmetric Rh(i) catalysis (Scheme 18).*” Under the catalysis of
[RhCl(cod)], and Josiphos ligand L16, various silicon-bridged
biaryls 58 consisting of benzene and indole moieties smoothly
underwent dehydrogenative C-H silylation to provide a diverse
set of six-membered silicon-stereogenic triorgano-substituted
silanes 59 in 24-91% yields with excellent enantiocontrol (87-
98% ee). It was found that high temperature was crucial
to achieve high reactivity in this transformation. In addition
to the indole scaffold, benzofurane, benzothiophene, and
naphthalene counterparts were also well incorporated to afford
silicon-stereogenic monohydrosilanes 59e-g in 94-99% ee.
Furthermore, chiral silicon-bridged diphenylamine 59h could
also be accessed by this approach, despite a much lower
enantioselectivity (58% ee). It is noteworthy that several
seven-membered carbazole-based silicon-stereogenic triorgano-
substituted silanes 61 were readily obtained in moderate to good
yields (40-80%) and decent enantioselectivities (85-91% ee) by
simply replacing the chiral ligand L16 with L17.

Subsequently, He and co-workers disclosed a cascade
desymmetric Si-C activation/C-H silylation and intermolecular
dehydrogenative silylation reaction of silacyclobutanes (SCB) 62
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Scheme 18 Rh()-Catalyzed synthesis of six- and seven-membered
silicon-stereogenic triorgano-substituted silanes.

with arenes via asymmetric Rh(1) catalysis (Scheme 19).%% As a
result, a variety of quaternarily silicon-stereogenic dibenzosi-
loles 63 were attained in moderate to high yields (54-88%) and
good enantioselectivities (65-93% ee). Aside from thiophene
derivatives, benzene also proved as capable substrate to furnish
the corresponding silole 63c in comparable yield, but dimin-
ished enantiocontrol (68% ee). Notably, by taking advantage of
this catalytic system, bis-silole 63d and ferrocene silole 63e
were achieved in 92% ee and 91% ee, respectively.

Most recently, the Rh(i)-Catalyzed intermolecular asym-
metric C-H silylation was independently successfully realized
by W. He and C. He (Scheme 20).%° As described by W. He and
co-workers, with biphenylphosphine L11b as a chiral ligand,
various silacyclobutanes 64 were smoothly coupled with thio-
phene derivatives 65, forging chiral acyclic monohydrosilanes
66 in moderate to excellent yields (50-82%) and stereo-control
(54-96% ee). The reaction was proposed to commence with the
generation of intermediate Int-18 via thiophene coordination to
the pre-formed [Rh]-H catalyst. Subsequent oxidative addition
of silacyclobutane 64 onto Rh(i) in Int-18 proceeded to afford a

This journal is © The Royal Society of Chemistry 2024
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Scheme 19 Rh()-Catalyzed asymmetric desymmetrization/C—H silyla-
tion/dehydrogenative silylation of silacyclobutanes.

five-membered rhodacycle Int-19. Reductive elimination of
rhodacycle Int-19 occurred to form Int-20, which then under-
went C-H activation to furnish oxidative addition intermediate
Int-21. Finally, the desired acyclic stereogenic monohydrosilane
66 was obtained via a second reductive elimination of Int-21.
Almost at the same time, C. He and co-workers also commu-
nicated a Rh(i)-catalyzed intermolecular asymmetric C-H silyla-
tion of heteroarenes via a direct dehydrogenative C-H/Si-H
cross-coupling (Scheme 20).°° As a result, a diversity of acyclic
heteroarylated silicon-stereogenic monohydrosilanes 69 includ-
ing bis-Si-stereogenic silanes (69b, 69¢) were generated in decent
yields and enantioselectivities. Notably, apart from furan and
thiophene derivatives, simple arenes were also compatible with
this reaction, despite moderate stereo-control (69d). It was worth
mentioning that the use of norbornene derivative NBE-OMe as a
hydrogen acceptor was critical to maintaining the reactivity.

2.2 Functionalization of C(sp*)-H bonds

2.2.1 Functionalization of activated C(sp®)-H bonds. In
2012, Yu’s group reported a Rh(i)-catalyzed asymmetric
functionalization of activated allylic C(sp*)-H bonds for intra-
molecular addition to conjugated 1,3-dienes.”’ Various nitro-
tethered ene-2-dienes 70 containing either alkyl or aryl
substituents were readily converted to pyrrolidine derivatives
71 in 45-91% yields with moderate to excellent enantioselec-
tivities (63-94% ee), using [RhCl(coe),], as a catalyst, AgOTf as a
co-catalyst and (S)-binaphthol (BINOL)-derived monodentate
phosphoramidite L2a as a chiral ligand. Moreover, carbon-
and oxygen-tethered ene-2-dienes were also suited to this

This journal is © The Royal Society of Chemistry 2024
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Scheme 20 Rh()-Catalyzed intermolecular asymmetric C—H silylation.

transformation, providing cyclopentane and tetrahydrofuran
derivatives 70d and 70e in 81% and 64% ee, respectively.
Notably, two adjacent stereo-centers with one quaternary
carbon center were constructed in excellent diastereoselec-
tivities (dr > 19:1). The underlying mechanism was next
thoroughly investigated based on the DFT (density functional
theory) calculation (Scheme 21).°> As depicted in Scheme 21, the
reaction was initiated by the coordination of the rhodium catalyst
with the substrate, leading to the formation of Rh-complex Int-22.
Follow-up allylic C-H activation provided rhodium-hydride species
Int-23, which then underwent alkene insertion to furnish bis-allylic
Rh-complex Int-24. Finally, di-t-allyl-assisted reductive elimination
of Int-25 occurred to release the desired product.

In 2016, Glorius’s group reported a Rh(i)-catalyzed asym-
metric approach for the site- and enantio-selective intermole-
cular arylation of benzylic C(sp’)-H bonds (Scheme 22).%°
Diverse triarylmethanes 74 were achieved in 42-86% yields
and with moderate to good enantioselectivities (62-80% ee)
by reacting 8-benzyl quinolones 72 with aryl bromides 73 under
the catalysis of RhCl(PPh;), and NHC (N-heterocyclic carbene)
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Scheme 21 Rh()-Catalyzed allylic C—H activation and addition to con-
jugated dienes.

pre-ligand L23. The underlying plausible reaction mechanism
was proposed as depicted in Scheme 22. First, reactive inter-
mediate Rh(i)-complex Int-26 was generated by the coordina-
tion of in situ generated free NHC to rhodium, followed by
intramolecular activation of a benzylic C-H bond on the
carbene ligand. Then, Rh(m) species Int-27 was formed by
oxidative addition of aryl bromides into Int-26, with concomi-
tant elimination of associated ligand PPh;. Afterwards, Rh-
complex Int-28 was produced by a trans-metalation reaction
of Int-27 with deprotonated substrate 72, which was generated
by an excess amount of NaO’Bu. Finally, the desired product 74
was achieved via reductive elimination of Int-28.

Glorius’s group later explored another Rh(i)-catalyzed
approach for the enantioselective intermolecular C(sp®)-H ary-
lation of tetrahydroquinolines and other saturated N-
heterocycles with aryl iodides, without observation of the
arylation of the adjacent C(sp”)-H bonds on tetrahydroquino-
lines (Scheme 23).°* In this reaction, the combination of
[RhCI(C,H,),], and chiral phosphonite ligand L5a acted as a
powerful catalytic system producing a diversity of a-arylated N-
heterocycles with high regio- and enantio-selectivity, while
using tert-butyl thioamide as a directing group. Both electron-
donating and electron-withdrawing substituents on the phenyl
ring were well tolerated when the tetrahydroquinoline scope
was concerned. Substituents such as cyano, thioanisoles, tri-
fluoromethyl, and arylboronic pinacol esters were also compa-
tible in the case of aryl iodides. Remarkably, the scope of
saturated aza-heterocycles could be extended to piperidine,
pyrrolidine, piperazine, azepane and azetidine, and the corres-
ponding a-N-arylated products 76c-f were obtained in good
regio- and enantio-selectivities (up to 97% ee).

2.2.2  Functionalization of unactivated C(sp*)-H bonds. In
2015, Takai’s group shared their pioneering work on the
enantioselective rhodium-catalyzed dehydrogenative silylation
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Scheme 23 Rh()-Catalyzed intermolecular C—H arylation of tetrahydro-
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of unactivated C(sp®)-H bonds (Scheme 24).°® In the presence
of [RhCl(cod)],, C,-symmetric diphosphine ligand (R)-DTBM-
Garphos L12 and hydrogen acceptor 3,3-dimethyl-1-butene,
2-isopropylphenylsilane 77 was converted to 2,3-dihydroben-
zo[b]silole 78 in 83% yield without any formation of hydrosi-
lylated product 79, in spite of the low enantiocontrol (37% ee)
(Scheme 24). While ligand (R)-DTBM-Garphos was replaced

This journal is © The Royal Society of Chemistry 2024
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with (R)-Hg-BINAP L8, 1,1’-spirosilabiindane 81 with a new
tetrasubstituted silicon-stereogenic center was achieved in
comparable yield (75%) and enantioselectivity (40% ee) via
dual asymmetric alkylation of dihydrosilane 80 at elevated
temperature with increased catalyst and hydrogen acceptor
loading. The mechanism of this unique reaction has also
been proposed as given in Scheme 24. First, hydrosilane 77
was oxidatively added to the Rh(1)-Cl pre-catalyst, furnishing a
Rh(1)-H species involving the reductive elimination of chloro-
silane Int-29. The Rh(1)-H species was then added to the Si-H
bond of 77, and the resulting intermediate Int-30 further
reacted with 3,3-dimethyl-1-butene to produce intermediate
Int-31. Instead of the hydrosilylated product 79, Rh-silyl
species Int-32 was preferably formed by reductive elimination
of H and 3,3-dimethylbutane groups on the rhodium center of
Int-31, which might be attributed to the tendency of 3,3-
dimethylbutyl and sterically bulky silyl groups to keep
distance from each other. The hydrosilylated product 79
might be generated by the reaction of Int-32 with 3,3-
dimethyl-1-butene via silylrhodation followed by the Sigma-
bond metathesis with 77. However, the electron-rich Rh
center in Int-32 favored intramolecular oxidative addition
over the silylrthodation to provide Int-33, which then
underwent reductive elimination to generate the desired
product 78.
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Scheme 24 Rh()-Catalyzed intramolecular
isopropylphenylsilane and dihydrosilane.

C-H silylation of 2-
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Soon after, Hartwig’s group described an unprecedented
enantioselective intramolecular silylation of cyclopropyl C-H
bonds in the presence of a Rh catalyst.”® As displayed in
Scheme 25, silyl ether 83 was in situ generated by Ru-
catalyzed dehydrogenative coupling of cyclopropylmethanols
82 with diethylsilane and was used in the follow-up reaction
without further purification. In the presence of [RhCl(cod)],/(S)-
DTBM-Segphos and a hydrogen acceptor cyclohexene, the
intramolecular silylation of silyl ethers 83 readily occurred to
generate various bicyclic silylcyclopropanes 84 in decent to
high yields (42-89%) with moderate to good enantiomeric
excesses (56-95% ee). Generally, aryl-substituted cyclopropyl-
methanols provided higher enantioselectivities compared with
alkyl-substituted substrates (84a-g vs. 84h-i), which was con-
tributed by an additional n-rn interaction between the aryl
moieties of the substrate and the Rh(i) catalyst. Mechanistic
studies suggested that the C-H cleavage might be the turnover-
limiting step and determined the configuration of the product.

In 2020, He and co-workers developed a Rh(i)-catalyzed
enantioselective silylation of unactivated C(sp®)-H bonds, thus
providing an elegant access to silicon-stereogenic dihydroben-
zosiloles (Scheme 26).°” This reaction comprises a two-step
sequence, namely a highly asymmetric silylation of C(sp*)-H
bonds in dihydrosilanes