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Transition-metal-catalyzed C–H functionalization is becoming a
general and straightforward strategy for the construction of car-
bon-carbon and carbon-heteroatom bonds in modern organic syn-
thesis. In this regard, ligands often play a key role for the C–H
functionalization processes. In addition to those neutral ligands
such as phosphorus-type ligands, N-heterocyclic carbenes, etc.,
anionic type ligands derived from substituted cyclopentadienes
have also received much attention. Their unique properties, includ-
ing strong p-donation and stability, are responsible for forming
robust CpxM (M = Co, Rh, Ir, Ru, etc.) catalysts. Moreover, these
Cp ligands display superior performance such as enhanced reactiv-
ity, improved regioselectivity and diastereoselectivity through the
modulation of the electronic and steric properties of the Cp rings.

Given the increasing importance and demand for optically
active molecules, much attention has recently been paid to asym-
metric CpxRh-catalyzed C–H functionalization reactions [1]. To
date, there are several strategies to achieve high levels of enantios-
electivity in Rh catalysis. These include the utilization of chiral Cp
ligands, artificial metalloenzyme modified CpRh, chiral sulfonates,
carboxylic acids, and transient chiral directing groups. Among
them, the employment of chiral Cp ligands has emerged to be an
extremely powerful approach. Therefore, the design and synthesis
of chiral Cp ligands now are one of the most intense directions in
asymmetric C–H functionalization. In this perspective, we high-
light the recent progress on the development of chiral Cpx ligands
and their applications in asymmetric Rh-catalyzed C–H functional-
ization reactions.

In 2012, Ward, Rovis and co-workers [2] ingeniously synthe-
sized a biotinylated [Cp*Rh(III)] complex and combined it with
engineered tetrameric streptavidin (tSav) to create an artificial
metalloenzyme for C–H annulation of N-(pivaloyloxy)benzamides
with alkenes (Scheme 1a). Simultaneously, Cramer group [3] for
the first time reported that the rhodium(III) complexes bearing a
class of simple C2-symmetric Cp derivatives proved to be highly
efficient for the same type reaction (Scheme 1b). These two reports
introduced a new direction for asymmetric Rh-catalyzed C–H func-
tionalization, and various chiral CpxRh catalysts have been devel-
oped since then (Scheme 2).

The binaphthyl-derived CpxRh complexes. In 2013, the Cramer
group [4] reported highly tunable chiral Cp ligands based on
binaphthyl backbone (Scheme 2, I), which reacted with [Rh
(C2H4)2Cl]2 leading to chiral CpxRhI complexes. The chiral environ-
ment at the metal center originates from both the rigid backwall
and the 3,30-substituents of BINOL-derived Cp ligands. The corre-
sponding Rh complex was used for enantioselective C–H allylation
of N-methoxybenzamides with allenes under mild conditions with
excellent enantioselectivities and good functional group tolerance.
The chiral binaphthyl-derived CpxRh complexes were also applied
for the highly enantioselective synthesis of axially chiral biaryls. In
2019, Li and co-workers [5] realized oxidative coupling of indoles
with o-alkynylanilines/phenols employing binaphthyl-derived
CpxRh catalyst for the construction of 2,30-biindolyls by merging
C–H activation with nucleophilic cyclization (Scheme 2a). The
reaction proceeded via initial C–H activation, followed by alkyne
cyclization. Importantly, the chiral rhodacyclic intermediate was
isolated and its crystal structure revealed that the bulky iodide
group is disposed distal to the methoxy group of the Cp ligand.
To date, the chiral binaphthyl-derived CpxRh complexes (I) are
the most widely used catalysts. However, an apparent drawback
for the initial synthesis of these chiral binaphthyl-based CpxRh cat-
alysts is the requirement for highly toxic TlOEt reagent. To address
this issue, Cramer and co-workers [6] disclosed a convenient and
practical complexation method to access chiral CpxRh complexes
from the free CpxH with stable and commercially available [Rh
(cod)OAc]2 without the addition of base or any additive.

Of particular note, the multi-substituents on the Cp ring exhib-
ited distinct reactivity, chemo- and regioselectivity in C–H func-
tionalization reactions. However, there are only a few reports to
investigate the effect of substituents (Me, iPr, tBu, etc) of the chiral
Cp ligands on chemo, regio- and enantioselectivity. Therefore, the
development of efficient approach to access tunable multi-substi-
tuted chiral cyclopentadienyl ligands is of great significance.
Recently, You and co-workers [7] designed a series of chiral
binaphthyl-based CpxRh (Scheme 2, II) bearing multi-substituent
groups on the Cp ring to tune the steric and electronic effects, by
utilizing Co2(CO)8-mediated [2 + 2 + 1] cyclization as a key step.
Employing such a chiral CpxRh bearing trimethyl-substituents on
the Cp ring, unprecedented enantioselective [4 + 1] annulation
reaction of benzamides and alkenes was achieved, yielding a vari-
ety of isoindolinones with excellent regio- and enantioselectivity
under mild reaction conditions (Scheme 2b).

The spiro CpxRh complexes. 1,10-Spirobiindane has become a
privileged chiral scaffold, pioneered by the Zhou group [8]. In
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Scheme 1. (Color online) Enantioselective [4 + 2] annulation reactions.
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2016, You and co-workers [9] developed a series of novel cyclopen-
tadienyl ligands (SCps) based on 1,10-spirobiindane scaffold
(Scheme 2, III). One of their corresponding Rh(I) complexes
behaved as a superior catalyst in asymmetric oxidative C–H
alkenylation of biaryl derivatives with olefins. Compared with
binaphthyl-based CpxRh (I), the X-ray crystal structure of 3,30-
dimethoxy substituted SCpRh complex revealed that the two
methoxy groups as side walls are closer to the Rh center creating
a better chiral environment. In 2018, the Wang group [10] reported
a solvent-dependent enantioselective synthesis of alkynyl and
monofluoroalkenyl isoindolinones from N-methoxybenzamides
and a,a-difluoromethylene alkynes by C–H activation with the
SCpRh catalyst (Scheme 2c). The alkynyl isoindolinones were gen-
erated in excellent enantioselectivities by using MeOH as solvent
whereas the monofluoroalkenyl isoindolinones were formed in
iPrCN.

The piperidine-fused CpxRh complexes. In 2017, Antonchick,
Waldmann and co-workers [11] described a three-step gram-scale
synthesis of chiral piperidine-fused Cp ligands (Scheme 2, IV).
Their structure and configuration can be efficiently adjusted by
means of flexible enantioselective [6 + 3] cycloaddition reactions.
The corresponding CpxRhI complexes have proven to be efficient
catalysts for asymmetric C–H functionalization. In 2019, they also
described the first enantioselective C(sp3)–H annulation of a-aryli-
dene pyrazolones with alkynes by using the piperidine-fused Cpx-
Rh catalyst under mild conditions (Scheme 2d) [12]. This method
gave access to a class of structurally diverse spiropyrazolones con-
taining an all-carbon quaternary center with high yields and good
to excellent enantioselectivity. The synthetic utility of this method
was demonstrated by the late-stage functionalization of drugs and
natural products as well as the preparation of enantioenriched
[3]dendralenes.

The planar chiral CpxRh complexes. In 2018, Perekalin and co-
workers [13] reported the synthesis of planar chiral CpxRhIII com-
plex (Scheme 2, V). Firstly, the racemic CpxRhIII complex was pre-
pared from [Rh(cod)Cl]2 in three steps. Subsequently, reaction
with natural (S)-proline gave a mixture of diastereomeric adducts
which were separated by recrystallization without chromatogra-
phy to afford the single diastereomers. Finally, treatment with
aqueous HI generated the chiral CpxRh iodide complex as a pure
enantiomer in almost quantitative yield. This planar chiral CpxRhIII

complex could effectively promote enantioselective C–H annula-
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tion of aryl hydroxamic acids with strained alkenes to give dihy-
droisoquinolones in high yields and excellent enantioselectivity.
At the same time, Baik, Blakey and co-workers [14] reported a
novel planar chiral CpRhIII complex for regio- and enantioselective
amidation of allylic C–H bonds in good yields with excellent regio-
and enantioselectivity (Scheme 2e, VI). The planar chiral CpRhIII

can be quickly obtained. The complexation of 2-methyl-3-
phenylindene with [Rh(cod)Cl]2 provided a racemic mixture of
the planar chiral CpRhI complex. The subsequent optical resolution
by chiral HPLC gave the pure enantiomers. The chiral CpRhIII com-
plex was synthesized via oxidation of the corresponding CpRhI

complex.
In 2020, Wang group [15] developed a novel class of C2-sym-

metric Cp ligands (FcCp) based on ferrocene backbone, which
was synthesized in 5–7 steps from ferrocene (Scheme 2, VII). A ser-
ies of corresponding chiral CpRhI, CpIrI, and CpRuII complexes were
reported, and the X-ray crystallographic analysis of the CpRhI and
CpRuII complexes indicated that the chiral ferrocenyl moieties fold
somewhat away from the metal centers. The corresponding rho-
dium(I) complexes were tested in the asymmetric intramolecular
amidoarylation, providing excellent reactivity and moderate enan-
tioselectivity (Scheme 2f).

Over the past several years, the development of chiral CpxRh-
catalyzed asymmetric C–H functionalization reactions has pro-
gressed rapidly. A variety of chiral cyclopentadiene ligands such
as cyclohexane-fused Cp, binaphthyl-based Cp, piperidine-fused
Cp, and planar chiral Cp were developed. In addition, a number
of chiral CpxM-catalysts such as Ru, Ir, and Co have been success-
fully applied for enantioselective C–H functionalization reactions.
Despite of these notable progresses achieved, the development of
chiral CpxRh-catalyzed asymmetric C–H functionalization remains
a challenge. The following aspects will be the future development
direction. Firstly, the tedious synthetic routes and manipulations
for chiral Cp ligands and their Rh complexes hamper further appli-
cations. For example, the synthesis of chiral binaphthyl-derived
CpxRh complexes (I) requires at least nine steps from BINOL. There-
fore, optimization of synthetic routes of the known Cp ligands is
highly desirable in order to improve the practical utility. In addi-
tion, the development of efficient and concise synthesis of new chi-
ral Cp ligands will be an important research topic. Secondly,
traditional method for the synthesis of the chiral CpxRh complexes
requires the use of toxic reagents such as the thallium salt.



Scheme 2. (Color online) Cyclopentadienes and their applications in Rh-catalyzed C–H functionalization reactions.
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Although an improved complexation approach for the synthesis of
specific chiral CpRh complexes has been developed, more practical
and general methods, employing only environmentally benign
reagents need to be developed with the discovery of new Cp
ligands. Thirdly, the stereoselective model and reaction mecha-
nism for Rh-catalyzed asymmetric C–H functionalization remain
unclear in most cases. Particularly, the critical role of the sub-
stituents on the Cp ring in controlling the reactivity and selectivity
requires more investigation on the basis of systematic experimen-
tal and theoretical studies, which could guide the rational design of
catalysts and C–H functionalization reactions with high efficiency
and selectivity. Fourthly, compared with CpxRh-catalyzed asym-
metric C(sp2)–H functionalization, the C(sp3)–H functionalization
reactions are less studied, and more challenging. The employment
212
of appropriate directing groups and catalytic systems will likely
provide a solution to address this issue. Finally, future studies on
the functionality oriented asymmetric C–H functionalization reac-
tions will be directed to construct valuable molecules with poten-
tial application in both materials and medicinal chemistry.
Notably, the artificial metalloenzyme strategy, mixing of an achiral
Cp*Rh complex with an engineered protein, may offer an effective
asymmetric C–H functionalization with practical reactivity and
selectivity, but it remains infancy to date.

In this perspective, we have highlighted recent developments
on the synthesis of Cpx ligands and their applications in Rh-cat-
alyzed asymmetric C–H functionalization reactions. We hope this
perspective would give an introduction of this emerging field and
inspire more future research efforts toward harnessing the full
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potential of chiral Cpx ligands. We have no doubt that many ele-
gant syntheses and applications of chiral Cpx are yet to come.
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