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(86)

4.3. Carbene insertion to other heteroaryl C(sp2)–H bonds

Although direct C(sp3)–H and heteroaryl C(sp2)–H functionali-
zation has recently been extensively explored, direct methods to
functionalize aromatic heterocycles other than indoles and
pyrroles have been underdeveloped. In 2011, Wang, et al.
developed Cu(I)-catalyzed direct benzylation and allylation of
1,3-azoles by carbene insertion to their heteroaryl C(sp2)–H
bonds with N-tosylhydrazones as the carbene source
(Scheme 101).346 By using 10 mol% CuI as the catalyst
benzo[b]oxazole (340a) reacted with the in situ generated copper
carbene from the N-tosylhydrazone of acetophenone to give the
desired C(2)-alkylation product 341a in 80% yield. The analogs
of 340a reacted well under the stated conditions to afford the
target products in up to 84% yields. 5-Phenylazole also under-
went the reaction, exhibiting a lower reactivity (40–50% yields)
compared to its benzo[b]oxazole analogs. N-Tosylhydrazone of
benzaldehyde and those of allyl, alkyl, and diaryl ketones
participated in the reaction to produce the target products
(38–66%). In a similar fashion, benzylation of thiazoles (342)
was achieved by enhancing the catalyst loading to 20 mol% CuI
at 120 1C, giving the target products 343 in 30–86% yields
(eqn (87)).346 Mechanistically, compounds 341 and 343 were

formed by a formal carbene insertion to heteroaryl C–H pro-
cess. It is noteworthy that other aromatic heterocycles with
similar acidic C–H bonds underwent the reaction well. How-
ever, direct benzylation of benzofuran, benzo[b]thiophene, and
benzo[d]imidazole with N-tosylhydrazones under similar con-
ditions did not proceed well. With the same catalyst system and
bis(trimethylsilyl)diazomethane as the carbene source, 1,1-
bis(trimethylsilyl)methyl group was efficiently installed at the
2-position of benzoxazoles and oxazoles.347 It should be noted
that Miura, et al. reported a catalyst system consisting of NiBr2

and 1,10-phen for C–H functionalization of benzoxazoles, and
CoBr2/1,10-phen for that of azoles, and benzothiazole, with N-
tosylhydrazones bearing unactivated alkyl groups as the car-
bene precursor.348 In the case of benzoxazoles, NiBr2/1,10-phen
was used as the catalyst at 100 1C to promote formation of the
target products (34–86%), while the reaction of azoles and
benzothiazole with N-tosylhydrazones should be conducted at
an elevated temperature (120 1C) for 7 h to reach 31–81% yields.
Ferrocenyl-based N-tosylhydrazones were used for the same
purpose.349

(87)

In the presence of 20 mol% CuI catalyst in toluene at 90 1C,
regioselective C–H functionalization of pyridine derivatives,
that is, N-iminopyridinium ylides (344) was efficiently con-
ducted, giving the corresponding C(2)–H alkylation products
(345) in 56–91% yields (Schemes 102 and 103).350 It was found
that excess of the base is necessary for the transformation.
Copper carbene int-345b is considered to be the reactive
intermediate to transfer to the target product based on DFT
calculations. Without the tBuOLi base diphenyldiazo-methane
did not undergo the desired carbene insertion reaction. Diverse
functional groups were tolerant in the N-tosylhydrazone sub-
strates, and both aromatic and aliphatic ketone and aldehyde

Scheme 100 LED-induced, Mn(I)-catalyzed C(2)–H functionalization of
pyrroles via carbene insertion.

Scheme 101 Cu(I)-catalyzed C–H functionalization of 1,3-azoles by car-
bene insertion.
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N-tosylhydrazones were employed in the reaction. Under Rh(III)
catalysis N-pyridyl-substituted isoquinolinones (346) could be
functionalized by 2-pyridyl-directed carbene insertion to the
ortho-C(sp2)–H bond by diazo compounds 317’ followed by
tautomerization (eqn (88)).336

Direct alkylation of quinoline N-oxides by carbene insertion
was achieved with different transition-metal catalysts and car-
bene source compounds. Gold(I)-catalyzed a-furanylation of 8-
alkylquinoline N-oxides using vinyldiazocarbonyls as the car-
bene source was realized.351 The C(8)–H alkylation of quinoline
N-oxides by carbene insertion with acceptor/acceptor diazodie-
sters was also conducted under rhodium catalysis.352 With N-
tosylhydrazones as the carbene source under CuI catalysis and
microwave irradiation, ortho-benzylation of quinoline N-oxides
was performed to give 2-benzylated quinoline N-oxides.353 In
the presence of 10 mol% CuI as the catalyst in toluene at 100 1C
under an air atmosphere, quinoline N-oxides (348) reacted with
acceptor/acceptor diazo compounds to form N,O-heterocyclic
compounds (349) in up to 90% yields (Scheme 104).354 The
reaction proceeded by carbene insertion to the C(2)–H bond of

the heteroarene substrate followed by intramolecular cyclocon-
densation to remove one molecule of ethanol. The overall reaction
sequence is a Cu(I)-catalyzed carbene insertion to C(sp2)–H bond/
cyclization cascade. The Cu(II) carbene species int-349 is consid-
ered as the reactive intermediate. The Lewis acid mediated
nucleophilic attack occurs through the transition state TS-349.
Under air conditions, the Cu(I) precatalyst is oxidized to the
catalytically active Cu(II) species to initiate the reaction sequence.
However, when ethyl 2-diazo-2-(phenylsulfonyl)acetate (350) was
used, no cyclocondensation occurred and the reaction only pro-
duced the carbene insertion product 351 in 72% yield (eqn (89)).

(88)

(89)

Nitrogen-containing fused N-heterocycles such as triazolo-
pyridines 352 were selectively functionalized the triazolyl
moiety by Cu(I)-catalyzed carbene insertion to the C(2)–H bond
with N-tosylhydrazones (Scheme 105).355 20 mol% CuI was used
as the catalyst in refluxing toluene, and the target benzylated
triazolopyridines (353) were obtained in 41–80% yields. Toler-
ance of various functional groups such as alkyl, aryl, halogen,
methoxy, cyano, CF3, and heteroaryl may enable their diverse
application in organic synthesis.

Scheme 102 Cu(I)-catalyzed carbene insertion to C(2)–H bond of N-
iminopyridinium ylides.

Scheme 103 Proposed mechanism for Cu(I)-catalyzed carbene insertion
to C(2)–H bond of N-iminopyridinium ylides.

Scheme 104 Cu(I)-catalyzed C(2)–H functionalization of quinoline N-
oxides via carbene insertion.
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Transition-metal-catalyzed carbene insertion to the C(sp2)–H
bonds of furan motif is often accompanied by unexpected reactions
such as cyclopropanation, ring-opening, and other transforma-
tions. It is usually difficult to enable carbene insertion to furyl C–
H bond(s) as the major reaction.342,356 By means of Rh(II) complex
Rh2(OPiv)4 as the catalyst in fluorobenzene at room temperature,
benzofuran (354) and substituted furans (355) reacted with diazo
compounds 201 to undergo the Rh(II)-catalyzed carbene insertion
reaction, furnishing 3-arylated benzofurans (356) and 2-arylated
furans (357) in 76–87% yields, respectively (Scheme 106).320 This
protocol provides a direct route to 3- or 2-naphthyl (or 2-naphthol)
substituted O-heteroarenes. It is notable that transition-metal-free
photochemical carbene insertion,357 and metal-free conditions by
using Lewis acids such as BF3�OEt358 or borane B(C6F5)3

359 have
been documented for heteroaromatic C(sp2)–H functionalization of
indoles and pyrroles.

5. Carbene insertion to alkenyl C(sp2)�
H bonds

Although C–H functionalization has been developed rapidly,
reports on direct alkenyl C–H functionalization are very limited
due to the multiple reactivities of the alkenyl moiety under
diverse reaction conditions.227,360,361 Complex (IPr)AuNTf2 was
found to be an effective catalyst for the alkenyl C–H bond
functionalization of 1,1-diphenylethylene (358) with vinyl dia-
zoacetate in CH2Cl2 at room temperature, giving skipped diene
359 (eqn (90)).268 The proposed mechanism suggests that
interaction of the alkenyl diazo compound with the gold

complex catalyst initially forms a gold carbene species, which
can be described as an allyl gold cation intermediate.362 Regio-
selective nucleophilic attack of the alkene substrate at the C3
position of the allyl cation generates the most stable carboca-
tion intermediate. Subsequent deprotonation/demetalation
leads to the target products 359. Under Au(I) catalysis chem-
and diastereoselective C(sp2)–H functionalization of enami-
nones (360) was achieved by donor/acceptor diazo compounds
361, affording functionalized enaminones 363 (eqn (91)), which
can be efficiently transformed to the corresponding pyrrolo[3,4-
c]quinolin-1-one derivatives in the presence of p-TsOH.363 Au(I)
complex catalyst 362 was found to be crucial to enable such a
C–H functionalization process. Rh(III)-catalyzed, 2-pyridyl-
directed alkenyl C–H functionalization occurred via carbene
insertion with bis(phenylsulfonyl)diazomethane as the carbene
source (eqn (92)).244 Thus, the reaction of 2-pyridyl-substituted
cyclohexene (364) gave the corresponding alkylation product
365 in 55% yield. A Rh(III)-carbene species int-365 is considered
to be the reactive intermediate leading to the target product.

(90)

(91)

(92)

The readily available Co(II) complex [Co(MeTAA)] (MeTAA =
tetramethyltetraaza[14]annulene) proved to be an efficient
catalyst enabling intramolecular carbene insertion to alkenyl
C–H bond in o-cinnamyl N-tosylhydrazones (366).364 The reac-
tion proceeded via a Co(III)-carbene radical pathway to afford
functionalized 1H-indene derivatives (367). Various functional
groups such as ester groups CO2Me (86%), CO2Et (78%),
CO2nBu (80%), CO2tBu (76%), and CO2Ph (82%), amide
CONMe2 (98%), cyano (52%), and phenyl (85%) were intro-
duced onto the vinylic double bond, affording the target
products in good to excellent yields (eqn (93)). However, the
substituents on the aromatic ring had no obvious impact on the
reactivity (Table 13). Substituents (F, Cl, NO2, CF3, Me) at the 5-
or 6-position did not obviously affect the product yields (82–
88%). A naphthalene-based substrate led to the product in a
better yield (93%), while a methoxy group diminished the yield
to 72%. In the case of using the substrate with a methyl

Scheme 105 Cu(I)-catalyzed C–H functionalization of trizolopyridines by
carbene insertion.

Scheme 106 Rh(II)-catalyzed carbene insertion to C(sp2)–H bonds of
benzofuran and furans.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

by
 D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 5
/6

/2
02

2 
2:

44
:2

3 
A

M
. 

View Article Online

https://doi.org/10.1039/d1cs00895a


Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

by
 D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 5
/6

/2
02

2 
2:

44
:2

3 
A

M
. 

View Article Online

https://doi.org/10.1039/d1cs00895a


Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

by
 D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 5
/6

/2
02

2 
2:

44
:2

3 
A

M
. 

View Article Online

https://doi.org/10.1039/d1cs00895a


2814 |  Chem. Soc. Rev., 2022, 51, 2759–2852 This journal is © The Royal Society of Chemistry 2022

6. Carbene insertion to alkynyl C(sp)�
H bonds

Transition-metal-catalyzed cross-coupling of terminal alkynes
with different coupling partners can provide versatile alkynes
and allenes. Carbene insertion to terminal C(sp)–H bond offers
a direct route to functionalized alkynes and derivatives as well
as diverse possibilities for the development of cascade or multi-
component reactions.372 The reaction of diazo compound
N2CHSiMe3 (TMSC(H) = N2, 282) with terminal alkynes was
conducted in the presence of 5 mol% [Cp*Ru(COD)Cl] in
dioxane at 60 1C, affording functionalized conjugate dienes
(380) in up to 80% yields (eqn (94)).373 This reaction con-
structed two carbon–carbon double bonds in a single step
under mild conditions, and ratio of the isomeric products
was dependent on the steric hindrance of the alkyne substrates.
(Z)-Stereoselectivity is favorable for the less hindered double
bond, while disubstituted alkynes favor (E)-configuration for
the same double bond. The reaction also occurred with EDA
and PhCHQ N2. Such a transformation can be understood by
addition of two carbene units to a triple bond involving formal
carbene insertion to the alkynyl C(sp)–H bond. Ruthenium
carbene RuQ CHTMS is considered as the reactive intermediate
capable of coordinating a second carbene unit to generate the
conjugated dienes.

(94)

Cu(I)-catalyzed synthesis of trisubstituted allenes from term-
inal alkynes and N-tosylhydrazones was achieved in the
presence of 5 mol% Cu(MeCN)4PF6 catalyst, bis(oxazoline)
ligand (� )-381, and Cs2CO3 base in dioxane at 90 1C

(Scheme 112).374 Use of the N-tosylhydrazones of acetophe-
nones as the donor/donor carbene source usually led to
450% yields, while the N-tosylhydrazones of benzophenone
and dialkyl ketones, and cyclic N-tosylhydrazones resulted in
the target products in 21–40% yields. Aryl, heteroaryl, and alkyl-
based alkynes worked well for the reaction. Notably, formation
of Cu(I) carbene complex int-382a is crucial to enable the
carbene insertion transformation. The proposed mechanism
suggests that the formal carbene insertion product int-382c
isomerizes to afford the corresponding final allene product 382.

Palladium-catalyzed oxidative cross-coupling of N-
tosylhydrazones or diazoesters with terminal alkynes was con-
ducted to prepare 1,3-enynes.375 By means of the N-
tosylhydrazones of aryl alkyl ketones as the carbene precursor
under oxidative cross-coupling conditions, that is, 5 mol%
Pd(OAc)2 as the catalyst, 20 mol% P(2-furyl)3 as the ligand,
and BQ (benzoquinone) as the oxidant in dioxane at 90 1C, N-
tosylhydrazones 383 reacted with terminal alkynes in the
presence of LiOtBu to give the desired conjugate enynes 384
in 42–83% yields (Scheme 113). Various substituents such as
methyl, chloro, methoxy, and nitro were tolerated on the aryl
moiety, and diverse terminal alkynes also worked well in the
desired reaction. In general, (Z)-1,3-enynes were obtained.
When donor/acceptor diazoesters 383a were used as the car-
bene source, the reaction proceeded in a similar fashion to give
the target products 385 (27–75%) (eqn (95)). Palladium carbene
complexes of type int-384 are considered as the reactive inter-
mediates to enable the present formal carbene insertion reac-
tion. Under Cu(I) catalysis, trifluoromethyl N-tosylhydrazones
were reacted with terminal alkynes to give difluorinated con-
jugate enynes through a b-fluoride elimination process.376

During the investigation of Cu(I)-catalyzed synthesis of
allenes from the reaction of N-tosylhydrazones and terminal
alkynes,374 Wang, et al. found that use of trimethylsilylethyne

Scheme 111 Ag(I)-catalyzed intermolecular carbene insertion to alkenyl
C–H bonds.

Scheme 112 Cu(I)-catalyzed formal carbene insertion to alkynyl C(sp)–H
bond to form allenes.

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

by
 D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 5
/6

/2
02

2 
2:

44
:2

3 
A

M
. 

View Article Online

https://doi.org/10.1039/d1cs00895a


This journal is € The Royal Society of Chemistry 2022 Chem. Soc. Rev., 2022, 51, 2759•2852 |  2815

as the cross-coupling partner led to the ethynylation products
through carbene insertion to alkynyl C(sp)–H bond.377 With 20
mol% CuI as the catalyst in the presence of LiOtBu base in
dioxane, N-tosylhydrazones of benzaldehydes reacted at 90 1C
to produce the target products 386 in 53–91% yields
(Scheme 114). Various functional groups are tolerant on the
aryl moiety of the N-tosylhydrazones. The reaction of the N-
tosylhydrazones of diaryl or aryl alkyl ketones should be con-
ducted at a higher temperature (110 1C) to reach 44–73%
yields. In a similar fashion, N-tosylhydrazones of aliphatic
aldehydes and dialkyl ketones also efficiently reacted with
trimethylsilylethyne at 110 1C to form the products in 40–93%
yields. It is noted that triisoproplsilylethyne (HCR C-TIPS) also
reacted well under the stated conditions. As discussed in

Scheme 112, copper(I) carbene species of type int-382 are
considered as the key reactive intermediates for such a carbene
insertion to C(sp)–H process.

(95)

Interestingly, a palladium-catalyzed three-component cou-
pling of N-tosylhydrazones, terminal alkynes, and aryl halides
was carried out to access internal alkynes through a palladium-
catalyzed carbene insertion to alkynyl C(sp)–H bond/transme-
talation/reductive elimination sequence, which leads to for-
mation of two new C–C bonds (eqn (96)).378 Use of the
palladium catalyst (2.5 mol% Pd2(dba)3/10 mol% XPhos) to
reach the cross-coupling with aryl bromides, and the copper
catalyst (7.5 mol% CuI) for alkynyl transfer furnished the three-
component transformation to generate internal alkynes 387.
Stereodivergent synthesis of N-heterocycles by catalyst-
controlled, activity-directed tandem annulation of diazo com-
pounds with terminal amino-alkynes was also achieved.379 In
the presence of 10 mol% CuCl in MeCN or CHCl3 at 60 1C,
homopropargyl sulfonamides or N-benzylamino alkynes
reacted with aryldiazoacetates to give five-membered N-
heterocycles such as 2,3-dihydropyrroles (52–87%) or 2-
methylene pyrrolidines (69–87%) involving formal carbene
insertion to the alkynyl C–H bond. However, the reaction of
N-benzyl amino alkynes and diazodicarbonyls under Rh2(esp)2

catalysis in the presence of ZnCl2 gave 3-methylene pyrrolidines
through a carbene insertion to N–H bond/Conia-ene cyclization
sequence. The asymmetric versions of carbene insertion to
alkynyl C–H bonds by using N-tosylhydrazones as the carbene
precursor or other relevant tandem reactions have also been
documented.312

(96)

A Cu(I)-catalyzed carbene insertion to alkynyl C–H bond/
cyclization sequence of dicarbonyl-functionalized terminal
alkynes (388) was developed to access multifunctionalized
dihydropyran derivatives 389 (Scheme 115).380 The configura-
tions of the target products were controlled by P(C6F5)3 and
2,20-bipyridine ligands, respectively, exhibiting opposite exocyc-
lic double bonds in a controlled manner. The Cu(I)-catalyzed
carbene insertion products of types int-389a and int-389b are
proposed as the reactive intermediates for such a process. The
donor/acceptor diazo compounds aryldiazoacetates were the
effective carbene precursor. Terminal alkynes 390 bearing an
alkylidenecyclopropane moiety were used to react with donor/
acceptor diazo compounds under Cu(I) catalysis, giving tricyclic

Scheme 113 Palladium-catalyzed oxidative cross-coupling of terminal
alkynes with N-tosylhydrazones.

Scheme 114 Cu(I)-catalyzed carbene insertion to alkynyl C(sp)–H bond
of trimethylsilylethynes.
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cyclopenta[b]naphthalene derivatives 391 (eqn (97)).381 The
reaction proceeded smoothly in the presence of 10 mol%
Cu(MeCN)4BF4 and Et3N (1 equiv.) in CHCl3 at room tempera-
ture, forming 391 in up to 83% yields. The allene species of type
int-391 generated in situ from the Cu(I)-catalyzed carbene
insertion to alkynyl C–H bond is considered as the reactive
intermediate to facilitate the tandem reaction sequence. This
reaction underwent via allene species int-391 to furnish a
domino cycloisomerization of a 6p-electrocyclization and cyclo-
propane ring-opening rearrangement, resulting in the target
products in moderate to excellent yields. It is noteworthy that
donor/donor carbenes from electron-rich aryl/aryl diazo com-
pounds can be efficiently inserted to alkynyl C–H bonds under
mild condoitions.382 However, the desired reaction did not
occur in the presence of Rh(II) or Cu(I) catalysts, only leading
to decomposition of the diazo compounds.

(97)

7. Enantioselective carbene insertion
to C�H bonds

Enantioselective direct C–H functionalization has become more
and more attractive in organic synthesis. In this context,
catalytic enantioselective carbene insertion to aliphatic
C(sp3)–H and heteroaryl C(sp2)–H bonds for direct construction
of chiral carbon centers has been paid considerable attention
due to the protocol applicability to modify complex molecules
and/or enable site-selective C–H functionalization by means of
chiral transition-metal complex catalysts, chiral ligands, and/or
chiral substrates.24,39,81–84,314,383,384 Catalyst- and substrate-

control strategies are usually applied for regioselective and
stereoselective C–H functionalization by carbene insertion with
diverse carbene source compounds. This section will summar-
ize the advance in transition-metal-catalyzed enantioselective
direct C–H functionalization through carbene insertion by the
categories of C–H bonds.

7.1. Enantioselective carbene insertion to alkane C(sp3)–H
bonds

In 1997, Davies, et al. reported the first example of Rh(II)-
catalyzed enantioselective intermolecular carbene insertion to
aliphatic C–H bonds with donor/acceptor diazo compounds.108

In the presence of Rh2(S-DOSP)4 catalyst and cycloalkanes as
both the reactants and solvents, the reaction of cycloalkanes
with aryldiazoacetates gave the corresponding benzylation pro-
ducts (R)-392 in 55–96% yields with 60–93% ee (Table 14). The
product yields were found to be much higher when the reaction
was conducted under refluxing conditions. It was noticed that
electron-donating substituents on the aryl moiety of the diazo
compounds diminished the product yields, while the electron-
withdrawing groups enhanced both the yields and enantios-
electivities. However, the apparent trend toward increased
enantioselectivity could not be extended to p-
nitrophenyldiazoacetate due to its insolubility in the hydrocar-
bon solvent. The reaction efficiency is very dependent on the
used diazo compounds. Use of acceptor diazo compound EDA
did not result in a stereogenic center with significant formation
of the dimerization side product from the diazo compound in
the reaction with cyclohexane (eqn (98)). It is noted that no
dimeric carbene products were observed in the reaction of
aryldiazoacetates described in Table 14. With the acceptor/
acceptor diazo compound, the desired product 393 was formed
in 51% yield with only 3% ee (eqn (99)). However, in the case of
using donor/acceptor vinyldiazo compound 18a the target
product 394 was obtained in 83% ee (eqn (100)). Such an
efficiency of the diazo compounds is consistent with that
observed in the enantioselective cyclopropanation by Rh2(S-
DOSP)4, in which a high asymmetric induction occurred only
with donor/acceptor vinyl or aryldiazoacelates.385 In the present

Scheme 115 Cu(I)-catalyzed formal carbene insertion to alkynyl C(sp)–H
bond to access dihydropyrans.

Table 14 Rh(II)-catalyzed enantioselective carbene insertion to cyclo-
alkane C(sp3)–H bonds

R n Temp. (1C) Yield (%) ee (%)

OMe 1 50 55 83
H 1 50 84 87
Cl 1 50 78 89
Cl 2 81 91 86
Cl 2 25 53 93
OMe 3 118 78 60
H 3 118 84 70
Cl 3 118 96 81
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functionalization of non-activated alkanes by carbene
insertion.

In 2016, a breakthroughing catalyst-control strategy was
developed in this area by Davies, et al. for the site-selective
and stereoselective C–H functionalization of non-activated
simple linear alkanes (Table 15).81 On one hand, carbene-
induced C–H functionalization is usually initiated by a hydride
transfer process that the reaction is favored at sites of stabiliz-
ing a build-up of positive charge and thus tertiary C–H bonds
are electronically preferred to be inserted by a carbene
species.64 On the other hand, the dirhodium–carbene com-
plexes are sterically demanding that primary C–H bonds are
preferred to be inserted by the carbene species. With 1 mol% of
the bulky dirhodium(II) triarylcyclopropanecarboxylate complex
Rh2[R-3,5-di(p-tBuC6H4)TPCP]4 as the catalyst, simple n-alkanes
underwent highly regio-, diastereo- and enantioselective C–H
functionalization at the unactivated C(2) position of the n-
alkanes or terminally substituted n-alkyl compounds. This
Rh(II) complex was found to be the most efficient catalyst for
the secondary C–H functionalization of pentane at its C(2)
position with donor/acceptor diazo compound, that is, 2,2,2-
trichloroethyl 2-(4-bromophenyl)-2-diazoacetate (1a) as the car-
bene precursor under refluxing conditions, giving highly regio-,
diastereo-, and enantioselective C–H functionalization product
2a. The reaction formed both products 2a and 20a in 99% yield
and a 25 : 1 site selectivity with 20 : 1 dr and 99% enantioselec-
tivity for 2a. The C–H functionalization at the C(3) position did
not occur to form 200a. In the case of using Rh2(S-DOSP)4 as the
catalyst, the reaction only gave products 2a and 200a with a lower
enantioselectivity for 2a (82% ee). In general, the C(3) position
secondary C–H functionalization of n-pentane did not occur for
the screened dirhodium complex catalysts of the same type,
and carbene insertion to the primary C–H bond at C1 position
always concurrently occurred as the side reaction. The ester
group in the diazo compounds could be modified by using
methyl, CH2CBr3 or CH2CF3 to replace the CH2CCl3 group
(Scheme 118). The aryl group substituted by 4-CF3 or 4-tBu
did not obviously affect the reaction efficiency, and 3-(2-
chloropyridyl)diazoacetate also efficiently participated in the
reaction to afford the desired product in 87% yield with 28 : 1 rr,

55 : 1 dr, and 91% ee. Octane and terminally substituted n-
hexanes by F, Cl, Br, and TMS underwent the reaction in lower
yields (84–85%). The site selectivity for the C–H functionaliza-
tion of terminally halo, TMS, and tBu-substituted n-alkanes and
octane catalyzed by dirhodium tetrakis(triarylcyclopropane-
carboxylate) complexes was comparatively investigated.387

In the above mentioned work,81 the bulky dirhodium(II)
complex catalyst Rh2[R-3,5-di(p-tBuC6H4)TPCP]4 was success-
fully employed for the functionalization of the most accessible
non-activated, that is, not next to a functional group, secondary
C–H bonds by carbene insertion with donor/acceptor diazo
compounds as the carbene precursor. By modulating the elec-
tronic and steric properties of the dirhodium complexes,
complex Rh2(S-TCPTAD)4 was developed to enable the precise
site-selective functionalization of the most accessible tertiary
C–H bonds in non-activated alkanes and related compounds
(Scheme 119).82 During the screening of reaction conditions for
the reaction of 2-methylpentane and an aryldiazoacetate, it was
found that Rh2(S-DOSP)4 preferentially reacted at the tertiary C–
H bond but with considerable secondary C–H functionaliza-
tion. Complex Rh2[R-3,5-di(p-tBuC6H4)TPCP]4 favored the

Table 15 Bulky Rh(II)-catalyzed enantioselective site-selective secondary
C–H functionalization of n-pentane by carbene insertion

Site selectivity
(2a : 20a : 200a)

Diastereoselectivity
(dr for 2a)

Enantioselectivity
(% ee for 2a)

Combined
yield (%)

25 : 1 : N.D. 20 : 1 99 99
29 : N.D. : 1a 3 : 1 82 98

a Using Rh2(S-DOSP)4 as the catalyst.

Scheme 118 Bulky Rh(II)-catalyzed enantioselective site-selective sec-
ondary C–H functionalization of linear non-activated alkanes.

Scheme 119 Rh(II)-catalyzed enantioselective site-selective tertiary C–H
functionalization of non-activated alkanes by carbene insertion.
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reaction at the methylene site, but with a low enantioselectivity,
presumably because the methylene sites are sterically compro-
mised by being too close to the isopropyl group. With the
trifluoroethyl diazo compound (1b) the highest site-selectivity
was achieved. Lowering the temperature to � 40 1C, the regio-
and enantioselectivities were enhanced with decrease of the
product yield. In refluxing CH2Cl2, the reaction is compatible
with various non-activated alkane substrates and terminally
ester-substituted alkanes, aryl and heteroaryldiazo compounds,
affording the target products 3 in up to 94% yields, 498 : 2 rr,
and 92% ee. Notably, the present protocol can be used to
functionalize natural products such as steroid compound cho-
lesteryl acetate (399) in a precise way (eqn (101)). The reaction
was conducted by using 1 : 1 molar ratio of the C–H substrate
and diazo compound 1b (R2 = p-BrC6H4, R3 = CH2CF3) in the
presence of 1 mol% Rh2(S-TCPTAD)4 as the catalyst in CH2Cl2

at 39 1C. The reaction proceeded clearly to give the C–H
functionalization product (S)-400 (78%, 498 : 2 rr, and 11 : 1
dr) from the reaction at the most accessible tertiary C–H bond.
By means of Rh2(R-TCPTAD)4 as the catalyst the product yield of
(R)-400 was increased to 86%, and the dr value could be
increased to 16 : 1 with a 60% yield when the reaction was
conducted at 0 1C.82 Vitamin E acetate, phytyl pivatate, and
cholesteryl perlargonate were also successfully functionalized
in a similar manner. This work may inspire the design of more
complex catalysts to enable catalyst-controlled precise C–H
functionalization in a practical way.

(101)

The catalyst-control strategy was further developed for the
site-selective and enantioselective primary C–H functionaliza-
tion of non-activated alkanes and relevant substituted alkanes
by Davies, et al.83 In this case, modification of the substrates by
introduction of functional groups or directing group is not
necessary. In Davies’ previous work, [Rh2(R-3),5-di(p-
tBuC6H4)TPCP]4,81 Rh2(S-TCPTAD)4, and Rh2(R-TCPTAD)4

82

were successfully used for the site-selective and enantio-
selective C–H functionalization of non-activated secondary
and tertiary C–H bonds by carbene insertion, respectively. Their
present work disclosed a powerful dirhodium catalyst, that is,
Rh2[(R-tris(p-tBuC6H4)TPCP)]4, for the highly effective functio-
nalization of non-activated primary C–H bonds in alkanes and
relevant substituted molecules (Table 16).83 The donor/acceptor
diazo compound 1a81 was the most effective carbene precursor.
In the presence of the widely used Rh2(R-DOSP)4 catalyst for
C–H functionalization, no primary C–H bond functionalization
of 2-methylpentane occurred and the catalyst only exhibited
a low catalytic activity. As expected, catalyst Rh2[R-3,5-di(p-
tBuC6H4)TPCP]4 favored the secondary C–H functionalization

at the C2 position, and complex Rh2(S-TCPTAD)4 facilitated the
tertiary C–H functionalization with a low catalytic activity.
Gratifyingly, complex Rh2[(R-tris(p-tBuC6H4)TPCP)]4 enabled
the most accessible primary C–H bond functionalization of
the C–H substrate, and the more crowded secondary and
tertiary sites were no longer functionalized. For other non-
activated alkane substrates and chiral substrates containing
other primary, secondary, and tertiary C–H bonds and func-
tional groups, such as bromide and silyl ether, the same type of
reaction also efficiently occurred. Notably, the present protocol
is applicable for the functionalization of complex molecules.
Catalyst Rh2[(R-tris(p-tBuC6H4)TPCP)]4 exhibited a low catalytic
activity for the functionalization of stingmasteryl acetate (401)
with 1c, but Rh2[(S-tris(p-tBuC6H4)TPCP)]4 enabled the trans-
formation to give the most accessible primary C–H functiona-
lization product 402 in 88% yield with 96 : 4 rr and 4100 : 1 dr
(eqn (102)).83

(102)

Davies’ catalyst control strategy can enable the site- and
enantioselective primary, secondary, and tertiary C–H functio-
nalization of non-activated n-alkanes and related molecules by
carbene insertion.81–83,387 A dirhodium complex structurally
related to Rh2(S-TCPTAD)4, that is, Rh2(S-TPPTTL)4 was suc-
cessfully used for the site- and enantioselective C–H functiona-
lization of cyclohexanes.388 It has been known that Rh2(S-
DOSP)4 can enable the enantioselective C–H functionalization
of cyclohexane with methyl phenyldiazoacetate (14a) in 74%
yield with 92% ee.109 Using Rh2(S-TPPTTL)4 as the catalyst, the
reaction of mono-substituted cyclohexanes could establish
three stereocenters in one step from the achiral substrates.

Table 16 Rh(II)-catalyzed enantioselective site-selective primary C–H
functionalization of non-activated alkane by carbene insertion

Catalyst
rr
(4a : 40a : 400a)

ee for
4a

Yield (%) (4a +
40a)

Rh2(S-DOSP)4 N.D. : 19 : 81 — 10
[Rh2(R-3),5-di(p-
tBuC6H4)TPCP]4

7 : 75 : 18 81 75

Rh2(S-TCPTAD)4 N.D. : 11 : 89 — 10

Rh2[(R-tris(p-
tBuC6H4)TPCP)]4

84 : 16 : N.D. 98 90
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7.2. Enantioselective carbene insertion to non-activated alkyl
C(sp3)–H bonds

This section is focused on transition-metal-catalyzed enantio-
selective functionalization of alkyl C(sp3)–H bonds which are
not next to a functional group or heteroatom in non-alkane
compounds, and such aliphatic C–H bonds are referred as non-
activated alkyl C(sp3)–H bonds. Because enantioselective C–H
functionalization by carbene insertion has usually been applied
to transform functionalized compounds to carbo- or hetero-
cycle scaffolds or specific structural motifs, only a limited
number of reports have been disclosed for non-activated alkyl
C(sp3)–H functionalization by carbene insertion. In 2005,
Hashimoto, et al. reported the intramolecular C–H functiona-
lization of methyl n-octyldiazoacetate (405) through carbene
insertion by means of dirhodium(II) tetrakis(N-phthaloyl)-(S)-
tert-butyl-leucinate (Rh2(S-PTTL)4) (eqn (103)).390 The reaction
was conducted in the presence of 1 mol% Rh2(S-PTTL)4 in
toluene at � 78 1C, giving a 10 : 90 mixture of cis- and trans-
cyclopentane products 406a and 406b in 75% yield. The isomer
406b was determined to be (1S, 2S) with 94% ee. In a similar
fashion, this catalyst system effected the intramolecular
benzylic C–H functionalization by carbene insertion, producing
cis-2-arylcyclopentane-1-carboxylates in up to 99% yields and
95% ee.

(103)

Intermolecular non-activated secondary C–H functionaliza-
tion by carbene insertion was also realized by using the catalyst-
control strategy. In 2018, Davies, et al. used chiral dirhodium
complex Rh2(S-2-Cl-5-BrTPCP)4 as the catalyst for the reac-
tion of 1-bromo-5-pentylbenzene and derivatives (407) with

donor/acceptor diazo compounds of type 1 (eqn (104)).391

Although other methylene sites are present in the C–H sub-
strates, the terminal methylene is more sterically accessible
than the internal methylene sites. In this case, only the benzylic
and terminal methylene sites would be the competing sites.
Screening of the catalysts revealed that complex Rh2(S-2-Cl-5-
BrTPCP)4 was the most suitable catalyst for the C–H functiona-
lization at the terminal methylene site, remarkably compres-
sing the benzylic C–H reaction with 20 : 1 rr (regioselectivity for
terminal secondary C–H/benzylic C–H) at 40 1C to form the
target products in 84–87% yields depending on the CH2CX3

group (X = Cl, Br, and F) in the p-Br-phenyldiazoacetates 1. Use
of the CH2CF3 diazo compounds led to the highest level of
enantioselectivity. Thus, various products of type 408 (35–92%)
were obtained in moderate to excellent yields with 81–94% ee,
5 : 1–430 : 1 rr, and 11 : 1–430 : 1 dr. Extending the alkyl chain
(n = 6) led to the desired product in 92% yield with 94% ee,
430 : 1 rr and 23 : 1 dr (Ar0 = Ar = p-BrC6H4). Interestingly, this
protocol was successfully applied for the synthesis of cylindro-
cyclophane class of natural products. By means of Rh2(R-2-Cl-5-
BrTPCP)4 as the catalyst, a double carbene insertion to the
sterically most accessible non-activated secondary C–H bond
sequence was developed for the synthesis of cylindrocyclo-
phane 412 (Scheme 122). It should be noted that every type of
carbenes is capable of intermolecular C–H functionalization,
but only the donor/acceptor carbenes enable highly site-
selective, diastereoselective, and enantioselective C–H functio-
nalization with a wide range of substrates.

(104)

A b-silicon effect was applied to enable the regio- and
stereoselective Rh(II)-catalyzed C–H functionalization by the
donor/acceptor carbene derived from N-sulfonyl-1,2,3-triazoles

Scheme 121 Comparison of reactivity and enantioselectivity between
chiral bimetallic complex catalysts.

Scheme 122 Cylindrocyclophane synthesis via Rh(II)-catalyzed sequential
enantioselective carbene insertion to aliphatic C–H bonds.
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The oxygen-adjacent C(sp3)–H functionalization protocol of
THF by intermolecular carbene insertion was utilized to build
the tricyclic core architecture of the indoxamycin family of
secondary metabolites (Scheme 125).405 With 2 mol% Rh2(S-
PTAD)4 catalyst in a mixed solvent of 2,2-dimethylbutane (DMB)
and 2,2,2-trifluorotoluene (TFT) (DMB/TFT = 2 : 1, v/v), a tetra-
hydrofuran derivative, that is, rigid bicyclo[3.3.0]octane (434),
reacted with methyl aryldiazoacetates 14 under refluxing con-
ditions to give the carbene insertion products 435 in 51–86%
yields with 9 : 1–420 : 1 dr. Substituents such as F, Cl, Br, I, OTf,
Bpin, CF3, and CO2Me were tolerated at the 4-position of the
aryl moiety in the diazo compounds. Only in the cases of using
Bpin and CO2Me-substituted diazo compounds, the products
were obtained in 9 : 1 and 17 : 1 dr, respectively, and in other
cases the desired products were formed with high levels of
enantioselectivity (420 : 1 dr). Palladium-catalyzed oxidative
intramolecular C–H/C–H coupling of 435 formed the tetracyclic
products 436 in 23–79% yields with 420 : 1 dr. It is noteworthy
that no reaction occurred when the substituents were I and
Bpin. In the case of OTf a low yield (5%) was detected. Ir(III)-
bis(imidazolinyl)-phenyl complex catalysts were documented
for similar carbene insertion to C(sp3)–H bonds of dihydro-
furan derivatives with EDA.406

By means of a substrate-control strategy enantioselective
primary C(sp3)–H bond functionalization can be site-
selectively achieved in dialkyl ethers. Rh2(S-DOSP)4 catalyzed
the reaction of 1,2-dimethoxyethane (437a) and methyl tert-
butyl ether (437b) with methyl aryldiazoacetates (14) or styr-
yldiazoacetate (18a), to give the corresponding 2-aryl- or 2-
styryl-substituted propanoates of type 438 or methyl tropinate
(Ar = Ph) and its aryl derivatives 439 in 53–72% (59–87% ee) and
21–39% (76–95% ee) yields after acid-induced removal of the
tert-buty group, respectively (eqn (114) and (115)).407 With
Rh2(R-BPCP)4 as the catalyst and TCE (2,2,2-trichloroethyl)
diazoesters as the carbene precursor, methyl ethers 437c were
regio- and enantioselectively functionalized to form 440 by
carbene insertion to the primary C–H bond at the methyl group
(eqn (116)).408 Up to 95% yields and 98% ee were obtained with
tolerance of various functional groups in the C–H substrates. It
is noteworthy that the TCE diazo ester result in a more robust
carbene compared to the corresponding methyl diazoester.
Methyl 4-fluorophenyl ether reacted with the methyl diazoester

(by replacing TCE with a methyl in 1a) to give the desired
product in 15% yield without any enantioselectivity. However,
use of 1a (Ar = p-BrC6H4) led to the target product in 65% yield
with 97% ee.

(114)

(115)

(116)

(117)

In the presence of 1 mol% Rh2(S-TCPTAD)4 as the catalyst
in refluxing CH2Cl2, enantioselective carbene insertion to
oxygen-adjacent methyl C–H bond was achieved to establish
b-lactones 442 in moderate to excellent yields with up to
99% ee (eqn (117)).409 In a similar fashion, use of Rh2

(S-TCPTTL)4 enabled the oxygen-adjacent alkyl C–H bond to
be efficiently functionalized by carbene insertion, reaching
60–91% yields, up to 99% ee, and up to 419 : 1 dr
(Scheme 126). It should be noted that the substituents,
especially the ortho substituents, on the aryl moiety of the
alkyl aryldiazoacetates (4410) are crucial for a high level of
enantioselectivity, and Rh2(S-DOSP)4 could only achieve a
low asymmetric induction.

Transition-metal-catalyzed enantioselective carbene inser-
tion to oxygen-adjacent C(sp3)–H bond can be considered as a
surrogate to aldol reaction. Davies, et al. developed Rh(II)-
catalyzed enantioselective intermolecular carbene insertion to
trialkylsiloxyl-adjacent C(sp3)–H bonds in silyl alkyl/allyl/benzyl
ethers 443.410–412 After removal of the silyl group by acid-
promoted hydrolysis, the corresponding chiral products were
obtained. Such a strategy was applied for the synthesis of highly
functionalized chiral 2,3-dihydrobenzofurans 406 through a
three-step sequence, that is, Rh(II)-catalyzed carbene inser-
tion/acid-promoted desilylation/Pd(II)-catalyzed oxidative cycli-
zation (Scheme 127).412 Rh2(R-PTTL)4 acted as the most
efficient catalyst for the carbene insertion process, generating
the desired products 444 in 58–92% yields with 93–99% ee and
94 : 6–497 : 3 dr. These resultant silyl ethers were efficiently

Scheme 125 Rh(II)-catalyzed asymmetric intermolecular carbene inser-
tion to oxygen-adjacent C(sp3)–H bonds of THF derivatives.
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deprotected to afford the corresponding chiral alcohols 445
(78–89%). Subsequent Pd(II)-catalyzed oxidative cyclization gave
the chiral dihydrobenzofuran products 446 in moderate to good
yields with a high level of asymmetric induction (93–99% ee).
Rh2(S-PTTL)4 was also efficient as the catalyst for the synthesis
of TBS ethers of type 444.413

7.4. Enantioselective carbene insertion to C(sp3)–H bonds
adjacent to a nitrogen atom

A combination of a transition-metal compound with a chiral
ligand and chiral transition-metal complexes have been known
well to enable enantioselective functionalization of C(sp3)–H
bonds adjacent to a nitrogen atom by both intramolecular414

and intermolecular415,416 carbene insertions. Intramolecular
carbene insertion to such a C(sp3)–H bond seems to be much
easier to achieve the stereocontrol than an intermolecular
process. With 1 mol% Rh2(S-DOSP)4 as the catalyst in hexane
at � 50 1C, N-Boc-pyrrolidine (447) and analogs underwent
nitrogen-adjacent C(sp3)–H functionalization by carbene inser-
tion with methyl aryldiazoacetates (14) as the carbene precur-
sor, forming the desired products 448 and derivatives in 49–

72% yields with 92–94% ee (eqn (118)).415 When N-Boc-
piperidine was reacted with 14 in 2,3-dimethylbutane (DMB)
as the solvent at 25 1C, and followed by treatment with
trifluoroacetic acid, a mixture of threo- and erthro-
methylphenidate was obtained in 49–86% yields with a ratio
ranging from 43 : 57 to 71 : 29, and up to 86% ee for the threo-
isomers, and 81% ee for the erthro-isomers by modifying the
reaction conditions. In the case of N-Boc-tetrahydropyridine, a
mixture of product enantiomers was also formed in an
overall yield up to 63% and 80% ee for the major isomer
(18 : 22 ratio). Use of excess of the diazo compound (6 equiv.),
double carbene insertions occurred to 447, yielding the C2-
symmetric amines 449 (eqn (119)).415,417 Using both the
catalyst- and substrate-control strategies piperidine and N-
protected piperidine derivatives 450 were effectively functiona-
lized by carbene insertion to the nitrogen-adjacent C(sp3)–H
bond with TCE aryldiazoacetates (1) as the carbene precursor
under Rh2(R-TCPTAD)4, and the target products 451 were
obtained in good to excellent yields (54–89%) with low
to good levels of asymmetric induction (29–74% ee)
(eqn (120)).418 Notably, with Rh2(S-2-Cl-5-Br-TPCP)4 as the
catalyst, the carbene insertion reaction occurred at the C(4)-
position of 450.

(118)

(119)

(120)

Double carbene insertion to methyl C(sp3)–H bonds next to
a nitrogen atom was successfully applied for the synthesis
of C2-symmetric anilines (eqn (121)).419 From the reaction of
N,N-dimethylainilines (452) and the donor/acceptor carbene
precursor compound methyl 4-bromophenyldiazoacetate (14a)
in DMB the chiral double benzylation products 453 were
obtained with 85–92% ee. In a similar fashion, chiral b-amino
esters 455 were synthesized from bis-silyl methylamine (454)
(eqn (122)).420 Using this method, the enantiomers of the
antidepressant Venlafaxine were synthesized in three simple
steps with high enantioselectivity. Engineered cytochrome
P450s421 and P411-C10 variants422 were also effective for
enantioselective nitrogen-adjacent C–H functionalization by
carbene insertion to build contiguous chiral centers, giving
the target products 457 bearing two contiguous chiral centers
with a TTN up to 4000, up to 99% ee, and up to 99 : 1 dr
(eqn (123)).422

Scheme 126 Rh(II)-catalyzed enantioselective intramolecular carbene
insertion to oxygen-adjacent alkyl C–H bonds.

Scheme 127 Rh(II)-catalyzed enantioselective intramolecular carbene
insertion to silyloxy-adjacent C(sp3)–H bonds.
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(121)

(122)

(123)

With (N-benzyl)ethyl-substituted N-sulfonyl-1,2,3-triazole
458 as the C–H substrate, 2 mol% Rh2(TPA)4 catalyzed the
enantioselective intramolecular carbene insertion to nitrogen-
adjacent benzylic C–H bond to form the piperidine-type pro-
duct 459 (58%) with excellent diastereoselectivity, and the cis/
trans product isomer ratio reached 498 : 2 (eqn (124)).170 In the
presence of 2 mol% Rh2(S-PTTL)4 as the catalyst in DMB at 0 1C,
N-tert-butyl-N-(p-methoxybenzyl)-enoldiazoacetamide (460a)
and analogs under-went enantioselective intramolecular car-
bene insertion to nitrogen-adjacent benzylic C–H bond to
produce cis-b-lactams (461) in 80–92% yields with 77–99% ee
for the products bearing 4- and/or 3-substituent(s)
(eqn (125)).423 The steric effect was remarkable from 1-
naphthyl, 2-methoxyphenyl, and N,N-diisopropyl, which led to
24% ee, 25% ee, and 67% ee, respectively. Control experiments
have revealed that donor/acceptor cyclopropanes of type 462 are
the reactive intermediates for both the carbene insertion to the
C(sp3)–H bond and Büchner reaction to form b-lactams and
cycloheptatrienes (Scheme 128). This protocol features exclu-
sive cis-diastereoselectivity, providing an efficient method to
access cis-b-lactams.

(124)

(125)

The donor/donor metal carbenes derived from the hydra-
zones of diaryl ketones and Rh2(R-PTAD)4 catalyst were used for
the enantioselective intramolecular nitrogen-adjacent C(sp3)–H
functionalization by carbene insertion (eqn (126)).424 In a one-
pot manner, hydrazones 463 were treated with MnO2 in CH2Cl2

at 0 1C-r.t. to afford indoline derivatives 464 in 66–99% yields
with up to 495 : 5 dr and 95.5 : 0.5 er. Fused indolines were
accessed in good to excellent yields, dr, and er values from
cyclic anilines. Changing from a methyl to an ethyl substituent
on the dialkyl amino moiety had a drastic effect on the
enantioselectivity, and the product from the substrate bearing

R1 = Me and R2 = H was formed as one enantiomer (99% yield,
82 : 18 er), while the other product from the substrate bearing
R1 = Et and R2 = Me was produced in 85% yield with 495 : 5 dr
and 99.5 : 0.5 er. An indoline derived from an N-tosyl protected
aniline was also obtained (66%), allowing for further modifica-
tion after deprotection. By means of the same catalyst system,
tetrahydroisoquinolines 466 were also synthesized
(eqn (127)).401

Due to the propensity of the highly nucleophilic sulfur atom
to attack the carbene carbon to form an ylide, carbene
insertion-involved benzodihydrothiophene synthesis has sel-
dom been reported.425 However, in a fashion similar to the
synthesis of indolines 464 benzodihydrothiophenes 468 were
efficiently obtained from the hydrazones of alkylthio-
substituted diaryl ketones 467 (eqn (128)). A benzylic alcohol
moiety was tolerated in the substrate without carbene insertion
to the O–H bond. The desired products were formed in good to
excellent yields (67–97%) with up to 495 : 5 dr and 99 : 1 er.
These results have demonstrated a rare example of Rh(II)-
catalyzed intramolecular carbene insertion to sulfur-adjacent
C(sp3)–H bonds.

(126)

(127)

(128)

A Rh(II)-catalyzed carbene insertion to nitrogen-adjacent
C(sp3)–H bonds/alkyne metathesis sequence was developed to
synthesize 2,3-dihydroindoles through catalyst-controlled intra-
molecular carbene insertion to primary, secondary, and tertiary
C–H bonds (eqn (129)–(131)).426 With 1 mol% Rh2(S-BTPCP)4 as

Scheme 128 Donor/acceptor cyclopropenes as the reactive interme-
diates for carbene insertion.
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the catalyst in dichloroethane at � 20 1C, alkyne-tethered diazo
compounds 469 underwent selective carbene insertion to the
primary methyl C–H bond by the in situ generated rhodium(II)
carbene of type int-470, giving dihydroindole derivatives 470 in
71–90% yields with 90–99% ee (eqn (129)). Use of Rh2(S-
TBPTTL)4 as the catalyst in chlorobenzene preferentially
resulted in intramolecular carbene insertion to the secondary
C–H bond adjacent to the nitrogen atom, forming the desired
products 471 in 77–91% yields with up to 99% ee and 495 : 5 dr
(eqn (130)). Under the same conditions, carbene insertion to
the tertiary C–H bond in 472 preferentially occurred over the
primary methyl C–H bond concurrently attached to the nitro-
gen atom (eqn (131)), efficiently forming the target products
473 (81–92%) with a high level of asymmetric induction (93–
97% ee). In this work, the chiral dirhodium(II) catalysts not only
promote the in situ generation of the donor/donor carbene
intermediates, but also are responsible for the high-level asym-
metric induction.

(129)

(130)

(131)

Chiral indolines can also be synthesized by metallo-radical
alkylation of diverse C(sp3)–H bonds adjacent to a nitrogen
atom in the presence of a Co(II)-prophorin complex catalyst
(Scheme 129).427 With 2 mol% [Co(Por*)] (Por* = 2,6-DiPhO-
QingPhyrin) as the catalyst in methanol at room temperature,
the reaction of 4630 smoothly proceeded to afford the target
products 4640 in 49–98% yields with 68–94% ee. In most of the
cases, the product yields are greater than 90% with Z90% ee.
In addition to the excellent chemo- and regioselectivity, this
Co(II)-catalyzed alkylation features a good tolerance to func-
tional groups and compatibility with heteroaromatic C–H sub-
strates. The mechanistic studies have suggested that the
reaction occurs via a stepwise radical pathway. It should be
noted that carbene insertion to nitrogen-adjacent C(sp3)–H
bonds needs to be compressed as a side reaction in some
cases.428

7.5. Enantioselective carbene insertion to allylic C(sp3)–H
bonds

Allylic C(sp3)–H bonds are activated by the a-vinyl moiety to
some extent that they can take part in diverse synthetic reac-
tions. In the area of transition-metal-catalyzed enantioselective
allylic C–H functionalization by carbene insertion, the major
efforts have been devoted to the intermolecular reaction of
allylic C–H substrates with diazo compounds as the carbene
precursor, because it is usually difficult to achieve a high level
of stereocontrol as well as the side reaction such as cyclopro-
panation in an intramolecular carbene insertion process by
means of a functionalized allyl-based diazo compound. Diazoa-
cetate 474 was subject to the catalytic conditions by using
Rh2(S-MPPIM)4 as the catalyst to give the desired product, that
is, chiral lactone 475 in 73% yield with 91% ee (eqn (132)).429

With 1 mol% Rh2(S-PTTL)4 as the catalyst donor/acceptor
aryldiazoacetate 476 reacted to afford a mixture of the desired
carbene insertion product 477 (499 : 1 cis selectivity, 85% ee)
and the ylide formation/rearrangement product 478 (40% ee) in
83% yield with a 82 : 18 ratio of 477/478 (eqn (133)).430

(132)

(133)

For allylic C–H functionalization by intermolecular carbene
insertion there are two types of allylic C–H bonds, that is, those
in the acyclic and cyclic systems, which can be transformed

Scheme 129 Construction of 2-substituted indolines by intramolecular
carbene insertion to C(sp3)–H bond via Co(II)-metalloradical catalysis
(Co(II)-MRC).
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under carbene insertion conditions. In general, the allylic C–H
bonds in a cyclic system can be functionalized by intermole-
cular carbene insertion with a higher level of asymmetric
induction. In 1999, Davies, et al. reported Rh(II)-catalyzed
intermolecular carbene insertion to silyloxy-adjacent allylic C–
H bond under Rh2(R-DOSP)4 catalysis (eqn (134)).431 At room
temperature treatment of substituted silyl allyl ethers (479) with
the donor/acceptor diazo compound, that is, methyl (4-
chlorophenyl)diazoacetate (14d), led to the syn-aldol products
480 in 35–72% yield with 74–90% ee and 96–98% de. After acid-
promoted deprotection, the corresponding chiral allyl alcohols
were obtained. This protocol can be considered as an alter-
native to aldol reaction featuring reasonably high levels of
asymmetric induction in the presence of a low loading of the
catalyst. Under the same conditions in the presence of 1 mol%
Rh2(R-DOSP)4 crotyl methyl ether 481 reacted with methyl (4-
bromophenyl)diazo-acetate (14b) to form a 2 : 1 mixture of
diastereomers 482a and 482b in 67% yield, in which the major
diastereomer 482a was formed in 56% ee and the minor one
was formed in 67% ee (eqn (135)).407 No carbene insertion to
the methyl group in 479a (R = Me) was observed, suggesting
that the allylic methylene is highly activated towards the
carbene insertion. The relatively low diastereoselectivity is
presumably attributed to the size differentiation between the
crotyl and methoxy groups, which is not sufficient to induce
high diastereoselectivity. In some cases, cyclopropanation
occurred as the major side reaction,432 diminishing the reac-
tion efficiency of carbene insertion to the allylic C(sp3)–
H bonds.

(134)

(135)

In order to achieve a high level of asymmetric induction, the
catalyst-control strategy was applied to play the crucial role. The
catalytic activity of complexes Rh2(R-DOSP)4 and Rh2(R-BPCP)4

was compared in the reaction of (E)-4-methylpent-2-ene (483) and
(E)-2-hexene (484) with methyl (4-bromophenyl)diazoacetate (14a)
in refluxing CH2Cl2 (eqn (136) and (137)), demonstrating the
catalyst-control effect on the asymmetric induction.433 The
Rh2(R-DOSP)4-catalyzed reaction of 483 with the diazo compound
produced a 1 : 7 mixture of C–H functionalization products 485a
and 485b, favouring carbene insertion to the tertiary allylic C–H
bond with a poor enantioselectivity (48% ee), while Rh2(R-BPCP)4

switched the selectivity toward carbene insertion to the primary
allylic C–H bond, forming 485a as the major product in 60% yield
(94% ee) with a 17 : 1 ratio of 485a: 485b (eqn (136)). The same
trend of selectivity was observed with 2-hexene (484) (eqn (137)).
The Rh2(R-BPCP)4-catalyzed reaction of (E)-2-hexene preferentially
occurred to give the carbene insertion products at the primary

allylic C–H site (486a) instead of the secondary allylic C–H site
(486b). With donor/acceptor TCE diazo compounds 1a electron-
deficient primary allylic C–H bonds were efficiently functionalized
by carbene insertion under Rh2(R-BPCP)4 catalysis.434 Various
functional groups such as CF3, tBu, CO2Me, Br, and Cl were
tolerated on the aryl moiety of 1, leading to the target products
488/489 in 60–87% yields with 88–499% ee (eqn (138)). In the
case of using 4-Cl-2-pyridyl to replace the aryl group, the desired
product from 1a and 487 was obtained in 48% yield with 92% ee.
These results have demonstrated that both catalyst-control and
substrate-control play a combined role in reaching a decent
asymmetric induction and reaction efficiency.

N-Sulfonyl-1,2,3-triazoles are another class of carbene pre-
cursor compounds for enantioselective intermolecular C–H
functionalization of allylic C–H bonds by means of Rh2(S-
NTTL)4 or Rh2(S-TPPTTL)4 as the catalyst.435–437 In the presence
of 1 mol% Rh2(S-NTTL)4 as the catalyst, (E)-allyl silyl ether 490a
(R1 = TBS, R2 = Me) reacted with phenyl-N-(methane-sulfonyl)-
1,2,3-triazole (219a) in HFIP solvent at room temperature,
almost exclusively giving a 3 : 1 mixture of diastereomers
491a/491b in 81% yield with 96% ee for the major diastereomer
491a and 85% ee for the minor diastereomer 491b.437 Although
two types of allylic C–H bonds exist in the C–H substrate, the C–
H functionalization by carbene insertion preferentially
occurred at the distal allylic site, reaching a 98 : 2 rr. The (Z)-
substrates could result in a much higher level of asymmetric
induction under the same reaction conditions (Scheme 130). In
the case of (Z)-allyl silyl ether 490b (R1 = TBS, R2 = Me) the target
product 491b was obtained in 67% yield with 98% ee and
420 : 1 dr and 498 : 2 rr. Inspired by this excellent result in
the formation of 491b, other (Z)-allyl silyl ethers were examined,
and the impact of substitution at the distal position was
investigated. It was found that increasing the steric hindrance
of R2 group led to remarkable decrease of the C–H substrate
reactivity and enantioselectivity of the target products. In the
case of R1 = TBS and R2 = iPr, the reaction hardly occurred.
Other aryl-substituted triazoles underwent the reaction to
afford the desired products in moderate yields (48–62%) with
excellent levels of diastereo-, enantio-, and regioselectivity
(498 : 2 dr, 93–98% ee, and 498 : 2 rr). Substituted benzyl

Scheme 130 Rh(II)-catalyzed enantioselective intermolecular carbene
insertion to allylic C–H bonds.
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and TMS groups in the silyl ether moiety inhibited the reaction,
and presence of p-BrC6H4 or TBDPS diminished the reaction
efficiency. It is noteworthy that (Z)-allyl silyl ether (490b) could
also be functionalized at the distal position by carbene inser-
tion with aryldiazoacetates as the carbene precursor in the
presence of Rh2(S-TPPTTL)4 catalyst in CH2Cl2 at � 20 1C,
reaching up to 88% yields, 99% ee, 19 : 1 dr, and 498 : 2 rr.
These results have revealed that by using a suitable rhodium
carbene system, regioselectivity can be completely switched
from the electronically most preferred allylic C–H bond to the
less preferred C(sp3)–H bond.

(136)

(137)

(138)

In the presence of 2.5 mol% (R)-Ir(salen) catalyst (432b) and
4A MS in neat 1,4-cyclohexadiene (492) at 0 1C, carbene inser-
tion to 3-methylene (allylic C–H bond at 3-position) with donor/
acceptor aryldiazoacetates efficiently proceeded to give the
desired chiral benzylation products 493 in 54–95% yields with
94–99% ee, and the undesired cyclopropanation was not
observed with 420 : 1 rr of 493 : 494 (Table 18).404 The
electron-donating substituents on the aryl moiety exhibited
an obvious impact on the reaction efficiency. Para-
Methoxyphenyldiazoacetate only produced the desired product
in 39% yield with 90% ee, and the ortho-methoxyphenyl-
diazoacetate gave the product in 54% yield with 97% ee, while
the meta-methoxyphenyl-substituted diazo compound led to
the desired product in 95% yield with 96% ee. The electron-
withdrawing groups facilitated the reaction, and the 3,4-
dichlorophenyldiazoacetate reacted to afford the product in
95% yield with the highest level of enantioselectivity (99% ee).
3-Thienyl and alkyl-substituted diazoacetates also underwent
the reaction to reach good yields and good to excellent enan-
tioselectivity. It is noted that in the case of using the alkyldia-
zoacetates less bulky complex catalyst 432a was used.

With iridium(III) phebox complex 495 as the catalyst in
PhCF3 at room temperature diene 492 could be functionalized
by carbene insertion with methyl phenyldiazoacetate (14a) as
the carbene precursor, reaching 60% yield and 96% ee for the
desired product.438 In a similar fashion, this catalyst enabled
the allylic C–H functionalization of cycloheptatriene (496),
leading to chiral benzylated cycloheptatriene (497) in 51% yield
with 86% ee (eqn (139)). With DDQ (DDQ = 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone) as the oxidant, a two-step process
was developed to access chiral benzylated arene products 499
from dienes 498 (52–98%) yields with 88–99% ee through the
desired carbene insertion to allylic C–H bond intermediate int-
499 (eqn (140)). Rh(II) complex catalysts Rh2(S-PTAD)4,439 Rh2(S-
PTTL)4, and Rh2(S-TFPTTL)4,440 Rh2(S-TBSP)4, and RhB(S-
TBSP)4,388 were also effective for the same reaction systems
involving diene 492 and the donor/acceptor diazo carbene
precursor. It is noteworthy that the Rh2 complex Rh2(S-TBSP)4

exhibited a better catalytic activity than the corresponding RhBi
heterobimetallic complex RhBi(S-TBSP)4 for the same purpose.

Double allylic C–H functionalization of cyclooctadiene (1,5-
COD) (500) by carbene insertion with donor/acceptor diazo
compounds 1 or 14 was conducted with 1 mol% Rh2(R-2-Cl-5-
Br-TPCP)4 as the catalyst (eqn (141)).441 In the presence of
excessive aryldiazoacetates the reaction proceeded smoothly
in refluxing CH2Cl2, giving 3,7-dibenzylated-1,5-COD deriva-
tives 501 in 53–84% yields with up to 499% ee and 7.9 : 1 dr.
The substituents on the aryl moiety of the diazo compounds
could be Br, I, OMe, CF3 or tBu at 4-position, and methyl,
CH2CCl3 (TCE), and CH2CF3 (TFE) aryldiazoacetates of type 1
were also used as the effective carbene precursor. By adjusting
the ratio of COD/diazo compound to 2.5 : 1, the reaction at 0 1C
gave the corresponding mono-functionalized products in 64–
85% yields with 63–95% ee and up to 430 : 1 dr. It was found
that 1E,5E,9E-cyclododecatriene (502) also underwent the
monobenzylation reaction under the same conditions
(eqn (142)), forming a 1.0 : 0.9 mixture of two diastereomers
with high levels of asymmetric induction for both the products.
However, in the case of cyclohexene the reaction gave a 2.9 : 1.0

Table 18 Rh(II)-catalyzed enantioselective intermolecular carbene inser-
tion to allylic C(sp3)–H bonds

R1 R2 493 : 494 Yielda (%) % ee

Ph Me 420 : 1 91 94
p-ClC6H4 Me 420 : 1 79 95
m-MeOC6H4 Me 420 : 1 95 96
o-MeOC6H4 Me 420 : 1 54 97
3,4-Cl2C6H3 Me 420 : 1 95 99
3-Thienyl C2H4Cl 420 : 1 67 97
Me Et 420 : 1 68b 83
Me tBu 420 : 1 84b 499

a Using 1 mol% (R)-Ir(salen) (432b). b Using 1 mol% (R)-Ir(salen) (432a)
at � 50 1C.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

by
 D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 5
/6

/2
02

2 
2:

44
:2

3 
A

M
. 

View Article Online

https://doi.org/10.1039/d1cs00895a


2830 |  Chem. Soc. Rev., 2022, 51, 2759–2852 This journal is © The Royal Society of Chemistry 2022

mixture of cyclopropanation and carbene insertion to allylic
C–H bond, and cis-cyclooctene only gave the cyclopro-
panation product (79% yield, 420 : 1 dr). Unexpectedly, 1,3-
cyclohexadiene (504) reacted with vinyldiazoacetates under
Rh2(S-DOSP)4 catalysis to form the product of type 505 through
a formal carbene insertion to allylic C–H bond/Cope rearrange-
ment (eqn (143)).442

(139)

(140)

(141)

(142)

(143)

(144)

With 1 mol% Rh2(S-BTPCP)4 as the catalyst in CH2Cl2 at
room temperature, dihydronaphthalene (506a) underwent a
formal intermolecular carbene insertion to the allylic C–H bond
with methyl styryldiazoacetate (18a) to form product 507a in
92% yield as a single diastereomer with 98% ee and 420 : 1 dr
(eqn (144)).443 This reaction is proposed to proceed through a
sequence involving a combined C–H functionalization/Cope
rearrangement followed by a reverse Cope rearrangement
(Scheme 131).444 However, when Rh2(S-DOSP)4 was used as
the catalyst, methoxy-substituted dihydronaphthalene (506b)
reacted with methyl 3-pentenyldiazoacetate in 2,3-
dimethylbutane at room temperature to form 1,4-di-
substituted product 508 which was rearranged to the formal

double carbene insertion product 509 in refluxing toluene in
68% yield with 494% de and 99% ee (Scheme 132).444 This
result has demonstrated a sequence of asymmetric double
formal intramolecular carbene insertion to allylic and benzylic
C–H bonds.

In a similar fashion with the same catalyst system, 4-acetoxy-
6,7-dihydroindole (510) could be transformed to chiral 4-
allylindoles 511 in up to 95% yield with 99% ee
(eqn (145)).445 Species int-511 is considered as the reactive
intermediate. This catalyst was also effective for the carbene
insertion to allylic C–H bond occurring between 4-substituted
6,7-dihydrobenzothiophene (512) and methyl styryldiazoacetate
(18a) (eqn (146)). The reaction proceeded smoothly to give 4-
substituted benzothiophene 513 in a high yield (89%) with an
excellent level of asymmetric induction (99% ee). These results
have offered an alternative route to 4-substituted indoles and
benzothiophenes. The reaction proceeds via a combined car-
bene insertion to allylic C–H/Cope rearrangement-elimination
mechanism, resulting in good yields and very high asymmetric
induction.

By means of a chiral diene, that is, bicyclo[2.2.2]octadiene
(514), as the ligand, a Rh(II) catalyst system was established for
the enantioselective allylic C–H functionalization of 1,4-
cyclohexadienes of type 515 by carbene insertion with aryldia-
zoacetates (14 or 1).446 The reaction could smoothly undergo
under mild conditions in the presence of [Rh(514)Cl]2 as the
catalyst, affording the target products in 61–90% yields with
83–99% ee (eqn (147)). In most of the cases, the product yields
are 490% with Z95% ee. The reaction was well tolerated with
1,4-cyclohexadienes bearing substituents at the alkenyl moiety.
Subsequent oxidation of the products by DDQ afforded the gem-
diarylacetates (516) in 53–95% yields with 85–96% ee. Such a

Scheme 131 Rh(II)-catalyzed formal enantioselective intermolecular car-
bene insertion to allylic C(sp3)–H bond.

Scheme 132 Rh(II)-catalyzed enantioselective intermolecular double car-
bene insertion to allylic and benzylic C(sp3)–H bonds.
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carbene insertion only occurred at the less sterically hindered
allylic positions.

(145)

(146)

Engineered cytochrome P450 enzyme such as cytochrome
P411 in which the native cysteine axial ligand was substituted
for serine, and fully genetically encoded and produced in
bacteria can facilitate enantioselective carbene insertion to
acyclic allylic C–H bonds. The carbene insertion reaction was
performed using E. coli expressing cytochrome P411-CHF
(OD600 = 30) with 10 mM C–H substrate and 10 mM ethyl
diazoacetate at room temperature under anaerobic conditions
for 18 h (eqn (148)).447 In a similar fashion, propargylic C–H
bond was functionalized, achieving 190 TTN. This process
usually occurs via an iron(III)-catalyzed C(sp3)–H functionaliza-
tion pathway. These results have suggested that diverse haem
proteins could serve as potential catalysts for this abiological
transformation.

(147)

(148)

7.6. Enantioselective carbene insertion to benzylic C(sp3)–H
bonds

Benzylic C(sp3)–H bonds are relatively activated by the adjacent
aryl group and widely exist in aryl-containing compounds.
Transition-metal-catalyzed enantioselective carbene insertion
to benzylic C–H bonds can provide a direct route to functiona-
lized benzylated compounds.448 However, competing carbene
insertions always occur due to the coexistence of various C–H
bonds in a functionalized C–H molecule. The catalyst-control
strategy as well as the substrate-control method may play a

crucial role in enabling highly selective carbene insertion at the
desired benzylic C–H site.428 By means of the catalyst-control
strategy benzylic C–H bonds in 4-ethyltotuene and 4-
isopropyltoluene were regioselectively functionalized by car-
bene insertion with the donor/acceptor diazo compounds
under various Rh(II) catalysis (Scheme 133).433 The Rh2(R-
DOSP)4-catalyzed reaction of 4-ethyltoluene (517) selectively
occurred at the secondary benzylic site (518 : 519 o 1 : 20),449

while the Rh2(R-BPCP)4-catalyzed reaction preferentially
occurred at the primary benzylic site (518 : 519 = 5 : 1) in a
combined yield of 74%, with 518 formed in 92% ee. For the
challenging isopropyltoluene (520a) as the C–H substrate, the
Rh2(R-DOSP)4-catalyzed reaction gave a mixture of primary and
tertiary C–H functionalization448 (521 : 522 = 1 : 4). However, the
Rh2(R-BPCP)4-catalyzed reaction selectively afforded the pri-
mary benzylic C–H functionalization product 521 by carbene
insertion (521 : 522 420 : 1) in 75% yield with 97% ee. The
protocol using Rh2(R-BPCP)4 as the catalyst was efficiently
applied for the primary benzylic C–H (activated primary C–H
bond) functionalization of various toluenes substituted at 4-
position by alkyls, alkoxys, alkynyl, and ester, reaching 38–88%
yields with 90–96% ee. It is noteworthy that electron-deficient
primary benzylic C–H bonds were also functionalized by car-
bene insertion with TCE aryldiazoacetate (1a) in 77–89% yields
with high levels of asymmetric induction (96–98% ee) by means
of Rh2(R-BPCP)4 as the catalyst.434

In the presence of 1 mol% Rh2(S-NTTL)4 catalyst and N-
sulfonyl-1,2,3-triazoles as the carbene precursor, the tertiary
benzylic C–H functionalization by carbene insertion was
achieved in moderate to good yields with good enantioselec-
tivity (Scheme 134).435 The para-substitution by an electron-
donating group is crucial for the reaction to proceed smoothly.
In the case of isopropyl-substituted benzyl TBS ether (iPrC6H4-

OTBS), Rh2(S-NTTL)4 catalyzed its C–H functionalization at the
distal primary benzylic C–H bond with the same triazole in a

Scheme 133 Rh(II)-catalyzed enantioselective benzylic C(sp3)–H functio-
nalization of ethyltoluene and isopropyltoluene by carbene insertion.
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mixed solvent of CHCl3 and HFIP, giving the desired product in
72% yield with 74% ee and 98 : 2 rr.437 These results have
shown that efficient enantioselective selective functionalization
of tertiary benzylic C–H bonds by carbene insertion is quite
challenging. Gratifyingly, use of the TCE aryldiazoacetate (1a)
as the carbene precursor and Rh2(S-TPPTTL)4 as the catalyst,
the desired product was obtained in a good yield (67%) with a
much better level of asymmetric induction (90% ee)
(eqn (149)).437

When benzylic and other aliphatic C–H bonds coexist in a
C–H substrate, a compatible combination of catalyst-control
and substrate-control can switch the C–H functionalization
selectivity (Table 19).391 With Rh2(S-TCPTAD)4 as the catalyst
in refluxing CH2Cl2, 4-bromo-n-butylbenzene (526a) reacted
with donor/acceptor aryldiazoacetate 1c (X = Br) afforded
benzylic C–H functionalization product 527a as the major
product in 82% yield with 94% ee, 25 : 1 rr, and 14 : 1 dr, while
use of Rh2(S-2-Cl-5-Br-TPCP)4 as the catalyst and 1b (X = F) as
the carbene precursor led to dominant formation of the unac-
tivated secondary C–H functionalization product 528a in 90%

yield with 93% ee, 1 : 5 rr, and 16 : 1 dr. When the substituent on
the aryl moiety is an ester group (CO2Me), product 528b was
exclusively formed, while a methoxy substituent combined with
the use of Rh2(S-TCPTAD)4 as the catalyst and 1c as the carbene
source completely switched the reaction selectivity to give the
benzylic C–H functionalization product 527d in 91% yield with
87% ee, 430 : 1 rr, and 13 : 1 dr. It is noted that vinyldiazo
compounds can also be used for benzylic C–H functionalization
by carbene insertion,444 and Rh(I) complex catalysts can enable
the benzylic C–H functionalization by intermolecular carbene
insertion with aryldiazoacetates.450

(149)

Intramolecular carbene insertion to benzylic C–H bonds can
be applied for the synthesis of chiral indene derivatives or
cyclopentanes.390 By means of 1 mol% Rh2(S-PTTL)4 catalyst in
toluene at � 78 1C, a-diazoester 529 bearing a benzene ring on
the tether reacted to give methyl cis-2,3-dihydro-1-phenyl-1H-
indene-2-carboxylate (530) in 85% yield with 92% ee (eqn (150)).
Under similar conditions, diazo compound 531 reacted to
exclusively form the cis product 582 in 85% yield with 95% ee
(eqn (151)). When other dirhodium(II) catalysts were used the
trans product might be formed.

(150)

(151)

A Co(II)-based metalloradical system was established for the
enantioselective radical C–H functionalization by carbene
insertion with acceptor/acceptor diazo compounds.451 In the
presence of 2 mol% Co(Por*) (Por* = 3,5-DiiPr-(40-tBu)Xu-
Phyrin) (533) as the catalyst in benzene at room temperature,
a-methoxy carbonyl-a-diazosulfones (534) containing different
types of C–H bonds with varied electronic properties and
substituents reacted to give trans-sulfolane derivatives 535 in
excellent yields (86–99%) with 83–94% ee for the benzylic C–H
functionalization products and 78–87% ee for other heteroar-
ylmethylene, allylic, and allenic C–H functionation products
(Scheme 135). The benzylic C–H functionalization products
were efficiently obtained with excellent levels of efficiency
and asymmetric induction. Hydroxy and amino groups could
be tolerated on the aryl moiety, and both of these two groups
did not participate in the carbene insertion reaction, giving the
desired products in 98–99% yields with 83–91% ee and 95 : 5–
96 : 4 dr. Triazolyl-methylene, allylic, and allenic C–H bonds

Scheme 134 Rh(II)-catalyzed enantioselective tertiary benzylic C–H
functionalization by carbene insertion with triazoles.

Table 19 Catalyst and substrate-control-directed enantioselective
benzylic C–H functionalization by carbene insertion

L R n X Yield (%) rr (527 : 528)

Major product

dr ee (%)

L1 Br 0 Br 82 25 : 1 14 : 1 94 (527a)
L2 Br 0 F 90 1 : 5 16 : 1 93 (528a)
L1 CO2Me 1 Br 42 3 : 1 20 : 1 92 (527b)
L2 CO2Me 1 F 90 o1 : 30 29 : 1 94 (528b)
L1 OAc 1 Br 83 17 : 1 18 : 1 94 (527c)
L2 OAc 1 F 89 1 : 18 30 : 1 93 (528c)
L1 OMe 1 Br 91 430 : 1 13 : 1 87 (527d)
L2 OMe 1 F 54 1 : 1.1 28 : 1 93 (528d)
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chiral fluorenes 549 in 90–95% yields with 91–99% ee
(eqn (157)).

(157)

Slow addition of the catalyst solution in the same solvent
was crucial to reach the high level of enantioselectivity. The
substrate scope of 548 is quite limited because one of the aryl
groups in the biaryl moiety should be substituted by F, Cl, Br,
CF3, Me, or OMe at 4-position or by 3-F, and in most of the
cases the aryl group is phenyl. This transformation is consid-
ered to proceed via Rh(II) carbene intermediate int-549 under
mild conditions. To overcome the limited accessibility and
inherent instability of the donor/donor carbene precursor
compounds of type 548, the carbene/alkyne metathesis (CAM)
reaction was used to generate similar carbene species in situ for
the same transformation (Scheme 138). Electron-neutral,
-deficient, and -rich substituents F, Cl, Br, CF3, Me, and OMe
were tolerated on the aryl group in the arylalkynyl moiety, and a
naphthylalkynyl in 550 was also effective for the desired reac-
tion. 38–91% yields were obtained with 60–99% ee for products
551. For the formation of 551 a double carbene/alkyne metath-
esis pathway is proposed, and the transition state TS-551 is
rationalized by DFT calculations.

Hu, et al. used a trapping-carbene strategy to achieve the
enantioselectivity control in a three-component reaction of
N,N-disubstituted anilines, donor/acceptor diazo compounds,

and benzaldehyde imines under Rh(II) catalysis (Scheme 139).260

With 1 mol% Rh2(OAc)4/10 mol% chiral phosphoric acid (R)-3,30-
bis(2,4,6-triisopropylphenyl)binol phosphoric acid (552) as the
catalyst in CH2Cl2 at 0 1C, p-N,N-disubstituted anilines (553)
efficiently reacted with aryldiazoacetates (14) and imines to give
the three-component reaction products 554 in 40–84% yields with
90–99% ee and up to 95 : 5 dr. In most of the cases, the yields
are 467% with Z96% ee, demonstrating a high level of
enantioselectivity for the desired products. An intermolecular
kinetic isotope effect (KIE) experiment with deuterated N,N-
dibenzylaniline and methyl phenyldiazoacetate (14a) under the
stated conditions revealed a kH/D of 1.0, suggesting that the aryl C–
H bond cleavage is not involved in the rate-determining step of
the catalytic cycle. The observed stereochemistry for this aromatic
C–H transformation may be rationalized by the zwitterionic
intermediate mode proposed by Simón and Goodman.460 The
chiral phosphoric acid 552 initially interacts with the imine
substrate through hydrogen bonding between the catalyst proton
and the nitrogen atom of the imine. In addition, a weak hydrogen
bond between the Lewis basic phosphoryl oxygen atom and the
acidic C–H proton is also established. Such hydrogen interactions
render the N-substituent of the imine to be oriented toward the
empty side of the catalyst pocket to avoid steric hindrance with
the bulky substituents on the chiral phosphoric acid. Followed by
a proton transfer process, efficient chiral induction is achieved.

7.8. Enantioselective carbene insertion to heteroaryl C(sp2)–H
bonds

Transition-metal-catalyzed carbene insertion to heteroaryl
C(sp2)–H bonds is challenging because unexpected side reac-
tions such as cyclopropanation and ring-opening always con-
currently occur.314,342,356 It was found that the reaction of 1,2-
dimethylindole with methyl phenyldiazoacetate (14a) in
toluene at 45 1C only reached a negligible level of asymmetric

Scheme 138 Enantioselective Rh(II)-catalyzed carbene insertion to aryl
C(sp2)–H bond via double carbene/alkyne metathesis (CAM).

Scheme 139 Enantioselective Rh(II)-catalyzed carbene insertion to aryl
C(sp2)–H bonds in a three-component reaction.
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induction (o5% ee) in the presence of 2 mol% Rh2(S-DOSP)4 as
the catalyst (Scheme 140).461 The lack of asymmetric induction
is presumably attributed to the rapid proton transfer of the
zwitterionic intermediate int-555a to generate the achiral enol
int-555b, which then tautomerizes to the observed product 555.
Unexpectedly, methyl styryldiazoacetate (18a) reacted with
indoles exclusively gave the [3+2] annulation products under
similar conditions. However, with Rh2(S-biTISP)2 as the
catalyst, formal carbene insertion to the C–H bonds occurred
at the 3-position of substituted indoles (eqn (158)) and pyrroles
(eqn (159)) with the vinylcarbene precursor (E)-294.462 This
bridged dirhodium catalyst not only selectively enabled the
reaction to occur at the vinylogous position of the metal
carbene but also reached high levels of asymmetric induction.
The Rh(II) carbenes in S-trans configurations (conformers int-
556a and int-556b) are proposed to be more likely to display
vinylogous reactivity than the carbenes in (S)-cis configurations
(conformers int-556c and int-556d).

In 2011, Fox, et al. realized rhodium(II)-catalyzed enantio-
selective C–H functionalization of indoles by means of Rh2(S-

NTTL)4 catalyst and the donor/acceptor carbene precursor in
toluene at � 78 1C (Scheme 141).463 In the presence of 0.5 mol%
Rh2(S-NTTL)4 catalyst, N-protected indoles reacted with ethyl
alkyldiazoacetates to afford the target chiral 3-alkylated indole
derivatives 558 in 82–96% yields with good to excellent levels of
asymmetric induction (79–99% ee). 1,2-Fused indoles also
underwent the reaction efficiently (70–83% yields and 95% ee).
A mechanism is proposed as shown in Scheme 142 based on
the DFT calculations of the reaction pathway between 2-
methylindole and Et(EtO2C)C = Rh2(O2CH)4. Intermediate int-
558 is a stabilized oxocarbenium ion generated from transition
state TS-558. Relative to a pre-reaction complex between the
carbene and indole, TS-558 has a barrier of DE(ZPE)a =
8.8 kcal mol� 1, and formation of ylide int-558 is exothermic
by E(ZPE) = 16.0 kcal mol� 1. TS-558 is formed by end-on
approach of indole to the carbene ceneter. The conversion of
int-558 to 558 is proposed to proceed stepwise. The DFT
calculations have suggested that an intramolecular 1,2-
hydride shift for the conversion of int-558 to 558 is impossible
(DE(ZPE)a = 30.2 kcal mol� 1) at � 78 1C. A possible explanation
is that asymmetry is induced via dynamic kinetic resolution of
the Rh-enolate intermediates that are not configurationally
stable. With 0.5 mol% Rh2(S-PTTL)4 catalyst the reaction of
1-phenyl-4-methylindole and ethyl ethyldiazoacetate gave the
carbene insertion product at 3-position in 43% yield with 64%
ee, while use of Rh2(S-NTTL)4 only resulted in a negligible
amount of the desired product (5% yield, 40% ee).464 However,
complex Rh2(S-PTTL)3(TPA) enabled formation of the desired
product in 80% yield with 81% ee.

(158)

(159)

Scheme 140 Rh(II)-catalyzed carbene insertion to indolyl C(sp2)–H
bonds.

Scheme 141 Rh(II)-catalyzed enantioselective carbene insertion to indo-
lyl C(sp2)–H bonds.

Scheme 142 A proposed mechanism for enantioselective carbene inser-
tion to indolyl C(sp2)–H bonds.442
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Tandem Rh(II) and chiral squaramide (559) relay catalysis was
employed for the enantioselective synthesis of dihydro-b-carbolines
561 via carbene insertion to indolyl C–H at 3-position and an aza-
Michael reaction (eqn (160)).465 The reaction was conducted in the
presence of 2 mol% Rh2(OAc)4 catalyst and 10 mol% chiral
squaramide 559 as the cocatalyst in dichloroethane at 100 1C.
Interaction of 2-vinylindoles 560 with aryl-substituted N-sulfonyl-
1,2,3-triazoles (219) initially generates the desired carbene insertion
product at 3-position of the indole substrate, which then tauto-
merizes to the more stable enamide intermediate int-561. Subse-
quent aza-Michael cyclization affords the dihydro-b-carboline
product 561 in moderate to good yields (34–73% yield) with up to
99.6 : 0.4 er. The potential of the present synthetic strategy was
demonstrated by the ready conversion to potent tetrahydro-b-
carolines and the tetracyclic alkaloid core structure. The potential
interaction of int-561a (R1 = Me, R2 = H, R3 = Ph) and the cocatalyst
559 was investigated by analysis of the equimolar mixture of both in
DCE with ESI-MS technology. The peak at 1011.4266 was observed,
which corres-ponds to the cocatalyst + substrate adduct (559 + int-
561a + H). This result suggests a strong interaction between the
cocatalyst and int-561a. A plausible transition state is thus proposed
as shown in TS-561. The enantioselective aza-Michael additition
process may undergo through a re-face attack pathway.

(160)

With the assistance of an amide directing group at 1-
position of indoles 562, a formal carbene insertion to indolyl
C–H at 2-position/annulation sequence was developed to access
1,2-dihydro-3H-imidazo[1,5-a]indol-3-ones by means of a chiral
Rh(III) complex catalyst (eqn (161)).466 Products 564 feature a
quaternary carbon stereocenter and were obtained in high
yields with excellent enantioselectivity (up to 98 : 2 er). It
is crucial to enable such a transformation by using the chiral
half-sandwich rhodium(III) complex 563 as the catalyst and O-
pivaloyl 1-indolehydroxamic acids as the C–H substrates.

(161)

Other transition-metal complex catalysts have also been
documented for the enantioselective carbene insertion to het-
eroaryl C(sp2)–H bonds. However, a combination of 5 mol%
Fe(ClO4)2 and Zhou’s chiral spiro bisoxazoline ligands only
enabled carbene insertion to indolyl C–H bond at 3-position
with good levels of asymmetric induction.323 In 2015, Zhou,
et al. disclosed a palladium catalyst system for the same
purpose (eqn (162)).467 In the presence of 5 mol%
Pd(PhCN)2Cl2 as the precatalyst, chiral bipyridine 565 as the
ligand, and NaBAr0

4 as the additive, substituted indoles reacted
with aryldiazoacetates 14 to give the target chiral 3-alkylated
indole derivatives 558 in 64–98% yields with high levels of
asymmetric induction (87–98% ee) when 1,2-disubstituted
indoles were used. In most of the cases, the yields are Z80%
and the enantioselectivity is Z93% ee.

(162)

(163)

When 2-unsubstituted indoles were used as the C–H
substrates, the asymmetric induction was remarkably dropped
to 12–58% ee. In the case of benzyl methyldiazoacetate as the
carbene precursor, its reaction with 1,2-dimethylindole gave the
desired product in 34% yield with a moderate level of asym-
metric induction (42% ee). In a similar fashion, this catalyst
system effected for C–H functionalization of 1,2,5-
trisubstituted pyrroles by carbene insertion (eqn (163)).468 A
combination of CuCl and ligand 565 behaved the same for the
enantioselective C(3)–H functionalization of N-substituted
indoles by carbene insertion with aryldiazoacetates.469

A chiral pincer iridium(III)–NCN complex 567 bearing a 1,3-
bis (20-imidazolinyl)phenyl ligand was found to be an effective
catalyst for the C(3)–H functionalization of the N-protected
indoles (eqn (164)).470 In the presence of 3 mol% 567 catalyst
with the assistance of NaBAr0

4, N-protected indoles reacted with
aryldiazoacetates 14 to result in the carbene insertion products
558 functionalized at 3-position of the indolyl moiety in low to
excellent yields (21–99%) with moderate to good levels of
asymmetric induction (37–86% ee). These results have demon-
strated the catalyst diversity for enantioselective indolyl C–H
functionalization of indoles by carbene insertion, and more
work can be done to develop efficient catalyst systems for this
purpose.
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(164)

7.9. Supported complex catalysts for enantioselective carbene
insertion to C–H bonds

Two issues are usually encountered in order to realize an
efficient C–H functionalization process via carbene insertion
with diazo compounds as the carbene precursor: catalyst cost
and safety to handle the carbene precursor compounds. In this
area, expensive rhodium complexes are found to be the most
efficient catalysts in most cases.471 On one hand, lowering the
catalyst cost is often required. On the other hand, special
efforts have to be made to avoid the explosion danger from
the diazo compounds or intermediates. In principle, two mea-
sures can be considered in practice. Recycling the expensive
transition-metal catalysts by supporting them on heterogenous
materials may be achieved to reduce the catalyst cost. Use of a
specific reactor such as a microflow reactor by reducing the
reaction scale or slow addition of the potentially explosive diazo
compounds is another possible method to diminish the explo-
sion danger during the reaction.

In 2010, Hashimoto, et al. reported a polymer-supported
chiral dirhodium(II) complex which acted as a highly durable
and recyclable catalyst for enantioselective C–H functionaliza-
tion by carbene insertion.472 With N-4-hydroxyphthaloyl-(S)-tert-
butylleucine (568) as a replaceable ligand to react with Rh2(S-
PTTL)4, the mixed dirhodium(II) tetracarboxylate complex 569
was obtained in 40% yield. O-Alkylation of complex 569 with
6-(4-vinylbenzyloxy)bromohexane (570) gave monomer 571 in
92% yield (Scheme 143). The polymer-supported chiral
dirhodium(II) catalyst 573 was then prepared by suspension
copolymerization of monomer 571 with styrene and 1,6-bis(4-
vinylbenzyloxy)-hexane (572) as a cross-linker (Scheme 144).

Elemental analysis indicated incorporation of 0.27 mmol
dirhodium(II) complex per gram of the resultant complex,
corresponding to the composition of the monomer feed. The
polymer-supported complex 573 was examined for its catalytic
performance in the enantioselective intramolecular C–H func-
tionalization of a-alkyl-a-diazo ester, aryldiazoacetate, and a-
diazo-b-ketoester by comparison with complex catalyst Rh2(S-
PTTL)4. In the case of a-alkyl-a-diazo ester 531, its reaction with
2 mol% of the immobilized catalyst 573 proceeded at � 70 1C to
give methyl cis-2-phenylcyclopentane-1-carboxylate (532) as the
sole product in 85% yield with 94% ee, and no trans isomer or
b-hydride elimination product (alkene) was observed although
573 exhibited a lower catalytic activity than Rh2(S-PTTL)4. After
the immobilized catalyst was reused for 20 times, only a small
decrease in the catalytic activity was observed without an
impact on the enantioselectivity (Table 20), suggesting that
the present immobilization method only resulted in a negligi-
ble effect on the chiral environment of the immobilized
catalyst. Similar results were obtained in the intramolecular
C–H functionalization of aryldiazoacetate 422c, and the catalyst
was recycled for 15 times with no obvious loss of catalytic
activity and enantioselectivity (Table 21). This immobilized

Scheme 143 Preparation of a Rh(II)-catalyst-containing monomer.

Scheme 144 Preparation of a polymer-supported chiral Rh(II) complex.

Table 20 Immobilized chiral Rh(II)-catalyzed intramolecular C–H func-
tionalization of alkyl a-diazo ester

RhII cat. Cyclo no.a t (h) Yield ee

Rh2(S-PTTL)4 — 0.5 85% 95%
573 1 4 85% 94%
573 10 4 83% 95%
573 20 4 81% 94%

a Using 1 mol% Rh2(S-PTTL)4.

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

by
 D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 5
/6

/2
02

2 
2:

44
:2

3 
A

M
. 

View Article Online

https://doi.org/10.1039/d1cs00895a



