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a b s t r a c t

The asymmetric carbenoid C–H insertion of 3-diazooxindoles into 1,4-cyclohexadiene has been accom-

plished in the presence of chiral bis(imidazoline) NCN pincer iridium(III) complexes as the catalysts. With

a catalyst loading of 0.5 mol%, the reactions proceeded smoothly at 0 °C to afford a variety of chiral 3-

substituted oxindoles in good yields with moderate to excellent enantioselectivities (up to 99% ee). The

protocol exhibits good functional group tolerance with respect to 3-diazooxindoles and is readily scaled

up to 2mmol scale without any loss in activity and enantioselectivity. Density functional theory (DFT)

calculations have been performed to better understand the reaction mechanism and to explain the stere-

ochemical outcome of the reactions.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Catalytic enantioselective insertion reaction of metal car-

benoids, generated in situ from metal mediated decomposition of

diazo compounds, into C–H bonds represents an important and

powerful strategy for C–H bond functionalization and construc-

tion of C–C bonds [1–4]. In particular, chiral dirhodium(II) com-

plexes catalyzed intermolecular C–H insertions of donor/acceptor-

substituted carbenoids have been extensively investigated and

found broad applications in the synthesis of natural products, phar-

maceuticals, bioactive compounds and other complex chiral targets

[5,6]. Successful dirhodium(II) catalysts include, among others, bi-

naphtholphosphates, ortho-metalated arylphosphine dirhodium, es-

pecially various dirhodium carboxylates and carboxamidates com-

plexes. Undoubtedly, rhodium complexes have been widely estab-

lished as the most effective and versatile catalysts for asymmet-

ric carbenoid C–H bond insertion reactions. In contrast, only a

limited number of iridium complexes have been reported as vi-

able catalysts for such reactions despite the fact that less expen-

sive Ir belongs to the same group as Rh [7]. Compared with their

rhodium counterparts, iridium carbenoids tend to have a lower

electrophilic character due to the increased metal to ligand back-

bonding, which makes the iridium carbenoids less reactive but

more selective [6,7]. Indeed, researches from Suematsu and Katsuki

[8], Weldy et al. [9] have demonstrated the unique reactivity of
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iridium carbenoids by means of which some challenges in the area

have been addressed. In their works, intermolecular C–H insertions

of α-diazopropionates [8] and ethyl diazoacetates [9] were success-

fully realized with high enantioselectivities (83% ∼ >99% ee and

up to 96% ee, respectively) for the first time by using chiral Ir(III)-

(salen) or bis(imidazoline) pincer Ir(III) complexes as catalysts. It

is well known that the reactions with these two types of diazo

compounds are quite challenging. For α-diazopropionates, they are

inclined to undergo competitive β-hydride elimination. While for

ethyl diazoacetates, controlling site, chemo- and stereo-selectivity

of the reactions is difficult owing to the very high reactivity and

non-prochiral property of the corresponding acceptor-only metal-

locarbenoids.

Oxindole derivatives, including chiral 3-substituted oxindoles,

are widely found in alkaloid natural products, pharmaceuticals

and synthetic biologically active molecules [10,11]. They can also

serve as versatile precursors in organic synthesis and as cen-

tral intermediates in the synthesis of a number of naturally

occurring compounds [12,13]. Transition metal catalyzed inter-

molecular carbenoid C–H insertion of 3-diazooxindoles, a kind

of cyclic diazoamide and also a donor-acceptor diazo compound,

provides a direct and efficient approach for the construction of

3-substituted oxindoles. Thus, various achiral 3-substituted oxin-

doles with diverse structures have been successfully prepared

through Rh, In, Au or Ru catalyzed non-asymmetric C–H inser-

tion of 3-diazooxindoles with a wide range of substrates such as

https://doi.org/10.1016/j.cclet.2021.11.067

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



N. Li, X. Yang, Y. Zhu et al. Chinese Chemical Letters 33 (2022) 2437–2441

Fig. 1. Chiral bis(imidazoline) NCN pincer iridium(III) complexes.

Fig. 2. Molecular structure of complex 1h.

indoles, pyrroles, anthracenes, carbazoles, β-enaminoesters, N,N-

disubstituted anilines, phenols, β-enaminones [14–24]. However, to

the best of our knowledge, there are no reports on enantioselec-

tive C–H carbenoid insertion of 3-diazooxindoles for the synthesis

of chiral 3-substituted oxindoles.

We have been interested in exploring applications of pin-

cer metal complexes in metal-catalyzed transformations including

those of chiral ones in enantioselective reactions [25–28]. Very

recently, we found that pincer Ir(III) complex 1d with a chiral

bis(imidazolinyl)phenyl ligand (abbreviated as Phebim, Fig. 1) ex-

hibited good activity and stereocontrol (up to 86% ee) in asym-

metric carbenoid C–H insertion of α-aryl-α-diazoacetates with N-

protected indoles [29]. To develop more Ir-catalyzed, especially

pincer Ir-catalyzed intermolecular carbenoid C–H insertions for fur-

ther exploring and understanding the chiral iridium chemistry in

the area, we herein present the use of the pincer (Phebim)Ir com-

plexes (Fig. 1) in catalytic enantioselective C–H insertion of 3-

diazooxindoles into 1,4-cyclohexadiene. The current work repre-

sents the first example of asymmetric intermolecular C–H car-

benoid insertion reaction using 3-diazooxindoles as carbenoid pre-

cursors.

In our previous study, the pincer (Phebim)Ir complex 1d with

a catalyst loading of 3 mol% gave the best result among com-

plexes 1a-1d [29]. For further catalyst optimization, synthesis of

the new (Phebim)Ir complexes 1e-h were carried out (for details

see Supporting information). In comparison with 1d, complexes

1e-1h have the same (4S,5S)-diphenyl substituents but different N-

substituent on the imidazoline ring. Synthetically, a chiral diamine

was used as the chiral source for complexes 1e-1h, while for com-

plex 1d (and also complexes 1a-1c) the chiral substituents origi-

nated from chiral amino alcohols. In addition, it was found that

the introduction of N-electron withdrawing group (N-sulfonyl or

acyl) on the imidazoline ring was detrimental to the direct met-

allation of the corresponding Phebim-H ligands, leading to the ob-

viously lower yields of complexes 1e-1h (22%−28%) in this step

when compared with 1d (46%) and 1a-1c (34%−45%). X-ray single

crystal analysis of the complex 1h confirmed that it is the expected

H2O-bound six-coordinate pincer complex with meridionally tri-

dentate coordination of the Phebim ligand (Fig. 2, CCDC: 1971477).

Table 1

Optimization of reaction conditions.a

Entry Cat. (mol%) Temp ( °C) Yield (%)b ee (%)c

1 1a (1.0) r.t. 81 96

2 1d (1.0) r.t. 82 93

3 1e (1.0) r.t. 93 95

4 1f (1.0) r.t. 97 97

5 1g (1.0) r.t. 96 96

6 1h (1.0) r.t. 94 96

7 1a (1.0) 0 91 96

8d,e 1a (0.5) 0 88 93

9d,e 1g (0.5) 0 93 97

10d, f 1g (0.5) 0 79 97

11d, f ,g 1g (0.5) 0 87 96

a Reaction conditions: 3-diazo-1-methylindolin-2-one (0.2mmol), 1,4-

cyclohexadiene (0.4mL, 4.3mmol), cat. 1, Ar, 12h.
b Isolated yield.
c Determined by chiral HPLC analysis.
d 1,4-Cyclohexadiene (0.2mL, 2.15mmol).
e CH2Cl2 (0.2mL).
f CH2Cl2 (0.5mL).
g For 8h.

The C–H insertion of 3-diazo-1-methylindolin-2-one with 1,4-

cyclohexadiene was first chosen as a model to evaluate the poten-

tial of the obtained (Phebim)Ir complexes (for details see Support-

ing information). Encouragingly, except for complexes 1b and 1c,

all other complexes including 1a and 1d-1h could give the desired

product 3a in high yields (81%−97%) with excellent enantioselec-

tivities (93%−97% ee) when the reactions were conducted with a

large excess of the cyclodiene (21.5 equiv.) under solvent-free con-

dition at room temperature with a catalyst loading of 1.0 mol% for

12h (Table 1, entries 1–6). Considering that the synthetic yield of

1a was higher than those of 1f-1h in the metallation step (44% vs.

22%−26%), complex 1a was then further utilized as the catalyst for

optimization of reaction conditions. A screening of temperature in-

dicated that in the range of −20∼40 °C lowering the temperature

helped to improve the yield of product 3a by inhibiting side reac-

tions such as dimerization of the diazo compound and 0 °C was

found to be the optimal temperature (entry 7). Next, we tried to

reduce the amount of 1,4-cyclohexadiene and the catalyst loading.

It turned out that the use of 10.8 equiv. of the cyclodiene in the

presence of CH2Cl2 solvent (0.2mL) and with a catalyst loading of

0.5 mol% could also afford a good result (entry 8, 88% yield with

93% ee). Pleasingly, under these conditions, complex 1g gave a bet-

ter result than 1a in terms of both yield and enantioselectivity (en-

try 9, 93% yield with 97% ee). Increasing the CH2Cl2 solvent volume

resulted in decreased yields and/or enantioselectivity of 3a. Based

on the results and also for convenience of manipulation, 0.5mL of

CH2Cl2 as the solvent was considered to be appropriate (entry 10).

Finally, TLC monitoring of the reaction showed that the diazo com-

pound was completely consumed within 8h, furnishing the prod-

uct 3a in 87% yield with 96% ee (entry 11).

The substrate scope of 3-diazooxindoles was then investi-

gated under the optimized conditions. As shown in Table 2,

various substituted 3-diazooxindoles reacted smoothly with 1,4-

cyclohexadiene to furnish structurally diverse oxindoles 3 bearing

a chiral cyclohexa-2,5–dien-1-yl group at the 3-position in moder-

ate to excellent yields (42%−99%) with moderate to excellent enan-

tioselectivities (51%−99% ee). The substituents involve electron-

withdrawing groups (EWG) including F, Cl, Br, I, CF3, and OCF3
as well as electron-donating groups (EDG) including Me and OMe
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Table 2

Substrate scope.a

Entry R1 R2 Product Yield (%)b ee (%)c,d

1 H Me 3a 87 96

2 H Bn 3a′ 88 97

3e, f 4-F Me 3b 62 78

4 5-Me Me 3c 86 98

5 5-Me Bn 3c′ 88 99

6 5-OMe Me 3d 95 94

7f 5-F Me 3e 85 67

8f 5-Cl Me 3f 91 64

9f 5-Cl Bn 3f′ 54 51

10f 5-Br Me 3g 75 64

11f 5-I Me 3h 68 70

12f 5-OCF3 Me 3i 99 58

13 6-Me Me 3j 83 98

14 6-OMe Me 3k 91 98

15f 6-F Me 3l 60 91

16f 6-Cl Me 3m 72 85

17f 6-Br Me 3n 79 81

18 7-Me Me 3o 95 96

19 7-OMe Me 3p 76 96

20f 7-F Me 3q 62 85

21f 7-Cl Me 3r 69 80

22f 7-Br Me 3s 42 81

23f 7-CF3 Me 3t 67 68

24g H Me 3u 36 16

25f ,h H Me 3v 48 55

a Reaction conditions: 3-diazooxindole (0.2mmol), 1,4-cyclohexadiene (0.2mL,

2.15mmol), cat. 1g (0.5 mol%), CH2Cl2 (0.5mL), Ar, 0 °C, 8 h.
b Isolated yield.
c Determined by chiral HPLC analysis.
d The absolute configurations of 3c′ and 3o were determined to be S by X-ray

single crystal analysis. Those of other products were assigned by analogy.
e Room temperature (25 °C), cat. 1g (1.0 mol%).
f For 24h.
g 1-Methylcyclohexa-1,4-diene (0.2mL) instead of 1,4-cyclohexa-diene was added.

The product 3u was obtained after subsequent oxidation of the crude insertion

product with DDQ.
h 1,3,5-Cycloheptatriene (0.2mL) instead of 1,4-cyclohexadiene was added.

which are located at 4-, 5-, 6- or 7-position of 3-diazooxindoles. In

general, 3-diazooxindoles containing an EDG at 5-, 6- or 7-position

reacted quite well with the cyclodiene, giving the correspond-

ing products 3 in high yields (76%−95%) with invariably excellent

enantioselectivities (entries 4–6, 13, 14, 18 and 19, 94%−99% ee). In

contrast, 3-diazooxindoles with an EWG exhibited lower reactivity

and an extended reaction time (24 vs. 8h) was needed to ensure

satisfactory yields. Good to excellent enantioselectivities (80%−91%

ee) could still be achieved when the electron-withdrawing sub-

stituents including F, Cl and Br are located at 6- or 7-position

(entries 15–17 and 20–22). However, when the EWG are at 5-

position and a CF3 group at 7-position, moderate enantioselectiv-

ities (51%−70% ee) were obtained (entries 7–12 and 23). In the

case of 4-substituted 3-diazooxindoles, 4-methyl failed to react

with the cyclodiene possibly due to the steric hindrance at the

4-position. For the smaller 4-F substituent, the reaction could oc-

cur but besides prolonged time (24h), a higher catalyst loading of

1.0 mol% and an elevated reaction temperature (25 °C) were also

necessary because of the steric hindrance and the strong electron-

withdrawing property of the fluorine (entry 3). The desired prod-

uct 3b was generated in 62% yield with 78% ee. In addition, the

effect of the N-substituent was studied as well. The reactions of

unsubstituted and 5-Me substituted N-benzyl diazooxindoles pro-

Fig. 3. Molecular structures of compounds 3cʹ (left) and 3o (right).

Scheme 1. A scale-up experiment and transformation of the catalysis product 3aʹ.

ceeded efficiently to afford the products 3a′ and 3c′ in 88% yield

with 97% ee and 88% yield with 99% ee, respectively (entries 2 and

5). The results were slightly better in terms of both the yields

and enantioselectivities when compared with the corresponding

N-methyl reactants. On the other hand, the reaction of the 5-Cl

substituted N-benzyl diazooxindole provided an obviously inferior

result to that of the 5-Cl N-methyl diazooxindole (entry 9 vs. 8).

The absolute configurations of the products 3c′ (CCDC: 1476610)

and 3o (CCDC: 2051865) were determined by X-ray single crystal

diffraction analysis to be S (Fig. 3).

Besides 1,4-cyclohexadiene, 1-methyl-1,4-cyclohexadiene was

also subjected to the reaction with N-methyl 3-diazooxindole,

providing (S)−1-methyl-3-(m-tolyl)indolin-2-one 3u as the sin-

gle regioisomer in 36% yield with 16% ee after subsequent ox-

idation of the crude insertion product with DDQ. When 1,3,5-

cycloheptatriene reacted with the same 3-diazooxindole, the corre-

sponding insertion product 3v was obtained in 48% yield with 55%

ee. In addition, we tried the C–H insertion reactions of N-methyl 3-

diazooxindole into cyclohexene and toluene. Unfortunately, no de-

sired products were observed.

A scale-up reaction of 1-benzyl-3-diazoindolin-2-one with 1,4-

cyclohexadiene was carried out on a 2mmol scale under the opti-

mized reaction conditions with a reaction time of 24h (Scheme 1).

The desired product 3a′ was isolated in excellent yield without any

loss in enantioselectivity (93% yield, 98% ee). In addition, the chi-

ral cyclohexa-2,5–dien-1-yl group in the product 3a′ was easily re-

duced by catalytic hydrogenation in the presence of Pd/C catalyst,

delivering the corresponding 3-cyclohexyl substituted oxindole 4a′
in 70% yield with 95% ee.

In order to gain a better understanding of the reaction mech-

anism and the origin of stereocontrol of the current pincer Ir-

catalyzed asymmetric C–H insertion, density functional theory

(DFT) calculations were performed by employment of Gaussian

09 program [30]. The geometry optimization was carried out by

using the M06–2X [31,32] functional with the basis set of 6–

31G(d,p) for C, N, Cl, O, H and SDD for Ir [33,34] and accounting
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Fig. 4. The relative Gibbs free energy profiles of the pincer (Phebim)Ir complex 1g catalyzed asymmetric C–H insertion of 3-diazo-1-methylindolin-2-one with 1,4-

cyclohexadiene (light gray, white, blue, red, green and brown balls represent C, H, N, O, Cl, Ir atoms respectively).

for the dichloromethane solvent effect by employing the IEF-PCM

[35,36] solvation model (M06–2X/6–31G(d,p)+SDD//IEF-PCMDCM).

As shown in Fig. 4, the reaction initiates with dissociation of the

water from the catalyst 1g, which requires only 1.4 kcal/mol en-

ergy, giving rise to the formation of the 16-electron intermedi-

ate trans-5 with the two chloride ligands located trans to each

other. Then the resulting trans-5 intermediate would interact with

the 3-diazooxindole to generate the iridium carbenoid complex

along with extrusion of nitrogen. The energy barrier associated

with this process (through the transition state 8-TS) is found to

be 25.9 kcal/mol, which is difficult to attain under the optimized

reaction conditions. Meanwhile, trans-5 can rearrange to its cis

counterpart cis-5 through 6-TS with a much lower energy barrier

of 17.5 kcal/mol. Furthermore, the interaction of cis-5 intermedi-

ate with the 3-diazooxindole proceeds very readily via the 7-TS

because the 7-TS has a lower energy than cis-5, furnishing the

iridium carbenoid intermediate 9 with the carbene ligand coordi-

nated at the axial position. Subsequently, the carbenoid interme-

diate 9 undergoes the C–H insertion step with 1,4-cyclohexadiene

to give the product 3a. It was found that the reaction did not pro-

ceed via a three-centered transition state which would yield di-

rectly the insertion product 3a. Instead, a stepwise process involv-

ing hydride transfer followed by C–C bond formation was proposed

computationally (Fig. 4). This is quite different from the related Ir

and Rh catalyzed asymmetric C–H insertion with cyclohexadiene,

where a concerted or concerted asynchronous mechanism involv-

ing a three-centered transition state was well supported by com-

putational analysis [37,38]. In the hydride transfer step, Si-face ap-

proach of the cyclodiene to the intermediate 9 through the 10-

TS has an energy barrier of 15.3 kcal/mol, whereas a higher bar-

rier of 20.2 kcal/mol (11-TS) is present for the corresponding Re-

face approach. The higher energy of the 11-TS is related to the

steric hindrance of upward 4S-phenyl substituent on the imidazo-

line ligand, which shields the Re-face of the carbenoid intermedi-

ate, thereby making the Si-face approach of the cyclodiene pref-

Fig. 5. NCI analysis of the transition states 10-TS and 11-TS (distances in Å).

erentially and leading to the formation of (S)-isomer of the prod-

uct with high enantioselectivity. In addition, noncovalent interac-

tion (NCI) [39,40] was used to analyze the transition states 10-TS

and 11-TS (Fig. 5). It is found that there are five stronger interac-

tions (C–H···Cl, C–H···π , C–H···Cl and two π ···π ) in 10-TS. While

only four interactions (C–H···π , C–H···Cl, N–H···π and π ···π ) ex-

ist in 11-TS. The observation also indicates that 10-TS is more sta-

ble than 11-TS. The lower energy 10-TS results in generation of the

zwitterionic intermediate 12. From this intermediate, the reaction

continues and the C–C bond is formed to afford the product (S)−3a

via the 14-TS with an energy barrier of 10.7 kcal/mol.

In summary, we have developed a chiral NCN pincer (Phe-

bim)Ir complex-catalyzed enantioselective C–H insertion of 3-

diazooxindoles with 1,4-cyclohexadiene. During the investigations

four new (Phebim)Ir complexes were synthesized and well char-

acterized. The catalytic reactions tolerate a variety of functional

groups, furnishing chiral 3-substituted oxindoles with structural di-

versity in high yields and in most cases with good to excellent

enantioselectivities (15 of 23 examples, 80%−99% ee). DFT calcu-

lations suggest that the current asymmetric C–H insertion pro-
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ceeds via a stepwise mechanism involving hydride transfer and the

subsequent C–C bond formation, rather than a concerted or con-

certed asynchronous mechanism involving a three-centered tran-

sition state. The calculations also explain the stereoselectivity and

are consistent with the experimental observation.
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