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zed intramolecular
enantioselective C(sp3)–H insertion of
donor/donor carbenes†

Wendeng Li,‡a He Zhang,‡a Kai Chen, b Huanfeng Jiang, a Jianwei Sun c

and Shifa Zhu *a

Herein, the first palladium-catalyzed intramolecular enantioselective C(sp3)–H insertion reaction of donor–

donor carbenes has been successfully achieved. This facile protocol enables the rapid construction of

a collection of enantioenriched decorated indolines with two contiguous stereocenters in a single step.

Both enynones and diazo compounds are efficient donor–donor carbene precursors for this reaction. By

an adjustment of ligands and protecting groups of the substrates, the palladium–carbene intermediates

from diazo compounds afford sparse trans-indolines with excellent enantioselectivities, while carbenes

from enynones deliver cis-indolines exclusively. Based on the control reactions and Hammett analysis,

a stepwise Mannich-type pathway through a short-lived and compact zwitterionic intermediate is proposed.
The asymmetric C–H insertion of metal carbene is one of the
most powerful methods for the construction of chiral molecules
through carbon–carbon bond formation.1,2 In the past several
decades, many transition metal complexes, especially dirho-
dium(II) complexes,2,3 have emerged as effective catalysts for the
enantioselective carbene C–H insertion reactions.

Palladium is versatile and indispensable in the formation of
C–C and C–heteroatom bonds in cross-coupling chemistry.4

Palladium-catalyzed carbene transfer reactions, especially cross-
couplings via the migratory insertion process,5,6 have been
extensively investigated in the past two decades. However,
palladium catalyzed carbene-involving asymmetric trans-
formations are still in their infant stage.7 Taking C–H bond
insertion as an example, there are only very limited examples of
asymmetric carbenoid C–H insertion reactions in the presence of
a palladium catalyst. In 2015 and 2018, Zhou and coworkers re-
ported palladium-catalyzed asymmetric formal carbene insertion
into C(sp2)–H of electron-rich indole and pyrrole derivatives
through a Friedel-Cras-like process with axially chiral bipyridine
ligands using aryl diazoesters as the carbene precursor.7e,h In
2016, Solé and Fernández reported the rst palladium-catalyzed
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12402
non-asymmetric carbene insertion into an intramolecular
C(sp3)–H bond using diazocarbonyl compounds.8 It was found
that the reaction could be catalyzed by both Pd(0) and Pd(II)
(Scheme 1a). DFT calculations revealed that palladium carbene-
involving C(sp3)–H insertion reactions had quite different reac-
tion mechanisms from the related Rh(II)- and Cu-catalyzed reac-
tions.9 Most notably, the mechanisms of Pd-catalytic systems
were affected by the metal valence and substrate structures. For
example, Pd(0) and Pd(II) have totally different mechanisms.8,10

To the best of our knowledge, the palladium-catalyzed enantio-
selective carbene insertion of C(sp3)–H bonds still remains
unknown. This is probably due to the unique mechanism of
palladium carbene chemistry.

Donor-type metal carbenes (donor carbene and donor–donor
carbene),11 owing to the presence of a donor-substituent for
stabilization of the carbene carbon center, are typically less
Scheme 1 Pd-catalyzed carbene insertion of a C–H bond.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the reaction conditionsa

Entry Catalyst L
2a
yield 2a trans : cis ee (trans) ee (cis)

1 Pd(PhCN)2Cl2 L1 66% 1 : 15.7 2% 10%
2 Pd(PhCN)2Cl2 L2 44% 1 : 7.3 1% 2%
3 Pd(PhCN)2Cl2 L3 58% 1 : 7.3 15% 4%
4 Pd(PhCN)2Cl2 L4 67% 1 : 9.0 3% 11%
5 Pd(PhCN)2Cl2 L5 54% 1 : 5.7 28% 0%
6 Pd(PhCN)2Cl2 L6 66% 1.2 : 1 93% 8%
7 Pd(PhCN)2Cl2 L7 41% 1 : 3.8 63% 7%
8b Pd(PhCN)2Cl2 L6 69% 1 : 11.5 5% 20%
9c Pd(PhCN)2Cl2 L6 71% 1.7 : 1 88% 2%
10d Pd(PhCN)2Cl2 L6 63% 1.6 : 1 93% 9%
11d PdCl2 L6 46% 1.7 : 1 85% 10%
12d PdCl2(cod) L6 49% 1 : 2.3 79% 44%
13d Pd(PPh3)2Cl2 L6 17% 1 : 2.7 6% 42%
14d Pd(CH3CN)2Cl2 L6 73% 5.2 : 1 94% 21%
15e Pd(CH3CN)2Cl2 L6 19% 1 : 2.1 4% 2%
16d Pd(CH3CN)2Cl2 L5 65% 7.3 : 1 95% 12%
17d Pd(CH3CN)2Cl2 L7 57% 2.8 : 1 91% 19%

a 1a was prepared in situ through the oxidization of the corresponding
hydrazone by MnO2 (8.0 eq.); 1a (0.1 mmol), [1a] ¼ 0.033 M; the yield
was the isolated yield; the dr value (trans/cis) was determined by using
the 1H NMR spectrum of the crude reaction mixture. The ee values of
trans-2a and cis-2a were determined by HPLC using a chiral stationary
phase. b The reaction was conducted in CHCl3.

c The reaction was
conducted in DCE. d The reaction was conducted in PhCF3.

e The
reaction was conducted in PhCF3 for four days without NaBAr

F.
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reactive (compared with acceptor-type metal carbenes) and have
attracted increasing attention. Recently, Shaw’s group12 and our
group13 have demonstrated the utility of donor-type carbenes in
an intramolecular asymmetric C(sp3)–H insertion reaction in the
presence of rhodium and ruthenium catalysts, and diazo
compounds, enynones and azaenynes could be used as carbene
precursors. As part of our continuing efforts to develop asym-
metric carbene transformations,13,14 along with the unique nature
of palladium carbene chemistry, we speculate that the less reac-
tive donor-type carbene intermediate might provide a good
opportunity to realize the palladium-catalyzed enantioselective
insertion of a C(sp3)–H bond. However, there are several chal-
lenging issues associated with this project: (1) donor-type car-
benes are known to easily undergo undesired intermolecular
dimerization, resulting in the formation of carbene dimers;11b (2)
Pd(II) is easily reduced to Pd(0) by the ligands or substrates,4b,15

which will bring additional complexities in controlling the
enantioselectivity; (3) the potential cross-reactivity of palladium
with the C–X bond of the reaction components will make the
reaction more complicated.5b Herein, we report a Pd(II)-catalyzed
asymmetric donor–donor carbene insertion into the C(sp3)–H
bond using diazo compounds and enynones (Scheme 1b). This
reaction represents the rst example of palladium-catalyzed
enantioselective C(sp3)–H bond insertion of donor-type car-
benes. Both the diastereo- and enantioselectivity could be well-
controlled by tuning the catalytic system.

At the beginning of this investigation, diazo compound 1a
tethered to N-benzyltosylamide was chosen as the model
substrate to screen the asymmetric intramolecular C(sp3)–H
insertion reaction conditions. As shown in Table 1, different
chiral PyBox ligands L1–L4 were initially tested in the presence
of Pd(PhCN)2Cl2 as the catalyst precursor with NaBArF as an
additive in toluene (Table 1, entries 1–4). However, the reactions
afforded the cis-indoline 2a as the major product with low
enantioselectivity. Subsequently, electron-rich axially chiral
2,2′-bipyridines L5–L7 were then evaluated, which were proven
to be effective ligands in promoting the asymmetric C(sp2)–H
functionalization of indoles and pyrroles in Zhou's system.7e,h

Surprisingly, rare trans-indoline16 2a (trans/cis¼ 1.2 : 1) could be
observed as a slightly dominant product with 93% ee when
employing L6 as a ligand (entry 6). The cis/trans-selectivity
reversal under this reaction condition may arise from the
interference of the Ts group with chiral cavity. With a smaller or
larger dihedral angle upon chelation with palladium, L5 or L7
delivered trans-indoline with diminished enantioselectivity
(entry 5 and entry 7). Therefore, we chose L6 as the ligand for
further investigation of trans-indoline. The reaction was con-
ducted in CHCl3 with poor trans-selectivity and enantiose-
lectivity (entry 8). Slightly better trans-selectivity was observed in
DCE but the enantioselectivity decreased to 88% (entry 9).
Solvent screening revealed that PhCF3 was optimal with
a moderate trans-selectivity (trans/cis ¼ 1.6 : 1) and a maintained
enantioselectivity of 93% ee (entry 10). In addition, the nature of
the palladium sources had great impact on the reactivity and
selectivity. When using PdCl2, the reaction proceeded to afford
the trans-indoline 2a in 46% yield with a 1.7 : 1 trans/cis ratio and
85% ee (entry 11). PdCl2(cod), containing a 1,5-cyclooctadiene
© 2022 The Author(s). Published by the Royal Society of Chemistry
ligand, exhibited a moderate enantioselectivity of 79% ee
(entry 12). Pd(PPh3)2Cl2, which had more electron-rich triphe-
nylphosphine ligands, strongly eroded the reactivity and enan-
tioselectivity, with only 17% yield and 6% ee (entry 13). To our
delight, excellent trans-selectivity (trans/cis ¼ 5.2 : 1) and enan-
tioselectivity (95% ee) were obtained when Pd(CH3CN)2Cl2 was
used (entry 14). The chloride abstraction additive NaBArF was
proven necessary for enantioselective control as the ee
value dropped dramatically to 4% without NaBArF (entry 15).
Moreover, palladium(0) complexes were almost ineffective in
catalyzing this reaction (see the ESI for details†). In the optimal
combination system with Pd(CH3CN)2Cl2 and PhCF3, the same
type of ligands L5 and L7 were retested. L5 exhibited similar
results to L6 but with a slight improvement of trans-selectivity
(trans/cis ¼ 7.3 : 1) and enantioselectivity (95% ee) (entry 16),
while L7 presented slightly decreased selectivities (trans/cis ¼
2.8 : 1, 91% ee) (entry 17).

Having identied the optimal reaction conditions (Table 1,
entry 14 and entry 16), we then turned our attention to investigate
Chem. Sci., 2022, 13, 12396–12402 | 12397
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Scheme 2 Substrate scope of diazo compounds. Reaction conditions:
1 was prepared through the oxidization of the hydrazones by MnO2

(8.0 eq.) and filtered followed by concentration. Then the reactions
were run with 1 (0.1 mmol, 0.033 M), Pd(CH3CN)2Cl2 (10 mol%), L5 or
L6 (12 mol%) and NaBArF (24 mol%) in PhCF3 under a N2 atmosphere
for 12 h until completion by TLC. aThe reaction was run with 1a
(3 mmol, 1.40 g, 0.15 M), Pd(CH3CN)2Cl2 (9 mol%), L6 (10.8 mol%) and
NaBArF (21.6 mol%) in PhCF3 (15 mL) for 15 h. btrans-2a (0.13 mmol),
Mg powder (14.0 eq.), methanol (5 mL), 50 �C, sonicate, 2 h.
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View Article Online
the substrate scope with different diaryl diazo compounds. As
shown in Scheme 2, the substrate scope of this asymmetric
C(sp3)–H insertion reaction was found to be quite general,
especially the substrates with N-benzyl groups. For example, the
benzyl moieties with both electron-rich and electron-decient
aryl groups were compatible, furnishing the desired trans-indo-
lines in 42–91% yields with 89–98% ee (2a–t). Different substit-
uents, such as MeO, MeS, CF3O, MeO2C, vinyl, F, Cl, Br and even
I, could be introduced at different positions of the benzyl moiety.
The reaction enantioselectivities were highly robust for the
insertion of benzylic C–H, regardless of the electronic or steric
properties, with the ee values typically higher than 90%.
However, the diastereoselectivities were a little bit more sensitive
to the properties of substituents, with the dr ranging from 1.7 : 1
to 7.3 : 1. The N-alkyl substrate, which represents a more chal-
lenging substrate, could also be subjected to the catalytic reaction
conditions, affording the desired products 2u–v in much better
diastereoselectivities (15.7 : 1 and 24 : 1 dr) but with diminished
enantioselectivities (60% and 86% ee). Furthermore, the varying
of groups R2 had a great effect on the reaction performance.
When R2 was aryl, trans-indolines with excellent enantiose-
lectivities could be obtained (2w, 2x). However, the alkyl and ester
ones (2y, 2z, and 2ad) were ineffective in this protocol (see the ESI
for details†). To further demonstrate the practicality of this
methodology, a gram-scale reaction was conducted, delivering
the desired product 2a in 79% yield, slightly lower diaster-
eoselectivity (3.1 : 1 dr) and maintained enantioselectivity (94%
ee). In addition, the N-Ts group of trans-indoline 2a could be
easily removed in the Mg/MeOH system in good yield, and both
the diastereo- and enantioselectivity remained unchanged.

In addition to diazo compounds, this palladium-catalytic
system could also be extended to an enynone system under
modied conditions (see the ESI for more details†). Unlike the
above diazo-based system catalyzed by Pd(CH3CN)2Cl2/bipyr-
idine, in which trans-indolines were obtained, the enynone-
based system enabled by Pd(PhCN)2Cl2/PyBox afforded the
corresponding indolines 4 with the cis-isomers dominating. As
shown in Scheme 3, enynones with different substituted ben-
zylacetamide side chains were subjected to the standard
conditions, leading to the desired indolines 4a–f in 76–85%
yields with 80–95% ee. The reactions were a little sensitive to the
electronic properties of the substituted group R1. The electron-
rich benzyl groups gave the products in relatively lower ee (4c,
80% ee). However, the electron-decient benzyl groups fur-
nished the products 4d–f in better enantioselectivities (91–95%
ee). Furthermore, this system could be extended to N-benzylic
enynones with different R2 groups, delivering the desired
products 4g–h in 63–85% yield and 92–96% ee. However, in the
case of N-alkyl enynones 3i, only trace oxidation of carbene was
observed with no detectable insertion product even at 120 �C
(see the ESI for details†). The absolute conguration of the
major enantiomer product was determined by single crystal X-
ray diffraction of compound 4h, which showed a cis-(2R, 3S)
conguration. It is noted that the indolines 4 were obtained in
higher than 99 : 1 dr in all cases, possibly due to the favorable p–
p interaction between phenyl and furan substituents.
12398 | Chem. Sci., 2022, 13, 12396–12402 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Substrate scope of enynones. Reaction conditions: 3 (0.2
mmol), Pd(PhCN)2Cl2 (10 mol%), L1 (11 mol%) and NaBArF (22 mol%) in
1 mL toluene under a N2 atmosphere at 60 �C for 12 h.

Scheme 4 Mechanistic investigations. aThe reaction was conducted
at −10 �C.
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According to the previous mechanistic studies performed by
Soĺe and Fernández, there are two possible mechanisms for the
Pd(II)-catalyzed C(sp3)–H insertion of an acceptor-type carbene
system: (i) the concerted metalation-deprotonation (CMD)
process assisted by carbonate or acetate;8a (ii) stepwise Mannich-
type reaction through a zwitterionic intermediate.8b As the reac-
tions in our system were conducted under neutral conditions
without the base of carbonate or acetate, the base-assisted CMD
mechanism is not likely to be operative. Another stepwise
Mannich-type reaction through a zwitterionic intermediate
seems more likely. To elucidate the reaction mechanism of our
system, several control reactions were conducted. First, when
diazo compound d2-1a (99% D) with deuterated methylene was
employed as the substrate under the standard reaction condi-
tions, deuterium was completely transferred to the carbene
carbon of d2-2a without measurable scrambling of the isotope
label (Scheme 4a). Such results indicated that the H-shi
occurred intramolecularly without interference from the
external solvent or reagents. Second, the kinetic isotope effect
(KIE) experiment of monodeuterated diazo compound d-1a was
also performed (see the ESI for details†). The result suggested
that the C–H bond cleavage process might not be involved in
a rate-determining step. To get more insight into the C(sp3)–H
insertion process, chiral diazo compound (R)-5a (97% ee) with
a tertiary carbon stereocenter was then examined (Scheme 4b).
Treatment of (R)-5a with a palladium catalyst under the standard
reaction conditions but with the racemic ligand L6 provided the
cis-indoline 6a as the major product in 68% yield and 94 : 6 dr
© 2022 The Author(s). Published by the Royal Society of Chemistry
without loss of chiral integrity (Scheme 4b, entry 1). Besides, the
chiral ligand (Sa, R, R)-L6 produced the stereoretentive indoline
6a in 63% yield and 95 : 5 dr (entry 2). Interestingly, a decreased
yield of 36%and enantioselectivity of 92% eewere observedwhen
another stereoisomer of the ligand (Ra, S, S)-L6was used (entry 3),
which indicated a mismatch in stereochemical preference
between the substrate and Pd-(Ra, S, S)-L6 catalyst. What is most
unexpected is that the product stereoselectivities further dropped
to 87% ee and 68 : 32 dr when the catalytic system was cooled
down to −10 �C (entry 4). The erosion of chiral integrity during
the C–H insertion process indicated that the reaction did not
proceed through a concerted process. But the slightly decreased
enantioselectivity implied that there might exist a short-lived and
compact zwitterionic intermediate aer a stereoselective hydride
shi which is dominated by the substrate and palladium cata-
lyst.8b We envisioned that the chirality erosion of C1 might be
caused by the trivial rotation around the Caryl–N bond of the
zwitterionic intermediate.

To prove the existence of this zwitterionic intermediate,
a Hammett analysis was also conducted with diazo compounds
1 bearing different para-substituted benzyl amides. As illus-
trated in Fig. 1, the small magnitude of the r value of −0.29 (R2

¼ 0.8338) suggests a slight positive charge buildup at the
benzylic carbon atom of the C–H insertion step. Collectively, the
stepwise Mannich-type mechanism through a zwitterionic
intermediate is likely to be operative for this system.

In light of the opposite diastereoselectivities of C–H inser-
tion behavior for diazo compounds and enynones, we suspected
that the difference of N-protected groups might lead to the
divergence of products. To verify this hypothesis, Ac/Ms/Bn-
substituted diazo compound 1aa/1ab/1ac was then prepared
and subjected to the standard conditions (Scheme 5). As ex-
pected, the Ac-substituted diazo 1aa exclusively produced the
cis-indoline 2aa in 54% yield. Ms-substituted diazo 1ab deliv-
ered the trans-indoline 2ab with a 4.3 : 1 trans : cis ratio similar
to that of 2a. However, as for Bn-substituted diazo 1ac, only
Chem. Sci., 2022, 13, 12396–12402 | 12399
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Fig. 1 Hammett analysis.

Scheme 6 Plausible reaction mechanism.
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traces of the C(sp3)–H insertion product were observed, prob-
ably due to the coordination between the amine and palladium
complex. These results indicated that the N-protected groups of
diazo substrates dictated the reaction diastereoselectivities.

Based on the above mechanistic experiments, a plausible
mechanism is proposed in Scheme 6. Taking diazo compounds
1a/1aa for example, the reaction starts with the coordination of
the diazo and Pd catalyst, followed by extrusion of nitrogen to
generate palladium carbene II. The intermediate II subsequently
undergoes a rapid insertion into the C(sp3)–H bond through
a short-lived zwitterionic intermediate III to form the products
2a/2aa with the Pd catalyst being regenerated. Based on the
structure of ligand L6 reported by Zhou’s group7e and the
rhodium-diphenylcarbenes reported by Fürstner, Davies and co-
workers,17 two models with different N-protected groups are also
depicted. Thep–p interaction between two phenyl rings could be
found in either Ac or Ts-substituted palladium carbene II. For N-
Ac IIa, the acetyl group tends to be planar and the rigid structure
of acetamide restricts the phenyl on C1 to approaching methyl
on acetamide. Combined with the favorable p–p interaction
between two phenyl rings, cis-indoline is produced exclusively.
However, as for N-Ts IIb, the sulfonyl group is tetrahedral and
could rotate to a proper conformation. The introduction of the Ts
group would probably change the spatial distribution and thus
Scheme 5 Investigation into diastereoselectivity.

12400 | Chem. Sci., 2022, 13, 12396–12402
reduce steric repulsion or structure strain between the substrate
and chiral catalyst. Therefore, a more favorable trans congura-
tion would be adopted even though the p–p interaction between
two phenyl rings has been weakened. In addition, a high enan-
tioselectivity for trans-indoline is attained probably owing to one
of the pyridine rings of the axially chiral 2,2′-bipyridine ligand
stretching to the reaction center to some extent. It is noteworthy
that a stereoretentive ring closure occurs quickly due to the
rotation restriction of the iminium ion, and thus the erosion of
chirality on C1 by this effect contributes little.
Conclusions

In summary, we have described an effective protocol for the rst
palladium-catalyzed diastereodivergent asymmetric intra-
molecular C(sp3)–H insertion reaction of donor–donor car-
benes. Both diazo compounds and enynones can be used as
carbene precursors. The reaction shows good functional group
tolerance and exhibits excellent diastereo- and enantiose-
lectivity. Opposite congurations of indolines can be accessed
by adopting different protecting groups, demonstrating a comple-
mentary approach to divergent synthesis. The mechanistic exper-
iments suggest that a stepwise Mannich-type mechanism through
a zwitterionic intermediate ismore operative for our system. These
ndings may open new vistas for palladium carbene-involving
asymmetric synthesis, especially asymmetric C(sp3)–H insertions.
Data availability

All the data including experimental procedures, NMR, IR,
HRMS, and HPLC spectra and crystallographic data of 2a, 4h,
(2R, 3S)-6a are recorded in the ESI†.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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