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ABSTRACT: An efficient strategy for the in situ generation of
heterocyclic ortho-quinodimethanes (oQDMs) from 2-methyl-
heteroarene-3-carboxylic esters by N-heterocyclic carbene
(NHC) catalysis is disclosed. These heterocyclic oQDMs
undergo highly enantioselective [4 + 2] annulation reactions
with isatin-derived ketimines to afford optically pure
heteroarene-fused δ-lactams bearing a quaternary stereogenic center. The main features of this reaction include challenging
direct C(sp3)−H bond functionalizations, excellent enantioselectivities, readily available starting materials, mild reaction
conditions, high efficiency, and operational simplicity.

Heterocyclic ortho-quinodimethanes (oQDMs) represent a
class of highly reactive intermediates that have been

widely exploited for the construction of complex polycyclic
heteroaromatic compounds with multiple stereogenic centers
through direct C(sp3)−H bond functionalization.1 Tradition-
ally, heterocyclic oQDMs can be obtained by a variety of
methods2 including flash vacuum pyrolysis of cyclohexene-
fused heterocycles,2a,b tautomerization of 2-methyl-heteroar-
ene-3-imino derivatives,2c,d 1,4-elimination of vicinal halometh-
yl substituted heterocycles,2e,f cheletropic extrusion of sulfur
dioxide from heteroaromatic-fused-3-sulfolenes,2g,h and thermal
ring-opening of heteroaryl-cyclobutene derivatives.2i Never-
theless, none of those dearomative approaches have been
applied in the catalytic asymmetric preparation of enantiomeri-
cally enriched molecules due to their typical requirement of
high temperatures and harsh reaction conditions.3 Recently,
accompanied by the rapid development of organocataylsis,
several elegant catalytic asymmetric protocols have been
successfully established to synthesize chiral compounds with
in situ generated catalyst-bound heterocyclic oQDMs.4 In 2011,
Melchiorre’s group reported the pioneering secondary-amine-
catalyzed enantioselective Diels−Alder reaction of heterocyclic
oQDMs with alkenes to afford optically pure tetrahydrocarba-
zoles.4a,b Later, Chi’s group realized a [4 + 2] annulation
reaction of heterocyclic oQDMs with ketones to furnish indole-
fused δ-lactones via oxidative N-heterocyclic carbene (NHC)
catalysis.4c However, despite the fact that the catalytic
asymmetric annulation reactions of heterocyclic oQDMs with
unsaturated C−C bonds and C−O bonds have been well
studied, to the best of our knowledge, the corresponding
reactions with unsaturated C−N bonds remain an issue to be
addressed. Herein we wish to disclose our recent progress on
developing a highly enantioselective [4 + 2] annulation reaction
of 2-methyl-heteroarene-3-carboxylic esters with isatin-derived
ketimines using in situ generated heterocyclic oQDMs as the
key intermediates.

In the past decade, N-heterocyclic carbene (NHC) catalysis
has emerged as a powerful tool for the construction of
structurally complex and biologically active compounds.5

Carboxylic esters are inexpensive, readily available, and bench
stable substrates; we are interested in the activation of
carboxylic esters via NHC catalysis for asymmetric synthesis.6

During our recent endeavors toward the direct γ-functionaliza-
tion of α,β-unsaturated carboxylic esters via in situ generated
NHC-bound dienolate intermediates (Scheme 1a),6c we
envisioned that when 2-methyl-indole-3-carboxylic esters were
employed as the starting materials, addition of NHC catalyst to
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Scheme 1. Previous Work and This Work with a Projected
Working Hypothesis
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esters would form the corresponding NHC-bound acyl azolium
intermediates I with subsequent deprotonation of intermediates
I affording NHC-bound indole-2,3-quinodimethane intermedi-
ates II, which could undergo formal [4 + 2] annulation
reactions with isatin-derived ketimines to furnish enantiomeri-
cally enriched indole-fused δ-lactams bearing a quaternary
stereogenic center (Scheme 1b). Notably, indole-fused δ-
lactams are common scaffolds that widely exist in many
pharmaceuticals and biologically active compounds such as 5-
HT3 antagonist7a,b and MK2 inhibitors.7c Meanwhile, indole-
fused δ-lactams also behave as vital precursors in the
preparation of γ-carbolines8a and tetrahydro-γ-carboline.8b

Experimentally, we started to test the feasibility of our
hypothesis by using N-Boc-2-methyl-indole-3-carboxylic ester
1a and isatin-derived ketimine 2a as the model substrates, and
the key results are summarized in Table 1. To our delight, when

the L-leucine-derived NHC precatalyst A9 was used as an NHC
catalyst and K2CO3 was used as a base, after 24 h the desired [4
+ 2] annulation product, 3a, was successfully isolated in 43%
yield and 98% ee (Table 1, entry 1). Replacing K2CO3 with
Cs2CO3 led to 3a with an improved 56% yield (entry 2). Strong
organic base such as 1,8-diazabicycloundec-7-ene (DBU) could
mediate this reaction more efficiently by affording 3a in 65%
yield after 12 h (entry 3). With DBU as the optimal base, we
next set out to investigate the NHC precatalyst. The use of L-
phenylalanine-derived NHC precatalyst B10 as an NHC catalyst
resulted in a slight decrease in yield (entry 4), whereas
aminoindanol-derived NHC precatalyst C,11 first reported by

Bode and co-workers, furnished 3a in 77% isolated yield and
>99% ee (entry 5). Further studies on the solvent effect
suggested that a variety of polar and nonpolar solvents are all
compatible with this reaction, and tetrahydrofuran (THF) gave
3a in the highest yield and ee (entries 5−9). Finally, an attempt
to slow down the catalyst loading was not satisfactory because 5
mol % of precatalyst C not only prolonged the reaction time
but also led to a drop in yield (entry 10). Without NHC, only a
trace of desired product 3a was observed from thin-layer
chromatography (entry 11).
With the optimized reaction conditions in hand (Table 1,

entry 5), we then evaluated the scope of this formal [4 + 2]
annulation reaction (Scheme 2). The use of N-tosyl (Ts)-

protected 2-methyl-indole-3-carboxylic esters afforded desired
product 3b in 68% yield and >99% ee. Remarkably, replacing
the indole moiety of the ester substrate with other heterocycles
such as benzofuran and benzothiophene could also successfully
formed the corresponding heterocyclic oQDM intermediates,
leading to products 3c and 3d in good yields and excellent

Table 1. Optimization of Reaction Conditionsa

entry cat. base solvent t (h) yield (%)b ee (%)c

1 A K2CO3 THF 24 43 98
2 A Cs2CO3 THF 24 56 98
3 A DBU THF 12 65 98
4 B DBU THF 12 61 98
5 C DBU THF 12 77 >99
6 C DBU toluene 12 58 >99
7 C DBU CHCl3 12 41 >99
8 C DBU EtOAc 12 71 >99
9 C DBU CH3CN 12 53 98
10d C DBU THF 24 51 >99
11 DBU THF 24 trace

aReaction conditions unless otherwise specified: 1a (0.12 mmol), 2a
(0.1 mmol), NHC (10 mol %), base (0.12 mmol), solvent (1 mL), 4 Å
MS (100 mg, powder), 40 °C for 24 or 12 h. bIsolated yield based on
2a. cEnantiomeric excess of 3a, determined via chiral-phase HPLC
analysis; absolute configuration of the major enantiomer was assigned
based on X-ray structure of 3i (see Figure 1 and the Supporting
Information). d5 mol % of NHC C was used. Trt = trityl, Mes =2,4,6-
trimethylphenyl, DBU = 1,8-diazabicycloundec-7-ene.

Scheme 2. Scope of Reactionsa

aReaction conditions: 1 (0.12 mmol), 2 (0.1 mmol), NHC C (10 mol
%), DBU (0.12 mmol), THF (1 mL), 4 Å MS (100 mg, powder), 40
°C for 12 h. Isolated yields based on 2; ee’s were determined via chiral
phase HPLC analysis.
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enantioselectivities. A broad range of ketimines with diverse
electronic and steric properties on the isatin phenyl ring were
next explored. The use of 5-Me- and 5-OMe-substituted isatin-
derived ketimines furnished the desired products 3e and 3f in
70% yield/>99% ee and 73% yield/>99% ee, respectively.
Ketimines with electron-withdrawing substituents such as 5-F,
5-Cl, 5-Br, 5-I, and 7-F on their isatin phenyl ring were all
suitable substrates for this reaction, resulting in the
corresponding products 3g−k in around 60% yield and >99%
ee. The substitution patterns on the isatin lactam ring were also
investigated. N-Phenyl-substituted isatin-derived ketimine
formed product 3l in 76% yield and 95% ee. The employment
of a less bulky alkyl protecting group such as Me, Bn, and Allyl
was found to be compatible under the optimal conditions,
giving desired products 3m−o in good yields and around 90%
ee.
To determine the absolute configuration of the chiral

heteroarene-fused δ-lactam products, a single crystal of
compound 3i was isolated for X-ray crystallographic analysis
(Figure 1), and the newly formed stereogenic center of 3i was

confirmed to be (S).12 The configurations of other chiral
products were assigned on the assumption of a uniform
mechanistic pathway.
A postulated catalytic cycle is depicted in Scheme 3. Reaction

of N-Boc-2-methyl-indole-3-carboxylic ester 1a with NHC
catalyst forms NHC-bound acyl azolium intermediate I. DBU-
mediated deprotonation on the indole benzylic sp3 carbon of
NHC-bound acyl azolium intermediate I successfully affords
indole-2,3-quinodimethane intermediate II. This key indole-
2,3-quinodimethane intermediate, II, behaves as a 1,4-
dipolarophile, which undergoes a Mannich-type addition with
isatin-derived ketimine 2a followed by lactamization to furnish
intermediate III. Elimination of the NHC catalyst from
intermediate III eventually releases indole-fused δ-lactam 3a
as the annulation product.
The trityl (Trt) protecting group that was employed in this

reaction not only helped to improve the enantioselectivites of
the desired products (compared 3a with 3l, 3m, 3n, and 3o)
but also can be readily removed under mild reaction conditions.
For instance, both of the Trt and Boc protecting groups were
successfully removed by treatment of 3a with trifluoroacetic

acid (TFA) in 1,2-dichloroethane at 50 °C for 6 h, affording 4
in 82% yield without erosion of enantioselectivity (Scheme
4).13

We have developed an efficient strategy to produce
heterocyclic ortho-quinodimethanes from 2-methyl-heteroar-
ene-3-carboxylic esters by NHC catalysis. These in situ
generated heterocyclic oQDMs behave as 1,4-dipolarophiles
to undergo a formal [4 + 2] annulation reaction with isatin-
derived ketimines to afford chiral heteroarene-fused δ-lactams
bearing a quaternary stereogenic center in moderate to good
yields and high to excellent enantioselectivities. The main
features of this reaction include challenging direct C(sp3)−H
bond functionalizations, excellent enantioselectivities, readily
available starting materials, mild reaction conditions, high
efficiency, and operational simplicity. Further studies to develop
a novel method for the direct enantioselective functionalization
of more challenging 2-methyl-arene-1-carboxylic esters are
being pursued in our laboratory.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.6b01831.

Experimental procedures, full spectroscopic data for all
new compounds, and copies of 1H, 13C NMR, and
HPLC spectra (PDF)
X-ray crystallographic data for 3i (CIF)

■ AUTHOR INFORMATION
Corresponding Author

*E-mail: jfxu@zstu.edu.cn.

Figure 1. ORTEP diagram of 3i.

Scheme 3. Postulated Catalytic Cyclea

aFor easy understanding, a simplified NHC structure is used instead of
NHC C.

Scheme 4. Deprotection of 3a
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