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ABSTRACT: The N-heterocyclic carbene-catalyzed Stau-
dinger reaction of ketenes with isatin-derived ketimines was
investigated. The bifunctional NHCs with a free hydroxyl
group were demonstrated as efficient catalysts for the reaction,
giving the corresponding spirocyclic oxindolo-β-lactams in
high yields with excellent diastereo- and enantioselectivities.

Spirocyclic indolo-β-lactams, which combine two unique
heterocycles of indole1 and β-lactam,2 is a motif found in

natural products, such as chartelines isolated from the marine
bryozoan Chartella papyracea (Scheme 1).3 Synthetic indolo-β-

lactams also showed significant antibacterial,4 antiviral5 and
antifungal activities.6 Due to the unique structure and potential
bioactivities, the spirocyclic indolo-β-lactams have been
interesting targets for organic synthesis. Several approaches,
including the cycloaddition of ketenes and imines,7 cyclization
of β-lactam-4-ylidenes with aryl isocyanates,8 and ring
contraction of pyrroloindoline,9 have been reported. However,
the enantioselective construction of spirocyclic indolo-β-
lactams remains unrecovered.
First reported by Staudinger, the cycloaddition of ketenes

and imines is an efficient way to construct β-lactams.10 The
enantioselective Staudinger reaction was realized by Lectka et
al.11 and Fu et al.,12 employing the cinchona alkaloids and
planar-chiral derivatives of 4-(dimethylamino)pyridine as the
catalyst, respectively. In the past decade, N-heterocyclic
carbenes (NHCs) were found to be efficient organocatalysts
for a wide variety of organic reactions.13 In 2008, we and Smith
et al. independently established the NHC-catalyzed enantiose-
lective Staudinger reaction of ketenes with aldimines to give β-
lactams (Scheme 2).14 Later, we developed a series of
bifunctional NHCs with a free hydroxyl group, which could
form a H-bond with the substrate and thus enhance the
reactivity and improve the selectivity.15 In this paper, we report
the bifunctional N-heterocyclic carbene-catalyzed Staudinger

reaction of ketenes with isatin-derived ketimines for the
construction of spirocyclic oxindolo-β-lactams.
Initially, the reaction of isatin-derived ketimines 1a with

ethyl(phenyl)ketene 2a was investigated under NHC catalysis
(Table 1). In the presence of 10 mol % of NHCs A1 and A2,
which were derived from L-pyroglutamic acid and worked well
for the reaction of ketenes with aldimines,14a the desired
cycloadduct 3a was obtained in very low yield (entries 1 and 2).
The bifunctional NHCs B1−B3 with a free hydroxyl group
were then employed for the reaction. We were encouraged to
find that the reaction catalyzed by NHC B1 afforded the
desired cycloadduct in 25% yield with 2:1 diasteromerical ratio
and 32% ee (entry 3). Better yield and enantioselectivity were
observed when NHC B2 with a more acidic hydroxyl group
was utilized (entry 4). The diastereoselectivity and enantiose-
lectivity were dramatically improved when NHC B3 with a N-
benzyl group was used (entry 5).16,17 The reaction catalyzed by
tetracyclic NHCs C1 and C2 also afforded the cycloadduct 3a
but in relatively low yields and selectivities (entries 6 and 7).
Lowering the reaction temperature to −10 °C resulted in better
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Scheme 1. Chartelines

Scheme 2. Reported NHC-Catalyzed Cycloaddition of
Ketenes with Aldimines
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yield, diastereoselectivty (dr >20:1), and enantioselectivity
(entry 8). Solvent screening revealed that the reaction
performed better in THF and ethyl ether than toluene (entries
8−10). The yield was further improved when another 1.5 equiv
of ketene was added (entry 11).
With the optimized reaction conditions in hand, the scope of

substrates was then briefly investigated (Scheme 3). It was
found that the N-protecting group of isatin could be benzyl,
benzylcarbonyl, and methyl, while the one with N-methyl led to
the best diastereo- and/or enantioselectivity (3a,b vs 3c). All
the isatin-derived ketimines with 5-substitutent (5-fluoro, 5-
chloro, 5-methyl, 5-methoxy) worked well for the reaction and
somewhat better diastereoselectivties were observed for those
with electron-donating substituent (cycloadduct 3d vs 3e, and
3f−3g vs 3h−3i). Both electron-withdrawing substituent (4-
ClC6H4, 4-BrC6H4) and electron-donating substituent (4-
MeC6H4, 4-MeOC6H4) were tolerable for the alkyl(aryl)ketene,
giving the cycloadducts 3j−m in good yields with high
enantioselectivities. The reaction of 3-chlorophenyl(ethyl)
ketene also furnished the cycloadduct 3n in 76% yield with
15:1 dr and 99% ee. The ketene with butyl afforded the
corresponding cycloadduct 3o in 70% yield with somewhat
decreased but still high diastereo- and enantioselectivity.
The resulting N-Boc-protected β-lactam 3a could be easily

deprotected to afford the free β-lactam 4a in high yield without
erosion of enantiopurity (eq 1).
The absolute configuration of the spirocyclic oxindolo-β-

lactam 3g was assigned by the X-ray analysis of its single crystal
(Figure 1).

Table 1. Optimization of Reaction Conditions

entry cat. solvent
temp
(°C) dra

yieldb

(%) eec (%)

1 A1 THF rt 2:1 4
2 A2 THF rt 2:1 5
3 B1 THF rt 2:1 25 (8) 32 (30)
4 B2 THF rt 2:1 40 (11) 43 (67)
5 B3 THF rt 14:1 53 89
6 C1 THF rt 3:1 42 (10) −69 (−20)d

7 C2 THF rt 1:1 36 (25) −44 (−17)d

8 B3 THF −10 >20:1 68 94
9 B3 Et2O −10 >20:1 72 95
10 B3 toluene −10 13:1 55 91
11e B3 THF −10 >20:1 89 94

aDiastereomeric ratio of cis/trans, determined by 1H NMR (300
MHz) of the unpurified reaction mixture. bIsolated yield of cis-3a,
followed by trans-3a in parentheses. cThe ee of cis-3a, followed by
trans-3a in parentheses. dThe opposite enantiomer ent-3a was
obtained predominately. eAnother 1.5 equiv of 2a was added after 6 h.

Scheme 3. Enantioselective Staudinger Reaction of Ketenes
with Isatin-Derived Ketimines

Figure 1. X-ray crystal structure of 3g.
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In conclusion, the bifunctional NHCs with a free hydroxyl
group were demonstrated as efficient catalysts for the reaction
of ketenes with isatin-derived ketimines, giving the correspond-
ing spirocyclic oxindolo-β-lactams in high yields with excellent
diastereo- and enantioselectivities.
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