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N-Heterocyclic carbenes were found to be efficient
catalysts for the formal [2 þ 2] cycloaddition of aryl-
(alkyl)ketenes and diazenedicarboxylates to give the cor-
responding aza-β-lactams in good yields with up to 91%
ee. The N-substituent (carboxylate vs benzoyl) of dia-
zenes played an important role to control the reaction
modes (formal [2 þ 2] vs [4 þ 2] cycloaddtions).

As the aza analogues of β-lactams, aza-β-lactams show
some interesting biological activities1 and are useful inter-
mediates for the synthesis of R-amino acids and heterocyclic
compounds.2 In 1925, Ingold and Weaver reported the first
[2 þ 2] cycloaddition of ketenes and diazenes to give aza-β-
lactams.3-5 Lately, Taylor and co-workers were the main

contributors for the synthesis and application of aza-β-
lactams.6 Recently, Berlin and Fu reported the first enantio-
selective [2 þ 2] cycloaddition of ketenes with diazenedicar-
boxylates catalyzed by their planar-chiral 4-pyrrolidino-
pyridine derivatives (Scheme 1a).7 Interestingly, we found
that the reaction of ketenes andN-benzoyldiazenes catalyzed
by chiral N-heterocyclic carbenes (NHCs) gave predomi-
nately the formal [4 þ 2] cycloaddition of ketenes in high
yield with good enantioselectivities (Scheme 1b).8

The two reaction modes ([4þ 2] and [2þ 2]) prompt us to
think whether the catalysts or the different substituents of
diazenes control the reaction modes. To answer this ques-
tion, two more experiments were carried out. It was found
that NHC 2a0, generated freshly from the precursor 2a and
Cs2CO3, could catalyze the reaction of phenyl(ethyl)ketene
(3a) and diethyl diazenedicarboxylate (4a) to give [2 þ 2]
cycloaddition product in 38% yield with 87% ee, and no
[4þ 2] cycloaddition product was detected (Scheme 2a). The
other experiment showed that DMAP-catalyzed reaction of
ketene 3a and N-phenyl-N0-benzoyldiazene gave the [4 þ 2]
cycloaddition product (Scheme 2b).

For the reactions catalyzed by NHC, the reaction mode is
changed from [4 þ 2] to [2 þ 2] when the diazene is changed
fromN-benzoyldiazene to diazenedicarboxylate (Scheme 1b vs
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Scheme2a).For the reaction catalyzedbypyridine derivatives,9

change of the diazenes also led to the change of reactionmodes
(Scheme 1a vs Scheme 2b). In other words, the reaction of
ketenes anddiazenedicarboxylates, catalyzedby either pyridine
derivative (Scheme 1a) or NHC (Scheme 2a) gave the [2 þ 2]
cycloaddition product, whereas the reaction of ketenes and
N-benzoyldiazenes, catalyzed by either NHC (Scheme 1b) or
DMAP (Scheme 2b), gave the [4 þ 2] cycloaddition product.
Thus, we conclude that the different reaction modes are pre-
dominantly controlled by the different substituents of the
diazenes.10 The different behaviors of carbonyl groups of
benzoyl and carboxylate may contribute to the two different
reaction modes.

Encouraged by these results, we decided to investigate the
NHC-catalyzed [2 þ 2] cycloaddition of ketenes with diaze-
nedicarboxylates to synthesize optically active aza-β-lac-
tams. A series of NHCs were then tested for reactions
(Table 1). Interestingly, when the reaction was carried out
in dichoromethane (the solvent of choice in Fu’s work), the
yield was increased to 88% with 85% ee (Table 1, entry 1 vs
Scheme 2a). Unexpectedly, the reaction catalyzed by less
sterically hindered NHC 2b0 with a TMS protective group
gave the aza-β-lactams in very good yield with slightly better
enantioselevtivity than with NHC 2a0 (entry 2 vs entry 1).
Installing an electron-donationg group gives NHC 2c0

(Ar2 = p-methoxylphenyl), which showed similar result as
with NHC 2a0 (entry 3). The reaction catalyzed by NHC 2d0

(Ar2=mesityl) led to lowyield and enantioselectivity (entry 4).
A series of N-heterocyclic carbenes (2e0-h0) with a free

hydroxyl groupwere then tested.11 NHC 2e0 did catalyze this
cycloaddition, but with little asymmetric induction (Table1,
entry 5). Both NHC 2f0 and 2g0 catalyzed the reaction with
improved results (entries 6 and 7). The enantioselectivity
could be switched when NHC 2h0 was employed, but low
yield resulted (entries 8 and 9).8 The reaction catalyzed by
Rovis’ catalyst 8012 also afforded the desired product in 48%
yield with 88% ee (entry 10).

Further solvent screening revealed that reaction in di-
chloromethane was better than in acetonitrile, THF, and
toluene (Table 2, entries 1-6). Lowering the tempera-
ture had no positive impact on either the yield or the

enantioselectivity (entry 7). When the reaction was run in
dichloromethane with other co-solvents, the high yields were
retained and slightly better enantioselectivities were achieved
(entries 8-10). Slow addition of the solution of ketene 3a by
a syringe pump showed some benefits for the enantioselec-
tivity (entry 11 vs 12). Reactions with 10 or 5 mol % NHC
loading also gave the desired product in good yields with
good enantioselectivities (entries 11 and 12).

A variety of ketenes with different steric and electronic
properties were then examined (Table 3). Ketenes bearing an
electron-donating group (4-Meor 4-MeO) on the phenyl ring
gave the desired aza-β-lactacm in a slightly decreased yield
with moderate to good enantiomeric excess (entries 2 and 3).
When an electron-withdrawing group (Cl or Br) was intro-
duced at the para or meta position on the phenyl ring, the

SCHEME 2. Control Experiments TABLE 1. Chiral NHCs Screeninga

entry 2 (Ar1, Ar2, R) or 8 yield (%)b ee (%)c

1 2a: Ph, Ph, TBS 88 85
2 2b: Ph, Ph, TMS 94 88
3 2c: Ph, PMP, TBS 88 84
4 2d: Ph, Mes, TMS 53 68
5 2e: Ph, Ph, H 43 8
6 2f: 3,5-(CF3)2C6H3, Ph, H 69 59
7 2g: 3,5-(CF3)2C6H3, PMP, H 71 58
8 2h: Ph, Mes, H 26 -70d

9e 2h: Ph, Mes, H 26 -87d

10 8 48 -88d

a
NHCs 20 and 80 were generated from theNHCprecursor 2 and 8with

Cs2CO3 in THF at room temperature in 10 min and used immediately.
bIsolated yields. cDeterimined by chiral HPLC. dent-5a was obtained as
the major enantiomer. eToluene was used as the solvent.

TABLE 2. Optimization of Conditions for the Formal [2 þ 2]
Cycloaddition of 3a and 4a catalyzed by NHC 2b0a

entry conditions yield (%)b ee (%)c

1 CH2Cl2, rt 94 88
2 CH3CN, rt 78 83
3 THF, rt 81 86
4 toluene, rt 81 85
5 CHCl3, rt 88 84
6 ClCH2CH2Cl, rt 79 85
7 CH2Cl2, 0 �C 69 87
8 CH2Cl2/THF (9:1), rt 91 90
9 CH2Cl2/ether (9:1), rt 91 89
10 CH2Cl2/toluene (9:1), rt 90 90
11d CH2Cl2/toluene (9:1), rt 93 89
12d,e CH2Cl2/toluene (9:1), rt 93 91
13e,f CH2Cl2/toluene (9:1), rt 87 89

a
Ketene 3a (0.75 mmol), diazene 4a (0.5 mmol), NHC precursor 2b

(0.1 mmol), and Cs2CO3 (0.1 mmol) were employed. bIsolated yields.
cDeterimined by chiral HPLC. dNHC precursor 2b (0.05 mmol) and
Cs2CO3 (0.05 mmol) were used. eKetene 3a was added by syringe pump
over 1 h. fNHC precursor 2b (0.025 mmol) and Cs2CO3 (0. 025 mmol)
were used.
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corresponding adduct was obtained in excellent yield with
very high ee value (entries 4-6). Ethyl(2-chlorophenyl)-
ketene worked well under the standard condition and
afforded ent-5ga in 52% yield with 57% ee (entry 7).
Ketenes with methyl, n-propyl, and n-butyl groups afforded
the products in good yields with high enantioselecti-
vities (entries 8-11). A ketene with an isopropyl substi-
tuent also proved to be a suitable substrate for this reaction
and gave the product in 93% yield with opposite enantios-
electivity (entry 12). The reaction of dialkylketene 3m

gave the cycloaddition adduct in 93% yield with 33% ee
(entry 13).

Several other dialkyl diazenedicarboxylates were then
examined. All of the dimethyl, diisoproyl, and di(tert-butyl)
diazenedicarboxylates worked well for the formal [2 þ 2]
cycloaddition reaction (Table 3, entries 1, 14-16).

A proposed catalytic cycle for this NHC-catalyzed reac-
tion is depicted in Figure 1. NHC attacks ketene to give
triazolium enolate 9. Nucleophilic addition of the enolate 9
to diazenedicarboxylate generates zwitterionic intermediates
10, followed by an intramolecular cyclization to give the
formal [2 þ 2] cycloaddition adducts 5 and regenerate the
catalyst.

In summary, highly enantioselective synthesis of aza-β-
lactams was realized by the N-heterocyclic carebenes-cata-
lyzed formal [2 þ 2] cycloaddition of alkylarylketenes
and diazenedicarboxylates. The N-substituent (carboxylate
vs benzoyl) of the diazenes plays an important role to

control the reaction modes (formal [2 þ 2] vs [4 þ 2] cyclo-
addtions).

Experimental Section

General Procedure for the [2þ 2]Cycloaddtion of Ketenes with
Diazenedicarboxylates Catalyzed by NHC. To a solution of
NHC 2b0, which was generated freshly from the NHC precursor
2b (26.4 mg, 0.05 mmol) and Cs2CO3 (16.3 mg, 0.05 mmol) in
dichloromethane/toluene (v/v, 9:1, 3 mL) at room temperature
for 10 min, was added diazenedicarboxylate 4a (87.1 mg,
0.5 mmol). A solution of phenyl(ethyl)ketene 3a (109.6 mg,
0.75 mmol) in dichloromethane/toluene (v/v, 9:1, 2 mL) was
added by a syringe pump over 1 h. After stirring for another 1 h
at room temperature, the reaction mixture was diluted with
diethyl ether and passed through a short silica gel pad. The
solvent was removed under reduced pressure, and the residue
was purified by flash chromatography on silica gel to give
the desired product (5aa). Yield: 148 mg (93%); Rf = 0.23
(petroleum ether/diethyl ether, 5:1); colorless oil; [R]25D -19.0
(c 0.5, CHCl3).

1H NMR (300 MHz, CDCl3) δ 7.49-7.46 (m,
2H), 7.34-7.25 (m, 3H), 4.30-4.23 (m, 2H), 2.35-2.30 (m, 1H),
2.23-2.18 (m, 1H), 1.30-1.25 (m, 3H), 1.13 (t, J=7.0Hz, 3H),
1.00 (t, J = 7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 164.5,
157.4, 147.8, 134.9, 128.8, 128.5, 126.0, 90.3, 64.0, 63.2, 28.4,
14.1, 14.0, 8.4. HPLC analysis: 91% ee [Daicel CHIRALPAK
OD-H column; 20 �C, 254 nm, 1.0 mL/min; solvent system,
2-propanol/hexane = 5:95; tR = 10.1 min (minor), 14.0 min
(major)].
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TABLE 3. Enantioselective Formal [2 þ 2] Cycloaddition of Ketenes

with Diazenedicarboxylates

entry 3 (Ar, R) 4 (R0) 5 yield (%)a ee (%)b

1 a: Ph, Et a: Et aa 93 91
2 b: 4-MeC6H4, Et a: Et ba 74 81
3 c: 4-MeOC6H4, Et a: Et ca 95 65
4 d: 4-ClC6H4, Et a: Et da 90 90
5 e: 4-BrC6H4, Et a: Et ea 93 91
6 f: 3-ClC6H4, Et a: Et fa 90 90
7 g: 2-ClC6H4, Et a: Et ent-ga 52 -57c

8 h: Ph, Me a: Et ha 65 79
9 i: Ph, n-Pr a: Et ia 84 91
10 j: Ph, n-Bu a: Et ja 83 89
11 k: 4-ClC6H4, n-Bu a: Et ka 92 90
12 l: 4-ClC6H4, i-Pr a: Et ent-la 93 -35c

13 m: Bn, Et a: Et ma
d 93 33

14 a: Ph, Et b: Me ab 88 85
15 a: Ph, Et c: i-Pr ac 67 89
16 a: Ph, Et d: t-Bu ad 91 91

a
Isolated yields. bDeterimined by chiral HPLC. cThe minus ee value

indicates that an opposite enantioselectivity is observed. dThe absolute
stereochemistry of 5ma was not determined.

FIGURE 1. Proposed catalytic cycle.


