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ABSTRACT

N-Heterocyclic carbene (NHC) has been employed as an efficient catalyst for ring expansion of 4-formyl- â-lactams, allowing the facile synthesis
of succinimide derivatives. This organocatalytic process features readily availability of the catalyst, low catalyst loading, and mild reaction
conditions.

Reversing the reactivity of aldehydes, also known as reactiv-
ity Umpolung,1 by N-heterocyclic carbene (NHC) has
become an intense research area recently.2 This approach
generally includes the reaction of the Breslow intermediate
with various acceptors such as aromatic aldehydes (Benzoin
reaction3), R,â-unsaturated systems (Stetter reaction4), ke-
tones,5 aziridines,6 and imines.7 The extended Umpolung
reactions involving the use ofR,â-unsaturated aledehydes

or R-haloaldehydes have also received great attention and
witnessed significant progress in the past several years.8-10

It was recently reported by Bode and co-workers that formyl-
substituted epoxides, aziridines, and cyclopropanes under-
went the ring opening during the redox esterifications.11 Ring
opening of 4-formyl-â-lactams triggered by 2-(trimethylsi-
lyl)thiazole and ring expansion of 4-imino-â-lactam catalyzed
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by tetrabutylammonium cyanide have also been carried out
recently by Alcaide et al.12 Intrigued by their findings, we
envisioned that formyl-substituted-â-lactams in the presence
of an NHC catalyst might also undergo the ring opening and
possibly the ring expansion to succinimide derivatives13 by
a highly favored five-membered ring formation (Figure 1).

In addition,â-lactam has been extensively studied in the
literature,14 and 4-formyl-â-lactam15 is also readily accessible,
which makes the transformation starting from 4-formyl-â-
lactams practical in reality. In this paper, we will report our
preliminary results on the NHC-catalyzed ring expansion of
4-formyl-â-lactams to succinimide derivatives in good to
excellent yields under mild reaction conditions.

Our studies began with an initial examination of the
catalytic reactivity of several NHCs (Figure 2) for the

reaction of 4-formyl-â-lactam7a. The results are summarized
in Table 1. In the presence of 20 mol % of imidazolium
chloride 1 and DBU, 4-formyl-â-lactam7a was smoothly
converted to succinimide8a in 2 h atroom temperature in
80% yield. Triazolium salt3 is also a good catalyst, affording

8a in 76% yield. Several other NHCs derived from2 and
4-6 proved less effective (entries 1-6, Table 1).

Using imidazolium chloride1 in the presence of DBU,
we have tested different solvents and an optimal yield (92%)
was obtained when DCM was used (entry 12, Table 1).
Lowering the catalyst loading resulted in a decreased yield;
however, increasing the temperature accelerated the reaction.
A nearly quantitative yield of8a was obtained when the
reaction was carried out in refluxed DCM in the presence
of only 1 mol % of the catalyst (entry 15, Table 1), which
was used as the optimized reaction conditions.

Under the above-optimized reaction conditions, various
4-formyl-â-lactams have been tested to investigate the
generality of the reaction. The results are summarized in
Table 2. For the R1 group, substrate7b with a p-methoxy-
phenyl is well tolerated; whereasp-chlorophenyl-substituted
substrate7c requires a higher reaction temperature, in
refluxed dioxane, to give a satisfactory yield (entries 2 and
3, Table 2). Besides the substituted phenyl as the R1 group,
the ring-expansion chemistry is also suitable for substrates
having 2-thienyl group and alkyl groups such as methyl,
n-pentyl, and isopropyl (entries 4-7, Table 2). In addition,
4-formyl-â-lactams7h-i containing quaternary carbon centers
underwent the ring expansion to afford their corresponding
products in excellent yields (entries 8 and 9, Table 2). When
the PMP group on the nitrogen was changed to a Mes group,
78% yield was obtained in the presence of 5 mol % of the
catalyst (entry 10, Table 2).
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Figure 1. Possible transformation of 4-formyl-â-lactam catalyzed
by NHC.

Figure 2. Several readily available NHC precursors.

Table 1. Effects of NHC Catalysts and Reaction Conditions

entry cat. x solvent time (h) yielda (%)

1 1 20 THF 2 80
2 2 20 THF 48 <5
3 3 20 THF 5 76
4 4 20 THF 5 40
5b 5 20 THF 5 35
6b 6 20 THF 5 30
7 1 20 toluene 5 63
8b 1 20 Et2O 5 23
9 1 20 DMF 5 54

10 1 20 DCE 5 90
11 1 20 dioxane 5 87
12 1 20 DCM 2 92
13 1 5 DCM 4 86
14 1 1 DCM 24 21
15c 1 1 DCM 7 99

a Isolated yields.b Determined by1H NMR. c The reaction was carried
out under reflux.
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Interestingly, when 4-formyl spiroâ-lactam (+)-7k (>99%
ee)16 was subjected to the optimized reaction conditions,
bicyclic compound (-)-8k was afforded (Scheme 1). Treat-

ment of (-)-8k with 5 equiv of LiAlH4 in THF led to a
spiro bicyclic diamine (-)-9. It should be noted the spiro
bicyclic diamine structures exist extensively in pharmaceuti-
cal compounds,17 and the current methodology provides a
facile excess to their optically pure form.

A study on the kinetic resolution of racemic 4-formyl-â-
lactams by chiral NHC such as4 was also carried out
(Scheme 2). With 5 mol % of the catalyst derived from4,
kinetic resolution of (()-7j gave (+)-8j in 38% yield with
9% ee and recovered (-)-7j in 34% yield with 64% ee. It
should be noted that the ee of the recovered aldehyde7j is
determined after reduction of the aldehyde to its correspond-
ing alcohol by NaBH4.18 The reaction of enantiopure7j in
the presence of an achiral NHC, derived from1, gave a
racemic product8j.

A plausible catalytic cycle was proposed as illustrated in
Scheme 3. CarbeneI is generated by deprotonation of

imidazolium chloride1 in the presence of DBU.I reacts with
4-formyl-â-lactam7a to give the Breslow intermediateII,
which could induce the ring opening of 4-formyl-â-lactam
releasing the amide nucleophile inIII. The amide nucleophile
in IV, an equilibrium form ofIII, occurs an intramolecular
cyclization to give succinimide8a, during which the carbene
catalystI was released to finish the catalytic cycle.

In summary, we have found the readily available NHC
efficiently catalyzes the ring expansion of 4-formyl-â-lac-
tams. This organocatalytic process affords succinimide deriv-
atives smoothly, featuring readily availability of the catalyst,
low catalyst loading and mild reaction conditions. Further
exploration of the reaction scope and improvement of the
kinetic resolution process are currently underway.
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Table 2. NHC-Catalyzed Ring Expansion of
4-Formyl-â-lactams

entry substrate, R1, R2, R3 product time (h) yielda (%)

1 7a, Ph, H, PMP 8a 8 99
2 7b, PMP, H, PMP 8b 12 98
3b 7c, p-Cl-Ph, H, PMP 8c 36 93
4 7d, 2-thienyl, H, PMP 8d 24 85
5 7e, Me, H, PMP 8e 32 91
6 7f, n-C5H11, H, PMP 8f 24 99
7 7g, i-Pr, H, PMP 8g 24 93
8c 7h, Me, Me, PMP 8h 24 97
9b-d 7i, Ph, Et, PMP 8i 24 97

10c,e 7j, Ph, H, Mes 8j 16 78

a Isolated yields.b The reaction was carried out in refluxed dioxane.c 5
mol % of the catalyst was used.d Single isomer with unknown stereochem-
istry. e Mes ) 2,4,6-trimethylphenyl.

Scheme 1. Enantioselective Synthesis of Bicyclic Diamine9
with a Spiro Chiral Center

Scheme 2. Chiral NHC-Catalyzed Kinetic Resolution of
Racemic7j

Scheme 3. Proposed Catalytic Cycle for NHC-Catalyzed Ring
Expansion of 4-Formyl-â-lactam
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