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ABSTRACT

A very efficient NHC-catalyzed lactamization reaction is reported. For most cases, the ring expansion reaction proceeds to cleanly furnish five-
and six-membered N-Ts and N-Bn lactams, without the need for further purification. Evidence is presented suggesting a dual role for the
stoichiometric base: (1) deprotonation of the triazolium precatalyst and (2) activation of the nitrogen leaving group through hydrogen bonding.

The applications of N-heterocyclic carbenes (NHC) as
organocatalysts have been intensively investigated in the past
decade.1 An attractive feature of these NHCs is their ability
to effect the umpolung (inversion of reactivity) of aldehydes.
In recent years, various NHC-catalyzed formal redox trans-
formations of aldehydes bearing R-reducible functionalities
have been reported.2

Following our NHC-catalyzed ring-expansion reaction of
oxacycloalkane-2-carboxaldehydes to furnish lactones,2n we
explored the extension of this methodology to the synthesis
of functionalized lactams, which represent a ubiquitous
structural feature of many alkaloid natural products and drug
candidates. Earlier work by Alcaide et al.2f,j and You et al.2i

demonstrated the ring expansion of strained �-lactams to

form succinimide derivatives (Scheme 1a). In subsequent
work, Rovis et al. reported the formation of a �-amino amide
from the ring opening of an N-Ts aziridine in the presence
of an amine and a nucleophilic cocatalyst (Scheme 1b).2k

Other aldehydes bearing good leaving groups at the R
position were also shown to lead to amides, again in the
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presence of a nucleophilic additive (Scheme 1c).2k,l Encour-
aged by our earlier success with strain-free oxygen-containing
substrates,2n we set out to find a reaction manifold that would
give access to a variety of lactams while obviating the need
for strained R-amino aldehydes (Scheme 1d). In the event,
we not only succeeded in defining appropriate conditions
and nitrogen activating groups for this transformation but
also found that simple unactiVated amines represent ideal
substrates. Moreover, our results suggest hydrogen bonding
plays an important role in the catalytic cycle.

In line with our proposed mechanism for lactone
formation,2n we envisioned that the reaction would proceed
through the formation of a Breslow intermediate3 (I) poised
for ring opening to generate intermediate II (Scheme 2). The

nature of the electron-withdrawing group would be a defining
factor in facilitating the ring-opening step of the reaction.

Tautomerization to form the activated carboxylate III fol-
lowed by intramolecular amide bond formation would furnish
the desired lactam and regenerate the NHC catalyst.4

A brief screen of azolium salts (not shown) rapidly
identified triazolium precatalyst 1 as the most promising
candidate. Initially, DBU was used to generate the NHC
catalyst, but it was also found to slowly cause decomposition
of the model N-Ts prolinal (2). The problem could be avoided
by portionwise addition of the base in substoichiometric
amounts to afford complete conversion after one day (Table
1, entry 1). A screen of bases was then conducted to increase

the reaction rate and to make the procedure more convenient.
Thus, bases of varying strength were screened using N-Ts
prolinal (2) as the model substrate (Table 1). No reaction
was observed when the strong base KHMDS was used to
preform the carbene catalyst (entry 2). Whereas the use of
iPr2NEt, Cs2CO3, or 4-dimethylaminopyridine provided the
desired transformation, iPr2NEt proved to be superior (entries
3-5). However, weak bases such as imidazole and pyridine
returned the starting material (entries 6 and 7). Lowering
the catalyst loading to 10 mol % still resulted in a clean and
rapid reaction (entry 8). The influence of the electron-
withdrawing group on the efficiency of the reaction was

(3) Breslow, R. J. Am. Chem. Soc. 1958, 80, 3719–3726.
(4) An intermediate related to III was proposed in homoenolate additions
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(b) Nair, V.; Varghese, V.; Babu, B. P.; Sinu, C. R.; Suresh, E. Org. Biomol.
Chem. 2010, 8, 761–764.

Scheme 1. NHC-Catalyzed Amide Formation

Scheme 2. Proposed Mechanism for Lactam Formation

Table 1. Reaction Optimizationa

entry substrate base pKa
b time (h) conv (%)c

1d 2 DBU 16.6 (-) 24 >95
2e 2 KHMDS 25.8 (-) 24 <5
3 2 iPr2NEt 12.5 (10.8) 2 >95
4 2 Cs2CO3 -(10.3) 5 >95
5 2 DMAP 11.2 (9.7) 4 80
6 2 imidazole -(7.0) 24 <5
7 2 pyridine 5.5 (5.2) 24 <5
8f 2 iPr2NEt 5 >95
9f 3 iPr2NEt 24 >95
10f 4 iPr2NEt 7 d 80

a The base (1 equiv) was added to the aldehyde (1 equiv) and precatalyst
1 (20 mol %) in CH2Cl2 (0.5 M of aldehyde). b pKa of the conjugate acid
in THF;5 values in H2O6 are given in parentheses. The values for Et3N are
given in entry 7. c Conversion determined by 1H NMR analysis of the crude
reaction mixture. d DBU was added in two portions (0.32 equiv). e Catalyst
was preformed by adding KHMDS (16 mol %) to the precatalyst 1 (20
mol %) in CH2Cl2 (0.5 M), and then aldehyde 2 (1 equiv) was added. f 10
mol % 1 was used. KHMDS ) potassium bis(trimethylsilyl)amide, DBU
) 1,8-diazabicycloundec-7-ene, DMAP ) 4-dimethylaminopyridine.
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investigated next. Amide 3 and carbamate 4 were both found
to require much longer reaction times (entries 9 and 10) than
sulfonamide 2.

The observation that strong or weak bases do not provide
an effective conversion while intermediate ones are remark-
ably efficient is noteworthy.2d Presumably, the role of the
base in this reaction is 2-fold: (1) to generate the carbene
catalyst and (2) to activate the sulfonamide leaving group
through hydrogen bonding via its conjugate acid (Figure 1).7

Thus, the base needs to be strong enough to deprotonate the
triazolium precatalyst but weak enough for its conjugate acid
to participate in hydrogen bonding catalysis.8

The synthesis of functionalized N-Ts lactams was then
investigated with the optimized conditions (Table 2). The
model substrate 2 furnished the desired lactam in high yield
(entry 1). Prolinal derivatives with substituents at the 3, 4,
or 5 position were efficiently converted to the corresponding
lactams (entries 2-4). Surprisingly, substrate 11 resulted in
a lower yield and the presence of numerous side products
(entry 5). The sluggish reaction rates of aldehydes 8, 10,
and 11 were initially thought to be a result of the relative
configuration of the substituents; however, aliquots taken
from the reaction mixture indicated that the reactivity of each
diastereomer is similar (entries 2, 4, and 5). The reason
behind the inefficient transformation of 11 could be that of
functional group incompatibility (vide infra).

Intrigued by the postulated hydrogen bonding effect of
the conjugate acid, we then examined the importance of the
electron-withdrawing group. If the nitrogen-containing func-
tional group is indeed activated through hydrogen bonding,
the electron-withdrawing group may not be necessary at all.
If this hypothesis holds true, simple amines should form
stronger hydrogen bonds than sulfonamides, making them

viable leaving groups. To our delight, the reaction with
N-benzyl prolinal 16 quickly furnished the desired lactam
in quantitative yield following a simple filtration of the crude
reaction mixture through a short pad of silica (Table 3, entry
1). In contrast to previously reported NHC-catalyzed redox
amidation reactions using aliphatic amines, no nucleophilic
cocatalyst or additive is required for this methodology.2k,l

Presumably, the tethered secondary amine released during
the catalytic cycle rapidly undergoes lactamization before
any side reaction or inhibition can take place.

Intrigued with the result obtained with the N-alkyl
substrate, we investigated the scope and limitations of the
reaction (Table 3). The use of substituents bearing silyl
protecting groups is well tolerated, furnishing the desired
lactam in high yield (entry 2). As was also observed for N-Ts
substrate 11, the 5-benzyloxymethyl substituent in 18 resulted
in a sluggish reaction and the formation of unidentified side
products (entry 3). In contrast, the allyl substituent at the
same position is well tolerated (entry 4). Thus, benzyl ethers
do not appear to be compatible with these reaction conditions,
although the reason for this incompatibility is not clear at
the moment. Interestingly, both cis and trans diastereomers
of substrates with a substituent at position 5 were consumed
at similar rates (entries 3 and 4). Whereas the attempted
formation of seven-membered lactam 27 only provided a
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Figure 1. Proposed mode of hydrogen bonding activation.

Table 2. Scope of the Reaction

a Unless otherwise noted, all reactions were performed using racemic
susbtrate (see Supporting Information for details). b Yield of isolated, pure
product. c Enantiomerically enriched substrate (>99% ee) was used.
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trace of the desired product, five-membered lactam 26 was
obtained with great efficiency. Of note, the rate of the
reactivity of azetidine substrate 20 was found to be similar
to that of prolinal model substrate 16 despite the increased
strain in the former.

To further investigate the dual role of the base, substrate
16 was subjected to the conditions of Table 3 using DBU
instead of iPr2NEt.9 The observed reaction was appreciably
slower compared to the one using iPr2NEt (<20% vs >98%
conversion after 30 min).10 These results are consistent with

the proposal that hydrogen bonding is involved in the ring-
opening step of the reaction.

When considering the reaction with the N-benzyl sub-
strates, we reasoned that the tertiary amine substrate could
itself act as the base instead of iPr2NEt. To test this
hypothesis, the model substrate 16 was subjected to the
lactamization conditions in the absence of iPr2NEt (Scheme
3). Interestingly, the reaction proceeded to completion,

although the rate of the reaction suffered significantly
compared to the reaction performed in the presence of
iPr2NEt (20 h vs 30 min, respectively). It is not clear at this
point whether the basicity of the substrate (and thus the
acidity of its conjugate acid) relative to that of iPr2NEt can
alone explain the dramatic difference in reaction rates.

In summary, we developed an efficient intramolecular
redox lactamization reaction catalyzed by a triazolium-
derived carbene. Both N-Ts and N-Bn substrates efficiently
furnish the desired lactams in high yield. In addition to its
role in the in situ generation of the carbene catalyst, the
tertiary amine base is postulated to act as a hydrogen bonding
cocatalyst to facilitate the ring-opening step. Nonetheless, a
different mode of acceleration by the base can not be
excluded at this point. Further investigations into the
mechanism of this reaction are underway, including the exact
role of iPr2NEt and the nature of the hydrogen bonding
interaction.
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Table 3. Scope of the Reaction

a Unless otherwise noted, all reactions were performed using racemic
substrates (see Supporting Information for details). b Yield of isolated, pure
product. c Enantiomerically enriched substrate (>99% ee) was used.

Scheme 3. NHC-Catalyzed Lactamization in the Absence of an
External Base
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