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ABSTRACT: An intramolecular ketene aza-Claisen rear-
rangement is developed for the first time to enable the
stereoselective synthesis of α-ally-α-cyano-lactams from N-allyl
amino esters. This reaction also exhibits outstanding chemo-
selectivity when an unsymmetrical bis-N-allyl group is present in the starting molecule. The usefulness of this method is
demonstrated by a short synthesis of optically active bicyclolactam from L-proline.

Proceeding via a highly ordered transition state, aza-Claisen
rearrangement, as a typical 3,3-sigmatropic reaction,

recomposes molecular structure in a predictable fashion; in
particular, this transformation converts a relatively easier C−N
bond to a normally more challenging C−C bond in a controllable
manner.1 Ketene aza-Claisen rearrangement characterizes a
zwitterionic intermediate C generated via the combination of N-
allyl tertiary amine A with reactive ketene B (Scheme 1a) and

therefore avoids harsh reaction conditions normally required for
other types of aza-Claisen reactions (Scheme 1a).2 Recently, the
ketene aza-Claisen reaction has attracted much interest and has
been advanced to an asymmetric version in addition to its
numerous applications in organic synthesis.3 We envisaged that
an imaginary ketene E with a pendent tertiary amine would
cyclize readily to cyclic zwitterion F and then would transform to
highly valuable α-allyl lactam G (Scheme 1b). An intensive
literature search found no precedent example; therefore, we
launched a program aiming to realize this useful transformation.
Initially,N-allyl amino acid 1 (M = H) and its metal salts 1 (M

= Li, Na, K) were chosen as the ketene precursor. Various
activator/base/solvent combinations have been tested,4 and the
desired lactam 2 could not be obtained in all cases. Instead, either

recovery of the starting amino acid or isolation of lactam 5 was
observed. It was reasoned that the activated intermediate 3 was
directly attacked by the pendent tertiary amine to form cyclic
amide cation 4 which eliminates one allyl group to give rise to a
von Braun-type product 5 (Scheme 2, path a) before β-proton

elimination to zwitterion 7 (path b).5 However, the favored
intramolecular nucleophilic attack of the amino group on 3 (path
a) precluded the β-proton elimination to ketene 6 (path c).
On the basis of the above analysis, it was further proposed that

enhancement of the acidity of the α-proton in 3 and 4 would
facilitate the deprotonating event and favor the formation of
ketene and zwitterion (Scheme 2, path b and c). An electron
withdrawing cyano group at the α-position would meet this
purpose. Therefore, α-cyanoN-allyl amino acid 8a was taken as a
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Scheme 1. (a) Intermolecular and (b) Intramolecular
Zwitterionic Aza-Claisen Reaction

Scheme 2. Interpretation of the Formation of N-Allyl
Butyrolactam from the Reaction of Amino Acid/Carboxylates
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substrate to test this idea. When a solution of acid 8a in THF was
treated with NaH (2.0 equiv) for 10 min and then mesyl chloride
at rt for 8 h, the desired lactam 9a was isolated in 36% yield
(Table 1, entry 1). After approving the hypothesized working

mechanism, condition optimization was carried out (entries 2−
5). Organic bases such as DIPEA and DABCO are more effective
to give increased yields in DCM. It was further found that
dehydrating agent DCC can also promote this reaction delivering
9a in 32% yield. Research along this direction finally led to great
enhancement of yield to 81% when carbonyl diimidazole (CDI)
was applied as a dehydration agent.
To overcome the difficulties associated with handling substrate

8, which is essentially an amino acid, a two-step protocol using
amino ester 10a as starting material was established. Hydrolysis
of 10a with LiOH/NaHSO4 afforded a residue of crude amino
acid after exhaust removal of volatiles. Without further
purification, this residue was then submitted to the optimized
ketene aza-Claisen reaction conditions to smoothly furnish
lactam 9a in 81% yield (Table 2, entry 1). With this improved
procedure, more α-cyano N-allyl amino esters 10 were made to
explore the substrate scope.
By changing the N-benzyl substituent to p-methoxylbenzyl or

phenylethyl group, the yields were improved to 85% and 88%,
respectively (entries 2 and 3). Variations on the allyl segment
were also checked briefly. 10d and 10k with 2-methyl allyl and 2-
phenyl allyl on the nitrogen atom were converted to 9d and 9k
with high yields. 9e and 9l were obtained both with high yields
and stereoselectivity from 10e and 10l indicating that these
reactions proceeded through highly organized transition states.
Allyl lactam 9f with two adjacent quaternary carbon centers was
also obtained smoothly and highlighted the usefulness of this
methodology. The isolation of sole diastereomers 9g and 9h
from the reactions of 10g and 10h further approved the
organized transition states of these reactions. A chemoselective
issue arises when the substrates bear two different N-allyl
moieties (entries 10−12).
It was surprising that in the reaction of 10j only 9jwas detected

(80%), whereas the simple allyl group outcompetes the 2-
methylallyl group in the [3,3] sigmatropic process. Interestingly,
the chemoselectivity inverted for 10k as the 2-phenylallyl group
outcompeted the parent allyl group to give 9k in 86% yield. The
conversion of 10l to 9l in both regio- and diatereoselectivities led
to a conclusion that 3-phenylallyl is also favorable over the
substituted allyl group. Though the exact reason for this
intriguing chemoselectivity is elusive at this stage, we argue

that in the proposed transition stateTS-I for this reaction (Figure
1) a methyl group at C2 would give a 2-fold 1,3-diaxial repulsion.
However, this transition state might be stabilized by an extended
conjugation system acquired by an aromatic substitution on the
allylic double bond as in 10k and 10l. Substrates with one-
carbon-elongation of the tether between the allyl amine and ester
group were also viable for this reaction giving six-membered
lactam in modest yields (entries 13 and 14). The relative

Table 1. Condition Optimization for the Intramolecular
Ketene Aza-Rearrangementa

entry base solvent activating agent yield (%)b

1 NaH THF MsCl 36
2 DIEPA DCM MsCl 54
3 DABCO DCM MsCl 66
4 DCM DCC 32
5 DCM CDI 81

aReaction conditions: 8a (0.3 mmol), base (0.45 mmol), solvent (3
mL), activating agent (0.45 mmol), rt, 8 h. bIsolated yield. CDI:
carbonyl diimidazole.

Table 2. Substrate Scope for the Ketene Aza-Rearrangementa

aConditions: step 1, 10 (0.5 mmol), LiOH·H2O (0.6 mmol), MeOH/
THF (3/3 mL), overnight, rt, NaHSO4 (0.6 mmol); step 2, CDI (0.75
mmol), DCM (5 mL), rt, 8 h.
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stereochemistry of 9g was established by 1H−1H Cosy and
1H−1H NOESY NMR experiments; and the same stereo-
chemistry was applied to 9h by analogy. Attempts to determine
the relative stereochemistry of 9e and 9l through chemical
manipulations were not fruitful to date; alternatively, their
structures were assigned tentatively as shown according to the
transition state TS-I, which was an analogue of ketene−imine
aza-Claisen rearrangement.6 In TS-I, the CN group resides cis to
the R1 group on the newly formed lactam ring, and the R2 is syn to
the CN group.
To demonstrate the usefulness of this method, optically pure

L-prolidinyl aldehyde (−)-11 was made readily from L-proline7

and was converted to nitrile (−)-12 by a Wittig olefination8/
hydrogenation reaction sequence. Removal of the Boc group
with TFA followed byN-allylation afforded amino nitrile (−)-13.
Installation of the ethoxycarbonyl on the carbon α to the cyanide
group was achieved by C-acylation with EtO2CCl after LDA
deprotonation.9 The standard protocol was applied to (−)-14 to
furnish optical active bicyclic lactam (−)-15 in 75% yield. To
acquire an authentic sample of rac-15 for comparison, the same
synthetic steps shown in Scheme 3 were followed using D/L-

proline as the starting point. HPLC analysis using a chiral IC-H
column demonstrated that (−)-15 from L-proline was virtually in
its optically pure form (97% ee value).
In summary, the first intramolecular ketene aza-Claisen

rearrangement reaction has been developed to enable the
stereoselective synthesis of α-ally-α-cyano-lactams from N-allyl
amino esters. This reaction also exhibited outstanding chemo-
selectivity when an unsymmetrical bis-N-allyl group was present
in the starting molecule. The highly functionalized lactam
products could be further elaborated to numerous new alkaloids.
By application of this protocol, a short synthesis of optically pure
bicyclolactam from L-proline has been efficiently achieved.
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Figure 1. Proposed chair transition state for the aza-Claisen rearrange-
ment.

Scheme 3. Synthesis of Highly Functionalized Bicyclic Amide
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