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Abstract: The reaction mechanism of the g-carbon addi-
tion of enal to imine under oxidative N-heterocyclic car-
bene catalysis is studied experimentally. The oxidation, g-
carbon deprotonation, and nucleophilic addition of g-
carbon to imine were found to be facile steps. The results
of our study also provide highly enantioselective access to
tricyclic sulfonyl amides that exhibit interesting antimicro-
bial activities against X. oryzae, a bacterium that causes
bacterial disease in rice growing.

N-Heterocyclic carbene (NHC) organocatalysis has received
considerable attention in recent years. Unique activation pat-
terns that are not easily accessible by using other approaches
can be realized with the carbene catalysts.[1] In addition to re-
action development, efforts have been directed toward mecha-
nistic understanding. A number of proposed intermediates, in-
cluding a Breslow intermediate, an aza-Breslow intermediate,
homoenolate, and azolium enolates have been detected in the
catalytic reactions by 1H NMR spectrometry, mass spectrometry,
or X-ray diffraction analysis, as reported by Bode, Rovis, Studer,
Berkessel, and Mayr.[2] The pathways of several reactions, such
as those involving formal addition of nucleophiles to a,b-unsa-
turated acyl azolium intermediates, have been carefully evalu-
ated by both experimental and DFT calculation methods by
Bode, Schoenebeck, and Kozlowski.[2a, 3] However, in contrast to
the rapid discovery and development of new reactions, the
mechanistic details of most of the reactions still remain largely
unclear. Here, we report an experimental kinetic study of the
enal g-carbon addition to imines under oxidative NHC catalysis

(Scheme 1). Our study reveals that the oxidation and g-carbon
addition to imine are facile processes, and the formation of the
Breslow intermediate is likely a rate-determine step. In addi-
tion, our reaction affords heterocyclic compounds that exhibit
antimicrobial activities on Xanthomonas oryzae pv. oryzae (X.
oryzae), a bacterium that cause a most serious bacterial disease
in rice growing (bacterial blight of rice).[4]

Oxidative NHC catalysis provides effective ways for the func-
tionalization of aldehydes that go beyond the conventional
acyl anion reactions, as pioneered by Studer, Scheidt, and
Rovis.[5] By using the oxidation system developed by Studer,
our laboratory further advanced this chemistry and reported a-
and b-functionalization of saturated aldehydes,[6] and g-carbon
functionalization of a,b-unsaturated aldehydes.[7] In our previ-
ous reactions involving the enal g-carbon,[7e] attempts to eluci-
date the kinetic profile were unsuccessful. One major reason
was the lack of a good model reaction that is relatively clean
and easy to monitor by conventional analytical methods.

The oxidative carbene catalysis for enal g-carbon functionali-
zation (Scheme 1) involves at least four components. Thus, our
first step was to identify relatively clean and efficient reactions
that can be conveniently monitored. We finally found that the
reaction between enal 1 a and imine 2 a[5i,8] under the catalysis
of NHC precatalyst A[9] with quinone B[5e] as an external oxidant
led to the clean formation of lactam product 3 a (Table 1). The
observable side reaction was the oxidation of the enals to car-
boxylic acids.[10] The reaction was performed in an NMR tube,
and the desired product formation was monitored in situ by
1H NMR spectrometry, with an internal standard (CH2Br2)
added. As a technical note, the spin of the NMR spectrometer
was set at 20 Hz (equivalent to 1200 rotations per minute) to
ensure consistent stirring of the reaction mixture. To reduce
the variables in the kinetic studies, we further found that the

Scheme 1. Mechanistic study of oxidative NHC catalysis.
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reaction proceeded effectively without the addition of external
bases (Table 1, entry 5).[11] Notably, Bode[12a] and Xiao[12b] have
previously found that carbene-catalyzed reactions worked well
without adding external bases, as the counter anion of the
azolium salt behaves as a weak base.

Key findings of our kinetic studies are summarized in
Figure 1. The kinetics of the overall reaction were studied by
using the conditions without external base added (Table 1,
entry 5) by varying the amount of each reaction component.
We found that the concentration of enal substrate had signifi-
cant effect on the rate of product formation (Figure 1 a). The ob-
served reaction rate is of 1.6th-order dependence with respect
to aldehyde, partial (0.6) order in the triazolium NHC precatalyst,
pseudo-zero order in imine (when using less than 1.0 equiv of
imine), and zero order in oxidant (Figure 1). The zero-order de-
pendence on oxidant (Figure 1 c) indicated that the oxidation of
the Breslow intermediate I to the a,b-unsaturated azolium ester
intermediate II (Scheme 2) was a facile step. Studies of the
imine concentration effect (Figure 1 b) showed that at low con-
centrations the reaction rate is pseudo-zero order in imine. This
result suggested that the g-carbon addition to imine (Scheme 2,
addition of III to imine 2 a) was a facile step. When the concen-
tration of imine was further increased, the reaction became
slower, presumably owing to reaction of the carbene catalyst
with the imine substrate. The partial order in regard to catalyst
was likely attributed to the reaction between the catalyst and
the imine. Similar inhibitory effects from imine substrates were
observed by Bode in his reaction between ynal and MeOH.[2a]

Thus, the dependence of observed reaction rate on enal and
NHC catalyst concentration suggested that the Breslow inter-
mediate (I) formation was likely the slowest step. The 1.6th
order in terms of aldehyde is likely due to the competing reac-
tions of aldehyde and imine substrates with the carbene cata-
lyst. A higher concentration of the aldehyde substrate could

suppress the (undesired) reaction between carbene catalyst and
imine substrate leading to faster reaction (and thus greater
than first-order dependence on aldehyde concentration). The
postulated catalytic cycle is displayed in Scheme 2.

Next, we performed experiments to further understand the
g-carbon deprotonation step (II to III, Scheme 2). One key ques-

Table 1. Condition optimization.[a]

Entry Conditions Yield [%][b] e.r.[c]

1 A, 1.0 equiv K2CO3 40 –
2 B, 1.0 equiv K2CO3 55 95:5
3 B, 1.0 equiv Cs2CO3 58 93:7
4 B, 0.25 equiv Cs2CO3 80 97:3[d]

5 B, no base 65 97:3[e]

6 B, no base[f] 77 97:3

[a] General conditions (unless otherwise specified): 1 a (0.16 mmol), 2 a
(0.14 mmol), 20 mol % of A, oxidant 4 (120 mol %), 2.0 mL THF, rt (24 8C),
12 h. [b] Isolated yield. [c] Enantioselective ratios were determined by
chiral phase HPLC. [d] Conditions used for later syntheses. [e] Conditions
used for the mechanistic study. [f] 1.5 equiv oxidant was used.

Figure 1. Kinetic study.[a]

Scheme 2. Mechanistic pathway.
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tion we asked was whether this proton transfer step was rever-
sible under our reaction conditions. An enal substrate deuteri-
um labeled at the g-carbon (D3-1 a) was subjected to our reac-
tion conditions in the absence of additional base (Table 1,
entry 5, without external base). No deuterium erosion was ob-
served in the lactam product D3-3 a (Figure 2). The nearly com-

plete retention of the deuterium isotope suggested that this
proton-transfer process (II to III) was not reversible under our
conditions (without external base added). It appears that the
addition of III to imines is more favorable than the protonation
of III. In the presence of external base, product 3 a was ob-
tained with 50 % of the deuterium atoms left (~30 % D-atom
erosion), suggesting that under such conditions this proton-
transfer process (between II and III) is reversible. The D-labeled
enal substrate (D3-1 a) was stable (no erosion of the D atoms)
in the presence or absence of base under the carbene catalysis
(see the Supporting Information). The deuterium kinetic isotope
effect[13] on the overall reaction rate was also studied. A secon-
dary kinetic isotope effect (Kh/Kd =1.2, without base) was ob-
served (see the Supporting Information). This small kinetic iso-
tope effect and the retention of deuterium in the lactam prod-
uct suggest that the g-carbon deprotonation is a fast process.
The g-carbon deprotonation is not the rate-determine step.

Sulfonyl amide-containing compounds, such as Sinomine[14a]

and Sulfafurazole,[14b] exhibit interesting biological activities
such as antimicrobial activities in both gram-negative and
gram-positive organisms. In agriculture chemicals, the sulfonyl
amide functional unit is found in a number of commercially
available herbicides such as Monosulfuron, Sulfometuron
methyl, and Chlorosulfuron.[15] Our laboratories are interested
in developing sulfur amide-containing chiral molecules for the
treatment of plant bacterial infections. Our present protocol
provides quick access to enantioenriched tricyclic sulfonyl
amides. Examples of enals and imines that worked effectively
under our conditions are shown in Table 2. In this study on re-
action scope, we performed the reactions in the presence of
Cs2CO3 (Table 1, entry 4) in order to obtain slightly higher
yields. With 2 a as the model ketimine substrate, enals bearing
various substituents all worked well, affording the g-functional-
ized products 3 a–h with good yields and excellent enantio-
meric ratios (88:12–99:1 e.r.). Ketimines derived from sulfamide
containing different substituents at the 4-position also worked
well (3 i–3 n). The enal with a methyl substituent on the g-
carbon also reacted effectively, leading to 3 o as essentially
a single diastereomer in 87 % yield and 98:2 e.r.

We then evaluated the in vitro antibacterial activity of our
products bearing tricyclic sulfur amides against X. oryzae by
the turbidimeter test.[16a] The commercially available and com-

monly applied bacteriocide bismerthiazol was used as the pos-
itive control, and DMSO was used as the negative control
(Table 3). A number of our compounds showed promising anti-
bacterial activities. For example, at a concentration of
200 mg mL¢1, compound 3 n showed a similar inhibitory rate to
the commercial bacteriocide bismerthiazol against X. oryzae
(73.7 versus 72.0 %, respectively).

In summary, we have investigated the g-carbon addition of
enal to ketimine under oxidative NHC catalysis. Our mechanistic
study revealed that the oxidation of the Breslow intermediate,
g-carbon deprotonation of the a,b-unsaturated azolium ester
intermediate, and nucleophilic addition of the g-carbon of the

Figure 2. Deuterium labeling and kinetic isotope effect.

Table 2. Scope of reaction.[a]

[a] Reaction conditions as in Table 1, entry 4. Yields are those of the iso-
late products. Enantioselective ratios were determined by chiral phase
HPLC, the absolute configuration of the major enantiomer was assigned
based on the X-ray structures of 3 c and 3 o (see the Supporting Informa-
tion).[17]

Table 3. Antibacterial activity of the products.

X. oryzae pv. oryzae inhibition rate [%][a]

Product 100 mg mL¢1 200 mg mL¢1

3 a 27.6 22.3
3 c 32.9 46.8
3 j 28.5 61.8
3 m 23.8 50.9
3 n 34.2 73.7
Bismerthiazol[b] 54.0 72.0
negative control[c] 0.0 0.0

[a] Average of three replicates. [b] Commercial bacteriocide, used as the
positive control. [c] DMSO was used as the negative control.
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vinyl enolate intermediate to the imine substrate were all facile
steps. The slowest step in this oxidative catalysis process is
likely the formation of the Breslow intermediate between the
enal substrate and the NHC catalyst. Synthetically, our method
allows efficient access to enantiomerically enriched tricyclic
sulfur amides that exhibit interesting antimicrobial activities.

Experimental Section

Ketimine 1 (0.14 mmol), enal 2 (0.16 mmol), triazolium salt B
(0.027 mmol), Cs2CO3 (0.034 mmol), and oxidant 4 (0.16 mmol)
were added to a dry Schlenk tube equipped with a magnetic stir
bar. The tube was closed with a septum, evacuated, and refilled
with nitrogen. Freshly distilled THF (2 mL) was added and the reac-
tion mixture was then stirred at room temperature until the enal
was completely consumed (monitored by TLC). The mixture was
concentrated under reduced pressure. The resulting crude residue
was purified by column chromatography on silica gel (1:3 hexanes/
EtOAc) to afford the desired product 3.
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