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arbene catalyzed [2 + 3]
annulation reaction for the synthesis of
trifluoroethyl 3,20-spirooxindole g-lactam†

Yiru Pu,‡a Maolin Wang,‡c Wanrong Tian,‡a Xian Ge,a Dikai Zhu,d Chuanqi Wang,a

Yingjie Zeng,a Feiyan Tao,*d Yun Deng*a and Jun Lu *ab

Asymmetric catalytic processes promoted by N-heterocyclic carbenes (NHCs) hold great potential for the

sustainable preparation of chiral molecules. However, catalyzing the reactions by manipulating the reactive

intermediates is challenging. We report herein that the known NHC-catalyzed [3 + 2] annulation reaction

between ketimine and enal can also be turned into a [2 + 3] annulation reaction for the highly

enantioselective direct synthesis of trifluoroethyl 3,20-spirooxindole g-lactams (4) through timely

catalysis of the intermediates. DFT calculations revealed that this transformation included the key step of

the nucleophilic attack of the Breslow intermediate M2 derived from NHC and enal (2) to the unattacked

ketimine (1). Our study demonstrates that it is possible to tune the desired selectivities through the

dynamic catalysts of the reactive intermediates.
N-heterocyclic carbenes (NHCs)1 have been extensively adopted
as an asymmetric synthetic catalyst for the synthesis of chiral
heterocycles. The use of NHCs results in various powerful
intermediates such as Breslow,2 enolate,3 homoenolate,4 and
unsaturated acylazolium,5 which could undergo further [3 + 2],6

[4 + 2]7 annulation and more reactions. The challenge of
controlling the modes of NHC-catalyzed reactions lies in the
manipulation of the intermediates for the annulation reactions.

Spiro[hydroxyindole-3,20-pyrrolidine], a g-lactam containing
skeleton bearing a quaternary chiral center, has been recog-
nized as an essential backbone in many natural products and
biologically active molecules.8 The spirooxindole scaffold
exhibits considerable anti-cancer activity and has dual inhibi-
tory activity targeting the p53-MDM2/Bcl2.9 The synthesis of the
structure has therefore received considerable attention. In 2012,
Chi et al. reported the synthesis of g-lactam by NHCs catalysis
(Scheme 1a),10 but did not mention the reaction mechanism. To
enhance the bioactivity of g-lactam, the uoroalkyl group is
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usually introduced into the motif. In 2015, Wang et al. synthe-
sized 50-CF3 spiro[hydroxyindole-3,20-pyrrolidine] from keti-
mine and cinnamaldehyde catalyzed by a chiral proline and
benzoic acid (Scheme 1b).11 Later, Han et al. reported the
Scheme 1 Synthesis of g-lactam.
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View Article Online
synthesis of triuoroethyl 3,20-spirooxindole g-lactam from 3-
((2,2,2-triuoroethyl)amino)indolin-2-one and cinnamaldehyde
catalyzed by chiral prolines in which the 3-aminooxindoles were
pre-synthesized from N-2,2,2-triuoroethyl isatin ketamine
(Scheme 1c).12

Continuing our efforts to discover molecules with medica-
tion signicance, we set our design strategy to synthesize tri-
uoroethyl 3,20-spirooxindole g-lactam.

Since Chi et al. used NHC catalyzing ketimine and enal
synthesized spirocyclic g-lactam, we initiated our study for the
synthesis of triuoroethyl 3,20-spirooxindole g-lactam 4 by
following Chi et al.’s procedure, in which NHC was added into
the mixture of ketimine 1 and cinnamaldehyde 2. Unfortu-
nately, 5 was generated dominantly instead of the target
product 4 (Table 1, entry 1). We rationalize that this is due to the
deprotonation of the methylene position in the CF3CH2-func-
tionalized ketimine in the presence of the base, leading to its
functioning as a nucleophile to attack the electrophile cinna-
maldehyde through an [3 + 2] annulation reaction that yielded
5. To obtain 4, a [2 + 3] annulation reaction would be expected
and the nucleophilicity of the enal and the ketimine must be
reversed.

Recently, many types of NHC-catalyzed annulation reactions
between enals and different coupling partners, such as
alkenes, imines, and ketones, have been reported.13 Interest-
ingly, the addition of the NHC catalyst to the enals can allow
Table 1 Optimization of [2 + 3] annulation reaction conditionsa

Entry NHC Base Solvent Temp. (°C

1 3a DIPEA DCM 20
2 3a DIPEA DCM 20
3 3b DIPEA DCM 20
4 3c DIPEA DCM 20
5 3d DIPEA DCM 20
6 3e DIPEA DCM 20
7 3f DIPEA DCM 20
8 3g DIPEA DCM 20
9 3f K2CO3 DCM 20
10 3f Et3N DCM 20
11 3f Et3N THF 20
12 3f Et3N Toluene 20
13 3f Et3N DCM 0
14 — Et3N DCM 20

a Entry 1 was performed with 1a (0.10 mmol), 2a (0.15 mmol), 3a (20 mol%
Entry 2 was varied to co-incubation activation of 3a, DIPEA, and 2a for half
were determined by 1H NMR analysis of the crude product. d ee values we

18454 | RSC Adv., 2024, 14, 18453–18458
the inversion of the normal reactivity through the formation of
Breslow intermediates that serve as the prenucleophiles.14

With this in mind, we speculate that the combination of cin-
namaldehyde (enal) and NHC, followed by the addition of
ketimine, could generate the Breslow intermediate (nucleo-
phile) and leave the ketimine (electrophile) untacked by the
base, thus opening the possibility of [2 + 3] annulation reaction
entry for the asymmetric synthesis of triuoroethyl 3,20-spi-
rooxindole g-lactam (4).

Herein, studies on the synthesis of triuoroethyl 3,20-spi-
rooxindole g-lactam from enals and ketimines catalyzed by
NHC are disclosed. Moreover, the mechanism of the [2 + 3]
annulation reaction was discussed based on DFT calculation.
To our knowledge, this study is the rst example in which NHC-
catalyzed reaction modes were employed by timely manipula-
tion of the intermediates for the synthesis of triuoroethyl 3,20-
spirooxindole g-lactam.

Based on our hypothesis, we initiated the study by investi-
gating the reaction between ketimine 1a and enal 2a catalyzed
by the NHC precatalyst 3a in the presence of DIPEA. By simply
changing the addition sequence by mixing 2 with 3f in the
presence of DIPEA, followed by the addition of 1, the reaction
selectivities were reversed (Table 1, entry 1 vs. entry 2). The
optimization of the reaction conditions was started with the
screening of the catalysts (Table 1, entries 2–8). Catalysts
bearing N-mesityl (3b, 3d and, 3f) afforded better
)

Yield (%)b

drc ee of 4a (%)d4a 5a

8 64 — —
52 22 4 : 1 22
60 10 8 : 1 66
51 17 5 : 1 47
62 11 9 : 1 80
67 10 7 : 1 74
76 16 10 : 1 90
66 12 9 : 1 86
28 46 7 : 1 62
82 6 15 : 1 95
77 — 15 : 1 86
48 7 15 : 1 46
80 — >20 : 1 98
— 85 — —

) and DIPEA (2.0 equiv.) in solvent (1.0 mL) at 20 °C for 24 h under N2.
an hour, followed by adding 1a. b Isolated yields of 4a and 5a. c dr values
re determined by HPLC using a chiral column.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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enantioselectivities for 4 than those with phenyl (3a) and pen-
tauorophenyl (3c, 3e and 3g), possibly due to the enhanced
nucleophilicity of (mesityl)NHCs by the electron-donating
mesityl in combination with their steric characters making
them excellent catalysts for the [2 + 3] annulation reactions
between ketimine and enal. 3fwas found to be the favorable one
that resulted in the desired product 4 of 76% yield and 90%
enantioselectivity (Table 1, entry 7). Further optimization
studies revealed that the yield and selectivities were sensitive to
the bases (Table 1, entries 8–10). Et3N turned out to be the
preferred base (Table 1, entry 10). Reactions conducted in THF
and toluene gave reduced yields and ee. (Table 1, entries 11–12)
To improve the reaction selectivities, temperature effects were
tested. Gratifyingly, we found that at 0 °C, 5a was completely
suppressed, resulting in the highest yield of 4 in 80% and with
excellent dr and ee (Table 1, entry 13). However, the reaction at
20 °C without the addition of any catalyst resulted in 5 only, and
no 4 was detected (Table 1, entry 14).

Under the optimum reaction conditions, we further investi-
gated the universality of both substrate species (Table 2).
Initially, the substituents at distinct positions on N-2,2,2-tri-
uoroethylisatinone imine (1) were examined, and the corre-
sponding products (4a-4j) were achieved in moderate yields and
Table 2 Substrate scope of [2 + 3] annulation reactiona

a Reactions were performed with 1 (0.10 mmol), 2 (0.15 mmol), 3f (20 mo

© 2024 The Author(s). Published by the Royal Society of Chemistry
excellent ee values, regardless of substituting on the aromatic
ring R1 or the N atom R2 of the substrate. Of these, with the
nest results for the derived product 4b, the chiral skeleton was
obtained in 81% yield and up to 99% ee value. When N–CH3 was
replaced with benzyl or allyl, the products (4f-4j) still main-
tained good yields and favorable enantioselectivities. Accord-
ingly, a substrate investigation of the substituted a,b-
unsaturated alkenals (2) revealed that the cross-reaction of the
alkenals bearing electron-absorbing substituents with 1
featuring diverse substituents on the aromatic ring gives the
appropriate indoles skeletons (4k-4n and 4t-4w) in 68–82%
yields and 90–99% ee values. Despite the overall trend pre-
senting moderate yields, partial compounds, such as 4l and 4w,
exhibited ee values of up to 99%. Subsequently, experimental
results proved that product ee values were sustained beyond
85% (4o-4s and 4x-4ab), even though a benzyl group with a large
potential resistance was adopted at the N–R2 position. To
explore the impact of other substituents at the R3-position of
the alkenal, we opted for the reaction of 1d and the substrate of
electron-donating (2-OCH3) substituents on the benzene ring to
afford 4ac in moderate yield and high enantioselectivity.
Moreover, the heterocyclic furanyl and alkyl groups proceeded
smoothly when replacing the phenyl group in cinnamaldehyde
l%) and Et3N (2.0 equiv.) in DCM (1.0 mL) at 0 °C for 24 h under N2.

RSC Adv., 2024, 14, 18453–18458 | 18455
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View Article Online
and resulted in the required target (4ad, 4ae) in good yields and
with excellent enantioselectivity. The absolute conguration of
4aa was determined as (3S, 3'R) using single crystal derivatiza-
tion, based on which the absolute congurations of the other
products could be extrapolated.

Based on the experimental results, although the formation of 4
through the NHC-catalyzed [2 + 3] annulation reactions from 1
and 2 can be concluded, the origin of the reaction selectivities
modulated by the timely catalysts of the addition sequence of the
substrates is unknown. Thus, we performed a theoretical inves-
tigation of the mechanism of the NHC-catalyzed [2 + 3] annula-
tion reaction (Fig. 1). DFT calculations were performed for the
model reaction (1a and 2a) with 3f as a catalyst, dichloromethane
as the solvent, and a temperature of 25 °C. First, carbene-
Fig. 1 Postulated mechanism for the NHC-catalyzed [2 + 3] annulatio
mechanistic processes. (b). Transition-state structures of the enantiosele

18456 | RSC Adv., 2024, 14, 18453–18458
activated 3f was generated from the triazolocarbine tetra-
uoroboronium salt (3f) in the presence of triethylamine. It
subsequently underwent nucleophilic attack to the b-C of the
cinnamaldehyde (2) and generated the zwitterionic intermediate
M1 through the transition state TS1 with a Gibbs free energy
barrier of 27.5 kcal mol−1. We deduce that the successive
formation of the homoenolate intermediateM2 was from TS2, an
Et3N-assisted 1,2-proton transfer process rather than TS2' (the
direct proton transfer pathway) since the former path is favored
by a 35.0 kcal mol−1 reduced energy barrier (32.8 kcal mol−1 vs.
67.8 kcal mol−1). The nucleophilic attack onM2 to 1a affordsM3
via transition state TS3, in which a C–C bond is involved.

As M2 could approach 1a from either the re or si face,
creating possible transition states of TS3-A, TS3-B, TS3-C, or
n reaction based on DFT calculations. (a). Energy profiles of detailed
ctivity-determining step.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthetic applications. (a). Gram-scale experiment. (b).
Synthetic transformations of (3S, 30R)-4l.
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TS3-D with a chiral center (C3) generated through the C–C bond
formation (Fig. 1b). Computational results reveal that TS3-A and
TS3-C with the S-conformation of C3 possess lower free energies
than TS3-B and TS3-D of R-conformation on C3, indicating that
the attack ofM2 to 1a is more likely from the si face. Comparing
TS3-A and TS3-C, the latter gives rise to less spatial resistance
and lower Gibbs energy (67.2 vs. 63.7 kcal mol−1). Thus, TS3-C is
taken as the transition state from M2 to M3. The subsequent
step of transformation from M3 to M4, which involves a 1,3-
proton transfer process would be the rate-determining step
because the highest Gibbs energy transition state TS4 is
involved, with an elevated energy of 32.5 kcal mol−1 relative to
M3. The annulation intermediate TS5 is generated from M4 by
the nitrogen anion attacking the carbonyl carbon. Finally, 4a is
yielded through TS5 with the release of carbene 3f.

To verify the practicability of the catalytic reactions, we
conducted reaction assays on all gram-level substrates. Analo-
gously, the chiral 4l was obtained in the established conditions
with 73% yield and 94% ee from the reaction performed with
1.0 g 1k, 0.90 g 2c and 10 mol% 3f (Scheme 2a). Moreover, the
two carbonyl groups on chiral 4l could be conveniently con-
verted to methylene by lithium aluminum hydride to give chiral
6l with yields and ee values of 81% and 94%, respectively,
ensuring an unaffected chiral characteristic during the
conversion (Scheme 2b).

In summary, we have successfully performed a direct
synthesis of triuoroethyl 3,20-spirooxindole g-lactams (4) via
the NHC-modulated asymmetric [2 + 3] annulation reaction of
ketimines with in situ generated Breslow intermediate. More-
over, the origin of the selective [2 + 3] annulation reaction over
the known [3 + 2] annulation reaction was revealed by DFT
calculations. Diverse triuoroethyl 3,20-spirooxindole g-lactams
were prepared in good yields with excellent diastereo- and
enantioselectivities. Further extension of this strategy to the
synthesis of complex chiral molecules is in progress in our
laboratory.
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