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astereodivergency in bispidine-
based chiral amine-catalyzed asymmetric Mannich
reaction of cyclic N-sulfonyl ketimines with
ketones†

Gonglin Li, Yan Zhang, Hongkun Zeng, Xiaoming Feng, Zhishan Su *
and Lili Lin *

Tuning diastereoselectivity is a great challenge in asymmetric catalysis for the inherent stereochemical bias

of the substrates. Here, we report a diastereodivergent asymmetric Mannich reaction of cyclic N-sulfonyl

ketimines with ketones catalyzed by a bispidine-based chiral amine catalyst, in which additional water

switches the diastereoselectivity efficiently. Both chiral anti- and syn-benzosultams with potential anti-

HIV-1 activity are obtained in excellent yields and good to excellent ee values. Control experiments and

density functional theory (DFT) calculations were applied to study the diastereodivergent mechanism,

which reveal that the diastereodivergent catalysis should be state-determined, and the water reverses

the energies of states to realize the diastereodivergency. The findings are quite new and might inspire

more diastereodivergent asymmetric synthesis.
Introduction

Multiple stereocenters are widely spread in natural products
and drug molecules. Both the diastereomers and enantiomers
of a molecule with multiple stereocenters might have distinct or
even opposing biological activities because enzymes and
receptors provide chiral environments in biological systems.1,2

So, all stereoisomers of pharmaceutical candidates need to be
obtained for evaluating their bioactivities during the drug
discovery and development process.2 Aer rapid development
of asymmetric catalysis, highly dia- and enantioselective reac-
tions or cascades have been developed to deliver one diaste-
reoisomer of chiral products with two or more stereocenters in
one step or in one pot, and the enantiomers can normally be
achieved with equal ease by applying the quasi-enantiomeric
catalyst. However, other diastereomers are oen unavailable
efficiently because of the inherent stereochemical bias of the
substrates.

Diastereodivergent asymmetric catalysis3 is attractive and
challenging because it aims to generate different chiral diaste-
reomers starting from the same substrates just by small varia-
tion of reaction conditions, which is undoubtedly a starting
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material-economy process with minimum possible expendi-
ture. Diastereodivergent dual catalysis4 and cycle-specic
catalysis,5 controlling different stereocenters in one step or
in sequential steps with two different chiral catalysts, have
developed as novel concepts. Diastereodivergency with
a single catalyst is also developed. Besides elegant studies in
metal-based diastereodivergent catalysis,6 organocatalysis can
achieve diastereodivergency by modulating catalysts7 or addi-
tives.8 Barbas, III,7a Shao,7b Singh,7c Kesavan7d and Chen7e

realized the diastereodivergent asymmetric Mannich reactions
of imines with aldehydes, hydroxyketones, benzofuran-3-ones
and a,a-dicyanoolens by varying organocatalysts based on
amino acids, diamines and cinchona alkaloids. Though some
progresses have been achieved, compared with the rapid
development of asymmetric catalysis, diastereodivergent
asymmetric catalysis is still in its infancy, and more diaster-
eodivergent reactions need to be realized, more strategies
need to be developed.

Chiral benzosultams are important compounds possessing
interesting biological activities, such as g-secretase inhibitors,
HIV-1 inhibitors and aldose reductase inhibitors (Scheme 1).9

Among all the synthetic methods,10 the catalytic asymmetric
reactions about cyclic N-sulfonyl ketimines are undoubtedly
one of the most convenient and atom-economic one. Up to now,
many asymmetric methodologies, including Mannich reac-
tion,11 aza-Friedel–Cras reaction,12 annulation,13 C(sp3)–H
functionalization reaction,14 addition of organometallic
reagents15 or unsaturated hydrocarbons16 to imines and so on,17

have been developed to synthesize various functionalized chiral
Chem. Sci., 2022, 13, 4313–4320 | 4313
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Scheme 1 Diastereodivergent asymmetric Mannich reaction for
synthesis of bioactive benzosultams.

Table 1 Optimization of diastereodivergent reaction conditionsa

Entry Catalyst/acid Solvent Additive Yieldb (%) drc (3/4) eec (%)

1 C1/OPA — — 99 76 : 24 67/—
2 C1/OPA — 4 �A MS 95 >19 : 1 44/—
3 C1/TFA — 4 �A MS 93 >19 : 1 72/—
4 C1/TfOH — 4 �A MS 95 85 : 15 80/—
5 C1-TfOH/TFA — 4 �A MS 99 >19 : 1 83/—
6 C1-TfOH/TFA CH2Cl2 4 �A MS 98 >19 : 1 92/—
7 C1-TfOH/TFA CH2Cl2 H2O 99 21 : 79 —/93
8 C1-TfOH/TFA Et2O H2O 98 12 : 88 —/93
9 C1-TfOH/TFA H2O H2O 98 11 : 89 —/88
10d C1-TfOH/TFA Et2O H2O 98 10 : 90 —/94

a Unless otherwise noted, all reactions were performed with catalyst/
acid (1 : 1, 20 mol%), 1a (0.20 mmol), 2a (0.6 mL) at 35 �C for 20 h. If
additive was added, the amount of 4 �A MS was 20 mg and H2O was
0.2 mL. If solvent was added, 2a (0.2 mL) in solvent (0.6 mL) for 12–
16 h. b Isolated yields of two diastereomers. c Determined by SFC
analysis on a chiral stationary phase. d The reaction was performed at
30 �C for 24 h. BA ¼ benzoic acid; OHBA ¼ o-hydroxybenzoic acid;
OPA ¼ o-phthalic acid; PFBA ¼ pentauorobenzoic acid; TfOH ¼
triuoromethanesulfonic acid; TFA ¼ triuoroacetic acid.
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benzosultams. However, there is still no diastereodivergent
example in this area.

The asymmetric Mannich reaction of cyclic N-sulfonyl keti-
mines with cyclohexanone attracts our attention because it
affords directly the chiral benzosultams containing vicinal tet-
rasubstituted and tertiary carbon stereocenters, more impor-
tantly, with anti-HIV-1 activity. Though syn-selective asymmetric
reaction has been achieved by applying a bifunctional amino
sulfonohydrazide as catalyst,11a the diastereodivergent asym-
metric version is still not achieved. Developing efficient method
to diversify the diastereochemical outcome of the reaction,
obtaining both syn- and anti-products by small change of reac-
tion conditions, is undoubtedly meaningful for further research
on drug development. Bispidine-based chiral amines developed
by our group show good ability in promoting asymmetric
reactions through enamine catalysis.18 We envisaged such
organocatalysts might have the potential to achieve the dia-
stereodivergent goal since they possess unique core and
multiple hydrogen-bonding donors and acceptors.

Herein, we report our nding that water can switch the
enforced sense of diastereoselectivity when bispidine-based
primary amine catalyzes the reaction of cyclic N-sulfonyl keti-
mines with ketones. DFT calculations reveal the diaster-
eodivergent catalysis should be state-determined, and the water
reverses the energies of states (Scheme 1).
4314 | Chem. Sci., 2022, 13, 4313–4320
Results and discussion

Initially, cyclic N-sulfonyl ketimine 1a and cyclohexanone 2a
were selected as the model substrates to optimize the reaction
conditions (Table 1). In our initial study, bispidine-based chiral
amine catalysts derived from various amino acids could
promote the reaction smoothly with ortho-phthalic acid (OPA)
as cocatalyst at 35 �C. However, the dia- and enantioselectivities
were moderate (for details, see the ESI†). Representatively, C1
derived from cyclohexyl substituted glycine could gave 3aa in
near equivalent yield but only 76 : 24 dr and 67% ee (entry 1).
Excitedly, when 4 �A molecular sieves (MS) were added to the
system, only anti-selective Mannich reaction occurred (dr >
19 : 1, entry 2). When various acids as co-catalysts were detec-
ted, regularly, the enantioselectivity increased with the increase
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Substrate scope of anti-selective Mannich reaction.
a Unless otherwise noted, all reactions were performed with catalyst/
acid (1 : 1, 20 mol%), 1 (0.20 mmol), 2 (0.2 mL) and 4 �A MS (20 mg) in
CH2Cl2 (0.6 mL) at 35 �C. All yields were the isolated products of the
two diastereomers. The ee values were detected by SFC analysis on
a chiral stationary phase and dr values were determined by 1H NMR
analysis. b CH2Cl2 (1.0 mL) as the solvent. c CH2ClCH2Cl (0.6 mL) as the
solvent at 40 �C. d CH2ClCH2Cl (1.0 mL) as the solvent at 40 �C. e Solid
ketones were 1.0 mmol.
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of acidity (bottom, le histogram). When triuoroacetic acid
(TFA) was applied as co-catalyst, the ee value of major product
was improved to 72% (entry 3). Exceptionally, tri-
uoromethanesulfonic acid (TfOH) gave 85 : 15 dr although it
could further improve ee value (entry 4). With in situ prepared
C1-TfOH as catalyst and triuoroacetic acid as cocatalyst, the ee
value was improved to 83% (entry 5). Undergoing in dichloro-
methane, the reaction afforded anti-3aa in 98% yield with
>19 : 1 dr and 92% ee (entry 6). Analyzing the experimental data,
we guess the inuence of 4 �A MS and TfOH on dr might be
caused by their water-absorbing quality. The 4 �A MS decreased
the effect of water on diastereoselectivity, differently, TfOH
increased the effect of water on diastereoselectivity.

Realizing trace amount of water might greatly affect the
diastereoselectivity, we wondered whether syn-selective Man-
nich reaction could be achieved if additional water was added to
the system. Exhilaratingly, reversion of diastereoselectivity
really happened. When 0.2 mL water was added, syn-4aa was
obtained as the major product with 79 : 21 dr and 93% ee (entry
7). The diastereoselectivity could be improved to 88 : 12 when
the solvent changed from dichloromethane to ether (entry 8).
Regularly, the diastereoselectivity increased with the increase of
the amount of water (bottom, right histogram). It is worth
mentioning that this reaction could take place even in aqueous
phase though the ee value of 4aa was slightly decreased (entry
9). Finally, the diastereoselectivity further increased to 90 : 10
when the temperature was adjusted to 30 �C (entry 10).

With the optimal conditions in hand, the substrate scope
was then investigated. For the anti-selective Mannich reaction,
all anti-3 were obtained with dr > 19 : 1 (Scheme 2). The steric
hindrance of ester group in cyclic N-sulfonyl ketimine displayed
a limited inuence on either the reactivity or the stereo-
selectivity (3ba–3ea). Next, various substituents on aromatic
ring of N-sulfonyl ketimines were tested. Regardless of the steric
or electronic effect of the substituents at C5 position, all the
corresponding anti-benzosultams could be obtained smoothly
with good results (3fa–3ja, 98% yields, >19 : 1 dr, and 86–95%
ee). Limited by the synthesis method, N-sulfonyl ketimines with
electron-donating substituent at C6 position and with electron-
withdrawing substituent at C7 position could be obtained. They
transformed to the corresponding 3ka–3na in excellent yields
and excellent ee values. Naphthyl 3o could also transform to the
corresponding product in 99% yield, >19 : 1 dr and 96% ee.
Varation of ketones showed that six-membered cyclic ketones
2b–2d containing heteroatom and 2e–2hwith substituents at C4
position were all suitable substrates. By reacting with N-sulfonyl
ketimine 1a, the corresponding 3ab–3ah were delivered in good
to excellent yields with good dr and ee. When 2g and 2h were
applied, desymmetrization occurred and three stereocenters
formed in excellent stereoselectivity. Regretfully, other ketones,
such as cyclobutanone, cyclopentanone, cycloheptanone and
acyclic ketones, were not suitable. Low stereoselectivities or
trace amounts of products were given (for details, see ESI†). The
absolute conguration of 3aa was determined to be (3R,20R) by
X-ray crystallography analysis,19 and the congurations of other
products were assigned to be (3R,20R) by comparison with the
CD spectrum of compound 3aa. The newly generated chiral
© 2022 The Author(s). Published by the Royal Society of Chemistry
centers of 3ag and 3ah were determined to be (S) by X-ray
crystallography analysis or NMR analysis.19

Subsequently, the substrate scope of syn-selective Mannich
reaction was investigated (Scheme 3). Similarly, ester groups
and both electron-donating and electron-withdrawing substit-
uents on phenyl ring of ketimines had no signicant effect on
the reactivity and stereoselectivity. Various syn-benzosultams
4aa–4oa were obtained in excellent yields with good to excellent
dr and ee values (96–99% yields, 85 : 15–95 : 5 dr, and 86–95%
ee). When cyclic ketones were examined, the heterocyclic
tetrahydrothiopyran-4-one 2d, 4-dimethyl cyclohexanone 2e and
4-phenyl cyclohexanone 2g could smoothly form syn-4ad–4ag in
good to excellent yields, good dr and excellent ee. Ketones 2b,
2c, 2f with O or N hetero atom and 2h with bulky tBu group
proceeded mainly anti-selective Mannich reaction under this
condition (for details, see the ESI†), which might be caused by
Chem. Sci., 2022, 13, 4313–4320 | 4315
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Scheme 3 Substrate scope of syn-selective Mannich reaction.
a Unless otherwise noted, all reactions were performed with catalyst/
acid (1 : 1, 20mol%), 1 (0.20mmol), 2 (0.2mL) andH2O (0.2mL) in Et2O
(0.6 mL) at 30 �C. All yields were the isolated products of the two
diastereomers. The ee values were detected by SFC analysis on a chiral
stationary phase and dr values were determined by 1H NMR analysis.
b Et2O (1.0 mL) as the solvent. c 2d was 1.0 mmol, Et2O (1.0 mL) as the
solvent at 35 �C. d 2e was 1.0 mmol, Et2O (1.0 mL) as the solvent at
30 �C. e 2g was 1.0 mmol, methyl tertiary butyl ether (MTBE, 0.6 mL)
and H2O (0.6 mL) as the solvent at 35 �C.

Scheme 4 Scale-up synthesis, further transformations and control
experiments.
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the more H acceptor or larger steric hindrance. The absolute
conguration of 4aa was determined to be (3R,20S) by X-ray
crystallography analysis.19 The newly generated chiral center
of 4ag was determined to be (R) by NMR analysis.

To evaluate the synthetic potential of the diastereodivergent
method, gram-scale synthesis of potential HIV-1 inhibitors anti-
3aa and syn-4aa were carried out. As shown in Scheme 4, under
respective optimized conditions, 4.0 mmol of cyclic N-sulfonyl
ketimine 1a reacted smoothly with 4.0 mL cyclohexanone 2a,
giving 1.38 g (98% yield) of anti-3aa with >19 : 1 dr and 90% ee
(97% ee aer single recrystallization), and 1.38 g (98% yield) of
syn-4aa with 83 : 17 dr and 87% ee (99% ee aer single recrys-
tallization), separately. Reduction of anti-3aa in the presence of
NaBH4, both ketone and ester group were reduced, gaving the
compound 5 in 70% yield with maintained dr and ee value.
Spirocyclic product 6 was also obtained in 27% yield, which
might be formed through transesterication. The newly gener-
ated chiral center was determined to be (S) by NMR analysis.
Reduction of syn-product 4aa under the same condition gave
the compound 9 with ester group in 57% yield and spirocyclic
product 10 in 35% yield with maintained dr and ee value. The
4316 | Chem. Sci., 2022, 13, 4313–4320
ester group was more difficult to be reduced, which might be
due to the larger steric hindrance of syn-4aa compared with that
anti-3aa. The product 3aa could also be converted to oxime 7 in
the presence of hydroxylammonium chloride and sodium
acetate, and the conguration was determined to be E by X-ray
crystallography analysis.19 The oxime 7 could be further con-
verted to hydrazone 8 by tosyl chloride and 4-dimethylamino-
pyridine. When syn-4aa was converted in the same condition,
anti-7 was obtained, suggesting conguration reversal occurred
in the reaction condition.

To understand the mechanism of the reaction, control
experiments were conducted (Scheme 4c). Highly pure anti-3aa
(>19 : 1 dr and 97% ee) and syn-4aa (47 : 1 dr and 99%), which
were obtained through recrystalization of the corresponding
products isolated from the catalytic system, were subjected
under both catalytic conditions. Aer 24 hours, there was not
any or very little change about the dr and ee values of both anti-
and syn-products, which indicated that the diverse diaster-
eochemical outcomes of the reaction came from the catalytic
process rather than isomerization of the products in the cata-
lytic conditions.

In addition, density functional theory (DFT) calculations
were performed at the M062X-D3/6-31G(d,p) (SMD, CH2Cl2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 DFT calculations for diastereodivergent and enantioselective mechanism.
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level of theory (Scheme 5). In the catalytic system without
additional water, 1b interacts with the enamine species gener-
ated by condensation between the primary amine of catalyst
and cyclohexanone 2a. Then, the C–C bond is constructed via
transition state 3-TS1 and 4-TS1. For 3-TS1, the H-bonds
between protonated hydrogen on piperidine of catalyst and
the nitrogen atom on the imine as well as the oxygen atom on
a sulfonyl group, x the N-sulfonyl ketimine so that the bispi-
dine C1 can interact with two substrates at the same time. The
regeneration of catalyst is predicted to be the rate-determining
step (RDS). So, the pre-steps should be fully equilibrated, and
the diastereoselectivity should be determined by more stable
states. By calculation, the states to form anti-products are more
stable, typically, the DG of 3-TS1 is lower than that of 4-TS1 by
6.4 kcal mol�1. In 3-TS1, the enamine and the N-sulfonyl keti-
mine react both with Si-faces, leading to (3R,20R)-3ba.

To get insight into the effect of water on the diaster-
eoselectivity, the reaction mechanism in the presence of addi-
tional water was studied. In the chiral controlling C–C bond
formation step, the optimized geometries of key intermediates
and transition states with one to four water molecules in the
structures were located (for details, see the ESI†). The relative
© 2022 The Author(s). Published by the Royal Society of Chemistry
energy difference of the two competing transition states 3-TS10

and 4-TS10 decreased, especially for those with four waters. In
addition, waters can also accelerate the re-generation of catalyst
by decreasing the activation barrier in the hydrolysis of imine
step. The states to form syn-product are more stable, for
example, the DG of 4-TS20 is lower than that of 3-TS20 by
3.4 kcal mol�1, so syn-4 is predominantly formed in the pres-
ence of water. In 4-TS10, the enamine reacts with the N-sulfonyl
ketimine with its Re-face from the Si-face of the latter, leading to
(3R,20S)-4ba.
Conclusions

We realize a bispidine-based amine-catalyzed diaster-
eodivergent asymmetric Mannich reaction of cyclic N-sulfonyl
ketimines with ketones through additional water switching the
enforced sense of diastereoselectivity. Both syn- and anti-ben-
zosultams with potential anti-HIV-1 activity are obtained in
good to excellent yields, good to excellent dr and ee. DFT
calculations support that the additional water is more likely
through reversing the energies of states in the C–C bond
formation and hydrolysis of imine steps to switch the
Chem. Sci., 2022, 13, 4313–4320 | 4317
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diastereoselectivity. The methodology offers a new idea for
diastereoselective modulation, which is valuable for organic
synthesis and drug research. Further efforts will be devoted to
realizing more diastereodivergent catalytic asymmetric
reactions.
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C. Nájera and M. Yus, Chem. Rev., 2018, 118, 5080.

4 For selected examples of stereodivergent dual catalysis,
see:(a) S. Krautwald, D. Sarlah, M. A. Schafroth and
E. M. Carreira, Science, 2013, 340, 1065; (b) S. Krautwald,
M. A. Schafroth, D. Sarlah and E. M. Carreira, J. Am. Chem.
Soc., 2014, 136, 3020; (c) X. Huo, R. He, X. Zhang and
4318 | Chem. Sci., 2022, 13, 4313–4320
W. Zhang, J. Am. Chem. Soc., 2016, 138, 11093; (d)
F. A. Cruz and V. M. Dong, J. Am. Chem. Soc., 2017, 139,
1029; (e) X. Jiang, J. J. Beiger and J. F. Hartwig, J. Am.
Chem. Soc., 2017, 139, 87; (f) L. Wei, Q. Zhu, S.-M. Xu,
X. Chang and C.-J. Wang, J. Am. Chem. Soc., 2018, 140,
1508; (g) Q. Zhang, H. Yu, L. Shen, T. Tang, D. Dong,
W. Chai and W. Zi, J. Am. Chem. Soc., 2019, 141, 14554; (h)
M.-M. Zhang, Y.-N. Wang, B.-C. Wang, X.-W. Chen, L.-Q. Lu
and W.-J. Xiao, Nat. Commun., 2019, 10, 2716; (i) S. Singha,
E. Serrano, S. Mondal, C. G. Daniliuc and F. Glorius, Nat.
Catal., 2020, 3, 48; (j) B. Kim, Y. Kim and S. Y. Lee, J. Am.
Chem. Soc., 2021, 143, 73; (k) S.-Q. Yang, Y.-F. Wang,
W.-C. Zhao, G.-Q. Lin and Z.-T. He, J. Am. Chem. Soc., 2021,
143, 7285.

5 For selected examples of cycle-specic catalysis, see:(a)
Y. Huang, A. M. Walji, C. H. Larsen and
D. W. C. MacMillan, J. Am. Chem. Soc., 2005, 127, 15051;
(b) B. Wang, F. Wu, Y. Wang, X. Liu and L. Deng, J. Am.
Chem. Soc., 2007, 129, 768; (c) Y. Chi, S. T. Scroggins and
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