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An efficient oxidative cycloaddition of N-sulfonyl imines with methylene compounds using PhIO with a
catalytic amount of KI under neutral conditions, which affords 2,2-difunctionalized aziridines in good to
excellent yields, is reported.
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In past decades, the versatility of polyvalent iodine organic
compounds has been well recognized, and attracted especially ac-
tive interest.1,2 Iodine(III) and iodine(V) derivatives are now used
extensively in organic synthesis as a result of their benign environ-
mental character and ready availability. Besides the very useful
oxidizing properties, a notable feature of the organic iodine(III)
compounds is their ability to undergo ligand exchange reaction
and reductive elimination reaction like transition metals.1–3 This
feature allows construction of various carbon–carbon, hetero–het-
eroatom, and carbon–heteroatom bonds. The elegance of these
stepwise tactics led us to investigate the possibility of direct
cycloaddition of imines with methylene compounds induced by io-
dine(III) compounds (Scheme 1).4 The resulting 2,2-difunctional-
ized aziridines have recently been identified as protease
inhibitors, and potentially attractive starting materials for many
biologically active substances.5,6

To verify our hypothesis, a set of experiments was carried out
using N-Ts imine 1a and diethyl malonate 2a as model substrates.
The preliminary survey, carried out in the presence of t-BuOK in
CH3CN at room temperature, allowed us to evaluate the efficiency
of various iodine(III) compounds. Gratifyingly, we observed the
formation of desired aziridine 3a in the reaction with PhIO, albeit
in a low yield (Table 1, entry 3). Diethyl 2-benzylidenemalonate
was isolated as the major byproduct (in 41% yield). This byproduct
was proposed to be generated from the Knoevenagel condensation
of imine with malonate under the basic condition.7

Due to the polymeric structure of PhIO, a hydroxylic solvent or a
catalyst is normally required to depolymerize (PhIO)n to generate
the reactive species.1,8 In our experiments, inferior results were
displayed when a Lewis acid (BF3�Et2O), or hydroxylic solvents
(H2O, MeOH, and t-BuOH) were used (Table 1, entries 4–7). Inter-
estingly, the addition of 1 equiv of KI accelerated the reaction
remarkably. The reaction was complete in 5 min and resulted in
ll rights reserved.

6 216 510 2412.
a higher isolated yield (Table 1, entry 8). Further investigation re-
vealed that the yield was dramatically improved in the absence
of t-BuOK, while no Knoevenagel condensation product was de-
tected from the reaction (Table 1, entry 9). When 1 equiv of PhIO
was used, reaction did not go to completion even after 1 h (Table
1, entry 10). Acetonitrile was the optimum solvent for the reaction
(Table 1, entries 12–15). It was noteworthy that a catalytic amount
of KI could efficiently promote the oxidative cycloaddition reac-
tion: a satisfactory isolated yield (93% yield) was achieved when
0.2 equiv of KI was utilized (Table 1, entry 17). Salts other than io-
dide did not catalyze the reaction effectively (Table 1, entries 19–
22). In the control experiments with PhI(OAc)2 and PhI(OCOCF3)
under the same condition, no aziridine was detected (Table 1, en-
tries 23 and 24).

The scope of this reaction was then investigated under opti-
mized conditions [CH2E2 (1.1 equiv), PhIO (2.0 equiv), KI
(0.2 equiv), CH3CN, 25 �C], and the results are summarized in Table
2. For most cases, aryl N-sulfonyl imines 1 reacted with activated
methylene compounds 2 leading to the corresponding products 3
in good to excellent yields, while no aziridine was formed in the
EE

Scheme 1. Iodine(III) induced oxidative cycloaddition of imine with methylene
compound.



Table 1
Optimization of the oxidative cycloaddition of imine 1a with diethyl malonatea

NTs

Ph
N

COOEt

COOEt

Ph

H

Ts
Iodine(III)
additive+ CH2(COOEt)2

1a 2a 3a

Entry Iodine (III) (equiv) Additive (equiv) Solvent Time (min) 3ab (%)

1 PhI(OCOCH3)2 (2) t-BuOK (1) CH3CN 60 0
2 PhI(OCOCF3)2 (2) t-BuOK (1) CH3CN 60 0
3 PhIO (2) t-BuOK (1) CH3CN 60 38
4 PhIO (2) BF3�Et2O (1) CH3CN 60 0
5 PhIO (2) t-BuOK (1) H2O 60 0
6 PhIO (2) t-BuOK (1) CH3OH 60 0
7 PhIO (2) t-BuOK (1) t-BuOH 60 22
8 PhIO (2) t-BuOK (1), KI (1) CH3CN 5 52
9 PhIO (2) KI (1) CH3CN 5 85

10 PhIO (1) KI (1) CH3CN 60 46
11 PhIO (3) KI (1) CH3CN 5 84
12 PhIO (2) KI (1) Toluene 30 43
13 PhIO (2) KI (1) DMF 5 70
14 PhIO (2) KI (1) DMSO 5 62
15 PhIO (2) KI (1) THF 5 68
16 PhIO (2) KI (0.5) CH3CN 5 92
17 PhIO (2) KI (0.2) CH3CN 5 93
18 PhIO (2) KI (0.1) CH3CN 30 82
19 PhIO (2) KBr (1) CH3CN 60 0
20 PhIO (2) KCl (1) CH3CN 60 0
21 PhIO (2) KF (1) CH3CN 60 0
22 PhIO (2) KOAc (1) CH3CN 60 0
23 PhI(OCOCH3)2 (2) KI (1) CH3CN 60 0
24 PhI(OCOCF3)2 (2) KI (1) CH3CN 60 0

a The reactions were performed with imine (0.5 mmol) and diethyl malonate
(0.55 mmol) in anhydrous solvent (1 mL) at 25 �C.

b Isolated yields.
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reactions of N-Ph2P(O)-imine and N-tert-BuS(O)-imine. The reac-
tion of aryl N-Ts imines was found to tolerate a range of different
groups with different electronic demands on the aromatic rings
involving electron-donating and electron-withdrawing groups.
Table 2
PhIO/KI induced oxidative cycloaddition of imines with methylene compounds

R1

NR2
N

R1 E

E

R2

H+ CH2E2
(2 equiv) PhIO, (0.2 equiv) KI

CH3CN, r.t., 5-10 min

31 2

Entry R1 R2 CH2E2 3a (%)

1 Ph Ts CH2(COOEt)2 3a (93)
2 Ph PhS(O2) CH2(COOEt)2 3b (91)
3 Ph p-ClC6H4S(O2) CH2(COOEt)2 3c (86)
4 Ph CH3S(O2) CH2(COOEt)2 3d (95)
5 Ph Ph2P(O) CH2(COOEt)2 3e (0)
6 Ph tert-BuS(O) CH2(COOEt)2 3f (0)
7 p-CH3C6H4 Ts CH2(COOEt)2 3g (96)
8 m-CH3C6H4 Ts CH2(COOEt)2 3h (91)
9 p-ClC6H4 Ts CH2(COOEt)2 3i (93)

10 o-ClC6H4 Ts CH2(COOEt)2 3j (95)
11 o-BrC6H4 Ts CH2(COOEt)2 3k (86)
12 p-CNC6H4 Ts CH2(COOEt)2 3l (95)
13 p-FC6H4 Ts CH2(COOEt)2 3m (82)
14 m-NO2C6H4 Ts CH2(COOEt)2 3n (94)
15 1-Naphthyl Ts CH2(COOEt)2 3o (88)
16 tert-Bu Ts CH2(COOEt)2 3p (0)
17 Ph Ts CH2(COOCH3)2 3q (91)
18 Ph Ts CH2(COOBu-tert)2 3r (86)
19 Ph Ts CH3COCH2COOEt 3s (78)
20 Ph Ts CH3COCH2COCH3 3t (84)
21 Ph Ts NO2CH2COOEt 3u (0)
22 Ph Ts CNCH2COOEt 3v (0)

a Isolated yields.
When tert-Bu-substituted N-Ts imine was employed, no desired
aziridine was obtained. Sterically hindered di-tert-butyl malonate
was also effective substrate for the reaction. The reactions with
2,4-pentanedione and ethyl acetoacetate afforded the correspond-
ing products in good yields, while no aziridine was formed in the
reactions with ethyl 2-cyano- and 2-nitro-acetate.

In order to understand the reaction pathway, several control
experiments were done. The nucleophilic addition of diethyl mal-
onate 2a to N-Ts imine 1a under basic conditions did not complete
in 5 min, and only gave rise to the addition product 4a in 14% yield
(Scheme 2, Eq. 1). The intermolecular oxidative cyclization of 4a
under the same conditions required 4 h to complete the reaction,
and affords product 3a in 68% yield (Scheme 2, Eq. 2). After the
reaction, the formation of I2 was observed. However, no aziridine
was formed when 0.5 equiv of I2 was used as the replacement of KI.

In our previous studies on the oxidative cyclization reactions
with PhI(OAc)2/Bu4NBr/t-BuOK system,4a,c a mechanism mediated
by Br+ or AcOBr has been hypothesized. However, the control
experiments and the reaction without KI (Table 1, entry 3) indi-
cated that this PhIO/KI-induced oxidative cycloaddition of imines
with methylene compounds might not .be mediated by I+.9 A plau-
sible reaction pathway is outlined in Scheme 3. Polymeric iodoso-
benzene is depolymerized by KI to generate a reactive
intermediate A,7 which works as a base to deprotonate the acti-
vated methylene compound to afford an intermediate B and a
nucleophilic anion of methylene compound. The electrophilic io-
dine center of intermediate B may act as a Lewis acid via a ligand
exchange to promote the nucleophilic addition of the anion of
methylene compound with imine to form an intermediate C with
regeneration of KI. Subsequent reductive elimination of intermedi-
ate C yields the final aziridine 3.

In conclusion, we have described an efficient oxidative cycload-
dition of N-sulfonyl imines with methylene compounds using PhIO
with a catalytic amount of KI.10 The present procedure will provide
a facile method for the synthesis of 2,2-difunctionalized aziridines
Ph
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Scheme 3. A plausible reaction pathway.
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under neutral conditions. Further studies on the application of this
system are ongoing and will be reported in due course.

Acknowledgments

Financial support from National Natural Science Foundation of
China (20702006), the Shanghai Rising-Star program
(07QA14007), and Fudan University is gratefully acknowledged.

References and notes

1. For selected reviews, see: (a) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2008, 108,
5299; (b) Moriarty, R. M. J. Org. Chem. 2005, 70, 2893; (c) Zhdankin, V. V.; Stang,
P. J. Chem. Rev. 2002, 102, 2523; (d) Wirth, T.; Hirt, U. H. Synthesis 1999, 1271;
(e) Kitamura, T.; Fujiwara, Y. Org. Prep. Proc. Int. 1997, 29, 409; (f) Stang, P. J.;
Zhdankin, V. V. Chem. Rev. 1996, 96, 1123; (g) Moriarty, R. M.; Vaid, R. K.
Synthesis 1990, 431.

2. (a) Moriarty, R. M.; Prakash, O. Hypervalent Iodine in Organic Chemistry:
Chemical Transformations; Wiley Interscience, 2008; (b)Hypervalent Iodine
Chemistry: Modern Developments in Organic Synthesis; Wirth, T., Ed.Topics in
Current Chemistry Series 224; Springer: Berlin-Tokyo, 2003; (c) Zhdankin, V.
V.; Stang, P. J. In Chemistry of Hypervalent Compounds; Akiba, K., Ed.; VCH: New
York, 1999.

3. (a) Moriarty, R. A.; Vaid, R. K.; Koser, G. F. Synlett 1990, 365; (b) De Mico, A.;
Margarita, R.; Mariani, A.; Piancatelli, G. Chem. Commun. 1997, 1237; (c)
Kirschning, A.; Plumeier, C.; Rose, L. Chem. Commun. 1998, 33.

4. For our recent work, see: (a) Fan, R.; Ye, Y. Adv. Synth. Catal. 2008, 350, 1526; (b)
Fan, R.; Li, W.; Ye, Y.; Wang, L. Adv. Synth. Catal. 2008, 350, 1531; (c) Fan, R.; Ye,
Y.; Li, W.; Wang, L. Adv. Synth. Catal. 2008, 350, 2488; (d) Fan, R.; Pu, D.; Gan, J.;
Wang, B. Tetrahedron Lett. 2008, 49, 4925; (e) Fan, R.; Li, W.; Wang, B. Org.
Biomol. Chem. 2008, 6, 4615; (f) Fan, R.; Pu, D.; Wen, F. J. Org. Chem. 2007, 72,
8994; (g) Fan, R.; Wen, F.; Qin, L.; Pu, D.; Wang, B. Tetrahedron Lett. 2007, 48,
7444.

5. For selected reviews, see: (a) Hou, X. L.; Wu, J.; Fan, R.; Ding, C. H.; Luo, Z. B.;
Dai, L. X. Synlett 2006, 181; (b) Hu, X. E. Tetrahedron 2004, 60, 2701; (c) Muller,
P.; Fruit, C. Chem. Rev. 2003, 103, 2905; (d) Sweeney, J. B. Chem. Soc. Rev. 2002,
31, 247; (e) Zwanenburg, B.; ten Holte, P. Top. Curr. Chem. 2001, 216, 93; (f)
McCoull, W.; Davis, F. A. Synthesis 2000, 1347; (g) Dodd, R. H. Molecules 2000, 5,
293; (h) Atkinson, R. S. Tetrahedron 1999, 55, 1519; (i) Stamm, H. J. Prakt. Chem.
1999, 4, 319; (j) Jacobsen, E. N.. In Comprehensive Asymmetric Catalysis;
Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999; Vol. 2, p
607; (k) Osborn, H. M. I.; Sweeney, J. Tetrahedron: Asymmetry 1997, 8, 1693; (l)
Pearson, W. H.; Lian, B. W.; Bergmeier, S. C.. In Comprehensive Heterocyclic
Chemistry II; Padwa, A., Ed.; Pergamon: Oxford, 1996; Vol. 1A, p 1; (m) Tanner,
D. Angew. Chem., Int. Ed. Engl. 1994, 33, 599; (n) Kasai, M.; Kono, M. Synlett
1992, 778.

6. (a) Grabowsky, S.; Pfeuffer, T.; Checinska, L.; Weber, M.; Morgenroth, W.; Luger,
P.; Schirmeister, T. Eur. J. Org. Chem. 2007, 17, 2759; (b) Cardillo, G.; Fabbroni,
S.; Gentilucci, L.; Gianotti, M.; Perciaccante, R.; Selva, S.; Tolomelli, A.
Tetrahedron: Asymmetry 2002, 13, 1411; (c) Cardillo, G.; Gentilucci, L.;
Gianotti, M.; Perciaccante, R.; Tolomelli, A. J. Org. Chem. 2001, 66, 8657; (d)
Schirmeister, T. Liebigs Ann./Recl. 1997, 1895.

7. Fan, R.; Wang, W.; Pu, D.; Wu, J. J. Org. Chem. 2007, 72, 5905.
8. (a) Francisco, C. G.; Herrera, A. J.; Suárez, E. J. Org. Chem. 2003, 68, 1012; (b)

Francisco, C. G.; Herrera, A. J.; Suárez, E. J. Org. Chem. 2002, 67, 7439; (c) Tohma,
H.; Maegawa, T.; Takizawa, S.; Kita, Y. Adv. Synth. Catal. 2002, 344, 328; (d)
Tohma, H.; Takizawa, S.; Maegawa, T.; Kita, Y. Angew. Chem., Int. Ed. 2000, 39,
1306; (e) Tohma, H.; Takizawa, S.; Watanabe, H.; Kita, Y. Tetrahedron Lett. 1998,
39, 4547; (f) Moriarty, R. M.; Rani, N.; Condeiu, C.; Duncan, M. P.; Prakash, O.
Synth. Commun. 1997, 27, 3273.

9. De Armas, P.; Concepción, J. I.; Francisco, C. G.; Herández, R.; Salazar, J. A.;
Suárez, E. J. Chem. Soc., Perkin Trans. 1 1989, 405.

10. General experimental procedure and spectroscopic data for 3a: A solution of
imine (0.5 mmol) and CH2E2 (0.55 mmol) in anhydrous CH3CN was treated
with PhIO (220 mg, 1 mmol) and KI (17 mg, 0.1 mmol). The resulting mixture
was stirred at 25 �C. After imine disappeared (determined by TLC), the mixture
was concentrated, and directly purified by flash column chromatography (10–
20% ethyl acetate in hexane) to provide the corresponding aziridine. Diethyl 3-
phenyl-1-tosylaziridine-2,2-dicarboxylate 3a: 1H NMR (400 MHz, CDCl3) d 7.96
(d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.2 Hz, 2H), 7.20–7.27 (m, 5H), 4.89 (s, 1H), 4.36–
4.42 (m, 2H), 3.95 (q, J = 7.2 Hz, 2H), 2.44 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H), 0.88 (t,
J = 7.1 Hz, 3H).


