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Abstract—A convenient and efficient route to novel unsymmetrically disubstituted azetidin-2-ones is described. b-Lactam carbocat-
ion equivalents of type 1 and active aromatic substrates in the presence of a Lewis acid promote a facile and stereoselective C-3
substitution to provide monosubstituted b-lactams (3,4) and symmetrically disubstituted b-lactams (5). cis-3-(4 0-Methoxyphenyl)-
3-phenylthioazetidin-2-ones (4) undergo further substitution with active aromatic substrates mediated by a Lewis acid to afford
unsymmetrically disubstituted azetidin-2-ones (7).
� 2006 Elsevier Ltd. All rights reserved.
The b-lactam skeleton is the key structural unit of the
most widely employed class of antibacterial agents, the
b-lactam antibiotics.1–3 The discovery of new biologi-
cally active b-lactams such as cholesterol acyl transfer-
ase inhibitors,4 thrombin inhibitors,5 human cyto-
megalovirus protease inhibitors,6 a human leukocyte
elastase,7 cysteine protease inhibitors8 and antitumor
active b-lactams9 have motivated growing interest in
the building of new b-lactam systems. Besides this, these
heterocycles are used as intermediates in a- and b-amino
acid synthesis, as well as building blocks for the syn-
thesis of alkaloids, heterocycles and taxoids.10 Further
interest in the development of new methodologies capa-
ble of providing C-3 unsymmetrically disubstituted
b-lactams with well defined stereochemistry was
initiated by these new biologically active monocyclic
b-lactams having a variety of alkyl/aryl substituents
at C-34–9 and in view of the Structure-Activity Rela-
tionships (SAR) of the b-lactam heterocyclic nucleus
reported by Clader et al.11
0040-4039/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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In our earlier studies towards C-3 functionalization of
azetidin-2-ones,12,13 the synthetic potential of cationic
b-lactam equivalents was explored for the synthesis of
symmetrically 3,3-disubstituted azetidin-2-ones. The
prime objective of the present study was to develop a
strategy to functionalize selectively C-3 of azetidin-2-
ones for designing and synthesizing new unsymmetri-
cally disubstituted azetidin-2-ones. We report here the
stereoselective introduction of an active anisole group
at C-3 of azetidin-2-ones by using the b-lactam carbo-
cation equivalents 1 and their further substitution with
different active aromatic substrates in the presence of a
Lewis acid to afford unsymmetrically disubstituted azeti-
din-2-ones (Fig. 1).

b-Lactams 2a–d, required for this study, were synthe-
sized via annelation of phenylthioacetic acid and an
appropriate imine using POCl3 as the condensing re-
agent in the presence of triethylamine in CH2Cl2 at
0 �C. The starting substrates, trans-3-chloro-3-phen-
ylthioazetidin-2-ones (1a–d), the most appropriate b-
lactam carbocation equivalents, were prepared by
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Figure 1. Cationic b-lactam equivalents.
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Scheme 1. Synthesis of C-3 substituted b-lactams.

Figure 2. ORTEP diagram of compound 3a.
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stereospecific chlorination of 2a–d using sulfuryl chlo-
ride (SO2Cl2) (Scheme 1).12,13 Initial studies were carried
out by reacting 1a with anisole as the active aromatic
substrate in the presence of 1 equiv of SnCl4 at 0 �C,14

which resulted in the formation of a mixture of four
compounds.

These products, after column chromatographic purifica-
tion, were identified as trans-1-benzyl-3-(20-methoxyphen-
yl)-3-phenylthio-4-(4 0-methylphenyl)azetidin-2-one 3a,
cis-1-benzyl-3-(4 0-methoxyphenyl)-3-phenylthio-4-(4 0-
methylphenyl)azetidin-2-one 4a, 1-benzyl-3,3-bis(4 0-
methoxyphenyl)-4-(4 0-methylphenyl)azetidin-2-one 5a
and 1-benzyl-3,3-bis(phenylthio)-4-(4 0-methylphenyl)-
azetidin-2-one 6a on the basis of their spectral analysis.
To understand the nature of the nucleophile, suitable for
the synthesis of monosubstituted b-lactams (3,4) other
active aromatic substrates were studied under similar
conditions. These activated substrates resulted in the
formation of symmetrically disubstituted b-lactams
(5,6) and the results are summarized in Table 1. How-
ever, when the nitrogen atom in the b-lactam ring was
substituted with a p-methoxyphenyl group instead of
benzyl, the formation of only symmetrically disubsti-
tuted b-lactams (5,6) was favoured.12 The stereochemis-
try of monosubstituted b-lactams at C-3 was established
through single crystal X-ray crystallographic analysis of
3a15 (Fig. 2) and 4a16 (Fig. 3).
Table 1. Reaction of 1a–d with various active aromatic substrates using SnC

Entry 1 R1 Substrate (Nu1) Temperatur

1 1a C6H4CH3-p C6H5OCH3 0/2
2 1b C6H5 C6H5OCH3 0/2
3 1c C6H4OCH3-p C6H5OCH3 0/2
4 1d C6H4Cl-p C6H5OCH3 0/2
5 1a C6H4CH3-p C6H5OCH3 –78/4
6 1a C6H4CH3-p C6H5OCH3 25/3
7 1a C6H4CH3-p C6H5OCH3 41/2
8 1a C6H4CH3-p 1,3-C6H4(OCH3)2 0/2
9 1c C6H4OCH3-p 1,3-C6H4(OCH3)2 0/2
10 1a C6H4CH3-p 1,4-C6H4(OCH3)2 0/2
11 1c C6H4OCH3-p 1,4-C6H4(OCH3)2 0/2

a All new compounds were characterized by IR, 1H NMR, 13C NMR, MS a
b Isolated yields after purification by column chromatography.
c,d The structures of these molecules were also established from single crysta
Taking into consideration the formation of symmetri-
cally disubstituted b-lactams (5) in this reaction, it was
envisaged to study primarily the formation of C-3
unsymmetrically disubstituted b-lactams. It seems likely
that these C-3 symmetrically disubstituted b-lactams are
formed only from the C-3 monosubstituted b-lactams.12

Thus, it was decided to probe the role of monosubsti-
l4 as the Lewis acid

e (�C)/time (h) Productsa (% yield)b

3 4 5 6

3ac (31) 4ad (38) 5a (9) 6a (7)
3b (29) 4b (47) 5b (8) 6b (6)
3c (25) 4c (43) 5c (10) 6c (9)
3d (30) 4d (39) 5d (9) 6d (7)
3a (52) — — —
3a (15) 4a (48) 5a (7) 6a (5)
3a (10) 4a (61) 5a (5) 6a (3)
— — 5e (41) 6a (38)
— — 5f (39) 6c (43)
— — 5g (36) 6a (32)
— — 5h (29) 6c (36)

nd CHN analysis.

l X-ray data (Figs. 2 and 3).



Figure 3. ORTEP diagram of compound 4a.

Table 2. Unsymmetrically disubstituted azetidin-2-ones of type 7

Entry 4 Substrate
(Nu2)

Lewis
acid

Temperature
(�C)

Producta

(7)
Yieldb

(%)

1 4a C6H5OH TiCl4 0 7a 71
2 4b C6H5OH TiCl4 0 7bc 81
3 4c C6H5OH TiCl4 0 7c 63
4 4d C6H5OH TiCl4 0 7d 75
5 4a 1,4-C6H4-

(OCH3)2

SnCl4 �10 7e 79

6 4b 1,4-C6H4-
(OCH3)2

SnCl4 �10 7f 57

7 4c 1,4-C6H4-
(OCH3)2

SnCl4 �10 7g 68

8 4d 1,4-C6H4-
(OCH3)2

SnCl4 �10 7h 70

9 4a 1,3-C6H4-
(OCH3)2

SnCl4 �10 7i 61

10 4d C10H7-
OCH3-o

SnCl4 �10 7j 63

a All new compounds were characterized by IR, 1H NMR, 13C NMR
and CHN analysis.

b Isolated yields after purification by column chromatography.
c The structure of this molecule was also established from single crystal

X-ray data (Fig. 4).
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tuted b-lactams 3 or 4. Initial studies were undertaken
with monosubstituted b-lactams 3b and 4b (Scheme 2).

Exposure of b-lactam 4b to 1 equiv of a Lewis acid such
as TiCl4 in the presence of phenol as the active aromatic
substrate (Nu2) at low temperature (0 �C) under nitro-
gen in CH2Cl2, resulted in the formation of the desired
product which, after column chromatographic purifica-
tion, was identified as cis-1-benzyl-3-(4 0-methoxyphen-
yl)-3-(40-hydroxyphenyl)-4-phenylazetidin-2-one 7b17 on
the basis of its spectroscopic data. Surprisingly, 3b did
not give any unsymmetrically disubstituted product
under similar conditions. The reaction was found to be
general with several substrates and the results are
summarized in Table 2.

The C-3 stereochemical assignment for b-lactams 7 was
finally deduced through single crystal X-ray crystallo-
graphic analysis of 7b18 as depicted in its ORTEP dia-
gram (Fig. 4).
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Scheme 2. Synthesis of unsymmetrically disubstituted azetidin-2-ones of typ
We probed this nucleophilic substitution further by
undertaking the reaction of 1a with anisole at different
temperatures (Table 1, entries 5–7). Surprisingly, only
one product 3a, was obtained at �78 �C. However, at
room temperature (25 �C) and reflux (41 �C, CH2Cl2)
the formation of product 4a was favoured.

A plausible mechanism for the formation of monosub-
stituted b-lactams (3,4) is presented in Scheme 3. The
reaction is believed to proceed through the formation
of complex A. Increased reaction temperature favours
the formation of 4 via Path A, in which complex A
undergoes substitution at C-3 by rear attack of the
nucleophile having a p-methoxy substituted phenyl
group at C-3. However, Path B involves the formation
of intermediate carbocation B, thus, as the reaction tem-
perature is lowered to �78 �C, the stability of the inter-
mediate carbocation B is increased and favours the
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Figure 4. ORTEP diagram of compound 7b.
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formation of 3, which is kinetically controlled. At low
temperature the substitution ortho to methoxy in the
anisole takes place preferentially as compared to the
para position owing to the increased electron density
and availability of the ortho position as compared to
the para position. Thus, as the reaction temperature is
increased through 0–41 �C, the stability of the carbocat-
ion B decreases, leading to a decrease in the yield of
product 3. Hence, at raised temperature formation of
the thermodynamically stable product 4 is favoured.
The formation of 3 having a p-methoxy substituted phe-
nyl substituent at C-3 has not been observed at all in this
reaction. This fact was also fully corroborated by the X-
ray crystallographic studies confirming the formation of
3 possessing an o-methoxy substituted phenyl substitu-
ent at C-3 at low temperature and 4 having a p-methoxy
substituted phenyl substituent at C-3 at high tempera-
ture. The possible role of the activated aromatic nucleo-
phile, favouring monosubstituted products may be a
combined effect of both, the activating groups attached
to the benzene ring and the steric bulk of the incoming
nucleophile.

Mechanistically, the synthesis of unsymmetrically disub-
stituted azetidin-2-ones (7) from monosubstituted b-lac-
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Scheme 3. Plausible reaction pathway for the formation of monosubstituted
tams 4 seems to proceed via intermediate carbocation C
(Scheme 2), which is resonance stabilized by the p-meth-
oxyphenyl ring substituent at C-3. Subsequent approach
of the nucleophile (Nu2) to this carbocation (C) from the
less hindered face would lead to the observed stereo-
chemistry. The inability of monosubstituted b-lactam 3
to undergo further substitution by a second nucleophile
(Nu2) may be attributed to the non-availability of a res-
onance stabilized intermediate C-3 carbocation.

In conclusion, a novel entry to unsymmetrically disub-
stituted azetidin-2-ones 7 has been developed by using
Lewis acid mediated functionalization of b-lactams 4
with various active aromatic substrates. The strategy
employed is easily adaptable to the combinatorial ap-
proach for creating libraries of C-3 unsymmetrically
disubstituted monocyclic b-lactams. Additionally, we
have shown that reactions of trans-3-chloro-3-phenyl-
thio-b-lactams (1a–d) with active aromatic substrates
provide an easy access to novel C-3 monosubstituted
b-lactams and symmetrically disubstituted b-lactams.
Acknowledgements

The authors thank the Council of Scientific and Indus-
trial Research, New Delhi, and the Department of Sci-
ence and Technology (DST), New Delhi, Government
of India (Project No. SP/S1/G-50/99) for the financial
support for this work.
References and notes

1. For reviews on b-lactam antibiotics, see: (a) Durckheimer,
W.; Blumbatch, J.; Lattrell, R.; Scheunrmann, K. H.
Angew. Chem., Int. Ed. Engl. 1985, 24, 180–202; (b) Chu,
D. T. W.; Plattner, J. J.; Katz, L. J. Med. Chem. 1996, 39,
3853–3874; (c) Chemistry and Biology of b-Lactam Anti-
biotics; Morin, R. B., German, M., Eds.; Academic: New
York, NY, 1982; (d) Coulton, S.; Hunt, E. In Recent
Progress in the Chemical Synthesis of Antibiotics and
Related Microbial Products; Lukaes, G., Ed.; Springer:
Berlin, 1993; p 621; (e) Southgate, R. Contemp. Org.
Synth. 1994, 1, 417–432.

2. The Chemistry of b-Lactams; Page, M. I., Ed.; Chapman
and Hall: London, 1992.
h B

R

R

2

1Ph
..
S

5

_

B (Carbocation)

1

2

1R

H
Ph

MCl5
_

N

S

O

Nu

H

R
N

O

1

3
2

SPh 1
Nu H

R

R
N

O

MCl

b-lactams (3,4).



A. Bhalla et al. / Tetrahedron Letters 47 (2006) 5255–5259 5259
3. For comprehensive general reviews, see: (a) de Kimpe, N.
In Comprehensive Heterocyclic Chemistry II; Padwa, A.,
Ed.; Elsevier: Oxford, UK, 1996; pp 536–575; (b) Koppel,
G. A. In Chemistry of Heterocyclic Compounds—Small
Ring Heterocycles; Hassner, A., Ed.; Wiley: New York,
1983; p 219.

4. Burnett, D. A.; Caplen, M. A.; Davis, H. R., Jr.; Burrie,
R. E.; Clader, J. W. J. Med. Chem. 1994, 37, 1733–
1736.

5. Han, W. T.; Trehan, A. K.; Wright, J. J. K.; Federici, M.
E.; Seiler, S. M.; Meanwell, N. A. Bioorg. Med. Chem.
1995, 3, 1123–1143.

6. Borthwick, A. D.; Weingarte, G.; Haley, T. M.; Tomas-
zewski, T. M.; Wang, W.; Hu, Z.; Bedard, J.; Jin, H.;
Yuen, L.; Mansour, T. S. Bioorg. Med. Chem. Lett. 1998,
8, 365–370.

7. (a) Doherty, J. B.; Ashe, B. M.; Agrenbright, L. W.;
Baker, P. L.; Bonney, R. J.; Chandler, G. O.; Dahlgren,
M. E.; Dorn, C. P., Jr.; Finke, P. E.; Firestone, R. A.;
Fletcher, D.; Hagemann, W. K.; Munford, R.; O‘Grady,
L.; Maycock, A. L.; Pisano, J. M.; Shah, S. K.; Thomp-
son, K. R.; Zimmerman, M. Nature 1986, 322, 192–194;
(b) Cvetovich, R. J.; Chartran, M.; Hartner, F. W.;
Roberge, C.; Amato, J. S.; Grabowski, E. J. J. Org. Chem.
1996, 61, 6575–6580.

8. (a) Zhou, N. E.; Guo, D.; Thomas, G.; Reddy, A. V. N.;
Kaleta, J.; Purisima, E.; Menard, R.; Micetich, R. G.;
Singh, R. Bioorg. Med. Chem. Lett. 2003, 13, 139–141; (b)
Setti, E. L.; Davis, D.; Chung, T.; McCarter, J. Bioorg.
Med. Chem. Lett. 2003, 13, 2051–2053.

9. Smith, D. M.; Kazi, A.; Smith, L.; Long, T. E.; Heldreth,
B.; Turos, E.; Dou, Q. P. Mol. Pharmacol. 2002, 01, 1348–
1358.

10. For selected reviews, see: (a) Alcaide, B.; Almenderos, P.
Synlett 2002, 381–393; (b) Palomo, C.; Aizpurua, J. M.;
Ganboa, I.; Oiarbide, M. Synlett 2001, 1813–1826; (c)
Alcaide, B.; Almenderos, P. Chem. Soc. Rev. 2001, 30,
226–240; (d) Palomo, C.; Aizpurua, J. M.; Ganboa, I.;
Oiarbide, M. Amino Acids 1999, 16, 321; Manhas, M. S.;
Wagle, D. R.; Chiang, J.; Bose, A. K. Heterocycles 1998,
27, 1755.

11. Clader, J. W.; Burnett, D. A.; Caplen, M. A.; Domalski,
M. S.; Dugar, S.; Vaccaro, W.; Sher, R.; Browne, M. E.;
Zhao, H.; Burrier, R. E.; Salisbury, B.; Davis, H. R., Jr. J.
Med. Chem. 1996, 39, 3684–3693.

12. Madan, S.; Arora, R.; Venugopalan, P.; Bari, S. S.
Tetrahedron Lett. 2000, 41, 5577–5581.

13. Bari, S. S.; Venugopalan, P.; Arora, R. Tetrahedron Lett.
2003, 44, 895–897.

14. Compounds 3–812,13 were prepared by the procedures
described in the cited references.

15. Crystal data for 3a: Empirical formula, C30H27NO2S;
formula weight, 465.59; colourless, long prism crystals;
triclinic; P1�; a = 9.165(1) Å, b = 9.301(1) Å, c =
15.513(1) Å; a = 80.48(1)�, b = 83.99(1)�, c = 76.01(1)�;
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