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Abstract—Lewis acid-catalyzed cyclization of 2-aza-3-trimethylsilyloxy-buta-1,3-diene is reported. Stereochemical differences with
the uncatalyzed cyclization are discussed. © 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

The presence of the azetidin-2-one (�-lactam) ring in
several widely used families of antibiotics, such as
penicillins, cephalosporins, carbapenems and mono-
cyclic �-lactams (for example aztreonam), coupled with
the recent discoveries that �-lactams can serve as mech-
anism-based inhibitors of serine protease1–3 and as
inhibitors of acyl-CoA cholesterol acyltransferase
(ACAT)4 which is responsible for atherosclerotic coro-
nary heart disease, has stimulated considerable research
efforts toward stereoselective routes for the synthesis of
this important building block. Moreover, additional
impetus has been provided by the introduction of the
�-lactam synthon methodology,5–8 according to which
enantiomerically pure �-lactams can be employed as
useful intermediates for organic synthesis. One of the
most popular methods for the preparation of the �-lac-
tam ring involves the venerable [2+2] cycloaddition of
ketenes and imines.9–12 Recently, in a series of papers13–18

we have reported on a variant of this methodology
which allows the isolation of a neutral stable intermedi-
ate: a 2-aza-3-trimethylsilyloxy-1,3-butadiene19–21 which
may be considered a neutral equivalent to the classical
zwitterionic intermediate invoked in the Staudinger
reaction.17,22–25 As a matter of fact both neutral and
zwitterionic intermediates undergo uncatalyzed conro-
tatory electrocyclization. For its nature and on the

basis of the accepted reaction mechanism, a classical
Staudinger reaction may be catalyzed in the first step
(formation of the zwitterionic intermediate), but not in
the second one (conrotatory ring closure) due to the
impossibility to isolate this highly reactive species. In
our case, the possibility of having a stable azadiene
opens new scenarios for the Staudinger reaction. The
conrotatory cyclization step, which is spontaneous in
the classical procedure due to the high energy of the
zwitterionic intermediate, may be controlled, in the case
of a neutral stable intermediate, by means of a Lewis
acid (LA).26 Moreover, the formation of �-lactam for
the uncatalyzed reaction requires forcing conditions
(T=100°C) to achieve ring closure,17 whereas the cata-
lyzed reaction takes place at lower temperatures (see
below).

2. Results and discussions

2.1. Theoretical calculations

In order to explore this possibility an ab initio theoret-
ical calculations at MP2/6-31G* level27 using unsubsti-
tuted 3-silyloxy-2-azadiene A as model compounds and
BF3 etherate as LA have been performed with the goal
of stressing the differences, if any, between the uncata-
lyzed mechanism and this new LA-catalyzed ring clo-
sure (Scheme 1). The calculations show that of the two
possible adducts A1 and A2, the most thermodynami-
cally stable is the adduct A1 (−2.9 kcal/mol versus +6.3
kcal/mol) in which the coordination of the LA with the
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Scheme 1.

internal chelation of the silyl group. A further conse-
quence of the complexation by the LA results in a
decreasing of the activation energy from 32.2 kcal/mol
for the uncatalyzed reaction to 27.8 kcal/mol for the
catalyzed one.

2.2. Experimental results

The theoretical results have been confirmed at the
experimental level. Among the most popular LAs
screening showed that the sole effective LA in achieving
the cyclization reaction, in reasonable yields, was BF3

etherate (Scheme 2). The other LAs tested (TiCl4,
ZnCl2, AlCl3), irrespective of their Lewis acidity and/or
steric properties, were ineffective or scarcely effective.
Table 1 reports the results obtained starting from a
variety of azadienes prepared according to the literature
procedure.17

The data reported show that in analogy to the uncata-
lyzed cyclization reaction, diastereomeric trans-azetidi-
nones were obtained. This stereochemistry is in
agreement with conrotatory cyclization of the azadienes
presenting the EZ configuration.17 The main difference
between the uncatalyzed and catalyzed reactions lies in
the distribution of diastereoisomers arising from the
facial diastereoselectivity of the reactions. In a previous
paper we have reported17 that the facial diastereoselec-
tivity arises from a constrained conformation due to
chelation of the silicon to the nitrogen. In the present
LA-catalyzed process, the coordination of BF3 to the
nitrogen, as demonstrated by the theoretical calcula-
tions reported above, prevents this internal chelation.
The consequent loss of molecular rigidity increases the
rotational freedom along the s-C�N bond (Scheme 2)
and as a consequence, different mechanistic pathways,
from the diastereomeric point of view, may take place.
The presence of the Evans chiral auxiliary is in the

iminic nitrogen takes place. This adduct is characterized
by the formation of an almost covalent bond between
the boron and the nitrogen (N�B bond 1.69 A� , Wiberg
bond index 0.41, C�N bond 1.28 A� , Wiberg bond index
1.68) and by a superior electrofilicity of the iminic
methylene (+0.344 e− versus +0.207 e− in neutral azadi-
ene). A1 then undergoes an electrocyclic conrotatory
closure to the intermediate A3 through the transition
state TS (Scheme 1). The reaction path described is
strictly analogue to that obtained for uncomplexed
azadiene both at MP2 and at B3LYP levels.17,25 The
electronic nature of the cyclization mechanism remains
the same but some important differences must be
emphasized. The first resides in the geometry of the
involved molecules due to the presence of the BF3,
which, coordinating itself to the nitrogen, forbids the

Scheme 2. Reagents and conditions : (i), (ii) Refs. 17 and 29; (iii) BF3·Et2O, −78°C to rt; CH2Cl2.
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Table 1. Azetidinones 5 and 6 from aldehydes 1

a The diastereomeric ratio values, determined by 1H NMR on the
crude reaction mixture, are identical with those obtained upon
isolation of the products by flash chromatography. The trans
stereochemistry of the azetidinones was assigned from H3–H4 cou-
pling constants (Jtrans 2–3 Hz) whereas the facial stereochemistry
for the products of entry 5 was assigned on the basis of the
observation that similar compounds of known configuration (see
Ref. 17) show a � value of the chemical shift of the (S)-C3H series
(compounds 5) always higher than that of the (R)-C3H series
(compounds 6). The absolute configuration for the compounds 5f
and 5g (entries 6 and 7) was assigned by X-ray analysis (see Figs. 1
and 2).

b The diastereomeric ratios obtained in the uncatalyzed reactions are
reported in square brackets.

c Overall yields are for pure isolated products and are based on the
starting aldehydes from which azadienes were obtained.

Figure 2. ORTEP drawing of compound 5g. Thermal ellip-
soids are set at the 30% probability level.

main responsible for the induction of the C-3 (S)
stereoselectivity, as already reported.17 In the LA-cata-
lyzed ring closure we can postulate an equilibrium
between different conformers (two of them are reported
in Scheme 2): the conformer conf-4b, in particular,
presents an inversion of the facial diastereotopicity
compared with the chelate compound 4. A different
composition in the population of conformers is respon-
sible for the decrease in classical stereoinduction. From
the results reported in Table 1, we can deduce that the
very nature of the R substituent (Scheme 2) is responsi-
ble for the decrease or inversion of the facial
diastereoselectivity. The experimental results in Table 1
do not allow us to generalize this mechanistic pathway.
This is further confirmation that the sum of weak
interactions, difficult to predict, determines the final
facial diastereoselectivity using a chiral oxazolidin-2-
one auxiliary, as reported by Evans.29

3. Conclusion

The preliminary results presented in this paper demon-
strate that the cyclization of azadienes to �-lactams can
be promoted by LAs and that a conrotatory cyclization
mechanism may be invoked in analogy to the uncata-
lyzed cyclization of the azadiene. The cyclization step
takes place at lower temperature according to lower
activation energy as demonstrated by theoretical calcu-
lations. The experimental findings may open up new
options in the synthesis of optically active azetidinones
by use of LA bearing optically active ligands. In con-
clusion, as far as we know, this is the first time that a
formal Staudinger reaction has been catalyzed by
LAs.30

4. Computational methods

All ab initio calculations were carried out at the MP2/
6-31G* level using the GAUSSIAN 98 series of pro-
grams.27 Geometries were fully optimized by standard
gradient techniques and the fully optimized structures
were checked by frequency analysis. The transition
state showed only one imaginary frequency, the corre-
sponding vibration being associated with the nuclear
motion along the reaction coordinate. Wiberg bond
orders were calculated with the natural bond orbital
(NBO) method as implemented in GAUSSIAN 98.

Figure 1. ORTEP drawing of compound 5f. Thermal ellip-
soids are set at the 30% probability level.
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5. Experimental

5.1. General

Melting points were taken on a Mel-Temp apparatus
and are uncorrected. 1H and 13C NMR spectra were
recorded in CDCl3 on Varian Gemini-200. Chemical
shifts are reported in � scale and coupling constants (J)
are reported in hertz. Infrared spectra were recorded as
Nujol mulls on a Nicolet 205 FT-IR spectrophotome-
ter. Optical rotation measurements were carried out on
a Perkin–Elmer 343 Polarimeter and specific rotation
[� ]D20 was reported in deg per dm at the specified tem-
perature and with the concentration [c ] given in g per
100 mL in CHCl3. THF, toluene, and heptane were
distilled from benzophenone ketyl.

5.2. Materials

N-Trialkylsilylimines 2 were prepared according to
reported procedures starting from the parent aldehydes
1.28 Triethylamine was dried over KOH. Other solvents
and reagents were obtained commercially and were
used as received. All reactions were performed under
inert atmosphere.

5.3. Synthesis of 5a/6a as typical example for cata-
lyzed reaction

A solution of [(S)-2-triisopropylsilyloxy-propylidene]-
(trimethylsilanyl)-imine 2a was prepared by dropwise
addition of a heptane solution (5 mL) of (S)-2-triiso-
propylsilyloxy-propanal (0.23 g, 1.00 mmol) to a cooled
(−10°C) THF solution of lithium bis(trimethylsi-
lyl)amide (LHMDS) (1.10 mL, 1.10 mmol). The reac-
tion mixture was warmed to 0°C and stirred for 30 min
at this temperature. The formation of the imine was
confirmed from the infra-red spectrum of the reaction
mixture (�CN=1685 cm−1). The imine solution was
then warmed to rt, trimethylsilyl chloride (0.15 mL,
1.10 mmol) was added in one portion, and this mixture
was allowed to stir for 1 h. The mixture was cooled to
0°C and triethylamine (0.30 mL, 2.20 mmol) was added
in one portion. After stirring this mixture for 5 min at
0°C, a toluene solution of oxazolidinone-acetyl chloride
3 (1.1 equiv.), prepared according Boger’s was added
very slowly (during 5 min) by a syringe. Stirring was
maintained for 30 min at 0°C and 90 min at rt. This
yellow–orange mixture was then filtered through Celite,
the solvent removed and substituted with methylene
chloride (10 mL). This solution) was cooled at −78°C
and a solution of BF3(Et2O) (1 mmol) in CH2Cl2 (5
mL) was added dropwise. The reaction mixture was
stirred overnight while the temperature was allowed to
spontaneously reach rt. The crude mixture was poured
into a saturated NaHCO3 aqueous solution and
extracted with CH2Cl2. Flash chromatography of the
residue yielded the diastereomeric mixture of azetidi-
nones 5a and 6a in 42% yield and 33/67 diastereomeric
ratio.

Spectral data are identical to those reported in the
literature.17 The established synthetic protocol was

applied to the set of azadienes, obtained from aliphatic
and aromatic aldehydes 1, reported in Table 1.

5.3.1. (4S)-3-[(3S,4S)-2-Oxo-4-(tert-butyl)-azetidine-3-
yl]-4-phenyloxazolidin-2-one, 5e. Mp 181–185°C. [� ]20

D=
+88.82 (c 2.04, CHCl3): IR=3295, 2924, 2853, 1747
cm−1. 1H NMR (200 MHz, CDCl3): �=7.40 (s, 5H),
5.90 (bs, 1H), 4.90 (dd, 1H, J=6.6, 8.9 Hz), 4.68 (t, 1H,
J=8.9 Hz), 4.62 (d, 1H, J=2.7 Hz), 4.21 (dd, 1H,
J=6.6, 8.9 Hz), 2.8 (d, 1H, J=2.7 Hz), 0.78 (s, 9H).
13C NMR (50 MHz, CDCl3): �=165.2, 157.2, 138.4,
129.5, 129.4, 127.5, 70.4, 63.6, 60.9, 58.9, 31.3, 24.9.
MS; m/z : 288 [M+], 245 [M+ −43], 230. C16H20N2O3

(288.20); calcd C, 66.65; H, 6.99; N, 9.72; found: C,
66.93; H, 6.97; N, 9.79%.

5.3.2. (4S)-3-[(3R,4R)-2-Oxo-4-(tert-Butyl)-azetidine-3-
yl]-4-phenyloxazolidin-2-one (6e). Mp 165–170°C
(decomp.). [� ]20

D=+87.66 (c 1.54, CHCl3): IR=3296,
2923, 2853, 1753, 1716 cm−1. 1H NMR (200 MHz,
CDCl3): �=7.40 (s, 5H), 5.95 (bs, 1H), 4.90 (dd, 1H,
J=8.0, 8.7 Hz), 4.68 (t, 1H, J=8.7 Hz), 4.25 (dd, 1H,
J=8.0, 8.7 Hz), 4.03 (d, 1H, J=2.8 Hz), 3.90 (d, 1H,
J=2.8 Hz), 0.65 (s, 9H). 13C NMR (50 MHz, CDCl3):
�=165.9, 157.2, 136.7, 129.7, 129.3, 127.9, 70.2, 62.1,
61.8, 60.6, 31.5, 25.0. MS; m/z : 245 [M+ −43], 230.
C16H20N2O3 (288.20); calcd C, 66.65; H, 6.99; N, 9.72;
found: C, 66.58; H, 7.03; N, 9.80%.

5.4. Uncatalyzed thermal cyclization: synthesis of 5e/6e
as a typical example

A solution of (2,2-dimethyl-propyliden)-(trimethylsi-
lanyl)-imine 2e was prepared by dropwise addition of a
solution of 2,2-dimethyl-propanal (0.086 g, 1.00 mmol)
in heptane (5 mL) to a cooled (−10°C) solution of
lithium bis(trimethylsilyl)amide (LHMDS) in THF
(1.10 mL, 1.10 mmol). The reaction mixture was
warmed to 0°C and stirred for 30 min at this tempera-
ture. The formation of the imine was confirmed by an
infrared spectrum of the reaction mixture (�CN=1685
cm−1). The imine solution was then warmed to rt,
trimethylsilyl chloride (0.15 mL, 1.10 mmol) was added
in one portion, and this mixture was allowed to stir for
1 h. The mixture was cooled to 0°C and triethylamine
(0.30 mL, 2.20 mmol) was added in one portion. After
stirring this mixture for 5 min at 0°C, a toluene solution
of oxazolidinone–acetyl chloride 3 (1.1 equiv.), pre-
pared according Boger’s was added very slowly (during
5 min) by a syringe. Stirring was maintained for 30 min
at 0°C and 90 min at rt. This yellow–orange mixture
was then filtered through Celite, the solvent removed
and substituted with toluene (10 mL). The so obtained
solution was allowed to reflux (110°C) for 8 h. The
crude reaction mixture was cooled to rt, diluted with
ethyl acetate, poured into an NH4Cl solution and
extracted with more ethyl acetate. The organic layer
was washed with NaHCO3 solution and dried over
Na2SO4. After filtration the solvent was removed under
reduced pressure and a 1H NMR was run of the
resulting crude residue. Flash chromatography of the
residue yielded (56%) the title compounds.
(Diastereomeric ratio=65/35 5e/6e). The so established
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synthetic protocol was applied for uncatalyzed prepara-
tion of compounds 5f/6f and 5g/6g. The yields and
diastereomeric ratio are reported in Table 1 in italics.

5.4.1. (4S)-3-[(3S,4S)-2-Oxo-4-phenyl-azetidine-3-yl]-4-
phenyloxazolidin-2-one, 5f. Mp 169–172°C. [� ]20

D=+39.7
(c 0.9, CHCl3): IR=3318, 1760 cm−1. 1H NMR (200
MHz, CDCl3): �=7.40–7.10 (m, 10H), 6.30 (bs, 1H),
5.01 (dd, 1H, J=6.6, 8.8 Hz), 4.71 (t, 1H, J=8.8 Hz),
4.64 (d, 1H, J=2.4 Hz), 4.23 (dd, 1H, J=6.6, 8.8 Hz),
4.21 (d, 1H, J=2.4 Hz). 13C NMR (50 MHz, CDCl3):
�=165.3, 157.1, 138.0, 137.7, 129.6, 129.5, 128.9, 128.5,
127.4, 125.4, 70.5, 69.3, 59.3, 56.9. MS; m/z : 308 [M+],
265 [M+ −43], 145. C18H16N2O3 (308.16); calcd C,
70.12; H, 5.23; N, 9.09; found: C, 69.89; H, 5.26; N,
9.13%.

5.4.2. (4S)-3-[(3R,4R)-2-Oxo-4-phenyl-azetidine-3-yl]-4-
phenyloxazolidin-2-one, 6f. Mp 155–159°C. [� ]20

D=+46.9
(c 0.56, CHCl3): IR=3435, 1752, 1660 cm−1. 1H NMR
(200 MHz, CDCl3): �=7.40–6.95 (m, 10H), 6.70 (bs,
1H), 4.98 (d, 1H, J=2.4 Hz), 4.84 (dd, 1H, J=5.7, 8.5
Hz), 4.69 (t, 1H, J=8.5 Hz), 4.23 (dd, 1H, J=5.6, 8.5
Hz), 3.94 (d, 1H, J=2.4 Hz). 13C NMR (50 MHz,
CDCl3): �=165.9, 156.2, 137.7, 137.6, 129.3, 128.5,
128.1, 126.9, 126.8, 125.4, 70.4, 69.1, 61.5, 56.7. MS;
m/z : 308 [M+], 265 [M+−43], 203, 145.
C18H16N2O3(308.16); calcd C, 70.12; H, 5.23; N, 9.09;
found: C, 70.35; H, 5.19; N, 9.06%.

5.4.3. (4S)-3-[(2S,3S)-2-(4-Methoxy-phenyl)-4-oxo-aze-
tidine-3-yl]-4-phenyloxazolidin-2-one, 5g. Mp 190–
195°C. [� ]20

D=+144.2 (c 0.66, CHCl3): IR=3271, 1755,
1625, 1601 cm−1. 1H NMR (200 MHz, CDCl3): �=7.45
(s, 5H), 7.05 (d, 2H, J=8.7 Hz), 6.80 (d, 2H, J=8.7
Hz), 6.05 (bs, 1H), 5.00 (dd, 1H, J=6.6, 9.0 Hz), 4.71
(t, 1H, J=9.0 Hz), 4.62 (d, 1H, J=2.4 Hz), 4.23 (dd,
1H, J=6.6, 9.0 Hz), 4.14 (d, 1H, J=2.4 Hz), 3.85 (s,
3H). 13C NMR (50 MHz, CDCl3): �=168.7, 159.9,
157.2, 138.3, 135.4, 129.7, 129.6, 127.5, 126.9, 114.4,
70.8, 69.5, 59.3, 56.6, 55.3. MS; m/z : 339 [M+ +1],
295[M+ −43], 176. C19H18N2O4(338.18); calcd C, 65.74;
H, 5.52; N, 9.58; found: C, 65.93; H, 5.54; N, 9.61%.

5.4.4. (4S)-3-[(2R,3R)-2-(4-Methoxy-phenyl)-4-oxo-aze-
tidine-3-yl]-4-phenyloxazolidin-2-one, 6g. Oil. [� ]20

D=
+61.3 (c 1.5, CHCl3): IR=3430, 1757, 1601 cm−1. 1H
NMR (200 MHz, CDCl3): �=7.40 (m, 5H, +NH), 7.10
(d, 2H, J=8.7 Hz), 6.85 (d, 2H, J=8.7 Hz), 5.00 (t, 1H,
J=8.3 Hz), 4.85 (d, 1H, J=3.6 Hz), 4.70 (t, 1H, J=8.3
Hz), 4.34 (dd, 1H, J=3.6, 0.8 Hz), 4.21 (t, 1H, J=8.3
Hz), 3.80 (s, 3H). 13C NMR (100 MHz, CDCl3): �=
169.6, 159.8, 157.2, 138.1, 136.6, 129.5, 129.4, 127.2,
126.8, 114.3, 70.2, 69.3, 60.4, 56.6, 55.6. MS; m/z : 338
[M+], 295 [M+−43], 175. C19H18N2O4(338.18); calcd C,
65.74; H, 5.52; N, 9.58; found: C, 65.57; H, 5.49; N,
9.56%.

5.5. Crystallography for 5f and 5g

The diffraction experiments were carried out for 5f and
5g at rt on a Bruker AXS SMART 2000 CCD based
diffractometer using graphite monochromated Mo-K�

radiation (�=0.71073 A� ). Intensity data were measured
over full diffraction spheres using 0.3° wide � scans,
crystal-to-detector distance 5.0 cm. The software
SMART31 was used for collecting frames of data,
indexing reflections and determination of lattice
parameters. The collected frames were then processed
for integration by software SAINT31 and an empirical
absorption correction was applied with SADABS.32

The structures were solved by direct methods (SIR97)33

and subsequent Fourier syntheses, and refined by full-
matrix least-squares calculations on F2 (SHELXTL)34

attributing anisotropic thermal parameters to the non-
hydrogen atoms. The aromatic hydrogen atoms were
placed in calculated positions and refined with idealized
geometry (C(sp2)�H=0.93 A� ), whereas the other H
atoms were located in the Fourier map and refined
isotropically.

5.5.1. Crystallographic data for 5f. C18H16N2O3, M=
308.33, monoclinic, space group P21 (No. 4), a=
9.8554(3), b=7.2829(2), c=11.5922(4) A� ,
�=110.344(1)°, Z=2, V=780.14(4) A� 3, dcalcd=1.313
Mg m−3, �=0.091 mm−1. 10249 reflections were col-
lected, 4535 unique, 4036 observed for I>2�(I), which
were used in all calculations. Final R factors: R1=
0.0400 [I>2�(I)], wR2=0.1158 (all data).

5.5.2. Crystallographic data for 5g. C19H18N2O4, M=
338.35, monoclinic, space group P21 (No. 4), a=
11.4642(5), b=6.4312(3), c=11.8629(5) A� ,
�=105.985(1)°, Z=2, V=840.82(6) A� 3, dcalcd=1.336
Mg m−3, �=0.095 mm−1. 10750 reflections were col-
lected, 4875 unique, 2862 observed for I>2�(I), which
were used in all calculations. Final R factors: R1=
0.0521 [I>2�(I)], wR2=0.1169 (all data).

Crystallographic data (excluding structure factors) for
the structures in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supple-
mentary publication numbers CCDC 201907 for 5f and
CCDC 201908 for 5g. Copies of the data can be
obtained, free of charge, on application to CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK [fax: +44(0)-
1223336033 or e-mail: deposit@ccdc.cam.ac.uk].
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