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An efficient and operationally simple synthesis of tetrahydrofuran-derived spiro-β-lactams using the ketene–imine
cycloaddition route is described. Also the preparation of spiro-N-sulfonyl-β-lactam derivatives, which are analogs
of monobactams, is reported. As far as we know, this is the first time that an unsymmetrical cyclic ketene is used in
a Staudinger-type reaction. The experimental evidence suggests the involvement of a ketene derived from the acyl
chloride precursor in the reaction. High-level ab initio calculations have been performed in order to get insight into
the electronic effects controlling the stereochemical outcome of the reactions.

Introduction
The β-lactam ring is a very interesting backbone in organic
chemistry and is responsible for the antibacterial properties
of penicillins and cephalosporins.1 More specifically, spiro-β-
lactams are interesting compounds due to their antiviral 2a and
antibacterial properties.2b Recently, it has been shown that some
spiro-β-lactams also exhibit activity as cholesterol absorption
inhibitors (CAI),3 making them potentially useful compounds
not only for the development of drugs for the treatment of
patients with high levels of cholesterol, but also due to recent
evidence indicating that the activity of the enzymes responsible
of the cleavage of the amyloid precursor protein (a protein
thought to be involved in the pathogenesis of Alzheimer’s
disease) is coupled to cholesterol regulation.4

On the other hand, β-lactams have received wide use as
synthetic intermediates in organic synthesis (the β-Lactam
Synthon Method),5 thus providing a very useful route to a
number of α- and β-amino acid derivatives and peptides. In this
context, the 4-spiro-β-lactams can also be synthetic precursors
of α,α-disubstituted β-amino acids.

Several syntheses of spiro-β-lactams have been described in
the literature,6 but only in one case, was a cyclic ketene (2-carbon-
yl-1,3-dithiolane) employed in the ketene–imine cycloaddition.7

In this paper, we present the results obtained in the synthesis
of tetrahydrofuran-derived spiro-β-lactams 4 (5-oxa-2-azaspiro-
[3.4]octan-1-ones) and 5 (6-oxa-2-azaspiro[3.4]octan-1-ones)
(Scheme 1), using the Staudinger reaction.8 The synthesis
of spiro-analogs of monobactams is described and the results
of preliminary ab initio studies on the reaction mechanism of
cyclic ketenes are reported.

Results and discussion

(i) [2�2] Cycloaddition of imines 1 with 2- and 3-tetrahydro-
furoyl chlorides 2 and 3

The β-lactams 4 and 5 were prepared by reaction of either
2-tetrahydrofuroyl chloride 2 or 3-tetrahydrofuroyl chloride 3

† Electronic supplementary information (ESI) available: Spectral data
for compounds 4b–4m and 5b–5d and Cartesian coordinates and
energies (hartrees) of zwitterionic intermediates (IZ1, IZ2, IZ3, and
IZ4) and transition structures (TS1, TS2, TS3 and TS4). See http://
www.rsc.org/suppdata/p1/b1/b103279h/

with imines 1 (Scheme 1 and Table 1). The acid chloride was
added to a stirred, refluxing solution of the imine and triethyl-
amine in toluene. After refluxing of the solution overnight and
aqueous work-up, a mixture of cis- and trans-spiro-β-lactams
4 or 5 was obtained in good to moderate yields. When other
solvents such as dichloromethane and lower temperatures
were used, the starting materials were always recovered. The
β-lactams 4 and 5 are the expected products of the [2�2]
cycloaddition reaction of imines with the cyclic ketenes 6 and 7
(Fig. 1).

In all cases, the diastereomeric mixtures of spiro-β-lactams
4 and 5 were separated by column chromatography. The relative
configuration in the stereochemical centres of the azetidinone
ring was established by nuclear overhauser effect (NOE) differ-
ence NMR experiments. The cis/trans ratio and the chemical
yield are shown in Table 1. The N-unsubstituted azetidin-1-ones

Scheme 1 See Table 1 for R1 and R2.
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8 can be prepared by oxidative cleavage of the corresponding
N-p-methoxyphenyl derivatives, following a previously described
procedure (see Scheme 2 and Experimental section).9

When analysing the stereochemistry of the reactions of 2 or 3
with imines, it should be noted that the cis/trans ratio is strongly
influenced by two factors: the position of the oxygen on the acyl
chloride precursor and the electronic nature of the substituents
R1 and R2 on the imine. Thus, the reaction of 2-tetrahydro-
furoyl chloride with imines is more stereoselective than that of
3-tetrahydrofuroyl chloride, as can be seen from entries 4b and
5b in Table 1. On the other hand, the presence of an electron-
withdrawing group can decrease (entries 4c vs. 4i) or reverse
(entries 4c vs. 4j) the stereoselectivity of the reaction, while the
presence of electron-donating groups on the imine leads to an
increase in stereoselectivity.

Fig. 1 Unsymmetrical ketenes derived from 2- and 3-tetrahydrofuroyl
chlorides.

Scheme 2 Reagents and conditions: (i) CAN, CH3CN–water, 0 �C,
(ii) SO3–pyridine complex, pyridine, 90 �C, then HNBu4SO4.

Table 1

 R1 R2 cis : trans Ratio a Yield (%) b

4a p-CH3OC6H4 p-CH3OC6H4 15 : 1 76
4b C6H5 p-CH3OC6H4 12 : 1 75
4c C6H5 C6H5 6 : 1 49
4d 2-Furyl p-CH3OC6H4 8 : 1 64
4e 3-Pyridyl p-CH3OC6H4 4 : 1 63
4f C6H5CH��CH p-CH3OC6H4 5 : 1 56
4g C6H5 CH3 14 : 1 66
4h C6H5 C6H5CH2 5 : 1 77 c

4i C6H5 p-NO2C6H4 1 : 1 66
4j p-NO2C6H4 C6H5 1 : 4 58
4k p-NO2C6H4 CH3 1 : 2 71
4l p-NO2C6H4 p-NO2C6H4 1 : 5 52
4m p-NO2C6H4 p-CH3OC6H4 1 : 3 74
5a p-CH3OC6H4 p-CH3OC6H4 3 : 1 69
5b C6H5 p-CH3OC6H4 3 : 1 66
5c C6H5 C6H5 2 : 1 69
5d p-NO2C6H4 C6H5 1 : 2 68
a Determined by integration of the 1H NMR spectra of the crude
reaction mixture. b Refers to the mixture of the pure diastereomers,
after their isolation. c The reaction was carried out by adding NEt3

to the acyl chloride 2 in refluxing toluene, and after 10 minutes
N-benzylbenzaldimine was added. 

In addition to the electronic factors described above, steric
effects also play a role in the stereoselectivity, as can be seen
from the cis/trans ratio in the reaction of the 2-tetrahydrofuroyl
chloride 2 with N-benzyl- or N-methylbenzaldimine (entries 4g
vs. 4h).

(ii) Synthesis of spiro-N-sulfonyl-�-lactam derivatives 9

The monobactams are monocyclic β-lactams containing a
sulfamate group, produced by different types of bacteria (e.g.,
Chromobacterium) with the interesting feature of their utility in
the treatment of infectious diseases in patients allergic to peni-
cillins (Fig. 2).10 Synthetic analogs such as Aztreonam (Fig. 2)

are active against gram-negative bacteria and show a high
resistance to the degradative action of β-lactamases. Here we
report the synthesis of spiro-N-sulfonyl-β-lactams 9, which can
be viewed as analogs of monobactams. Compounds 9 (Scheme
2) were prepared by reaction of the N-unsubstituted spiro-β-
lactams 8 with the SO3–pyridine complex, and isolated as the
tetrabutylammonium salts.11

(iii) Reaction mechanism

In order to understand the factors controlling the stereochem-
ical outcome of the reaction, some experimental studies were
carried out. We have found that in the reaction involving
2-tetrahydrofuroyl chloride 2 with N-benzylbenzaldimine,
different products are obtained depending upon the order of
addition of the reagents. Thus, when the previously described
conditions for the synthesis of these β-lactams were employed,
the spiro-β-lactam 4h and another compound, 10, were
obtained in a 1 : 1 ratio (as can be determined by integration of
the 1H NMR signals of the crude reaction mixture) (Scheme 3).

The formation of compound 10 can be explained by assuming
the initial acylation of the imine to give an N-acyliminium
intermediate, which in turn undergoes a rearrangement by
internal nucleophilic attack of the tetrahydrofuran oxygen on
the iminiun carbon, followed by the chloride ring-opening to

Fig. 2

Scheme 3
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give 10 (Scheme 4). Alternatively, the β-lactam 4h is formed
from the competitive ketene–imine cycloaddition route.

This mechanistic proposal was tested as follows (Scheme 5):

when the cyclic ketene was generated in situ from the reaction
of a toluene solution of 2 with triethylamine and, after 10 min,
the N-benzylbenzaldimine was added, only the β-lactam 4h was
obtained. On the other hand, the reaction of N-benzylbenz-
aldimine with 2, in the absence of base, leads exclusively to
10, as a 95 : 5 mixture of diastereomers.12 The reaction of
3-tetrahydrofuroyl chloride 3, in the absence of base, does not
lead to the analog of 10 but to the hydrolysis products of the
imine. This result can be understood by taking into account
that the rearrangement of the N-acyliminium intermediate
derived from 3 is, for geometrical reasons, more difficult than in
the case of the reaction of 2.

According to these results, which are in good agreement with
previous findings of Duran and Ghosez,13 we can assume that
in the reaction of the acid chlorides 2 or 3 with imines, a true
cyclic ketene 6 or 7 (Fig. 1) is formed 14 by dehydrohalogen-
ation of the acid chloride, and then the [2�2] ketene–imine
cycloaddition takes place to give the β-lactam.

(iv) Ab initio calculations

The mechanism of the [2�2] ketene–aimine cycloaddition
reaction is still a subject of controversy. According to both
experimental 15 and theoretical studies,16 the ketene–imine cyclo-
addition is a stepwise reaction, in which a solvent-stabilized zwit-
terionic intermediate is formed. The conrotatory ring-closure of
this zwitterionic intermediate produces the β-lactam. However,
at present, an asynchronous concerted reaction pathway or a
diradical mechanism cannot be excluded for these reactions.17

According to previous theoretical studies,16c when an unsym-
metrical ketene reacts with imines the stereoselectivity will be
controlled, at least in part, by the torquoelectronic effect,

Scheme 4

Scheme 5

as happens for the thermal ring-opening of 3-substituted
cyclobutenes.18 In our case, the difference in stereoselectivity
between the reactions carried out using the 2- and 3-tetrahydro-
furoyl chloride could be explained by the fact that, in the ring
closure of the intermediate formed from the ketene 6, the
oxygen atom will have a strong electronic preference for the out-
ward closure (see Fig. 3). The preference of the oxygen atom for

the outward position in the transition state of the conrotatory
ring-closure of the zwitterionic intermediate has been reported
before,16c and is quite similar to the preference observed in the
ring-opening of the 3-substituted cyclobutenes.18b In the case of
the reaction of 3-tetrahydrofuroyl chloride, there is no import-
ant difference, from the electronic point of view, between the
inward and outward carbon atoms, so the stereoselectivity of
the ring-closure is expected to be significantly lower.

In order to test the influence of the torquoelectronic effect in
determining the stereoselectivity observed in the reactions of
the ketene 6, compared with the analogous reactions of 7, we
carried out preliminary theoretical studies. The potential-
energy surfaces corresponding to the model reaction of form-
aldimine with 2-carbonyltetrahydrofuran 6, or with 3-carbonyl-
tetrahydrofuran 7, were explored at the MP2/6-31�G* level of
theory.19 The stationary points corresponding to the inward and
outward reaction pathways were located. The reaction is pre-
dicted to take place through a two-step mechanism involving
the formation of a zwitterionic intermediate. In Fig. 4, the

geometries corresponding to the zwitterionic intermediates
(IZ1 to IZ4) are shown. The transition structures (TS1 to

Fig. 3 Definition of inward and outward positions in the conrotatory
ring-closure transition state of the zwitterionic intermediate.

Fig. 4 Selected bond-lengths (Å) and angles (�) of the MP2/6-31�G*-
optimized zwitterionic intermediates of the Staudinger reaction of 6
(IZ1 and IZ2) or 7 (IZ3 and IZ4) with formaldimine. The relative
energies are in kcal mol�1.
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TS4) for the ring-closure of the zwitterionic intermediates are
presented in Fig. 5.

As can be seen in Fig. 5, in the case of the 2-carbonyl-
tetrahydrofuran 6, the transition structure having the oxygen
atom rotating inward (TS1) is 2.1 kcal mol�1 ‡ less stable than
the transition structure in which the oxygen is placed outward
(TS2). Assuming that the configuration of the imine (the imines
are present only as the E-isomer, as explained below) does not
change during the reaction, the outward transition structure
TS2 will lead to the cis-β-lactams. On the other hand, in the
reaction of 3-carbonyltetrahydrofuran 7, the difference in
energy between the inward (TS3) and outward (TS4) transition
structures was found to be significantly smaller (0.2 kcal mol�1).
This result is in good agreement with the experimental results:
the reactions of 3-tetrahydrofuroyl chloride 3 show less stereo-
selectivity than the corresponding reactions of 2-tetrahydro-
furoyl chloride 2 (see, for example, entries 4b and 5b in Table 1).

In addition to the torquoelectronic effect, it is evident from
an analysis of the results shown in Table 1 that other electronic
effects (e.g., the electronic nature of the substituents of the
imines) are also important in determining the stereochemistry
of these reactions. In this regard, we have to take into account
the configurational purity of the starting imines, because this
could determine, at least in some cases, the final stereo-
chemistry. However, our analysis of the NMR spectra of the
imines shows that these compounds are obtained exclusively as
the E isomer, in good agreement with previous studies.21 The
decrease or reversal of the reaction stereoselectivity when using
imines bearing strongly electron-withdrawing groups could be
due to a change in the reaction mechanism, from the stepwise
process, involving a zwitterionic intermediate, to a concerted
and probably asynchronous reaction. The reduced nucleo-
philicity of the imines may cause the reaction to take place
through a concerted [2�2] cycloaddition rather than through
a reaction pathway involving an initial attack of the imine lone
pair on the ketene.22

Conclusions

We have developed a simple method for the synthesis of spiro-
β-lactams, which are now being studied as precursors of modi-
fied β-amino acids and β-peptides. These spiro compounds can

Fig. 5 Selected bond-lengths (Å) and angles (�) of the MP2/6-31�G*-
optimized transition structures for the conrotatory ring-closure of the
zwitterionic intermediates of the Staudinger reaction of 6 (TS1 and
TS2) or 7 (TS3 and TS4) with formaldimine. D is the dihedral angle
around the forming ring. The energies of the transition structures,
relative to the lowest zwitterionic intermediate, are in kcal mol�1.

‡ 1 cal = 4.184 J.

be also employed in the synthesis of monobactam analogs. In
addition, the results presented here raise interesting points
about the mechanism of the [2�2] ketene–imine cycloaddition
and the factors controlling the stereochemistry of the products.
According to preliminary ab initio calculations, the torquoelec-
tronic effect is an important factor in determining the stereo-
chemistry of the [2�2] cycloadditions of unsymmetrical
ketenes with imines, but, as the experimental data show, steric
and other electronic effects are important in determining the
reaction stereoselectivity.

Experimental

Reagents

Toluene was dried by distillation from sodium–benzophenone.
Dichloromethane (DCM) was refluxed over phosphorus penta-
oxide and distilled immediately prior to use. Chromato-
graphic purifications were performed on silica gel (230–400
mesh) by flash technique. Analytical TLC plates (covered with
silica gel 60 F254) were viewed by UV light or developed by
heating after treatment with an acidic solution of Ce() and
Mo(). 1H and 13C NMR spectra were recorded on a Bruker
AC-300 or DPX-300 spectrometer. Chemical shifts (8) refer to
tetramethylsilane (TMS) in 1H experiments and to deuterated
solvent in 13C experiments. IR analyses were performed on a
Mattson 3000 FTIR spectrometer. Elemental analyses were
obtained on a Perkin-Elmer 240-B analyser. Standard bench-
top techniques were employed for handling air-sensitive
reagents. The imines 1 were prepared according to the pro-
cedure published by Westheimer 23 and were used without
further purification.

Preparation of 2-tetrahydrofuroyl chloride 2 and 3-tetrahydro-
furoyl chloride 3

To a stirred solution of 2- or 3-tetrahydrofuroic acid (2.0 g,
17.24 mmol) in 25 mL of CH2Cl2 at room temperature
was added dropwise a solution of oxalyl dichloride (4.5 mL,
51.57 mmol) in 10 mL of dry CH2Cl2. When the addition was
finished, two drops of dry DMF were added, and the reaction
mixture was stirred overnight at room temperature. Solvent and
excess of oxalyl dichloride were removed in vacuo, and dis-
tillation under reduced pressure afforded the desired acid
chlorides (2-tetrahydrofuroyl choride 2, bp 39 �C at 1 Torr;
3-tetrahydrofuroyl chloride 3, bp 36 �C at 1 Torr).

General procedure for the preparation of spiro-�-lactams 4 and 5

To a solution of the appropriate imine 1 (2 mmol) and dry Et3N
(0.41 mL, 3 mmol) in refluxing toluene (15 mL) was added
dropwise a solution of the corresponding tetrahydrofuroyl
chloride 2 or 3, (0.269 g, 2 mmol) in toluene (5 mL) (a white
precipitate of triethylammonium chloride was formed as soon
as the addition was started). The reaction mixture was refluxed
overnight, cooled to room temperature, and diluted with
CH2Cl2 (30 mL). The resultant solution was washed succes-
sively with 5% aq. sodium bicarbonate (20 mL) and brine
(20 mL). The organic layer was dried (Na2SO4), and concen-
trated in vacuo. Flash chromatography of the crude reaction
mixtures over silica gel (EtOAc–hexanes) afforded the final
spiro-β-lactams 4 and 5.

2,3-Bis(4-methoxyphenyl)-5-oxa-2-azaspiro[3.4]octan-1-one
4a. Prepared according to the general procedure described
above, to afford after flash chromatography (25% EtOAc–
hexanes) compound 4a (487 mg of the cis diastereomer and
30 mg of the trans diastereomer, 76% overall yield) as a white
solid cis: mp 147 �C; νmax/cm�1 1734 (β-lactam C��O); 1H NMR
(300 MHz; CDCl3) δH 7.28 (d, J = 8.7 Hz, 2H), 7.22 (d, J =
8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 6.77 (d, J = 8.7 Hz, 2H),
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4.88 (s, 1H), 3.91–3.84 (m, 1H), 3.80 (s, 3H), 3.73 (s, 3H), 3.59–
3.51 (m, 1H), 2.44 (m, 1H), 2.33 (m, 1H), 2.05–1.90 (m, 2H); 13C
NMR (75 MHz, CDCl3) δC 167.0, 159.3, 155.9, 130.6, 128.3,
126.3, 118.6, 114.0, 113.7, 92.6, 69.6, 69.2, 55.1, 54.9, 32.0, 25.1
(Calc. for C20H21NO4: C, 70.78; H, 6.24. Found: C, 70.54; H,
6.28%).

2,3-Bis(4-methoxyphenyl)-6-oxa-2-azaspiro[3.4]octan-1-one
5a. Prepared according to the general procedure described
above, to afford after flash chromatography (25% EtOAc–
hexanes) compound 5a (360 mg of the cis diastereomer and
122 mg of the trans diastereomer, 69% overall yield) as a white
solid cis: mp 147 �C; νmax/cm�1 1742 (β-lactam C��O); 1H NMR
(300 MHz; CDCl3) δH 7.24 (d, J = 8.7 Hz, 2H), 7.12 (d, J =
8.7 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 6.78 (d, J = 9.1 Hz, 2H),
4.97 (s, 1H), 3.92 (m, 2H), 3.79 (d, J = 9.6 Hz, 1H), 3.79 (s, 3H),
3.74 (s, 3H), 3.37 (d, J = 9.6 Hz, 1H), 2.58 (m, 1H), 2.40
(m, 1H); 13C NMR (75 MHz; CDCl3) δC 167.6, 159.6, 155.8,
130.8, 127.6, 126.6, 118.4, 114.4, 114.1, 68.2, 68.0, 66.6, 55.3,
55.2, 34.6 (Calc. for C20H21NO4: C, 70.78; H, 6.24. Found:
C, 71.06; H, 6.35%). trans: mp 142 �C; νmax/cm�1 1744 (β-lactam
C��O); 1H NMR (300 MHz; CDCl3) δH 7.25 (d, J = 9.7 Hz, 2H),
7.16 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 6.79 (d, J =
8.7 Hz, 2H), 4.97 (s, 1H), 4.27 (d, J = 9.2 Hz, 1H), 4.13 (d,
J = 9.2 Hz, 1H), 3.80 (s, 3H), 3.77 (m, 1H), 3.74 (s, 3H), 3.59
(m, 1H), 2.11 (m, 1H), 1.54 (m 1H); 13C NMR (75 MHz;
CDCl3) δC 167.2, 159.5, 155.8, 130.8, 127.9, 126.8, 118.4,
114.3, 114.1, 73.2, 68.2, 66.2, 65.8, 55.3, 55.1, 29.0 (Calc. for
C20H21NO4: C, 70.78; H, 6.24. Found: C, 70.98; H, 6.39%).

Synthesis of the N-unsubstituted spiro-�-lactams 8

The N-unsubstituted β-lactams 8a–c were prepared according
to the published procedure,9 employing 1 mmol of the spiro-
β-lactam 4 or 5.

3-Phenyl-5-oxa-2-azaspiro[3.4]octan-1-one 8a. Prepared from
4b cis according to the published procedure to afford, after
flash chromatography (50% AcOEt–hexanes), compound 8a
(167 mg, 82%); νmax/cm�1 1750 (β-lactam C��O); 1H NMR
(300 MHz; CDCl3) δH 7.38–7.25 (m, 5H), 6.81 (br s, 1H), 4.61
(s, 1H), 3.82 (m, 1H), 3.56 (m, 1H), 2.49–2.23 (m, 2H), 1.81–
2.09 (m, 2H); 13C NMR (75 MHz; CDCl3) δC 171.6, 136.7,
128.2, 127.9, 126.8, 94.6, 69.7, 65.8, 32.1, 25.1 (Calc. for
C12H13NO2: C, 70.92; H, 6.45. Found: C, 70.77; H, 6.25%).

3-Styryl-5-oxa-2-azaspiro[3.4]octan-1-one 8b. Prepared from
4f cis according to the published procedure to afford, after flash
chromatography (50% AcOEt–hexanes), compound 8b (96 mg,
42%); νmax/cm�1 1746 (β-lactam C��O); 1H NMR (300 MHz;
CDCl3) δH 7.41–7.28 (m, 5H), 6.59 (d, J = 15.9 Hz, 1H), 6.45
(br s, 1H), 6.34 (dd, J = 15.9 Hz, J = 8.2 Hz, 1H), 4.15 (d, J =
8.2 Hz, 1H), 3.90 (m, 2H), 2.34 (m, 1H), 2.22–1.84 (m, 3H); 13C
NMR (75 MHz; CDCl3) δC 171.2, 136.6, 134.0, 128.5, 126.5,
126.0, 94.5, 69.9, 64.5, 31.7, 25.1 (Calc. for C14H15NO2: C,
73.34; H, 6.59. Found: C, 73.57; H, 6.75%).

3-Phenyl-6-oxa-2-azaspiro[3.4]octan-1-one 8c. Prepared from
5b cis according to the published procedure to afford, after
flash chromatography (50% AcOEt–hexanes), compound 8c
(188 mg, 93%), νmax/cm�1 1742 (β-lactam C��O); 1H NMR
(300 MHz; CDCl3) δH 7.40–7.13 (m, 5H), 7.12 (br s, 1H), 4.57
(s, 1H), 3.82 (m, 2H), 3.62 (d, J = 9.7 Hz, 1H), 3.21 (d, J =
9.7 Hz, 1H), 2.53–2.26 (m, 2H); 13C NMR (75 MHz; CDCl3)
δC 172.0, 136.8, 128.6, 128.0, 125.8, 68.3, 67.7, 66.2, 63.0, 33.9
(Calc. for C12H13NO2: C, 70.92; H, 6.45. Found: C, 70.67;
H, 6.25%).

Synthesis of the sulfamate tetrabutylammonium salts 9

These compounds were prepared according to the published

procedure,11 employing 0.3 mmol of the corresponding N-
unsubstituted β-lactam 8.

Tetrabutylammonium 1-oxo-3-phenyl-5-oxa-2-azaspiro[3.4]-
octane-2-sulfonate 9a. Prepared from 8a according to the pub-
lished procedure to afford 9a (120 mg, 76%) as a colorless oil,
νmax/cm�1 1769 (β-lactam C��O); 1H NMR (300 MHz; CDCl3)
δH 7.38–7.16 (m, 5H), 4.87 (s, 1H), 3.71 (m, 1H), 3.43 (m, 1H),
3.08 (m, 8H), 2.26 (m, 2H), 1.95–1.79 (m, 2H), 1.48 (m, 8H),
1.27 (m, 8H), 0.89 (t, J = 7.4 Hz, 12H); 13C NMR (75 MHz;
CDCl3) δC 167.3, 136.4, 127.5, 127.0, 91.9, 70.9, 69.5, 57.9, 32.2,
24.8, 23.4, 19.2, 13.3 (Calc. for C28H48N2O5S: C, 64.09; H, 9.22.
Found: C, 64.37; H, 9.45%).

Tetrabutylammonium 1-oxo-3-styryl-5-oxa-2-azaspiro[3.4]-
octane-2-sulfonate 9b. Prepared from 8b according to the pub-
lished procedure to afford 9b (136 mg, 82%) as a pale yellow oil,
νmax/cm�1 1773 (β-lactam C��O); 1H NMR (300 MHz; CDCl3)
δH 7.33–7.11 (m, 5H), 6.61 (d, J = 15.9 Hz, 1H), 6.30 (dd, J =
15.9 Hz, J = 8.2 Hz, 1H), 4.37 (d, J = 8.2 Hz, 1H), 3.91–3.68
(m, 2H), 3.12 (m, 8H), 2.29–2.05 (m, 2H), 1.98–1.71 (m, 2H),
1.48 (m, 8H), 1.27 (m, 8H), 0.88 (t, J = 7 Hz, 12H); 13C NMR
(75 MHz; CDCl3) δC 166.5, 136.4, 133.4, 128.0, 127.3, 126.3,
125.9, 91.7, 69.5, 69.1, 57.9, 31.6, 24.8, 23.4, 19.2, 13.3 (Calc.
for C30H50N2O5S: C, 64.42; H, 9.15. Found: C, 65.0; H, 9.32%).

Tetrabutylammonium 1-oxo-3-phenyl-6-oxa-2-azaspiro[3.4]-
octane-2-sulfonate 9c. Prepared from 8c according to the pub-
lished procedure to afford 9c (133 mg, 85%) as a colorless oil,
νmax/cm�1 1763 (β-lactam C��O); 1H NMR (300 MHz; CDCl3)
δH 7.29–7.11 (m, 5H), 4.91 (s, 1H), 3.70 (m, 2H), 3.46 (d,
J = 9.5 Hz, 1H), 3.01 (m, 9H), 2.41–2.16 (m, 2H), 1.42 (m, 8H),
1.22 (m, 8H), 0.83 (t, J = 7 Hz, 12H); 13C NMR (75 MHz;
CDCl3) δC 168.1, 148.7, 136.4, 136.1, 127.9, 127.1, 126.1, 123.5,
68.1, 67.6, 67.5, 63.3, 57.8, 33.9, 23.2, 19.0, 13.1 (Calc. for
C28H48N2O5S: C, 64.09; H, 9.22. Found: C, 64.29; H, 9.42%).

3-Benzyl-5-(3-chloropropyl)-2-phenyloxazolidin-4-one 10

To a stirred solution of N-benzylbenzaldimine (0.39 g, 2 mmol)
in refluxing toluene (10 mL) was added dropwise a toluene
solution of 2-tetrahydrofuryl chloride 2 (0.269 g, 2 mmol). The
reaction mixture was refluxed overnight, cooled to room
temperature, and diluted with CH2Cl2 (20 mL). The resultant
solution was washed with brine (2 × 25 mL). The organic layer
was dried over sodium sulfate and concentrated in vacuo. Flash
chromatography (25% EtOAc–hexanes) afforded compound 10
(0.45 g, 77%) as white solid, mp 57 �C; νmax/cm�1 1698 (amide
C��O); 1H NMR (300 MHz; CDCl3) δH 7.41–7.09 (m, 10H), 5.72
(d, J = 2.1 Hz, 1H), 5.05 (d, J = 14.8 Hz, 1H), 4.66 (m, 1H), 3.58
(m, 2H), 3.50 (d, J = 14.8, 1H), 2.1–1.8 (m, 4H); 13C NMR
(75 MHz; CDCl3) δC 170.8, 136.4, 134.9, 130.0, 128.8, 128.6,
128.0, 127.8, 127.0, 90.8, 77.0, 44.3, 43.5, 29.7, 27.9; MS (EI)
328 (M � H�) (Calc. for C19H20ClNO2: C, 69.19; H, 6.11.
Found: C, 68.97; H, 6.24%).
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