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Resolution of 4-oxoazetidin-2-yl benzoate by
inclusion crystallization with an optically active host compound
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Abstract—4-Oxoazetidin-2-yl benzoate was resolved efficiently by an inclusion complexation with a chiral host compound, (R,R)-(�)-
trans-4,5-bis(hydroxydiphenylmethyl)-1,4-dioxaspiro[4.5]decane. The phenyl substituent on the b-lactam ring was found to play an
important role in an efficient chiral recognition in the inclusion crystals.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Optically active b-lactams have attracted much attention
in the recent years, since the b-lactam functionality is a
key structural element in many biological compounds, such
as penicillins, cephalosporins, and carbapenems. 4-Oxoaze-
tidine-2-yl benzoate is an important synthon for some anti-
bacterial compounds.1
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However, the preparation of optically active b-lactams is not
easy, although some enzymatic enantioselective reactions
have been reported.2 Herein, we report the efficient resolu-
tion of b-lactams 2 and 4 by inclusion crystallization with
an optically active host compound 13 derived from tartaric
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acid. The X-ray crystal structure of the 1:1 inclusion com-
plex of (R,R)-(�)-1 and (S)-(�)-2 is also discussed.
2. Results and discussion

A solution of (R,R)-(�)-1 (0.51 g, 1.0 mmol) and (±)-2
(0.38 g, 2.0 mmol) in CH2Cl2–hexane (1:1, 20 ml) was kept
at room temperature for several days, during which time
colorless prisms of the 1:1 inclusion complex of (R,R)-
(�)-1 with (S)-(�)-2 (0.56 g) and colorless needles of (R)-
(+)-2 (0.17 g, 90% yield, 93% ee) were formed. From the
1:1 inclusion complex of (R,R)-(�)-1 with (S)-(�)-2, (S)-
(�)-2 was obtained in 98% ee and 74% yield by silica gel
column chromatographic separation. The enantiomeric
excess was determined by means of a HPLC column
(Chiralpak AS). In the infrared spectrum of the 1:1 inclu-
sion complex of (R,R)-(�)-1 with (S)-(�)-2, the mOH peak
appeared at 3137 cm�1 relative to 3530 and 3340 cm�1 in
the free host molecule. The mC@O peak of (±)-2 appearing
at 1788 cm�1 in the free guest was also shifted to lower fre-
quency and split into two peaks at 1762 and 1727 cm�1. In
contrast, when a solution of (R,R)-(�)-1 (1.0 g, 2.0 mmol)
and (±)-3 (0.40 g, 3.0 mmol) in toluene–hexane (3:1,
15 ml) was kept at room temperature for several days, a
2:1 inclusion complex of (R,R)-(�)-1 and 3 was obtained
as colorless prisms (0.75 g), which upon heating at 200 �C
in vacuo afforded (�)-3 in only 8% ee. These data suggested
that the phenyl substituent of the b-lactam plays an impor-
tant role in chiral recognition in inclusion crystals. We next
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examined the resolution of 4-phenylazetidin-2-one 3, in
which the phenyl group is directly linked to the b-lactam
ring. When a solution of (R,R)-(�)-1 (1.0 g, 2.0 mmol)
and (±)-4 (0.30 g, 2.0 mmol) in n-butylether–hexane (5:1,
30 ml) was kept at room temperature for several days, a
mixture of the 1:1 inclusion complex of (R,R)-(�)-1 and
(�)-4 (colorless prisms, 0.39 g, 60% yield, 47% ee) and
the 2:1:1 complex of (R,R)-(�)-1, (�)-4, and n-butylether
(colorless needles, 0.18 g, 16% yield, 60% ee) was obtained.
These two inclusion crystals were separated by manual
sorting and were recrystallized from n-butylether to afford
the 2:1:1 complex of (R,R)-(�)-1, (�)-4, and n-butylether in
80% ee and 96% ee, respectively (Table 1).
Table 1. Resolution of b-lactams 2–4 by inclusion complexation with
optically active host 1

b-Lactam h:g ratioa Mp (�C) eeb (%)

2 1:1 153–155 98
3 2:1 197–198 8
4 2:1:1 (n-Bu2O) 197 (dec) 60

1:1 122–125 47

a Host–guest ratio was determined by 1H NMR.
b Enantiomeric excess was determined by HPLC.

Figure 1. ORTEP figure of the asymmetric unit in (R,R)-(�)-1Æ(S)-(�)-2.
Thermal ellipsoids are drawn at the 50% probability level.

Table 2. Crystallographic data for (R,R)-(�)-1Æ(S)-(�)-2

Formula C34H34O4ÆC10H9NO3

Formula weight 697.79
Crystal system Orthorhombic
Space group P212121

a (Å) 12.4477(2)
b (Å) 13.1325(2)
c (Å) 22.3530(3)
V (Å3) 3654.03(9)
Z 4
k (Å) 0.71073 (MoKa)
Reflections with I > 2r(I) 5695
R1 0.0345
wR2 0.0708
Goodness of fit 1.049
Flack parameter �0.2(6)

Table 3. Principal hydrogen bonds in (R,R)-(�)-1Æ(S)-(�)-2

D–H� � �A H� � �A (Å) D� � �A (Å) D–H� � �A (�)

O1–H1� � �O26 1.834(1) 2.665(2) 170.0(1)
N49–H49� � �O1 2.022(1) 2.847(2) 155.8(1)
O26–H26� � �O52i 1.839(1) 2.659(2) 164.9(1)

Symmetry codes: (i) 1 � x, �1/2 + y, 1/2 � z.
2.1. X-ray analysis

The asymmetric unit of the 1:1 inclusion complex between
host molecule (R,R)-(�)-1 and (S)-(�)-2 is shown in Figure
1. Table 2 lists the crystal data, data-collection, and refine-
ment parameters. In the host molecule, the five-membered
ring adopts an envelope conformation (flap at C15) result-
ing in a dihedral angle C2–C15–C16–C25 of �91.0(2)�, the
negative value being consistent with the stated chiralities
(R) at the C15 and C16 centers. A strong O1–H� � �O26
intramolecular hydrogen bond (Table 3) stabilizes the
molecular conformation. The same hydrogen bond was
invariably observed in inclusion complexes of this host.4

The orientations of the four host phenyl groups are deter-
mined by intramolecular C–H� � �O hydrogen bonds, one
for each ring, and each involving one of the four host
oxygen atoms as an acceptor. Thus, as regards possible
interaction with guest molecules, the fairly rigid host
molecule presents a hydrogen bond acceptor (O1) and a
donor (O26). Figure 1 shows only the H-bonds in the
asymmetric unit. The complete arrangement in the crystal
is described below.

The absolute configuration of guest atom C48 (S) was
established from the known chirality of the host used in
crystal preparation, while the Flack parameter (Table 2)
is consistent with this assignment. The four atoms
comprising the b-lactam ring display small deviations
(0.013(2)–0.016(1) Å) from their least-squares plane and
the conformation of the guest molecule is defined by the
dihedral angles N49–C48–O47–C45 �76.3(2)�, C48–O47–
C45–C39 �177.9(1)�, and O47–C45–C39–C34 171.7(1)�,
the last indicating that the phenyl ring is twisted by �8�
with respect to the –CO2-residue.

As inferred from IR data, there is extensive hydrogen
bonding in the crystal of (R,R)-(�)-1Æ(S)-(�)-2. The N–H
and C@O groups of the b-lactam ring, respectively, act as
donor and acceptor in hydrogen bonds with the –OH
functions of two 21-related host molecules (Table 3) giving
rise to infinite spirals of hydrogen bonded host and guest
molecules parallel to the crystal b-axis (Fig. 2).
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Given the experimental observation that the presence of a
phenyl group in the b-lactam seems to be important for chi-
ral discrimination by the host, a detailed examination of
the interactions involving the phenyl group of the guest
(S)-(�)-2 in the inclusion crystal above was performed.
This phenyl residue is surrounded primarily by host phenyl
and cyclohexyl residues. A search for intermolecular
C–H� � �O/C–H� � �N, p–p, and X–H� � �p interactions
revealed no such hydrogen bonds, no p–p interactions with
ring centroids (Cg) separated by less than 4.5 Å, and only
two C–H� � �p interactions involving the guest phenyl
group, with C–H� � �Cg 2.68 (guest as donor) and 3.00 Å
(guest as acceptor). It is also noteworthy that the H atom
attached to the stereogenic carbon C(48) does not likewise
engage in any significant intermolecular interactions. Thus,
it must be concluded that while host–guest molecular rec-
ognition is driven by strong hydrogen bond formation
(N–H� � �O, O–H� � �O), enantioselectivity in this case is
based primarily on shape selection, inclusion of the (S)-
(�)-2 guest exclusively by host (R,R)-(�)-1 molecules
resulting in a close-packed crystal.
Figure 2. Stereoview of the spiral hydrogen bonding motif in (R,R)-(�)-
1Æ(S)-(�)-2.
3. Experimental

Melting points were measured by Stanford Research
Systems MPA-100. 1H NMR spectra were obtained with a
JEOL EX-270. IR spectra were recorded on a JASCO FT/
IR 4100 spectrometer. Optical rotations were measured on
a ATAGO AP-100 polarimeter and enantiomeric excesses
were determined by HPLC on Chiralpak AS (Daisel).

3.1. Resolution of 4-oxoazetidin-2-yl benzoate 2 by inclusion
complexation with (R,R)-(�)-trans-4,5-bis(hydroxy-
diphenylmethyl)-1,4-dioxaspiro[4.5]decane 1

When a solution of (R,R)-(�)-1 (0.51 g, 1.0 mmol) and (±)-2
(0.38 g, 2.0 mmol) in CH2Cl2–hexane (1:1, 20 ml) was kept
at room temperature for several days, a mixture of color-
less prisms of the 1:1 inclusion complex of (R,R)-(�)-1 with
(S)-(�)-2 (0.56 g, mp 150–154 �C) and colorless needles of
(R)-(+)-2 (0.17 g, 90% yield, 98% ee) were formed. These
two crystals were separated by manual sorting and were
analyzed by 1H NMR spectra to determine the host–guest
ratios. From the 1:1 inclusion complex of (R,R)-(�)-1
with (S)-(�)-2, (S)-(�)-2 (0.14 g, 74% yield, 98% ee) was
obtained by silica gel column chromatographic separation.
The enantiomeric excess was determined by HPLC analysis
with Chiralpak AS (Daicel Chemical Industries, Ltd.); elu-
ent, hexane/EtOH = 80/20; flow rate, 1.0 ml/min; detec-
tion, UV 254 nm; retention time, 13 min (S-enantiomer)
and 17 min (R-enantiomer).

3.2. X-ray diffraction

Preliminary unit cell determination indicated the ortho-
rhombic system and from the systematic absences, the
space group P212121 was deduced. Crystal intensity data
were collected on a Nonius Kappa CCD diffractometer
using MoKa radiation and /- and x-scans of 1.0� and
1.5�, respectively, using the strategy recommended by the
program COLLECTCOLLECT.5 A single crystal of equant shape
(0.30 · 0.25 · 0.25 mm) was prepared, coated in Paratone
N oil (Exxon) and cooled in a stream of nitrogen vapor
to 113 K. Unit cell dimensions before and after cooling
were comparable, indicating that no phase change occurred
when altering the crystal temperature. The program DEN-DEN-

ZOZO-SMN-SMN
6 was used for unit cell refinement and data reduc-

tion. The structure was solved by direct methods using the
program SHELXSSHELXS867 and refined by full-matrix least-
squares against F2 with the program SHELXSHELX-97.8 Molecular
parameters were calculated with PLATONPLATON.9 The programs
ORTEPORTEP

10 and WebLab ViewerPro 3.711 were used for illus-
trations. Crystal data for the structure have been deposited
with the Cambridge Crystallographic Data Centre (Depo-
sition Number 606025).
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