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ABSTRACT

On photooxygenation of the optically active Z/E enecarba-
mates 1 (X 5 i-Pr) and 2 (X 5 Me) equipped with the
oxazolidinone chiral auxiliary in methylene-blue (MB)-
incorporated, alkali-metal (M 5 Li, Na, K, Cs, Rb), exchanged
Y-type zeolites (MY-MB), oxidative cleavage of the alkenyl
functionality releases the enantiomerically enriched methyl-
desoxybenzoin (MDB) product. The extent (%ee) and/or the
sense (R or S) of the stereoselectivity in the formation of the
MDB product depends on the choice of the alkyl substiuent (i-
Pr or Me) at the C-4 position of the oxazolidinone chiral
auxiliary, the Z/E configuration of the alkene functionality in
the enecarbamates, and the type of alkali metal in the zeolite.
Most significantly—the highlight of this study—is the reversed
sense (R or S) in the stereoselection when the photooxygena-
tion is run in CDCl3 solution versus inside the MY-MB zeolite.
As a mechanistic rationale for this novel stereochemical
behavior, we propose the combined action of spatial confine-
ment and metal-ion coordination (assessed by density-
functional calculations) of the substrate within the zeolite
supercage, both of which greatly reduce the freedom of the
substrate and entropically manipulate the stereochemical
outcome.

INTRODUCTION

The achievement of high enantioselectivity in photochemical

reactions (1–4) has fascinated photochemists for decades (5–7). For

effective asymmetric induction, the spatial requirements of the

excited states or reactive intermediates (or both) must be

manipulated within their short lifetimes to imprint stereocontrol

in the product. For this purpose, chirally modified zeolites have

been shown to be beneficial in achieving high stereoselectivity in

photoreactions (3,8,9). In the present work we utilize the spatial

confinement offered by the dye-exchanged Y zeolites to impose

stereocontrol in the photooxidative cleavage of enecarbamates

equipped with the oxazolidinone chiral auxiliary for asymmetric

induction in the resulting product (10–12).

Faujasite-type Y zeolites have the composition M56 (AlO2)56

(SiO2)136 253H2O of the unit cell, for which M is a monovalent

metal ion (13–15). The cage structure is constructed of openings

containing 4- and 6-membered rings of [SiO4]4� and [AlO4]5�

polyhedra, the so-called sodalite cages. While these sodalite cages

are too small to accommodate organic molecules, they tetrahedrally

arrange to form a three-dimensional network of larger void spaces,

which are known as the supercages (see Fig. 1).

Typically there are eight supercages per unit cell in the case of

Faujasite-type Y zeolite, with a void space of ;14 Å in diameter.

This supcercage is interconnected to four other supercages by

tetrahedrally disposed 12-membered-ring windows of ;8 Å in

diameter (see Fig. 1) to form a three-dimensional network. An

organic guest molecule may diffuse into the supercage through the

channels and cages by way of the 12-membered-ring windows.

One of the main features of Faujasite-type Y zeolites is the

charge-compensating alkali/alkaline-earth metal ions (16) that

occupy the three types of positions I, II and III (NaY with an

Si/Al ratio of 2.4 has 55 metal ions per unit cell) (13–18). Type I

metal ions are generally too deeply buried within the sodalite cages

to interact with the caged guest molecule; thus, only Type II and

Type III metal ions are readily accessible. The metal ions are

hydrated under ambient condition and the water molecules are

generally located in the cages, cavities and channels of the zeolites.

When the water is removed at elevated temperature, organic guest
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molecules may be caged within these voids and the metal ions

abandon their original position to bind with the organic occupant

(17–23). The binding interaction depends on the charge density of

the metal ion (i.e. the higher its charge density, the stronger the

binding). Furthermore, these metal ions may be readily exchanged

for cationic organic dyes such as methylene blue (MB) (24). The

latter is an efficient singlet-oxygen sensitizer and, expectedly,

MB-exchanged alkali-meta-ion-exchanged Faujasite-type Y-zeo-

lites (MY) (MY-MB) (24) have been employed effectively in the

photooxygenation of alkenes within the confined space of the

zeolite (25–30), as shall be demonstrated in this article.

The alkenes, which have been photooxygenated with singlet

oxygen (31–34) herein are the chiral oxazolidinone-substituted

enecarbamates (10–12,35,36) in Fig. 2. These constitute versatile

and informative substrates for the study of conformational,

electronic, stereoelectronic and steric effects on the stereoselectiv-

ity in the oxidation of the alkene functionality (10–12,35,36). For

example, an enantiomeric excess (ee) as high as 97% has been

achieved in the methyldesoxybenzoin (MDB) product during the

photooxygenation of the E(R)-1 enecarbamate in methanol-d4

at �708C (36). This photooxidation in solution was shown to

depend on the configuration of the double bond; the E isomer gave

consistently a higher stereoselectivity than the corresponding Z
isomer. Even at very low temperatures, only a modest enantiose-

lectivity (about 25%) was obtained in the MDB product for the

readily synthesized Z isomer (10–12). To ascertain asymmetric

induction for the Z isomer, we turned to the Y zeolites (35), which

are known to enhance the efficacy of enantiocontrol by the chiral

auxiliary in photoreactions through the spatial confinement

imposed in the zeolite supercage (8,37,38).

To take advantage of such zeolite chemistry in facilitating

asymmetric induction, the photooxygenation of the oxazolidinone-

functionalized E and Z enecarbamates (50:50 diastereomeric mixtures

of the R/S isomers at the C-39 position in the alkene moiety were used)

shown in Fig. 2 have been investigated in this work. MB-exchanged

Y zeolites (MY-MB) prepared by cation exchange (25,39) were

utilized for the photooxidative cleavage of the alkenyl functionality in

these chiral enecarbamates, to produce the enantiomerically enriched

MDB (35). No enantiocontrol would afford a racemic MDB, whereas

perfect enantiocontrol would generate one of its enantiomers

exclusively. The extent and the sense in the enantioselectivity was

to be probed by varying the alkyl substituent (see Fig. 2) and the

configuration at the C-4 position of the oxazolidinone chiral auxiliary,

Figure 1. Architecture of Faujasite
Y-zeolite, location of the cations and
the size of the cavity and the window.

Figure 2. Oxazolidinone-functionalized E and Z enecarbamates employed
in this study.
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by examining the influence of the E/Z geometry of the alkene

functionality, and by changing the type of alkali metal ion in the

MB-exchanged MY-MB zeolite; the zeolite data were to be compared

with the photooxygenation in CDCl3 solution.

The results of this extensive investigation are reported herewith.

Evidently, the spatial confinement offered by zeolites constitutes

a promising stereochemical methodology to effect the enantiose-

lective photooxidative cleavage of chiral alkenes.

MATERIALS AND METHODS

Materials. Zeolite Y (NaY; CBV-100) from Zeolyst (Valley Forge, PA)
was used as purchased. All solvents (Aldrich, St. Louis, MO; Fisher,
Fairlawn, NJ; Acros Organics, Geel, Belgium) were used as purchased.
Deuterated solvents were acquired from Cambridge Isotope Labs and used
as received.

General procedure for synthesis of the E enecarbamates. A 0.15 mmol
sample of the Z enecarbamate (;50:50 epimeric mixture; see Fig. 2) was
dissolved in 20 mL of CH2Cl2 and placed into a quartz test tube, fitted with
a septum, gas delivery needle and vent needle (10–12,35,36). The solution
was purged for 20 min with dry N2 gas and then irradiated at 254 nm in
a Rayonet photochemical (Hamden, CT) reactor for 20–30 min under
a positive N2 pressure. Gas chromatography (GC) analysis of the
photolysate showed that the photostationary state (Z:E 5 52:48) was
reached after 20 min. The solvent was removed at ;258C and 0.5 torr on
a rotatory evaporator, the residue loaded onto a 2 mm thick preparative thin-
layer chromatography plate (EMD silica gel 60F), and eluted with a 2:1
mixture of hexane/methyl tert-butyl ether. The faster-running fraction was
extracted with a 50/50 mixture of CH2Cl2/EtOAc to recover the starting
material (50/50 epimeric mixture of Z enecarbamate). The slower-running
fraction was extracted with 50/50 CH2Cl2/EtOAc to give 0.07 mmol of the
E enecarbamate (;50:50 epimeric pair). All the E/Z enecarbamates used in
this work have been reported in the literature (10–12,35,36).

Instrumentation. GC analyses were performed on a Varian 3900 gas
chromatograph (Palo Alto, CA) equipped with an autosampler. A Varian
Factor-4 VG-1 ms column (l 5 25 m, id 5 0.25 mm, df 5 0.25 lm) was
employed for the separation on the achiral stationary phase, with a program
of 508C for 4 min, raised to 2258C at 108C/min, and kept at 2258C for 10
min. A Varian CP-Chirasil-DEX CB (l 5 25 m, id 5 0.25 mm, df 5 0.25
lm) was used for the separations on the chiral stationary phase, with

a program of 1358C for 70 min, raised to 2008C at 158C/min, and kept at
2008C for 30 min. The 1H-nuclear magnetic resonance (NMR) spectra were
recorded on a 400 MHz BRUKER (Billerica, MA) spectrometer.

Photooxygenation of Z/E enecarbamates in chloroform-d. A 0.7 mL
aliquot of the enecarbamate (see Fig. 2) and MB in CDCl3 (enecarbamate
3.0 3 10�3 M, MB 3.7 3 10�4 M) was placed into the NMR tube, sealed
with a rubber septum and fitted with a gas delivery needle and a vent
needle. Dry O2 gas was purged through the sample for 20 min, while
irradiating with a 300 W halogen lamp (Holbrook, NY) equipped with
a ,500 nm cutoff filter. After irradiation, the samples were submitted to
1H-NMR spectroscopy to determine the conversion (conversion was kept
below 50%). GC analysis on an achiral stationary phase afforded the mass
balance (based on unreacted enecarbamate and formed MDB product) and
the conversion (based on unreacted enecarbamate), by using 4,49-di-tert-
butylbiphenyl as calibration standard. GC analysis on a chiral stationary
phase gave the enantioselectivity (%ee) of the MDB product.

Photooxygenation of the Z/E enecarbamates inside MB-exchanged
MY-zeolite. The zeolite (300 mg) was loaded with the dye, (25) dried at
608C and 0.1 torr for 8 h and transferred to a test tube, which contained 12
mL of isooctane or hexane. A 9.0 lmol aliquot of the enecarbamate (see
Fig. 2) in 0.2 mL of methylene chloride and 1 mL isooctane or hexane was
added and the test tube was sealed with a rubber septum. The dye-zeolite
slurry was purged with dry N2 gas for 15 min and stirred magnetically in an
oil bath for 5–6 h at 708C in isooctane or 55–608C in hexane. After cooling
to room temperature (;258C), the test tube was fitted with a gas delivery
needle and a gas vent. Dry O2 was purged through the sample for 20 min,
while irradiating with a 300 W halogen lamp (a ,500 nm cutoff filter was
used) under magnetic stirring and continuous purging of O2 gas for the
required time (given in Tables 1–4). The suspended zeolite was then

Table 3. Enantioselective photooxygenation of 4-isopropyloxazolidi-
none-functionalized enecarbamates inside LiY–MB zeolite.

Medium* Enecarbamate� MDB� (% ee)

LiY-MB Z(R)-1 33 (S)
LiY-MB Z(S)-1 39 (R)
LiY-MB E(R)-1 31 (R)
LiY-MB E(S)-1 36 (S)

* Methylene-blue-exchanged LiY zeolite (LiY-MB), prepared as reported
in (25); the methylene blue was loaded as one molecule per 150 super-
cages.

� The enecarbamates were loaded as a 50:50 mixture of 39(R/S) diaste-
reomers, one molecule per 15 supercages; all irradiation were carried
out for 10 min.

� Values are averages of three runs, the error is within 65% of the stated
values.

Table 1. Enantioselective photooxygenation of 4-isopropyloxazolidi-
none-functionalized enecarbamates 1 in chloroform solution and inside
NaY-MB zeolite.

Medium* Enecarbamate�
ht

(min)
Conversion�

(%)
Mb�§
(%)

MDBk
(%ee)

CDCl3 Z(R)-1 20 49 94 27 (R)
CDCl3 Z(S)-1 20 47 96 11 (S)
NaY-MB Z(R)-1 10 49 89 74 (S)
NaY-MB Z(S)-1 10 41 86 80 (R)
CDCl3 E(R)-1 20 47 92 55 (R)
CDCl3 E(S)-1 20 50 95 40 (S)
NaY-MB E(R)-1 10 33 71 63 (R)
NaY-MB E(S)-1 10 31 75 62 (S)

* Entries in rows 3, 4, 7 and 8 are methylene-blue-exchanged MY zeo-
lite, prepared as reported in (25); the methylene blue was loaded as
one molecule per 150 supercages.

� The enecarbamates were loaded as a 50:50 mixture of 39(R/S) diaste-
reomers, one molecule per 15 supercages.

� The conversion and mass balance (Mb) were determined by using 4,49-
di-tert-butylbiphenyl as calibration standard on an achiral stationary
phase; values are averages of three runs within 65% error of the stated
values.

§ The mass balance (Mb) without irradiation (thermal control) in NaY-
MB is 90% for Z(R)-1/Z(S)-1 and 85% for E(R)-1/E(S)-1 (41).
k Analyzed by GC on a chiral stationary phase; values are within 65%

error of the stated values.

Table 2. Time dependence of the enantioselectivity in the photooxygena-
tion of the Z(R)-1 isomer inside NaY-MB*.

Enecarbamate ht (min) Conversion� (%) Mb� (%) MDB� (%ee)

Z(R)-1 5 38 91 77 (S)
Z(R)-1 10 49 87 74 (S)
Z(R)-1 15 ND§ 65 75 (S)
Z(R)-1 20 ND§ 55 78 (S)
Z(R)-1 25 ND§ 50 71 (S)
Z(R)-1 30 ND§ 58 80 (S)

* The methylene blue was loaded in NaY as one molecule per 150 super-
cages, prepared as reported in (25). The loading of the substrate Z(R)-1
[50:50 39(R/S) epimer] was one molecule per 15 supercages.

� The conversion and mass balance (Mb) were determined by using 4,49-
di-tert-butylbiphenyl as calibration standard on an achiral stationary
phase; values are averages of three runs within 65% error of the stated
values.

� Analyzed by GC on a chiral stationary phase; values are within 65%
error of the stated values.

§ Conversion not determined.

Photochemistry and Photobiology, 2006, 82 125



removed by filtration and the filtrate (isooctane or hexane) was checked for
the presence of unreacted enecarbamate (no enecarbamate was observed in
the filtrate). The zeolite residue was transferred to a test tube and the
contained organic material extracted by stirring magnetically with 12 mL of
acetonitrile in an oil bath at 708C for 8 h. The acetonitrile supernatant was
removed by filtration and the filtrate transferred to a 100 mL round-
bottomed flask. The zeolite residue was further subjected to Soxhlet
extraction overnight, with acetonitrile as solvent to assure complete
extraction of the enecarbamate and the MDB product. The Soxhlet extract
was combined with the acetonitrile filtrate and concentrated on a rotatory
evaporator at 0.5 torr and 458C. The residue was subjected to GC analysis
on an achiral stationary phase to obtain the mass balance (based on
unreacted enecarbamate and formed MDB product) and the conversion
(based on unreacted enecarbamate), with 4,49-di-tert-butylbiphenyl as the
calibration standard. GC analysis of the residue on a chiral stationary phase
gave the enantioselectivity (%ee) of the MDB product.

Computations. All computations were performed using the Gaussian 98
Revision A.11 (40) package at restricted-B3LYP (RB3LYP) level with a
6-31G(d) basis set (the coordinates of the optimized geometry in will be
available upon request from the authors).

RESULTS

The photooxidative cleavage of the 4-isopropyloxazolidinone-

functionalized enecarbamates 1, carried out within MB-exchanged

NaY zeolite (NaY-MB), is shown in Scheme 1. The enantiose-

lectivity in the MDB product as a function of the alkene geometry

of the enecarbamates 1 is given in Table 1.

Compared to the photooxygenation of the Z(R)-1 or Z(S)-1
enecarbamates in CDCl3 solution (36) (Table 1, entries 1 and 2; ee

values up to 29%), much higher ee values are observed inside

NaY-MB zeolite (Table 1, entries 3 and 4; up to 80%; see also Fig.

3). In contrast, the corresponding E(R)-1 or E(S)-1 isomers gave

comparable ee values both in CDCl3 solution (Table 1, entries 5

and 6; up to 55%) and inside NaY-MB zeolite (Table 1, entries

7 and 8; up to 63%; see also Fig. 3).

A closer examination of the results in Table 1 reveals for the

photooxygenation inside the NaY-MB zeolite that the absolute

configuration of the MDB product depends on the alkene geometry

of the enecarbamate: For the Z(S)-1 isomer, the R-MDB product

is favored with an ee value of 80% (Table 1, entry 4; see Fig. 3),

whereas for the corresponding E(S)-1 isomer, the S-MDB pro-

duct is preferred with an ee value of 62% (Table 1, entry 8; see

Fig. 3) (35).

Table 4. Confinement effects on the enantioselectivity caused by the
cations of the MB-exchanged zeolites in the photooxygenation of 4-
methyloxazolidinone-functionalized Z/E enecarbamates 2.

Medium*
Free volume�

(Å3)

MDB� (% ee)

Z(R)-2 Z(S)-2 E(R)-2 E(S)-2

LiY-MB 843 5 (S) 3 (R) 0 0
NaY-MB 827 16 (S) 6 (R) 5 (R) 3 (S)
KY-MB 807 31 (S) 29 (R) 17 (R) 6 (S)
RbY-MB 796 17 (S) 12 (R) 43 (R) 46 (S)
CsY-MB 781 10 (S) 6 (R) 10 (R) 12 (S)

* Methylene-blue-exchanged zeolite (MY-MB), prepared as reported in
(25); the methylene blue was loaded as one molecule per 150 super-
cages; the enecarbamates were loaded as a 50:50 mixture of 39(R/S)
diastereomers, one molecule per 15 supercages; the irradiations were
carried out for 10 min.

� Values taken from (16).
� Analyzed by GC on a chiral stationary phase; values are within 65%

error of the stated value.

Figure 3. GC traces of the MDB product in the photooxygenation of the
4-isopropyloxazolidinone-functionalized Z (top) and E (bottom) enecarba-
mate 1 within the NaY-MB zeolite.

Scheme 1. Photooxidative cleavage of the E and Z enecarbamate to produce MDB product.
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To examine the enantioselectivity in the MDB product as

a function of enecarbamate conversion, a time-dependent study of

the Z(R)-1 photooxygenation was conducted inside the NaY-MB

zeolite. The results are given in Table 2 (Fig. 4), which

demonstrate that the irradiation time does not affect the

enantioselectivity in the formation of the MDB product. The ee

values range from 71% to 80% during the 30 min irradiation;

however, the mass balance decreased considerably upon prolonged

irradiation; namely, it dropped from ;90% (Table 2, entry 1) for

the 5 min irradiation to ;55% (Table 2, entry 6) for 30 min. GC

analysis disclosed that the MDB was consumed on prolonged

irradiation due to side reactions. As a control, the caged enecar-

bamates were subjected to the photooxygenation conditions but

without irradiation to assess the persistence of the enecarbamates

within the zeolite in the dark (41). Mass balances of about ;90%

were observed for the 4-isopropyloxazolidinone-functionalized

enecarbamate 1 and no MDB product was detected under these

conditions. Thus, the enecarbamates persist within the zeolite in

the dark, which confirms that the MDB product is formed only

during photooxygenation.

To determine the influence of the exchanged cation in the zeo-

lite (8) the photooxygenation of the 4-isopropyloxazolidinone-

functionalized E/Z enecarbamates (Scheme 1) was carried out in

MB-exchanged LiY zeolite (LiY-MB). The %ee values of the

MDB product are collected in Table 3, which exhibits that the same

enantiomer of the MDB product was enhanced within both zeolites

LiY-MB (Table 3) and NaY-MB (Table 1) for a given enecarba-

mate 1, but the enantioselectivity in the MDB product is con-

siderably lower for the LiY-MB zeolite. For example, the %ee

value of Z(S)-1 is 80% R-MDB within NaY-MB (Table 1, entry 4)

compared to only 39% R-MDB within LiY-MB (Table 3, entry 2).

Also the photooxygenation of the 4-isopropyloxazolidinone-

functionalized enecarbamate 1 was attempted within MB-

exchanged KY, RbY and CsY zeolites. Unfortunately, these

photooxygenations could not be carried out because there was poor

loading of the substrate in these heavy-cation-exchanged Y zeolites

due to the space restriction.

To acquire the size effect on the enantioselectivity for the alkyl

substituent at the C-4 position of the oxazolidinone chiral auxiliary

(i.e. 4-methyl versus 4-isopropyl), the photooxygenation of the 4-

methyloxazolidinone-functionalized enecarbamates Z(R)-2, Z(S)-2
or E(R)-2, E(S)-2 (Fig. 2 and Scheme 1) was conducted within the

MB-exchanged LiY, NaY, KY, RbY and CsY zeolites. The %ee

values for the Z/E enecarbamates 2 are listed in Table 4 (Fig. 5),

which reveal that in case of the 4-methyloxazolidinone-

functionalized enecarbamates Z(R)-2 or Z(S)-2, the maximum ee

value (about 30%) was observed in KY-MB (Table 4, entry 3). In

contrast, for the enecarbamates E(R)-2 or E(S)-2, the maximum

ee value (about 45%) was obtained in RbY-MB (Table 4, entry 4).

Analogous to the isopropyl series (Table 1), the absolute

configuration of the MDB product derived from the photooxy-

genation of the 4-methyloxazolidinone-functionalized E/Z enecar-

bamates 2 depends on the alkene geometry. For example, the

photooxidative cleavage of Z(R)-2 within KY-MB afforded S-

MDB with an ee value of 31% and the corresponding E(R)-

2 isomer gave R-MDB with an ee value of 17% (Table 4,

entry 3). Furthermore, the enantioselectivity of the E and Z 4-

methyloxazolidinone-functionalized enecarbamate 2 is consider-

ably lower than for the corresponding E and Z isopropyl

derivatives 1. For example, the photooxygenation of the 4-methyl

derivative Z(R)-2 within NaY-MB gave the S-MDB with an ee

value of 16% (Table 4, entry 2), whereas the 4-isopropyloxazo-

lidinone-functionalized enecarbamate Z(R)-1 gave S-MDB with an

ee value of 74% (Table 1, entry 3) within NaY-MB.

DISCUSSION

The photooxidative cleavage of 4-alkyloxazolidinone-functional-

ized enecarbamates to the chiral MDB product in sensitizer-

exchanged MY zeolite (MY-MB) is conceptualized in form of

a cartoon-like scenario in Scheme 2. The intervention of the

dioxetane intermediate is reasonable, but it is a mechanistic

conjecture because it has not been detected in the present work.

The attractive preparative feature of such a photooxygenation is the

Figure 5. GC traces of the MDB product in the photooxygenation of the
4-methyloxazolidinone-functionalized enecarbamates 2 inside RbY (top)
and KY (bottom) zeolites; E(R)-2 (left) and E(S)-2 (right) at the top,
Z(R)-2 (left) and Z(S)-2 (right) at the bottom.

Figure 4. Successive GC traces (achiral stationary phase) for the
photooxygenation of Z(R)-1 inside NaY-MB at 5 min time intervals.
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fact that the chiral MDB product, if required, is released in the

photooxidative cleavage of the alkenyl bond in the enecarbamates

and may be readily separated from the oxazolidinone chiral

auxiliary.

The benefit of the zeolite confinement in raising the enantio-

selectivity is witnessed in the %ee values for the photooxygenation

of the isopropyl derivative Z(S)-1 in the NaY-MB zeolite versus
CDCl3 in solution (Table 1; this shall be rationalized in the

mechanistic model). Not only is the asymmetric induction in the

zeolite much higher, but also the sense in the enantioselectivity is

reversed. Namely, photooxygenation of Z(S)-1 in the CDCl3
solution the S-MDB product is favored, whereas in the NaY-MB

zeolite it is the R-MDB isomer that is preferred. Evidently the spatial

confinement imposed on the guest molecule within the zeolite

supercages dictates profoundly the outcome of the stereoselection

process (8,37,38). More than likely (6,42,43), the conformation of

the enecarbamate is altered within the zeolite supercage, which

influences the approach of 1O2 onto the double bond of the

enecarbamates to effect the observed difference in the stereo-

selectivity, as shall be confirmed in the mechanistic rationalization.

That the type of singlet-oxygen sensitizer does not affect the

stereoselectivity is demonstrated by employing MB-exchanged

versus thionine-exchanged NaY zeolite (25) in the photooxygena-

tion of Z(R)-1. Both sensitizers gave the S-MDB as the major

product (data not shown). Of course, no photooxidative cleavage

occurs in the dark, such that 1O2 is the oxidant.

Evidently, the 4-alkyl substituent in the oxazolidinone chiral

auxiliary, as documented previously (35,36), is responsible for the

observed enantioselectivity in the MDB product; this is sub-

stantiated in the photooxygenation of the Z-3 enecarbamate. In this

substrate the alkyl group at the C-4 position in the oxazolidinone

has been replaced by a hydrogen atom and, expectedly, a racemic

MDB product was obtained. Thus, the 1O2 molecule attacks both

p faces of the enecarbamate double bond with equal facility and no

enantioselectivity is observed. Furthermore, comparison of the

enantioselectivities for the Z isomers (or E isomers) of the 4-methyl

(2) versus the 4-isopropyl (1) enecarbamates exposes that for the

latter ones the %ee values are consistently greater (see Figs. 3 and

5). Clearly, the larger 4-isopropyl group is more effective in the

asymmetric induction.

A change of the configuration at the C-4 position of the 4-

isopropyloxazolidinone chiral auxiliary in the Z-1 enecarbamate

from R to S results in opposite product enantiomer (i.e. Z(R)-1 gave

the S-MDB and Z(S)-1 the R-MDB product in nearly the same

extent of asymmetric induction [see Fig. 3]). Similar behavior was

observed for the methyl derivative, except that the %ee values are

significantly lower (see Fig. 5). These results demonstrate that

the photooxygenation of the enecarbamates is well behaved inside

the zeolites.

The effect of the Z versus E structural change in the

photooxygenation of the enecarbamate 1 is shown in Fig. 3.

Analogous to the results in solution (36), oppositely configured

MDB products were also obtained in the NaY-MB zeolite:

Whereas the E(R)-1 [E(S)-1] favored the R-MDB [S-MDB], the

Z(R)-1 [Z(S)-1] isomer favored the S-MDB [R-MDB] product

enantiomer in comparable %ee values, except those for the E

isomers are consistently lower than the Z isomers (see Fig. 3).

Definitely, the approach of 1O2 onto the double bond of the

enecarbamate is also controlled by the E versus Z geometry of the

enecarbamates within the zeolite supercage. Similar behavior is as

well observed for the methyl series, but the degree of differenti-

ation is less pronounced (see Fig. 5).

The influence of the size of the alkali metal ion in the MY-MB

zeolite was accessible only for M 5 Li, Na in the case of the

isopropyl derivatives 1 (Tables 1 and 3) because of the poor

loading of this substrate in the other alkali-metal-ion-exchanged Y-

zeolites; however, a complete set of data is available for the methyl

enecarbamates 2 (Table 4). Indeed, on the basis of the available

X-ray structure (Turro et al., unpublished data) for the E(S)-2
enecarbamate (dimension ;10.3 Å), it was anticipated that the

smaller 4-methyl derivatives would fit within the supercages of all

of the MY-MB (M 5 Li, Na, K, Cs, Rb) zeolites.

Clearly, the size of the alkali metal ion influences the extent of

asymmetric induction in the photooxygenation of the 4-methyl-

substituted enecarbamates 2 (Table 4). The highest but still quite

modest enantioselectivity is observed for the Z-2 in the KY and for

the E isomer in RbY zeolite (see Fig. 5). In contrast, for the

isopropyl series it is the Naþ ion (unfortunately, the remaining

alkali metal ions could not be examined because they could not be

loaded into the zeolite) that induces the highest enantioselectivity

(Tables 1 and 3). Evidently the available free volume (6,16) in the

zeolite supercage for the larger isopropyl must be more than for the

smaller methyl derivative such that a smaller metal ion suffices.

Presumably, this stereoselectivity behavior is a reflection of the

tightness of fit of the enecarbamate within the zeolite: The tighter

the fit, the higher the asymmetric induction (Fig. 6).

Figure 6. Control of the extent of asymmetric induction by the size of the
metal ion in the photooxygenation of the 4-methyl- and 4-isopropylox-
azolidinone enecarbamates, confined within zeolite supercage.

Scheme 2. Asymmetric induction in the
photooxidative cleavage of oxazolidi-
none-fuctionalized enecarbamates to the
chiral methyldesoxybenzoin (MDB)
product within zeolite supercages.
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These conspicuously complex results demand a mechanistic

rationale! Fortunately, density-functional calculations (RB3LYP/

6-31G* level with the Gaussian 98 program) (40) on Z(R)-1 viz.,
Z(R)-1-39S and Z(R)-1-39R epimers in Table 1 offer the mechanistic

insight for understanding the role of the metal ion in the observed

stereoselectivity during the photooxidative cleavage of the

enecarbamates (see Fig. 7). The binding energies of the Naþ-

bound Z(R)-1-39S and Z(R)-1-39R epimers show that both interact

strongly with the Naþ ion, with binding energies .60 kcal/mol.

The simultaneous interaction of the Naþ ion with the carbonyl

group (dipolar interaction (44) of the oxazolidinone chiral auxiliary

and the phenyl ring at the C-39 position of the alkene functionality

(cation-p interaction [45] afford the most stable geometry [44–51]

with binding energies of 62.9 kcal/mol for the Z(R)-1-39S and 64.4

kcal/mol for the Z(R)-1-39 epimer). Such interactions reduce the

conformational freedom of the enecarbamate molecule and not

only ‘‘rigidify’’ it, but most likely prevent the oxidant to attack

from the side of the alkene that is coordinated to the zeolite surface

through the Naþ ion (44–51).

The reversal of the MDB enantioselectivity in the photo-

oxygenation of isopropyloxazolidinone-functionalized enecarba-

mate Z(R)-1 in CDCl3 solution (see reported [10] X-ray structure)

versus the inside NaY zeolite (see computed structure in Fig. 7)

may now be readily explained in terms of the mechanistic scenario

displayed in Fig. 8. Note that in the solution case (upper

structures), the oxazolidinone chiral auxiliary is essentially

coplanar with the alkene functionality, whereas in the zeolite it

is below the plane due to effective metal-ion coordination. For

the solution case, we previously speculated (10–12,52,53) that in

the attack from below the plane, the 1O2 is deactivated through

vibrational quenching and, thus, the more productive approach is

from above to afford preferentially R-MDB from the Z-4R(iPr)39R

enecarbamate epimer (the Z-4R[iPr]39S epimer is less reactive due

to more efficient steric obstruction of the 1O2 by the larger phenyl

group at the C-39 chirality center). For the zeolite case, we

speculate that the efficient coordination of the Naþ ion in the

supercage wall simultaneously with the carbonyl group and the

phenyl ring completely blocks out attack from below. The 1O2

molecule also comes in from above, as in solution, but the

stereoselection arises from the size differentiation of the hydrogen

atom versus the methyl group at the C-39 stereogenic center.

Consequently, now the S-MDB enantiomer results in excess from

the Z-4R(iPr)39S enecarbamate epimer. Clearly, our simple

mechanistic model, which is based on the X-ray data (solution

case) and computational results (zeolite case), nicely rationalizes

the apparently complex stereoselectivity behavior observed in the

photooxidative cleavage of the chiral enecarbamates 1 and 2.

Figure 7. Binding affinity of Naþ ions coordinated to the Z(R)-1-39S (left)
and Z(R)-1-39R epimers (right), as computed by geometry optimization
at the RB3LYP/6-31G* level.

Figure 8. Mechanistic model for rever-
sal of the sense in the enantioselectivity
for the MDB product upon photooxida-
tive cleavage of Z(R)-1 in CDCl3 solution
(A and B) and inside NaY zeolite (C
and D).
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CONCLUSION

The mechanistically rich system made up of the chiral oxazolidinone-

substituted enecarbamates encaged in the dye-exchanged MY-MB

zeolite, offers challenging opportunities to explore conformational,

electronic, stereoelectronic and steric effects on the stereoselectiv-

ity in the photooxidative cleavage of the alkene functionality.

Although the stereoselection depends on structural features such as

the alkene geometry (Z/E), the size of the alkyl substituent (H, Me,

iPr) at the C-4 position in the oxazolidinone ring, the conforma-

tional preference in the epimeric enecarbamates induced by the C-

39 stereocenter, and the type of the metal ion (Li, Na, K, Cs, Rb) in

the zeolite lattice, the salient highlight of this work is the observed

anchoring of the enecarbamate substrate by the metal ion in the

zeolite supercage. This confinement effect not only restricts

the conformational mobility of the substrates, but also dictates

the preferred attack of the oxidant in this stereoselective photo-

oxygenation process. We are confident that such novel method-

ology shall prove beneficial in controlling the stereochemical

outcome of other photochemical transformations.
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