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The effects of zeolites on the intramolecular | 2+2] photocycloadditions of 3-(3-buteny1)cyclohex-2-enone (1a)
and 3-(2-propenoxy)cyclohex-2-enone (1b) were investigated. When la adsorbed in cation-exchanged zeolites
X and Y was irradiated through a Pyvrex filter, the products from the 1.6-ring closure biradical increased com-
pared to the results from the photoreaction in homogeneous solutions. In the intramolecular 1.5-ring closure pho-
tocycloaddition of 1a and 1b. the products from the c¢is-fused intermediates increased in zeolites X and Y. The
regiochemical and stereochemical outcomes of the photocycloadditions in the zeolites were interpreted by the
binding of the gnest molecules with the cations in the supercages.

Introduction

Photochemistry in organizcd asscmblics has atlracied
considerable aticntion during the last two decadces because ol
their potential use for contrelling photophysical and photo-
chemical behavior of organic molecules.! Zeolites have been
found to be very convenient hosts.>* Besides a passive
role of zcolites delining the shape. size. and (lexibility. the
inferaction between the walls and the gucst molecules influ-
ences the course of photochemical and photophysical
cventst Among the zcolites studied in photochemical inves-
tigations. #colitcs X and Y have been probably used most
(requently. The structure of the zcolites consists of an
inscribed sphere (supercage) with a diameter of ca. 13 A.
which is connccted (etrahedrally o four other supercages
through ¢, § A pores.! Chargecompensating calions are
present in the internal structure of the scolites 10 occupy
three difTerent positions.

The |2+2] photocycloaddition of ¢cnone (o alkenc is onc of
the most widely uscd photochemical rcactions. The struc-
turcs of the products m many pholorcactions of cyclic
cnones suggest that they are mamly derived from biradical
intermediales in which a five-membered ring has been
formed. In some cascs. however. (wo rcaction pathways. by
way ol 1.3-ring closurc (crosscd) and 1.6-ring closurc (paral-
Ich). arc competing. Although the photorcaction has been
extensively used. the mechanism has not been well under-
stood.* The biradical nature ol a key intetmediate is well-
cstablished.” but the existence of triplet exciplex is still con-
troversial. Scveral factors in modifving the regiosclectivity
and stcrcosclectivity. such as chain Iength.S substituents of
the system.™¥ and incorporation of the conjugated double
bond into a ring.* have been reported. In addition to the fac-
tors. rcaction medium scems to be another factor in control-
ling the regiochemistry and stercochemistry, Therefore. we
studicd (he cffects of zcolites on the outcomes of the
intramolccular  |2+2] photocycloaddition of 3-(3-buten-
vlevclohex-2-cnone (1a) and 3-(2-propenoxy)eyvelohex-2-
cnonc (1b).

Experimental Scction

Matcerials and instruments. Enoncs 1a and 1h were syn-
thesized and purificd by chromatography on silica ¥ Molcc-
ular sicves 13X, sodium Y vcolite. lithium nitrate. potassium
nitratc. rubidium nitrate. and cesium nitrate were purchascd
from Aldrich Chemical Co. and uscd as received. Solvents
[or speelroscopic measurements were in spectroscopic grade
and uscd as reccived. Other solvents were purificd by reflux-
ing over phosphorus pentoxide (or sodium) followed by dis-
tillation,

'H NMR and *C NMR spcctra were obtained at 300 MHz
and/or 300 MHz on AMX Bruker spectrometers, Chemical
shills (3) arc reported as parts per million downficld from
tctramethyIsilanc used as an internal standard. Infrarcd spec-
tra were recorded on a Perkin Elmer FT-IR Spectrum 2000
or a Nicolet 203 FT-IR Spectrum 2000, Inductively coupled
plasma atomic cmission analyscs were performed with a
Shimazu [CPS-10001V spectrometer. [nductively coupled
plasma mass analyscs were performed with a VG PQ2-lurbo
spectrometer. Mass spectra (MS) were obtained on a
Hewlett-Packard 3890-JMS AXS05WA double locusing
magnetic scctor mass spectrometer. Gas chromatographic
analyscs were carricd out with a Donam Sysiem 6200 or a
HP 6890 gas chromatograph with 30 m HP-1 capillary col-
umns.

Irradiation of 1b in benzene, Afler 10 minutes of nitro-
gen purging. a solution of 1b (8.5 mg) in benzene (3 mL) was
imadiated through a cylindrical Pyrex glass filter with a 430-
watt Hanovia medium-pressure mercury lamp for 30 mumn-
utes. The reaction mixture was analyzcd by gas chromalogra-
phy to exhibit two components in the conversion of 18.6%.
The viclds of 2b and 3b on the basis of the consumed 1h
were estimated to be 4.3% and 63.3%. respectively. For a
preparative scale reaction. a solution of Th (484.5 mg) in ben-
scng (16 mL) was wrradiated for 37 hours. The reactlion mix-
turc was partially scparated by a silica gel column
chromatography cluting with #-hexane and cthyl acctate mix-
turcs of increasing polanty. 2b: 'H NMR (CDCls. 300 MHz)
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§ 3.87 (d. H,. /6.2 Hz). 3.83 {dd, Hy. /6.3 Hz), 3.27 (dd.
He. /3.1 Hz), 243 (d, Ha, /9.3 Hz), 2.40-1.85 (m. 5H),
1.89 (dd. Hy, /=8.2, 3.2 Hz). 1.65 (m. 1H). 1.35 {dd. H..
J=9.3, 8.2 Hz); '"C NMR (CDCl;, 75 MHz) 8 209.65, 91 .45,
70.07. 60.88. 40.70, 40.15. 37.95, 26.36, 22.76; IR {CHCl5)
3010, 2955, 2893, 1709, 1235 c!'y MS (ED) m/e (%) 152
(M. 7). 124 (22), 96 (100). 82 (44}, 67 (30).

Preparation of zeolites X and Y. The cation of interest
was exchanged from zeolites NaX or NaY with the appropri-
ate nitrate solution." For each gram of the zeolite, 100 mL
ot 0.1 M nitrate solution was added. and the resulting mix-
ture was stirred at 80 °C for 24 hours. This was repeated
three times. After filtration, the white powders were washed
thoroughly with distilled water {100 mL per gram of zeo-
lite), dried at 120 °C, and calcinated at 500 °C for 24 hours.
Cation exchange levels were measured by the inductively
coupled plasma atomic emission analysis or the inductively
coupled plasma mass analysis. Exchange levels for individ-
val zeolite were as follows: LiX. 84.5%; KX. 89.5%:; RbX,
70.7%: CsX, 67.4%; LiY, 65.7%: KY, 98.3%; RbY, 74.5%
and CsY, 63.3%.

Irradiation of 1 in zeolites. Prior to use. zeolites were
activated at 470 °C for 13 hours.!" Activated zeolites were
cooled to room temperature in a desiccator and used imme-
diately. In a typical preparation,'? 250 mg of the zeolite and
2.5-5 mg of 1 in 3 mL n-hexane (loading level: occupancy
number of 0.1-0.2 molecule per supercage) were stirred for
about 12 hours. Gas chromatographic analysis of the result-
ing solution indicated that 1 was not in the hexane layer. The
zeolites were washed with n-hexane several times, and the
solvent was removed by blowing a stream of nitrogen over
the sample. The resulting solid sample in a Pyrex tube was
degassed (2x10* mmHg} on a vacuum line and flushed with
dry nitrogen at least three cycles. The solid powders were
irradiated through a cylindrical Pyrex glass filter with a 450-
watt Hanovia medium-pressure mercury lamp. The irradia-
tion cells were continuously agitated to ensure uniform irra-
diation. Atter the photolysis of 1a, the reaction mixture was
extracted by stirring the sample in dicthyl ether (40 mL)
overnight. [n the case of 1b. cthyl acctate (80 mL) was used.
Alter filtration. the solution was reduced to about | mL, and
analyzed by gas chromatography with the internal standard
ol n-decane. The temperature of the analyses was in the
range of 60 °C and 150 °C. Material balances were found to
be no less than 82%

Results and Discussion

The irradiation of la in benzene (0.007 M) through a
Pyrex filter resulted in the formation of four products 2a-Sa
in 15% conversion (Scheme 1).'% The ratio of 2a-5a, as mea-
sured by gas chromatography, was cstimated 1o be 19.4%.
43.5%. 31.4%. and 5.7%. respectively. which are in good
agreement with the previous result.® Other aprotic solvents
could be used, but no significant cflect due to the solvent
polarity was observed (Table 1). In contrast to the previous
study that reported the exclusive formation of 3b.° the irradi-
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Scheme 1

ation of 1b in benzene (0.01 M) aftorded two products at the
ratio of 5.9 : 94.1 in 19% conversion as estimated by gas
chromatography. Spectroscopic data of 3b were in agree-
ment with those in the literature.” The minor product was
assigned to be 2b by spectroscopic data analyses. The mass
spectrum of the minor product exhibits the molecular ion
peak at m/e 152. The IR {1709 cm™' for unconjugated carbo-
nyl group) and 'I1 NMR spectra (no olelinic proton signal)
do not exhibit any signal for olefinic bond. The '*C NMR
spectrum of 2b is also similar to that of 3b. These indicate

Table 1. Product Distribution for Photorcaction of 1 in Homo-
gencous Solutions®

[a* 1b¢
Solvent da+Sa+6a 2a 2h
2a+3a+da+5a+6a 2a+3a 2b+3b

henzene 0.37 (.31 0.06
CH:Cl; 035 .29 0.06
2-PrOH 0.37 0.31 0.07
CtOH 0.38 0.30 0.06
CH;CN 0.38 0.29 0.06
MeO11/1 102 0.58 (.29 0.07

“Numbers reported are the average of at least two measurements. Error
limit of the inalysis is F4%. *0.007 M solutions ol 1a were imadiated
within 18% conversion. <0.01 M solutions of 1b within 19% conversion.
“6a was observed in McOHHO. “In 121 mixture of MeOH and H:O,
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that it is a tricyclic isomer of 3h. Its 'H NMR spectrum
exhibits a similar pattern with that of the endo form of a tri-
cyclic compound from 3-allylamino-2-cyclohexen-1-one.'*
The stereochemistry of 2b was firmly confirmed by examin-
ing the coupling between endo Hy and endo H. (Figure ). A
large long-range coupling constant {/=9.3 Hz), which has
been known to occur only if two protons are in W configura-
tion.'? is obtained in 2b, but not in 3b. In the irradiation of
1b in aprotic solvents such as dichloromethane and acetoni-
trile, the ratio of 2b/2b-3bh remained constant within experi-
mental errors (Table [}

The results of the photolysis of 1 in zeolites X and Y are
summarized in Table 2. The irradiation of la in zeolites X
and Y atforded 2a-6a. Control experiments suggested that
polar acidic environments of the zeolites increase the forma-
tion of 6a by the incidental shift of double bond of 5a.%'3
The product distribution was found to be affected by the
inclusion in zeolites X and Y. In the photolysis of 1a in ben-
zene, 37% of the products were derived from the 1.6-ring
closure biradical B, {4a-5a). When la was included in zeo-
lites X and Y, the yields of 4a-6a from B, increased. The
product ratio was also dependent on the nature of the cations
present within zeolite supercages. The yields of 4a-6a in
both X- and Y-type faujasites increased as the cation size
decreased (light-atom effect). For examples, the ratio ot 4a-
6a/2a-6a changed from 0.73 in LiX to 041 in CsX. and
from .73 in LiY to 0.46 in CsY. Another phenomenon

Table 2. Product istribution lor Photoreaction of | in Zeolites X

and Y

lab 1be

Medium da+Sa+6a 2a Zb

2a+3atda+S5a+6a 2a+3a 2b+3b

1.iX 0.73 0.36 0.25
NaX 0.70 (.32 0.39
KX 0.63 0.43 0.37
RbX 0.53 0.38 0.32
CsX 0.41 023 0.19
LiY 0.73 033 0.30
NaY 0.76 0.54 0.60
KY 0.62 045 0.48
RbY 0.36 0.40 0.32
CsY 046 0.31 .18

“Numbers reported are the average of at least two measurements. Frror
limit ol the analysis is £3%. "About 10-25% conversion was made for
1.5 hour irradiation. About 11-31% conversion [or 235 hours.
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observed was that the ratio of 2a/2a-3a varied with ditferent
cations in the supercages, while the ratio remained similar
regardless of the medium polarity of homogeneous solu-
tions. With the exception of LiX and LiY, the ratio decreased
from light atom-exchanged zeolites to heavy atom-
exchanged zeolites. The deviations in the cases of Li-
exchanged zeolites have been previously observed in some
photoreactions such as the photolysis of c-alkyldibenzyl
ketones!® and in photophysical study for the electric field/
micropolarity within the faujasite supercage.'”

The irradiation of 1b in cation-exchanged zeolites through
a Pyrex filter exclusively gave rise to the |.3-ring closure
products (2b and 3b), which was also observed in benzene
(Tables 1 and 2). The photoreaction of 1b was found to be
much slower than that of 1a. About 10-25% conversion of
l1a in zeolites X and Y was made for about 1.5 hour irradia-
tion. and 11-31% conversion of 1b for 25 hour irradiation.
The tavorable formation of the 1.5-ring closure products and
the slower reaction rate due to oxygen substitution have
been studied previously,'® and may be explained by the
larger reversion rate of the internally oxa-substituted 1.4-
biradical intermediate By, than the externally oxa-substituted
1.4-biradical intermediate A} due to spin-orbit coupling.'’
The irradiation of 1b in zeolites X and Y afforded more 2b
than in benzene (Table 2). The stereoselectivity was also
found to be dependent on the nature of the cations in the zeo-
lites. While the ratio of 2b/2bh-3b remained constant in
homogeneous conditions. the ratio in the zeolites also
increased as the cation size decreased with the exceptions of
LiX and LiY. For examples, the ratio of 2b/2b-3b changed
from 0.39 in NaX to 0.19 in CsX, and from 0.60 in NaY to
0.18 in CsY.

In the intramolecular photocycloaddition of enone and
alkene, the regiochemistry is determined by the stability of
biradical intermediates, thereby the relative efficiencies to
cyclobutane adducts and to the starting materials.* While the
major pathway in the photolysis of 1a in benzene was the
one involving A, the yields of the products from B,
increased in the zeolites (Scheme 1). The sterecochemistry ol
the products in the intramolecular 1.5-ring closure photocy-
cloaddition is controlled by the stability of [.4-biradical
intermediates. Since the ¢is-fused 1 4-biradical intermediate
would be expected to be severely hindered. the product {3)
from the frems-fused intermediate would be lavored in
homogeneous solutions.™ However, more favorable forma-
tion of 2 from the c¢is-fused intermediate was obscrved in
zeolites X and Y.

The effects of zeolites on the regiochemistey and stere-
ochemistry have been interpreted by cage size. micropolarity
ol cage, andfor binding strength of cation.?? Since the sizes
ol the supercages are bigger than those of 1,4-biradical inter-
mediates, the eflect of cage size does not seem to be a major
factor. The ratio of 2:2-3 in the zeolites became closer to that
in various homogeneous solutions as the charge density of
the cation within cage decreased (lfrom Li-exchanged zco-
lites to Cs-exchanged zeolites). Since the ratios were similar
regardless of the solvent polarity of homogencous solutions,
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the variation in the ratio of 2/2-3 in zeolites X and Y can not
be explained by the micropolarity ot cage.'> Moreover, the
regiochemistry {4a-6a/2a-6a) observed in the photolysis of
1a in the zeolites was not correlated with the micropolarity
of cage. Therefore, the effect may be due to the difference in
the binding strength of the cations with the guest molecules.
In other words. the carbonyl group and olefinic bond of the
guest molecules may make electronic interaction?! with the
cations present within the supercages to make a configura-
tion in tavoring the formation of 4a-6a and 2.

Since the stabilization of the guests at site close to the cat-
ion is expected if the light-atom effects observed are due to
the electronic interaction between the cation and 1. the IR
spectra of 1a in several media were compared. Since a trace
of water adsorbed in zeolite made it ditficult to compare the
C-0 streiching vibration, we compared the C-C stretching
vibration. The C—C stretching vibration of 1a remained sim-
ilar regardless of the solvent polarity: 1625 em™ in dichlo-
romethane, 1624 eon! in methanol, and 1624 em™ in 0.1 M
LiNO:z/methanol solution. However, a remarkable change
was observed in LiX. The C-C stretching [requency ol 1a in
LiX was found 1o be 1591 em!, which was red-shilied by 33
cm’' compared 1o that in methanol. Because the micropolar-
ity of LiX is estimated to be between those ol methanol and
LiNOs/methanol.® the red shifl strongly suggests the interac-
tion of the guest molecule and the cations in LiX. This shift
is in accordance with the results observed in a conjugated
olefin system tightly bound to the surlace ol zcolite.?

The chelations of the carbonyl oxygen and olefinic bond
1o cation to conformationally control the photobchavior of
molecules included in zeolites X and Y can be visualized as
shown in Figure 2. The configuration of the enone with the
interaction of the olefinic bond and the cation can make the
1.6-ring closure more favorable than the 1.5-ring closure.
This explains the increased yicld of 4a-6a in the zeolites.
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Since cation binding is expected to be greater with lighter
atom due to higher charge per unit volume of the cation. >
the vield of 4a-6a decreases from LiX and LiY to CsX and
CsY. When the enone interacting with the cation undergoes
the 1.5-ring closure, the formation of the cis-tfused interme-
diate is more favorable than that of the #ans-fused interme-
diate due to the chelation (Figure 2). Therefore, the
increased ratio of 2/2-3 in the zeolites was observed.
Changes of photobehavior due to the guest-cation interac-
tion have been previously observed in the photoreactions of
alkyl phenyl ketones, a-alkylbenzoin ethers, and a-alky-
Ideoxybenzoins.!-

Acknowledgment. This research was financially sup-
ported by Korean Ministry of Education through Research
Fund (BSRI[-97-3448) and Korea Science and Engineeting
Foundation (981-0303-018-2).

References

I. (@) Ramamurthy, V. Photochemistry in Organized and
Constrained Media; VCH Publishers: New York. 1991.
{h) Ramamurthy, V.; Eaton, D. F. Chem. Mater: 1994, 6,
1128. (¢) Ramamurthy, V. In Swrface Photochemistry;
Anpo, M., Ld.; John Wilcy: ChiChester, 1996; p 65.

(a) Ramamurthy, V.. Garcia-Garibay, M. In Comprehen-
sive Supramolecular Chemistry: Bein, T., Ed.; Pergamon
Press: Oxlord, UK., 1996: Vol. 7, p 693. (b) Turro, N. J.
In  Crystallography  of  Supramolecular  Compounds.
Tsoucaris. G.; Atwood, J, L..; Lipkowski, J., Eds.; Kluwer
Academic Press: Holland, 1996; p 429,

Ramamurthy. V.; Turro, N, J. J. Inct. Phenom. Mol Rec-
ogait. Chem. 1995, 21, 239.

4. (a) Schuster, D. 1.; Lem, G.; Kaprinidis, N. A. Chem. Rev.
1993, 93. 3. (b) Mattay, J. In CRC Handbook of Organic
Photochemistiv and  Photobiology; 1lorspool. W. M.
Song, P. -S., Lds.: CRC Press: Boca Raton, 1994; p 618.

5. () lMastings, D. J.. Weedon, A. C. /. Am. Chem. Soc.
1991, /73, 8525, (b) Andrew, D.; Hastings. D. J.; Weedon,
A. C.J Am. Chem. Soc. 1994, 116, 10870. {c) Maradyn,
D. J.: Weedon, A. C. Tetrahedron Let. 1994, 35, 8107. {d)
Maradyn, D. J.; Weedon, A, C. J. Am. Chem. Soc. 1995,
117,35359.

6. (a) Srinivasan, R.; Carlough, K. H. J dn. Chem. Soc.
1967, 89, 4932. (b) Gleiter, R.; Sander, W. dngew. Chenn.
Int. Ed. Engl 1988, 24, 566.

7. (a) Gleiter, R.; Fischer, E. Chent. Ber: 1992, 123, 1899. (b)
Lkeda, M.: Takahashi. M.; Uchino, 'I.: Ohno, K.; Tamura,
Y.; Kido. M. J. Org. Chem. 1983, 48, 4241.

8. Wolff, S.. Agosta. W. C. ./ Am. Chem. Soc. 1983, 105,
1292.

9. Mattay, J.; Banning, A.; Bischol. E. W.: Heidbreder, A.:
Runsink, J. Chem. Ber. 1992, 125.2119.

10, Breck, D. W. Zeofite Molecular Sieves; John Wiley &
Sons Inc.: New York, 1974; p 529.

I1. Ramamurthy, V.; Caspar, I. V.; Kuo, E. W,; Carbin, D. R.;
Eaton, D. F..J. Ani. Chem. Soc. 1992, 114, 3882.

12. Ramamurthy, V.; Corbin, D. R.; Turro, N. J.; Zhang. Z.;
Garcia-Garibay, M. A. /. Org. Cheni. 1991, 56, 255.

13. Noh. T.; Choi. K.: Park, ). Bull. Korean. Chem. Soc. 1998,
19.501.

12

(%]



Bull. Korean (Clhem. Soc. 1999, Vol. 20, No. 1

Tamura, Y. Ishibashi, 112 Hiral, M. Kita, Y.: lkeda, M. L.
J. Org Chem. 1975, 40, 2702,

. (@) Meinwald, J.. Lesvis, A. J Adm. Chem Soc. 1961, 53,

2769. (b) Wiberg, K. B.: Lovwrv, B. R Nist, B, ). /. Adm.
Chem. Soc. 1962, 84, 1594,

- Ramamuwrthy, V: Corbin, D. R: Faton, D. F L Ora

Chem. 1990, 53, 5269

. Ramamurthy, V.. Sanderson, I, R.: Faton. D. F. Phoro-

chem. Photobiol. 1992, 56, 297.

Mathin, A R Turk, B. T MeGarvey, D. I Manevich, A
AT Org. Chem. 1992, 57,4632,

Caldwell, RO A Majima, T Pac. C. L dm. Chem. Soc.
1982, 104, 629,

(a) Ramamurthy, V.: Eaton. D, F.. Caspar. ). V. Ace. Chem.
Res. 1992, 23, 299, (b) Ramamurthy, V. Corbin, D. R.:
Jolmston, L. 1. J. aAm. Chem. Soc. 1992, 174, 3870. (¢)

21.

ro o

24.

b

tachee Noh et al.

Ramamurthy, V.. Turro, N, I In fclusion Chemistiv
within Zeolites: Nunoscale AMaterials by Design. |lerron,
N.: Corbin, D. R, Eds.. Kluwer Academic Press: | olland.
1995 p 239.

(a) Caldwell, J. W Kollman, P2 A. J Am. Chem. Soc.
1995, 717 4177, (b) Pitchumani. K.: Ramamurthy, V. 7et-
rahedron Lew. 1996, 37,5297 (¢) [.1, X.. Ramamurthy, V.
JoAm Chem. Soc. 1996, 15, 10666, (d) Ma, 1 C.
Dougherty. ). AL Chem. Rev. 1997, 97, 1303

Blatter, [z Tren, Ho L A, Chem. Soc. 1994, 116, 1812,
Ramamurthy. V. Taton, D. T. Proceedings of 9th Inerna-
rional Zeolite Conference, (1992, Monneal): von Dall-
moos, R lliggins, J. B ‘lreacy, M. M. I, Eds.
Butterworth-I leinmann: Boston, 1993. Vol. 1, p 387.
Corbin, D. R.: Eaton, D. F.. Ramamwurthy, V. /. . Chem.
Soc. 1988, 170, 4848,




