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The solution and solid-state photochemistry of a series of aryl 1-phenylcyclopentyl ketones (1) was investigated. While typical Norrish type
| products were formed in solution, irradiation of crystals of 1 afforded the novel oxetanes 3 and 4 regiospecifically. The formation of the
oxetanes is believed to occur through Norrish type | cleavage and hydrogen abstraction, producing an alkene and an aldehyde, followed by
a Paterno-BUchi reaction within the crystal lattice cage.

Unlike reactions in solution, where many processes can takesalts1d—g through acid—base chemistry. All solution and
place because of relatively free bond rotations and molecularsolid-state photolyses were performed using a 450-W Ha-
movement, chemical transformations in the solid state cannovia medium-pressure mercury lamp fitted with a Pyrex
only access certain pathways owing to the highly restricted filter (1 >290 nm). Samples in solution were photolyzed to
atomic and molecular motion imposed by the crystal lattice. complete conversion and the crystalline samples were
This results in a reduced number of products and enhancedrradiated to various degrees of conversion as determined
selectivity! In some circumstances, the “latent reactivity” by gas chromatography (GC). Solid-state photolyses were
of the starting material, which cannot be observed in solution, conducted at room temperature without observable melting

is brought about in the solid state and new products are
obtained. Although unpredictable, this rare type of discovery _

is one of many topics of interest in the study of solid-state Scheme 1. Photochemical Reactions of Ketode
reactions. In this letter, we report the first example of the CHAG Ph
selective formation of oxetanes in the solid state, which can SR %
be considered an instance of “latent reactivity” because o
photolysis of the starting materials in solution yields only O}—Ar _hv]|
typical Norrish type | product3. Ph

Ketonesla—c (Scheme 1) were prepared by standard 1 colid
synthetic methodsfrom commercially available 1-phenyl- states "'"5"% * H" "
1-cyclopentane carboxylic acid. Hydrolysis bl afforded
the corresponding keto acid (R COOH), which was then 3 (exo-Ar) 4 (endo-Ar)
reacted with various optically pure amines to form chiral a:R=H

b: R=CN

(1) Photochemistry in Organized and Constrained Me&amamurthy, Ar= OR 32 22((:;()32t:\gfnylam|ne al
V., Ed.; VCH Publishers: New York, 1991. & R=(-)-pseudoephedrine salt

(2) Cheung, E.; Kang, T.; Scheffer, J. R.; TrotterJ.XChem. Soc., Chem. _ o P
Commun2000, 2309. f: R=(-)-norephedrine salt

(3) The Norrish type | photoreaction was first reported by: Bamford, 9: R=(-)-u-methylbenzylamine sait

C. H.; Norrish, R. G. WJ. Chem. Soc1938, 1521.
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except for ketonda, where low temperatures were required. ||| NG

The photochemical results for ketorfes—c are summarized Scheme 2. Proposed Mechanism for Solid-State Oxetane
in Table 1. Formation
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Table 1. Photochemical Results for Ketongéa—c Ph

reaction temp reaction conv®

ketone medium (°C) time(h) (%) 2 (©%)° 3 (%) 4 (%) crystal cage

la  CHsCN¢ rt 15 100 43 0 0 hydrogen
crystal —-20 2 38 0 91 6 abstractlonl
10 95 0 59 13
22.5 100 0 63 12 O?—Ph
—30 2 39 0 92 4 3andd hv __ H 6
7 53 0 83 8 Paterno-Buchi Ph
1b  CHsCN¢ rt 55 100 60 0 0 reaction 5
crystal rt 46 100 0 13 28 crystal cage
1c CH3CN¢ rt 3 100 47 0 0
crystal rt 24 48 0 19 12

51.5 73 0 20 11 _ _ _ N
) . ) _oriented for oxetane formation. Under the reaction conditions,
aBased on total GC integral due to remaining starting material.

b Percentage of total GC integral due to a given product in the product P€nzaldehyde is able to absorb a photon and undergo a
mixture. ¢ Typical concentrations for solution-phase photolyses were 30  Paterno-Blichi reactidhpresumably through its-riz* triplet

100 mg of ketone in 5 mL. of acetonitrile. excited state, with the ground-state alkehi¢o form the
observed oxetangsand4. The regioselectivity of the process

is what one would expect (in solution) on the basis of
formation of the more stable biradical intermediate. This
mechanism is supported by the detection of trace amounts
of intermediatess and 6 in the reaction mixture by GE

MS. It is likely that these two species do not accumulate
owing to the efficient formation of the oxetanes in the crystal
lattice.

For purposes of comparison, the solution-state photore-
action of benzaldehydes) with 1-phenylcyclopentene (5)
was studied in benzene. The reaction was very slow and
produced a number of products as evidenced from the GC
trace of the reaction mixture (Figure 1a). After 69 h of
irradiation, benzaldehydé was almost entirely consumed,
but the product mixture contained only 6% @fo-oxetane
3 and 13% ofendo-oxetand. The preference for formation
of endo-oxetanes in the solution-phase Paterno-Blchi reac-
tions of benzaldehyde with cyclic olefins has been noted and
explained on the basis of faster spiorbit coupling in the
1,4-triplet biradical leading to thendoproduct’ This makes
the preferrecxostereochemistry observed in the solid state

Solution photolysis of phenyl ketonta afforded com-
pound 2, which was formed via a typical Norrish type |
a-cleavage pathway, as the only isolable product. In the solid
state, ketonda showed different reactivity and the oxetanes
were formed very efficiently, witlexoisomer3aas the major
component anéndeisomerdaas the minor component. The
structures of product8a and 4a were determined on the
basis of spectroscopic measurements (IR, LRMS, HRMS,
1H NMR, BC NMR, COSY, HMQC, and NOE difference)
and elemental analysis. Similar behavior was observed in
the solid-state photolysis of ketonéb and 1c (Table 1),
although the yield of oxetanes was considerably lower owing
to the formation of numerous minor<g% each) side
products.

Solid-state oxetane formation is unprecedented and a
possible mechanism is presented in Scheme 2. In this
mechanism, irradiation of crystals @& results in Norrish
type | cleavage of thew carbon—carbon bond to form a
benzoyl radical and a 1-phenylcyclopentyl radical. Subse-
quent hydrogen atom transfer to the benzoyl radical from
the C2 position of the adjacent alkyl radical affords two (6) (a) Paterno, E.; Chieffi, GGazz. Chim. 1tal1909, 341. (b) Biichi,
neutral molecules, 1-phenylcyclopented® énd benzalde-  G.; Inman, C. G.; Lipinsky, E. SI. Am. Chem. S0d.954,76, 4327. For

; indecent reviews about the Paterno-Blichi reaction, see: (c) Ba8lynthesis
hyde (6). Becguse th,e process takes place in the CrySta”mélgga 683. (d) Griesbeck, A. G. IEGRC Handbook of Organic Photochem-
state, the radical pair and moleculgsand 6 are formed istry and PhotobiologyHorspool, W. M., Song, P.-S., Eds.; CRC Press:
within a crystal cage, with the relative orientation between New York, 1995; p 522. (e) Rivas, C. IGRC Handbook of Organic
5 and6 bling the starting ketoda? It theref Photochemistry and Photobiologylorspool, W. M., Song, P.-S., Eds.; CRC

andb resembling the starting ketone. Ererore Seems  pyess: New York, 1995; p 536. (f) Griesbeck, A. GGRC Handbook of
reasonable to suggest that the=G double bond of benzal-  Organic Photochemistry and Photobioladyorspool, W. M., Song, P.-S.,
Eds.; CRC Press: New York, 1995; p 550. (g) Carless, H. A. TRC
dehyde and the€C double bond of alkeng are favorably Handbook of Organic Photochemistry and Photobiotdggrspool, W. M.,
Song, P.-S., Eds.; CRC Press: New York, 1995; p 560. (h) Inough¥m.

(4) Ketonelb was obtained by heating fluoro-substituted ketdn@® Re».1992,92,741. (i) Porco, J. A., Jr.; Schreiber, S. L.@omprehensive
= F) with potassium cyanide in dimethyl sulfoxide (DMSO). When-R Organic SynthesjdTrost, B. M., Fleming, ., Paquette, L. A., Eds.; Pergamon
F, ketonel is a liquid and its solid-state photochemistry could not be studied. Press: Oxford, 1991; Vol. 5, p 151. (j) Demuth, M.; Mikhail, 8ynthesis
The details of the preparation of compounts—g will be given in a 1989, 145. (k) Carless, H. A. J. IRhotochemistry in Organic Synthesis;
subsequent full paper. Coyle, J. D., Ed.; Royal Society of Chemistry: London, 1986; Vol. 57, pp

(5) For reviews about topochemical rules, see: (a) Ramamurthy, V.; 95. (I) Carless, H. A. J. IrBynthetic Organic Photochemistriiorspool,

Venkatesan, KChem. Re»1987,87, 433. (b) Weiss, R. G.; Ramamurthy, ~ W. M., Ed.; Plenum Press: New York, 1984; pp 425. (m) Jones, G., Il.
V.; Hammond, G. SAcc. Chem. Red.993,26, 530. Org. Photochem1981,5, 1.
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aromatic carbonyl compound, solution-state oxetane forma-
tion is inefficient, either being exclud&dr becoming a side
reaction to other processes suctcas-transisomerization

4
(a) /6 5\ e of the alkene, alkene dimerization, or intermolecular hydro-
3 gen atom abstractio. The corresponding reactions of
AN aliphatic ketones and aldehydes have been shown to be more

effective owing to the involvement of the singlet excited
states of the carbonyl compountds.

An interesting aspect of the photochemical transformation
of ketonel into oxetanes3 and 4 is that it represents an
achiral-to-chiral transformation. Since this is a solid-state
reaction, if the crystals of the starting material are chiral,

enantioselectivity in the formation of oxetar#and4 would
’_J 1 be expected? For this purpose, the “ionic chiral auxiliary?’
approach was applied, and chiral sdlts—g were prepared.
Each salt was photolyzed in the crystalline state and treated
\ / with an ethereal diazomethane solution to convert the ionic
starting material and products into the corresponding methyl
esters, so that the reaction mixture could be subjected to GC
for percentage conversion analysis. All of the salts afforded
oxetanesc and4cin the solid state, indicating the generality
of this reaction. However, the product distribution varies
among these photolyses, with prod8cias the major oxetane
/ in some cases (1dnd1g) and compoundc as the major
component in the others (bad1f). Unfortunately, we were
6 5 not able to resolve the racemendo-oxetandc. Therefore,

L,/ l/ _JJL_/———— enantiomeric excesses (ee) are reported onlyL.éband1g

r— in Table 2.

Figure 1. (a) The GC trace of the solution-state photoreaction of _

compoundss and6 after 25 h of irradiation. (b) The GC trace of ) T )
the solid-state photolysis of ketoria after 2 h ofirradiation at Table 2. Asymmetric Induction in the Solid Stéte
—20 °C. The retention times of identical compounds in the two

b)

04b 0/4)C 0/4)C 0, d
diagrams do not match owing to different temperature programs salt conv % 3c (%) 4c (%) ee % of 3¢
used. 1d 17 57 10 6.8

56 44 8 9.9
61 41 9 9.1
. 1 29 3 42
all the more noteworthy. Also noteworthy is the fact that ¢ 65 2 57
the formation of oxetane8 and4 is much cleaner in the 96 2 25
solid state than in solution (Figure 1b). if 16 3 28
The other products from the solution photoreaction were 29 > 38
. : " . 35 4 30
not isolated or identified. The complex nature of the solution-  ; 23 31 11 52
phase reaction mixture is not surprising because benzalde- 41 28 9 45
hyde (6) has a higher triplet enerdsr(= 298—301 kJ/mol) 67 17 5 42

i - 3
than that of '_{he Con_JUQated alkeﬁe(ET = 248 k‘]/mOI)' . a All photolyses were performed at room temperatti®ased on total
Therefore, triplet—triplet energy transfer becomes an im- GC integral due to remaining starting materfalercentage of total GC

inn integral due to a given product in the product mixtW&he ee’s were
portant process that not only slows down oxetane formation obtained on a custom chiral GC column (50% 6-TBDMS-2,3-dimeiyl-

but also causes other reactions. cyclodextrin dissolved in OV-1701, 20 m 0.25 mm i.d.) with column
These observations are consistent with studies of otherhead pressure of 30 psi.

similar system$:° It has been found that when the triplet

energy of a conjugated alkene is lower than that of an

Because it was not possible to obtain a crystal structure
for any of the salts, structureeactivity correlatiok studies

(7) Griesbeck, A. G.; Stadtmdller, $. Am. Chem. So&99Q 112 1281.
(8) Handbook of Photochemistrgnd ed.; Murov, S. L., Carmichael, .,
Hug, G. L., Eds.; Marcel Dekker: New York, 1993; Section 2, pp 89 and (11) (a) Carless, H. A. J.; Maitra, A. K.; Trivedi, H. 8. Chem. Soc.,

74. Chem. Commurl979 984. (b) Carless, H. A. J.; Maitra, A. Rietrahedron
(9) Arnold, D. R.; Hinman, R. L.; Glick, A. HTetrahedron Lett1964, Lett. 1977, 1411. (c) Duthaler, R. O.; Stingelin-Schmid, R. S.; Ganter, C.
1425. Helv. Chim. Actal976,59, 307. (d) Barltrop, J. A.; Carless, H. A. J.

(10) (a) Carless, H. A. Jetrahedron Lett1972, 2265. (b) Barltrop, J. Am. Chem. S0d 972,94, 8761. (e) Hautala, R. R.; Dawes, K.; Turro, N.
A.; Carless, H. A. JJ. Am. Chem. S0d.971,93, 4794. (c) Arnold, D. R. J. Tetrahedron Lett1972, 1229. (f) Dowd, P.; Gold, A.; Sachdev, K.
Adv. Photochem1968,6, 301. (d) Saltiel, J.; Coates, R. M.; Dauben, W.  Am. Chem. S0d.970,92, 5725. (g) Kubota, T.; Shima, K.; Toki, S.; Sakurai,
G.J. Am. Chem. S0d.966,88, 2745. H. Chem. Commurl969, 1462.
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could not be performed. Previous studies on crystals exhibit- regiospecific and takes place only in the crystal lattice. When
ing low to mediocre ee’s have shown that conformational a chiral auxiliary is used, the final products can be formed
enantiomerism is responsible for the observed re$uénd enantioselectively.
it is possible that a similar effect occurs in this system.
Nevertheless, the dual function of the chiral crystal lattice ~ Acknowledgment. The authors thank the Natural Sci-
in this reaction is clearly seen. It not only serves as the ences and Engineering Research Council of Canada (NSERC)
medium for the reaction (the ability to form oxetanes is lost @nd Petroleum Research Fund (PRF) for partial support of
in solution) but also carries the asymmetric information and this research.
transfers this information to the reactive intermediates Supporting Information Available: Characterization of
(compoundss and 6) to lead to enantiomerically enriched hot ducts. Thi terial i .'I ble f £ ch .
products. The present enantioselectivity studies extend theP1OIOProGUCLS. '_S material IS avaliable free of charge via
; . T » . the Internet at http://pubs.acs.org.

generality of using crystals as chiral “messengers” in
photochemical asymmetric induction reactions. OL0165995

In conclusion, the first example of a Paternd-Buichi reaction
in the solid state is reported. The reaction is efficient,

(13) Gamlin, J. N.; Jones, R.; Leibovitch, M.; Patrick, B.; Scheffer, J.
R.; Trotter, J.Acc. Chem. Red996,29, 203

(14) For examples of structureeactivity correlation studies to explain

(12) (a) Scheffer, J. RCan. J. Chem2001, 79, 349. (b) Vaida, M; the solid-state enantioselectivity, see: (a) Leibovitch, M.; Olovsson, G.;
Popovitz-Biro, R.; Leiserowitz, L.; Lahav, M. IrPhotochemistry in Scheffer, J. R.; Trotter, J. Am. Chem. S04998 120, 12755. (b) Cheung,
Organized and Constrained MediR@amamurthy, V., Ed.; VCH Publisher: E.; Netherton, M. R.; Scheffer, J. R.; Trotter,JJ.Am. Chem. S0d.999,
New York, 1991; Chapter 6. (c) Scheffer, J. R.; Gaicia-Garibay, M. In 121, 2919. (c) Cheung, E.; Kang, T.; Raymond, J. R.; Scheffer, J. R.; Trotter,
Photochemistry on Solid Surfaces; Anpo, M., Matsuura, T., Eds.; Elsevier: J. Tetrahedron Lett1999, 40, 8729. (d) Cheung, E.; Rademacher, K.;
Amsterdam, 1989; Chapter 9.3. (c) Leibovitch, M.; Olovsson, G.; Scheffer, Scheffer, J. R.; Trotter, Jetrahedron2000,56, 6739.
J. R.; Trotter, JPure Appl. Chem1997,69, 815. (d) Caswell, L.; Garcia- (15) Cheung, E.; Kang, T.; Netherton, M. R.; Scheffer, J. R.; Trotter, J.
Garibay, M. A.; Scheffer, J. R.; Trotter, J. Chem. Educ1993,70, 785. J. Am. Chem. So@000,122, 11753.
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