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Abstract: In continuing our research on solid-state organic photochemistry, we have been investigating
the phenomenon of reactivity in stages. In this study we present new examples where the photochemical
reactivity changes discontinuously at some point in the conversion. In these instances, the reaction course
of the solid differs from that in solution. One example is the reaction of 2-methyl-4,4-diphenylcyclohexenone,
where an unusual reaction course was encountered in the solid state; and, of two possible mechanisms,
one was established by isotopic labeling. A second case is that of 4,5,5-triphenylcyclohexenone. The solid-
state reaction of this enone was found to give a new photochemical transformation, the Type C
rearrangement, a process that involves a 6 to a aryl migration. In the case of 3-tert-butyl-5,5-
diphenylcyclohexenone the Type C rearrangement occurred even in solution. The stage behavior was
investigated using X-ray analysis and Quantum Mechanics/Molecular Mechanics computations. This
permitted us to determine the sources and details of the stage phenomenon. The analysis revealed how
a product molecule as a neighbor affects reactivity. The computations were employed to follow the course
of a solid-state reaction from reactant through the succeeding stages. Additionally, the Delta-Density Analysis
was utilized to ascertain the electronic nature of molecular changes. Besides product composition changing
with extent of conversion, the reaction quantum yield was found to change as one stage gave way to a
succeeding one.

Introduction ing molecules. We defined a subset of the X-ray crystal lattice

Our research in solid-state photochemistry began 15 yearsS @ ‘mini-crystal lattice”.
ago with the philosophy of treating crystal-lattice photochemistry ~ Our initial efforts focused on the *fit" of a reacting species
guantitatively. One major objective dealt with the pioneering in the cavity of the mini-crystal lattice. “Fit” was gauged by
research of Cohen and Schmidt, who noted that the reaction ofthe overlap of the reacting species with the surrounding lettice.
a molecule can be envisioned as taking place in a cavity These initial, somewhat primitive, efforts were followed by
composed of surrounding molecules of the latficEhis estimation of the energy of the reacting molecule by molecular
qualitative, but invaluable, concept has been invoked in the last mechanic$:® But with the realization that molecular mechanics
four decades in a myriad of solid-state photochemical studies. 0mitted the electron delocalization effect, in subsequent efforts,
Surprisingly, despite the availability of X-ray structures, the We constructed the cavity with an inert gas shell obtained by
cavity concept remained qualitative. Thus, in our initial crystal- replacing the nearest neighboring atoms by heliums for hydro-
lattice studies we concluded that, with the coordinates of all 9ens and neons for carbon, oxygen, and nitrogen. With this
atoms surrounding a single lattice molecule known, the cavity irregularly shaped cavity shell held rigid, it was possible to treat
could be defined quantitativefyComputational extraction of ~ the imbedded reacting molecule quantum mechanic¢apst
one molecule leaves the cavity, which then is quantitatively recently® we have made use of the combined QM/MM
defined by the coordinates of the nearest atoms of the surround{(ONIOM) programming by Morokurié as imbedded in Gauss-
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Scheme 1. Synthesis of tert-Butyl Enone 4
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ian 9811 This permitted us to treat the reacting molecule with
ab initio quantum mechanics while treating the surrounding
molecules with molecular mechani®$.This also enabled
guantitative assessment of crystal relaxation effects.

With this methodology available we proceeded to investigate
a number of further solid-state reactions and encountered a
remarkable phenomendhHitherto, it has been assumed that
solid-state reactions sometimes could be brought to high
conversions, but that more often at some point the crystal

Scheme 2. Synthesis of the C-13 Labeled 2-Methyl Enone 9
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structure is lost and the reaction leads to a heterogeneous, useless

aggregate. Our finding was that crystal lattice reactions often

proceed in stages, and that in those subsequent stages different S . . .
and useful products tend to be formed. The present paper dealdn Scheme 3. The elimination step, involving conversior bf
with that phenomenon and also describes a number of newto 12, proved difficult, primarily due to opening of the three-

reactions and their theoretical treatment.

membered ring under most conditions. However, a simple

thionyl chloride reaction under the conditions shown afforded

Results

practical yields along with an equal amount of 1,3,4-triphenyl-
cyclohexa-1,4-dien€lf). Another problem was encountered in

(A) Synthesis. The present study required a number of this synthesis: most oxidative conditions failed for the conver-
photochemical reactants as well as the independent synthesision of the triphenylbicyclohexandl3 to the corresponding
of certain photoproducts. Thus three syntheses are noteworthyketone (Swern oxidation, PCC, and most other £d@rived

and are given in Schemes-3. In the case of the synthesis of
tert-butyl enoned, allylic oxidation of cyclohexeng did afford
the desired enon8; however, this was a minor product (ca.

reagents). However, DesMartin oxidation was successful. The
initial product was the 4ndephenylbicyclic stereoisomer,

which was identified by NMR analysis and epimerized directly

25%); and enoné resulted as the major product. Nevertheless, to afford the desired éxodiastereomerl4 as depicted in

the diphenylcyclohexenorieformed was just recycled, and thus
the synthesis proved to be practical.

A second synthesis was 8iC-labeled 2-methyl enonC-
9. This was required for mechanistic studies (vide infra). A
practical synthesis began witiC-labeled methyl iodide and
thence via formation of the phosphonium salt, the Wittig
reaction, hydroboration, Swern oxidation, and Robinson anne-
lation led nicely to the required 2-methyl product uniquely
labeled at C3. This is outlined in Scheme 2.

A more difficult synthesis was required for preparation of
an unusual bicyclic photoprodutd. This synthesis is outlined

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,
M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci,
B.; Pomelli, C.; Adamo, C.; Clifford, C.; Ochterski, J.; Petersson, G. A;
Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D;
Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.;
Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98 Revision A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.

Scheme 3.

The stereochemical assignments were from NMR analysis
and are given in the Experimental Section. The case of alcohol
13was especially critical and an assignment of the phenyl group
at C4 asendowas based on a comparison of H&A4C3
coupling constants with literature examplés.

(B) Solid-State Photolyses. (1) 2-Methyl-4,4-diphenylcy-
clohex-2-enone (9)Previously®® we have noted that solid-
state photolysis of 2-methyl enor@ affords not only the
common Type B enone photoprodu®'® but also the ring-
contracted cyclopentenoid€. Additionally, there was evidence
that the product ratio was dependent on the extent of conversion.
Thus, we planned to study the process more closely. The
reaction proceeds in stagesvith products16 and 17 being
formed in a 1:1 ratio up to 10% conversion. At this point the
exclusive photoproduct being formed becomes the bicyclic

(12) Rees, J. C.; Whittaker, Drg. Magn. Resonl1981, 15, 363—369.

(13) (a) Zimmerman, H. E.; Wilson, J. W. Am. Chem. S0d.964 86, 4036-
4042. (b) Zimmerman, H. E.; Rieke, R. D.; Scheffer, JJRAmM. Chem.
Soc.1967, 89, 2033-2047. (c) Zimmerman, H. E.; Kutateladze, A. &.
Org. Chem.1995 60, 6008-6009.
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Figure 1. Stages and changes in reactivity with extent of conversion of rea@tdiite expanded graph (b) shows the area in graph a corresponding to low
conversions. Plol corresponds to photoprodut6, plot 2 corresponds td7.

diphenyl bicyclic ketones, lacking the 2-methyl group, are
known to undergais—trans isomerizationt*

Scheme 4. Photochemistry of
2-Methyl-4,4-diphenylcyclohex-2-enone (9)

0 0 o
Me hv @Me Me o)
R ot + Me
£ ph Bh ——L—» no reaction (1)
Ph  Ph Ph o : Ph solution
9 16 17 Ph
16
Solution: 1.0 0 ) . .
Solid-state stage 1 (to 10%): 10 10 (2) 4,5,§-Tr|phenylcyclqhexenone (18).n previous stuQ|é§
Solid-state stage 2 (above 10%): 1.0 0 we investigated the solution photochemlstry qf 4:5,5-tr|phenyl-
cyclohexenonel8). The corresponding behavior in the crystal
Scheme 5. Two Alternative Labeling Results lattice proved quite different and particularly interesting. Both
0 0 o} reaction courses are illustrated in Scheme 6 along with details
Me @Me Me of the stage behavior that was once again encountered. Hence,
e w the main products in solution were stereoisomeric cyclobu-
*# r Ph *N+ bh tanonesl9 and theexostereoisomer of bicyclic ketorZ0. The
PR Ph Ph PH solid-state products differed completely. The bicyclic ketone
9 16 17 14 resulted from an unusual and novel rearrangement, termed

Label # if by direct ring contraction
Label * if via bicyclic 16 and a secondary rearrangement

ketonel6. Cyclopentenond? formed from stage 1 remained
except for a slow loss due to secondary convefsioicyclic

Type C. Also theendostereoisome®1, a product of the Type
B rearrangement, was formed. We note here the complete
reversal of the @&xophenyl stereochemistry characteristic of
the solution photochemistry.

This example is particularly striking in giving a complete
change of products in the second reaction stage. Thus in stage

16. The process finally leads .to its total disappearance at thel photoproductl4 was formed exclusively while in stage 2
end of stage 2. Scheme 4 gives these results, and the Stagﬁicyclic ketone21l resulted as the major product. Again, the

behavior is shown in Figure 1 and summarized in the table in
Scheme 4 that giveimcrementalamounts of formation of the
products in the two stages. The zero value I@rin stage 2

might well have been given a negative incremental value but

does clarify that this isomer is not being formed.
The unusual formation of the five-membered-ring product
17 had little precedent in the photochemistry of 4,4-diaryl-

stage behavior had an early onset, at 12%. Note Figure 2. Ketone
21is still another example of a product available synthetically
only in the second stage of a multistage reaction.

One additional observation is of importance. At 12% conver-
sion stage 1 ends and stage 2 begins. However, at close to one-
half of this conversion the quantum yield drops sharply. This
could be termed the existence of stage 1a and stage 1b, namely

SUbSt'tUt.ed cycIohgxenones._One can con5|de_r two, alternatwea crystal lattice change within stage 1. This is depicted in Figure
_mechanlsms. One involves _dlrect nng-gontractlon gnd_the otherg_ We know that there is some change in the environment of
involves a secondary reaction FO be dlscugsed (vu:!e |nfra). BY the reactant at the end of stage la to account for the drop in
use of thel3C-IabeI§q .r.eactant It was posglble to dn‘fe.rentlate quantum yield. The simplest assumption is the formation of one
between the possibilities. The two labeling alternatives are

shown in Scheme 5 with the differing dispositions of the
originally labeleds-carbon in the products. Experimentally, the
NMR spectrum of the photoprodudf7 showed that théC

resulted at the benzhydryl carbon (i.e. label with an asterisk in
Scheme 5), thus precluding the simple ring contraction alterna-

tive (vide infra).
One further interesting point is that bicyclic ketob@&turned
out to be unreactive in solution (note eq 1), although 5,6-

2820 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002

product14 as a neighbor at this point. This means, from the
guantum yield behavior in Figure 3, that at the end of stage 1,
there must be two neighboring moleculesldf

(3) 3+ert-Butyl-5,5-diphenylcyclohexenone (4).Interest-
ingly, tert-butyl enone4 behaved quite differently than the

(14) Zimmerman, H. E.; Hancock, K. G.; Licke, G. Am. Chem. Sod.968
90, 4892-4911.

(15) Zimmerman, H. E.; Solomon, R. D. Am. Chem. Sod.986 108 6276~
6289.
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0.8 Scheme 7. Solution Photochemistry of tert-butyl Enone 4
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g Scheme 7.
‘é 2 | (C) Computations. Our theoretical approaches have been
3 $ — based on our “mini-crystal lattice concept” which permits
quantitative description of the reaction cavity and of the behavior
0 T T of the reacting species within this cavity. Such a modeling of
0 0.05 0.1 0.15 the solid-state reaction is of importance since in many cases it
conversion is the only possible method to get a reasonable answer to why

) . ) a reaction occurs in a given way. The mini-crystal lattice is
Figure 3. Conversion dependence of solid-state quantum yield for 4,4,5- g y y

triphenylcyclohex-2-enonel ). The values of quantum yield are multiplied derived from the X-ray F'ata for the reactant by using a special
by 10 computer prograr®? It is composed of a central molecule

surrounded by a sufficient number of the neighboring molecules

h . luti lid- Ph hemi f [ . . .
Scheme 6. Solution and Solid-State Photochemistry o building the reaction cavity. Then the central molecule is

4,5,5-Triphenylcyclohex-2-enone (18)

0 computationally transformed to a molecule representing a

0 «H transition state of the reaction followed by molecular mechanics

Ph *  pp i and then ONIOM optimization of this transition structure inside
PR ph: Ph the reaction cavity. This produces the geometry and energy of
0 ’7/"' Ph H this species, which can be directly compared with those for the

solution 19 20 alternative species and reaction pathways.
cis and trans e . . . .

Ph The method allows ab initio optimization of reacting species

Ph hy inside a two-layered minicrystal lattice that is treated by
Ph o 0 molecular mechanics. The first layer is composed of the closest

crystal .

18 WPh WH surrounding molecules {225 molecules) and represents a

+  pp reaction cavity. All the other more distant molecules of the mini-

ph phY Ph lattice are included in the second layer. The first layer is allowed

Ph H to optimize, while the second layer is kept frozen during the

14 21 entire optimization. An optimization of the reacting cavity
Solid-state stage 1 (to 12%): 1.0 0 together with the reacting species allows removal of stress
Solid-state stage 2 (above 12%): 1.0 6.0 imposed on the reacting central molecule by the reaction cavity

(i.e. crystal pressuréf. More details of the computational
method may be found in the Experimental Section.

(1) 2-Methyl-4,4-diphenylcyclohex-2-enone (9)n the case
of the unusual stage photochemistry of 2-methyl-4,4-diphenyl-
cyclohex-2-enone9), we turned to computational modeling at
various points in the reaction course. A first problem was to
enone24. We note Fhat all three photoproducts arose from a analyze why an originally formed bicyclic produt$ undergoes
Type C transformation. such an unusual transformation to cyclopentenbnelo this

The solid-state photolysis of enodalso exhibited the Type  end, a molecule of bicyclic triplet6 T was optimized inside a
C reactivity, but in contrast to the solution behaViOf, selective mini-lattice Consisting of ground_state neighbors_ Then this
formation of a single Type C photoprod#3 was encountered,  triplet (16T;) was compared with the same triplet6{Tgad
and this persisted to 67% conversion. Beyond this limiting optimized as a single molecule (i.e. gas phase). The ab initio
conversion, crystal melting precluded a search for a stage 2
reaction. Also the solid-state reaction proved quite efficient (16) McBride, J. M.Acc. Chem. Re<.983 16, 304-312.

ftriphenyl enonel8, which gave the Type @ to o migration

only in the crystal lattice but afforded the Type B product in
solution. The solution photolysis @f led to three photoprod-
ucts: two isomeric bicyclic ketone22 and23, and cyclohex-

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2821
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Table 1. Comparison of Energies of Bicyclic Triplets 16T2 Table 2. Ab Initio Energies for Triplet Intermediates 25T2
ab initio energy, au® AE, kcal/mol® ab initio energy, au® AE, kcallmol
16Tgas Optimized in gas phase ~ —804.7447991 0 25Tgas Optimized in gas phase ~ —804.7344249 0
16T, optimized in crystal —804.6830413 38.8 25T, optimized in crystal —804.6929934 26.0
16T, optimized in crystél —804.6909315 33.8 25T, optimized in crystél —804.7160792 11.5

a Geometries were optimized with HF/6-31G* for the gas phase and with aGeometries were optimized with HF/6-31G* for the gas phase and with
ONIOM (HF/6-31G*: Dreiding) for the enone cryst&lHF/6-31G*, note ONIOM (HF/6-31G*: Dreiding) for the crystaP HF/6-31G*.< Formed
energy differences of over 0.5 kcal/mol are signific&ftormed from the from the second reacting molecule in the surrounding shell.
second reacting molecule in the surrounding shell of enone molecules but
with the one adjacent enone converted to cyclopented@ne

{~0
Me
Ph BC chemical shifts TH chemical shifts
Ph ! § caled, S exp., dcaled, §exp.,
atom atom
32 ppm ppm ppm  ppm
C1 36.8 325 H2exo 2.9 3.06
Figure 4. Results of the Delta-Density analysis of the bicyclic trifléT C2 40.0 41.5 H2endo 2.6 2.80
and suggested bond-5 fission to form biradicaB2. Numbering in the
three-membered ring is shown italics, AD changes are given ibold C3 203.8 2127 H4 3.7 3.70
print. c4 57.8 5.6 Hs 26 280
) ) ] _ Cs 362 32.0 H6 2.7 2.88
energies of both species are given in Table 1, where we note 6 i 154

the triplet16T,, to be 38.8 kcal/mol higher in energy than its

gas-phase counterpart. The importance of these relative energiesigure 5. Calculated (GIAO RHF/6-31G(df,pd)//B3LYP/6-31G(d,p))
is considered in the Discussion section below versus experimental NMR chemical shifts for photoprodiict

Additionally, there.is a striking difference in gepmetry relative g gnward to photoproduct6. The energetic results of these
t0 16Tgas .The C.6 tmpso(phenyl) bond ofl6T,, is bent .from computations are given in Table 2.
normal with a distortion angle *land seems responsible for
the much higher energy of this intermediate. Interestingly, almost
the same distortion was obtained in the preliminary molecular
mechanics optimization, indicating that the distortion mainly
results from intermolecular steric repulsion. The last species,
16T/, in Table 1 is a neighbor tb6 T, which is converted to
cyclopentenone product.

A guantitative analysis of the distribution of bond distortions
was obtained from our Delta Density analysisThis method
compares the density matrices for two species as in eq 2. Inthe  (2) 4,5,5-Triphenylcyclohexenone (18)The conversion of
present instance, the two species of interest are the relaxed, gasfiPhenyl enonel8in the solid state to the bicyclic produt4
phase enone triplet6Tyas and the tripletl6T,, as formed in involves a novel transannularto o. phenyl migration as noted
the crystal lattice. The basis orbitals used are the Weinhold €arlier. As a check on the structure assignment, it seemed
NHO’s 18 Positive elements correspond to strengthened bondsPrudent to obtain the theoretic&iC and*H NMR chemical
in 16T, relative to16Tgs while negative elements correspond  Shifts for this photoproduct. This was done by using GIAO
to weakened bonds. This analysis revealed that theGBLbond computations, as available in Gaussian 98. The values are listed
of the bicyclic triplet 16T, is markedly weakened (by 0.3 in the Figure 5. The agreement with experiment is quite good.

electrons) as illustrated in Figure 4, which giveB values for A second item concerned the photochemistry. To understand
bonds of interest. This accounts for the high reactivityL&in the reaction mechanism proceeding via an unustabc phenyl
stage 1 in proceeding onward to fort. migration, which we term a Type C rearrangement, ab initio

computation of species along the mechanistic pathway proved
= helpful. Similarly, we followed the pathway of the Type B
er ~ Dgas @) rearrangement of triphenyl enot8; however, in this case, our
computations included only speci&ST and 27T and the
To understand the product distribution in the reaction of enone transition structure between them. Energies of the intermediate
9 it seemed necessary to evaluate the structure and energy ogpecies of interest as obtained computationally with Hartree
the half-migrated specie25T leading from the triplet of enone  Fock UHF/6-31G* geometry optimization are summarized in
Table 3. These results led to the question of whether the two

D:

ol

(17) (a) Zimmerman, H. E.; Alabugin, I.\J. Am. Chem. So2001, 123 2265~ i ia di i i
2770, (b) Zimmerman. H. E: Alabugin. 1.0, Am. Chem. So@00Q react|on§ proceeq wg different react.ant triplets of eri@)evith '
122, 952-953. these triplets differing not only in energy and electronic
(18) (a) Foster, J. P.; Weinhold, B. Am. Chem. S0d.98Q 102, 7211-7218. : ; ; i
(b) Reed, A. Curtiss, L. A.: Weinhold, FChem. Re. 1988 88, conflgura_tlon but also |n_ geometry. Indeed this was the case.
899-926. Table 3 includes energies for tripleB6T (planar) and29T

2822 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002
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Scheme 8. Mechanisms of Type B versus Type C Enone Rearrangements for Enone 18
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18 «Ph «Ph
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G Ph B¢ ppe
Ph @ Ph Ph
29T 30T 3T 14
Table 3. Energies of the Intermediate Species Included in the Table 6. Comparison of Energies of Reacting Intermediates for
Photochemistry of Enone 18 Two Competing Pathways in Different Media@
ab initio rel energy, Type B migration Type C migration
reaction species® energy, au® keallmol® (intermediate 27T) (intermediate 30T)
A, SO of enond 8, relaxed geometry —995.3351504 0.7 ab inifio rel energy, abinitio rel energy,
B, m—r* twisted triplet29T —995.2492053 54.6 energy, au® kcal/mol® energy, au® kcal/mol®
C, TS29T—30T _ —995.2005462 85.2 gas phase —995.2581979 0  —995.2359950 0
D, half-migrated triplet intermedia®T ~ —995.2359950 62.9 crystal —995.1830517 47.2 —995.2243063 7.3
E, triplet biradical31T —995.2804044 35.1 crystal, stage2 —995.2083939  31.3 —995.2050612  19.4
F, bicyclic productl4, SO —995.3361895 0
G, n—z* planar triplet26T —995.2684720 42.5 a Geometries were optimized with HF/6-31G* for the gas phase and with
H, TS26T — 27T —995.2419138 59.2

ONIOM (HF/6-31G*: Dreiding) for the crystaP HF/6-31G*.< Molecule
reacting in stage 2, optimized in the crystal together with two molecules of
product14 (see the Discussion Section).

I, half-migrated triplet intermedia®7T —995.2581979 49.0

aGeometry was optimized with the HF/6-31G* leveHF/6-31G*.
Table 7. Energies of Ground and Triplet States of tert-Butyl

Table 4. Delta Density Computation Results for the Two Excited Enone 4
States of the Triphenyl Enone 1825

ab initio rel energy,
orbitals planar triplet 26T twisted triplet 29T reaction species® energy, au® kcal/molP
w C=C —1174.9 —4483.8 ground state, relaxed geometry ~ —921.9353821 0
7w C=0 —2391.8 —1420.9 m—m* twisted triplet —921.8662925 43.4
ny —9146.0 —866.0 n-zz* planar triplet —921.8450080 56.7
3UHF/6-31G*." Versus ground-state SO as a reference point. aGeometry was optimized with the HF/6-31G* leveHF/6-31G*.

Table 5. CASSCF/NBO Analysis of the Electronic Configuration of . . . .
the Triplets 26T and 29Tab Computations were also carried out for the reaction inter-

mediate27T and 30T in the mini-crystal lattice of triphenyl-
enonel8 obtained from the X-ray coordinates. This was done

electronic population®

orbitals planar triplet 26T twisted triplet 29T with ONIOM. The results are given in Table 6
22: (1)-3}2? g-sggg (3) 3-tert-Butyl-5,5-diphenylcyclohexenone (4)With rela-
0 1.0073 1.9238 tively close energies for both the twisted and planar triplet states
2 1.6568 0.9853 of the triphenylenond 8, we proceeded to look at thet8t-
7L 1.8929 1.8643 butyl-5,5-diphenylcyclohexenond)(excited states. The energies
» Geometries were optimized with CASSCF(6,5)/6-31G* with the Npo  C0tained are given in Table 7. . .
basis set® CASSCF energies: fo26T —995.2822647 au, for29T To search for a source of the high efficiency and selectivity
—995.2796512 alf.In electrons. in the crystalline state reaction of this enone, an ONIOM

computation in the mini-crystal lattice was carried out for the

(twisted). These were obtained as local energy minima by half-migrated triplet counterpart 80T. Also computations were
starting the optimization, in one cas26(l), with the ground-  carried out on the two alternative ground-state prod@2tand
state enone8 and, the other29T), from the search for the 23 These results are shown in Table 8. The interpretation of
transition structure betwee26T and 30T. Both pathways are these results is given in the Discussion section.
outlined in Scheme 8. This is further considered in the )
Discussion section. Discussion

To establish the electronic structure of these triplets, we used  The Mechanism of Formation of Cyclopentenone 171t
our Delta-Density analysis and also CASSCF/NBO computa- has pheen noted above and in Scheme 5 that two alternative
tions1® These computational results on tripl@8T and 29T,
planar and twisted, are given in Tables 4 and 5. (19) Nemukhin, A. V.; Weinhold, FJ. Chem. Phys1992 97, 1095-1108.
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Table 8. Computational Results for the Enone 4 Type C Rearrangement Species?

ab initio energy, au AE, kcallmol®
half-migrated intermediate optimized in the gas phase —921.8353739 0
half-migrated intermediate optimized in the crystal —921.8289199 4.1
photoproduc23 optimized in the crystal —921.8465375 0
photoproduc®?2 optimized in the crystal —921.8224607 151

aGeometries were optimized with HF/6-31G* for the gas phase and with ONIOM (HF/6-31G*:Dreiding) for the chytahparison between lines

1-2 and 3-4, respectively.

Scheme 9 The Mechanism of Formation of 17 According to the

Labeling Experiment
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Scheme 10. Understanding of Constancy of the 16 to 17 Ratio in
Stage 1

©) hv (9) hv 17 Initially Forms One Molecule of
9 Slow ? 18 Fast > 17 With a Neighboring Enone 9
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170 = o Molecule of Enone With a

Neighboring Molecule of 17

Enones with a Neighbor of
t 17 Rapidly React to Form
16 With a Neighbor of 17

16 With a Neighbor of 17
Is Unreactive in Stage 1

proceeds to form a molecule @F that then also has an enone
neighbor (i.e. termed 7 or 9U7) which, in turn, is strongly
perturbed and is triggered to a very fast reaction of this enone
molecule9”) leading quickly to another molecule @b with

a neighbor ofL7. Hence the process uses two enone molecules
to form one molecule of6 and one ofL7, and the ratio remains
1:1 overall.

Thus 16 and9" are postulated to be particularly reactive
while bicyclic molecules with a cyclopentenone proddat
neighbor (i.e.1617) are postulated to be unreactive. This is a
unique requirement for 1:1 formation @6 and17 in stage 1
of the reaction.

The high reactivity ofL6® in the crystal cavity for bond-46
fission compared with the lack of reactivity in solution is
understood from Delta-Density considerations. Thus, as noted
in the section on Computational Results, a Delta Density analysis
of the bicyclic ketone triplel6T.,, geometry optimized within
the mini-crystal lattice composed of enone reactant, and
compared with its optimized gas-phase counterd&Tgas
revealed bond 16 to have a large negative matrix element and
thus to be selectively weakened. Note Figure 4. It is this bond
that is opened in the mechanism leading to photoprotideis
outlined in Scheme 9. Thus, bond-& weakening arises from
distortion of the phenyl group attached to C6 by the cavity.

The computational data in Tables 1 and 2 also are in accord
with the experimentally observed reactivity presented above.
Interestingly, even before use of quantum mechanical optimiza-
tion, molecular mechanics optimization revealed that the bicyclic
triplet 16T, formed inside the crystal cavity is of much higher

mechanisms were considered for the formation of photoproductenergy than its gas-phase analogl€Ty.s An ab initio
17 that was formed in the solid-state photolysis in stage 1; see difference of 38.8 kcal/mol was found. The energyl&T,;,
Scheme 1. The direct ring contraction mechanism is certainly corresponding td6® in Scheme 10, is higher than the energy

the simplest and was initially favored. However, this mechanism
would leave thé3C label at thes carbon of the cyclopentenone

ring as outlined in Scheme 5 and not at the benzhydryl site.

Clearly the product arises from the mechanism outlined in
Scheme 9, which depicts an initial Type B phenyl migration
followed by a reaction of the initially formed bicyclic photo-
productl6. Opening of the three-membered ring in this manner
as noted has precedent @is—trans stereoisomerization of
bicyclo[3.1.0]hexanone¥. In this case triplet diradicaB2
undergoes a phenyl migration with concomitant intersystem
crossing to afford the photoprodutt with the experimentally
observed labeling.

One further point is the contrast between two findings: (a)
the sequential mechanism of conversion9ofo 16 to 17 as

of 16T, which corresponds tb617) in this scheme (note Table
1). This suggests a higher reactivity for the initially form&gl
compared with the second moleculeldf produced. Also, this
is consistent with the lack of reactivity d6(17). Table 2 gives
information about the “half-migrated” triplet speci2sT of the
two processes of interest. In this tal@®T.,, corresponding to
the bridged species leading frodrto 169, is of considerably
higher energy tharR5T,,', which is the bridged intermediate
formed from97) affording 167). Thus9® is much less reactive
compared witt@7). The net theoretical conclusion is that the
initial enone reaction occurs somewhat more slowly than the
subsequent reaction of a second molecule of the reaction cluster.
A further point concerns stage 2. It is seen that the energies
of the half-migrated intermediates of the surrounding unreacted

required by the labeling evidence and (b) the constant 1:1 ratio enone molecules at the beginning of stage 2 are in the range of

of 16 to 17 during stage 1 that formd6 and 17. Our

25—-27 kcal/mol as determined by MM3 computation. This

interpretation is outlined in Scheme 10. Here molecule pairs compares with that for the initial central molecule of stage 1

are represented aMfOLECULE (Neighbor’ ' Every molecule of
16 formed in stage 1 (we term this®) has a closest neighbor
enone9 molecule adjacent. Each of these moleculd®)

2824 J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002

(i.e. 25T¢) where the energy is 26.9 kcal/mol. Hence these
species do not react competitively with the two molecules of
stage 1, but react only slowly at stage 2.
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two enone triplets29T is of higher energy by 12.1 kcal/mol
(note Table 3). The Delta Density computations reveal that the
triplet 26T had lost almost 10 times the, rbital density
compared with the twisted tripleX9T. Also, it had lost much
more -bond density from the carbonyl. This identifies triplet
26T as n—z*. In contrast, the triple29T had lost electron
density mainly from thex,3-carbon bond, which identifies it

E (kcal/mol) |

120 1

e

TS2 -
277 26T asm—m*. _ _ _
40, The CASSCF/NBO computatiotsusing NBO's as a basis
and an active space of (6,5) aimed at confirming the assignment
 opesrnr -18 ; pe G roar. ——» V14, of these. triplets. The activg space v.vas.take'n to include gnly
’ g 4 those eigenfunctions heavily participating in the excitation

~ process. Thus, the active space was comprised of four butadiene-

Figure 6. Schematic representation of the reaction path for the photochemi- ; : e : :
cal rearrangements of 4,5,5-triphenylcyclohex-2-endi®. (The dashed like orbitals and an oxygen lone pair (i.e. n Q’D prbital. This

line corresponds to SO and the solid lines correspond to two different T1 Permitted efficient computation, and the results are given in
states. Table 5. Triplet26T is seen again to involve lone pair electron

excitation (n-zz*) while for triplet 29T a z—x* configuration

There is another point requiring comment concerning our use js dominant.
of molecular mechanics for this computation. It is clear that  Turning to the stage phenomenon, from the quantum vyield
molecular mechanics does not afford good absolute accuracyyersus conversion measurements (note Figure 3), we can see
as electronic (e.g. delocalization) effects are neglected. But sincethat stage 2 does not begin until two molecules of reactant have
the main source of intermolecular interactions in these systemsundergone stage 1 reaction. Thus, the quantum yield drops
comes from steric repulsions, for comparative purposes, mo- precipitously after every reactant molecule has one molecule
lecular mechanics with the MM3 force field is reliable. of photoproduct as a neighbor. The second ONIOM computation

The Mechanism of the Reaction of 4,5,5-Triphenylcyclo-  was carried out with the two neighbors of the central reactant
hexenone (18)The first item requiring attention is the unusual  molecule replaced by photoprodubt molecules. The choice
course of the solid-state rearrangement of the triphenylenoneof the neighbors had been taken at the locus where the Type C
18. As outlined in Scheme 6, the known solution reactiéeads rearrangement resulted in maximum geometric change and thus
to the usual Type B bicyclohexanone prod2@tand, with ring- maximum cavity shape modification. The result of this com-
contraction, to vinylcyclobutanonés. In contrast, in stage 1 putation is the third entry in Table 6. Here it is seen that there
of the solid-state reaction the exclusive formation of triphenyl s g predicted preference for the Type B rearrangement in stage
bicyclic 14, termed a Type C rearrangement, involvesta o 2. Moreover, the energetic preference of 2.1 kcal/mol over the
migration. Type C pathway corresponds approximately to the observed

The preference for the Type B rearrangement in solution, selectivity in stage 2 of 6:1.

rather than the Type C, can be understood from inspection of  The Mechanism of the 3tert-Butyl-5,5-diphenylcyclohex-

the data in Table 3. Thus, the half-migrated intermedete enone 4 Reactionlt was originally computationally predicted
of the Type B reaction is 13.9 kcal/mol lower in energy than that the Type C rearrangement originates fromsther* triplet
the correspondin@OT of the Type C process. rather than the az* triplet. The latter commonly affords the

Moreover, a comparison of the alternative transition states Type B rearrangement. The Type C rearrangement ofeite
TS1andTS2 (note Figure 6) shows a preference of 26.0 kcal/ putylcyclohexenoned was of particular interest because it
mol for the Type B rearrangement. We also see that the gccurred even in solution. Here, even without a crystal environ-
calculated activation energy of 16.7 kcal/mol obtained for the ment, geometry optimization (gas phase) led to a twisted triplet
triplet Type B rearrangement as the difference between entries(note Table 7) that is lower in energy. The corresponding planar
H and G of Table 3 'S2 and 26T in Figure 6) is in good triplet proved to be 13.3 kcal/mol higher in energy as a
agreement with the experimental value of-1l kcal/mol for consequence of the steric effect of thert-butyl group in
the reaction in solutiof? facilitating z-bond twisting. Thus, the more stable twisteesr*

However, for the crystal reaction, ONIOM computations for triplet led to the solution Type C rearrangement in this case.
the same half-migrated species imbedded in the usual reactant T,q important points are worth discussing. The first is the
mini-crystal lattice make clear the preference for this unusual high efficiency of the solid-state photoreaction of enche
reaction in stage 1. Thus, it is seen that the energy obtte Extrapolated to zero conversion, quantum yield turned out to
o (Type C) migration is preferred over the common Type B e 0.017, which is in the usual range of the quantum yields for

process by 7.3 kcal/mol. many solution photorearrangements (e.g. the solution quantum
Additionally, as noted, the computations reveal that the Type yield for the Type B enone rearrangement was determined to
C rearrangement is characteristic of thes* twisted triplet. be 0.043Y). To explain this ease of crystalline Type C
Thus, two energy minima were obtained for the triplet of enone yearrangement, a half-migrated intermediate corresponding to
18, these corresponding to structu&t and29T. The former, the 6—a. phenyl migration for the enongéhas been optimized
26T, had a nearly planar enone moiety (i.e—Q,—Cs—C, with ONIOM inside the mini-crystal lattice. The results are given
dihedral angle of 0.5. However,29T had ther-bond strongly iy Table 8. For comparison purposes an energy of the same

twisted with a dihedral angle of 35We note in that, of the

(21) Zimmerman, H. E.; Hancock, K. G. Am. Chem. S0d.968 90, 3749~
(20) Zimmerman, H. E.; Elser, W. R. Am. Chem. Sod.969 91, 887-896. 3760.
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species optimized in the gas phase is included. One can segacking potentials in which an empirical van der Waals function
that the in-crystal optimized intermediate is only 4.1 kcal/mol is used to assess the energy of the molecular pair in the Gvity.
higher than the corresponding gas-phase species. This reflect®Varshel studied an excimer using an early QM/MM metfbd.

a very close “fit” of the shape of the crystalline reaction cavity One elegant approach utilized the proximity of an individual
to the reacting intermediate, as well as a spatial “compactness”functional group to its nearest neighbor as in pretty studies by
of the type C transition state. Both factors allow the reaction to Lahav and Scheffei A different approach involved calculation
occur in the solid state with almost the same efficiency as in of cavity volumes in a pioneering study by Gavezz#ttiocal

the solution. stress has been utilized in important studies by McBtfde.

The second point deals with a very high selectivity of the =~ However, in essentially all of these studies, the methods relied
solid-state reaction that affords only one prod@as compared  on reactant characteristics in the crystal to understand its
with the solution reaction where three isomeric type C photo- reactivity. Our approach has been to compare the reacting
products22—24 form. Again, such a high selectivity of the species in the lattice with the original reactant. This is analogous
crystalline reaction may be qualitatively explained by the good to ground-state solution chemistry where it is helpful to compare
fit of the reaction cavity to the only product ketoR& To obtain a transition state with reactant rather than considering the
a quantitative support for this statement, the ONIOM optimiza- reactant alone.
tions of two alternative isomer2 and 23 inside the enond In particular, our finding of the phenomenon of reaction stages
mini-crystal lattice have been conducted. The results are has provided an additional chance for obtaining photoproducts
included in Table 8. An energetic preference of 15.1 kcal/mol which are otherwise inaccessible. While hitherto an early loss
for product 23 versus22 has been found that explains its of original crystal lattice ordering had been considered a
exclusive formation. limitation, this now promises to reveal subsequent stages with

The Role of Cluster Size and Relaxation EffectsThe last novel reactivity. Finally, the brilliant, but qualitative, concept
subject for discussion is the role of the size of the “reaction of Cohen and Schmidt in envisioning crystal cavities in which
cluster”, i.e., the number of surrounding molecules, that affects reactions occur is now replaced by a “quantitative cavity” in
the reaction of a central molecule and whose reactivity is Which the cavity is precisely defined with the consequence that
affected by it. This cluster may be considered as a minimal reactivity in the cavity can be computationally analyzed.
independent reacting unit of which the entire crystal is com-
posed. Clearly it will include all the closest neighbors which Experimental Section
form the first surrounding shell. Yet it is certainly smaller than  General Procedures. All reactions were performed under an
our mini-crystal lattice. As was shown in a previous paper, atmosphere of dry nitrogen. Melting points were determined in open
molecules more remote from the central molecule than the capillaries and are uncorrected. Column chromatography was performed
nearest shell have a minor effect on the central molecule on silica gel (Aldrich, 60 A, 206-400 mesh, or Silica gel 60 Geduran
reactivity. Thus, the “reacting cluster” practically coincides with 35—75 um) mixed with Sylvania 2282 phosphor and slurry packed
the first surrounding shell. In the present cases of 2-methyl enoneinto quartz columns to allow monitoring with a hand-held UV lamp.

9 and triphenyl enonés, this shell includes 14 molecules, so All solvents were additionally purified and dried by standard techniques.
one can anticipate the size of the “reacting cluster” to consist 1 2nd**C NMR spectra were recorded at 300 and 75 MHz respectively,
of 15—20 molecules. This explains qualitatively why the switch and are reported in ppm dovynfueld from tetramethylsul_ane. .
between two stages in both solid-state reactions occurs-at 10 . Solut_|on Photolys_es.Squtuon photolyses were carried out in an

. . . immersion reactor with a water-cooled jacket using a 400 W medium-
12% conversion. This corresponds to the point where 2

pressure mercury lamp equipped hvia 5 mmfilter of a circulating
molecules of 1520 have already reacted, and only a slower g 4 \ solution of CuSQunless stated otherwise. All solutions were

reaction of the others takes place. purged with deoxygenated nitrogenr fb h both prior to and during
photolysis.
Relation to Previous Studies and Final Conclusion General Procedure for Solid-State Photolysislrradiation of fine

crystalline material was performed between two quartz slides x5.0

Solid-state photochemistry has long exhibited remarkable 5.0 cnf) using a water-cooled medium-pressure 400 W mercury lamp
promise for synthetic purposes. When we began our efforts in equippeq wih a 2 mmPyrex filter. To prevent possible melting during
1985, solid-state organic chemistry already had a very large photolly5|s the samples were cooled in amwe;ter bath. Each sample .
number of examples where the crystal photochemistry differed contained 56 75 mg of reactant CryStaIS'. For t_lme-dependent photolys!s
from that in solutiorf2 A restriction was that understanding was purposes 5 mg port'(.ms were taken atfixed times and the product ratios
. L ) ) . were determined usintH NMR.
limited and Igrgely quall'ta.tlve. Further, the reactlops |r'1vest|gated 4,4-Diphenylcyclohexene (2was prepared according to the pro-
most often involved minimal molecular reorganization. SOme cedure of Zimmerman et al.in 64% yield as colorless crystals, mp
guantitative treatments focused on reactant geometry. 61—63 °C (lit.2” mp 65-66.5°C).

Most important, Cohen and Schmidt had proposed the concept 5,5-Diphenylcyclohex-2-enone (3)To a stirred solution of 18.0 g
of the cavity in which molecules reactédhese researchers (76.9 mmol) of 4,4-diphenylcyclohexen@)(in 600 mL of benzene
also proposed the idea of least motidrand this has been
termed the Topochemical Principle. A quantitative postulate was %) %%ghj’g&a%l&%;ﬁ%’)“ﬁfjﬁ@j (T;hoé"airﬁjmc F',?_;' \S,gﬁ'k;?e”s‘é?{" ﬁ_;
that for [2+2] cycloadditions a distance of 4.2 A or less between Ramamurthy, VTetrahedronl987, 43, 1225-1240.
7 bonds was require®?. Thomas and Ramamurthy advanced a 88 ‘(’gffgﬂghgé-H?'gé'f";(;’,;fvﬁtﬁ_g{,ghg_’?Lgﬁgjﬁ?1;;";%@3?1_ Am.

still more quantitative theory for [22] cycloadditions involving Chem. Soc1987, 109, 3883-3893. (b) Ariel, S.; Askari, S. H.; Scheffer,
J. R.; Trotter, J.; Wireko, FJ. Am. Chem. Sod.987 109 4623-4626.
(26) Gavezzotti, AJ. Am. Chem. Sod 983 105 5220-5225.
(22) Schmidt, G. M. JSolid State Photochemistrginsberg, D, Ed.; Verlag (27) Zimmerman, H. E.; Epling, G. AJ. Am. Chem. Sod 972 94, 7806~
Chemie: New York, 1976. 7811.
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were added Celite (50.0 g) and PDC (44.0 g, 117.0 mmol). The resulting which were decanted, combined together, washed with water, and dried

mixture was cooled to 10C, andtert-butyl hydroperoxide (11.7 g of
90% solution int-BuOH, 116.7 mmol) was added dropwise. The
reaction mixture was stirred for 26 h at room temperature. Then it was
filtered through a Celite pad, and the filter was thoroughly washed
with ether. The filtrate was successively washed with 5% HCI and water
and dried over Ng8O,. After rotary evaporating the solvents, an oily

over NaSQ,. After concentration in vacuo the residue was purified by
column chromatography (silica gel, column 21x02.5 cn#, eluent
pentane) to afford 0.84 g (76%) of the product as a colorlesstdil.
NMR (CDCly) 6 7.37-7.29 (m, 10H), 5.46 (dJ = 158.4 Hz).
1-13C-2,2-Diphenylethanol (7).A solution of 0.67 g (3.7 mmol) of
2-13C-1,1-diphenylethylenes] in 10.0 mL of THF was treated with a

residue was separated by column chromatography on silica gel (columnsolution of Bs—THF complex (7.4 mL of 1.0 M solution in THF, 7.4

47.0x 4.0 cn?, eluent ethyl acetatehexane 1:5) to give the following
fractions: (@) 8.6 g of starting material as a colorless ail, crystallizing
upon standingRr 0.78; (b) 5.5 g (57% based on consumed starting
material) of 4,4-diphenylcyclohex-2-enon® @s a colorless solidz
0.47, which was recrystallized from an ethérexane mixture to give
colorless prisms, mp 9497 °C (lit.?® mp 96-97 °C); (c) 2.0 g (21%

mmol) at ice-bath temperature. The reaction mixture was stirred for 4
h at room temperature, cooled in a water-ice bath, and carefully treated
with 2.0 mL of a 10% solution of water in THF followed by addition

of 12.0 mL of a 3.0 M aqueous solution of NaOH (37.0 mmol) and
10.0 mL of 30% HO, (96.2 mmol). The resulting mixture was stirred
for 1.5 h at room temperature, poured into water, acidified with 10%

based on consumed starting material) of 5,5-diphenylcyclohex-2-enoneHCI, and extracted with ether. The organic fraction was washed with

(3) as a colorless solidk 0.33, which was recrystallized from hexane
CH.CI, mixture to give 1.9 g of colorless crystals, mp 045 °C
(lit.2” mp 110.5-112.5°C). 'H NMR (CDCl) ¢ 7.32-7.14 (m, 10H),
7.01 (dt,J; = 9.6 Hz,J, = 5.4 Hz, 1H), 6.04 (dt}); = 9.6 Hz,J, = 1.8
Hz, 1H), 3.22 (s, 2H), 3.19 (ddy = 4.2 Hz,J, = 1.8 Hz, 2H).
3-tert-Butyl-5,5-diphenylcyclohex-2-enone (4)A solution oft-BuLi
(9.5 mL of 1.7 M solution in pentane, 16.2 mmol) was added to a
stirred suspension of 0.73 g (8.1 mmol) of CuCN in 35.0 mL of ether
at 0°C. The resulting mixture was stirred for 10 min, and a solution of
1.0 g (4.0 mmol) of 5,5-diphenylcyclohex-2-enor8} {n 40.0 mL of
ether was added dropwise at °C, followed by stirring at this
temperature for 3 h. A solution of PhSéBwas prepared by addition
of Brz (1.42 g, 0.46 mL, 8.87 mmol) to a solution of 2.87 g (9.2 mmol)
of diphenyldiselenide in 20.0 mL of ether at intensive agitation. This
PhSeBr solution was added rapidly to the reaction mixture (this was
accompanied by immediate decolorization). The resulting mixture was
poured into 150 mL of 5% HCI and 150 mL of ethgrentane (1:1).
The organic fraction was separated, washed with saturated NaHCO
solution and water, dried over B8O, and concentrated in vacuo. The
oily residue was dissolved in 100 mL of methanol, and 0.77 g (9.2
mmol) of NaHCQ in 15.0 mL of HO and 7.88 g (36.8 mmol) of
NalO; in 35.0 mL of HO were added. After the mixture was stirred at
room temperature for 3.5 h, the resulting solution was poured into a
mixture of 80 mL of saturated NaHG@®olution and 100 mL of ether

pentane (1:1). The organic layer was washed with water and concen-

trated NaCl solution, dried over MaQ:, and concentrated in vacuo.
The crude product was purified by column chromatography on silica
gel (column 48.0x 2.5 cn¥, eluent ethyl acetatehexane 1:5), and a
fraction with Rr 0.44 afforded 0.58 g of colorless oil, which was
crystallized from pentane to give 0.47 g (38%)36fas colorless prisms,
mp 102-104 °C. 'H NMR (CDCly) 6 7.30-7.12 (m, 10H), 5.95 (t,
J=1.2 Hz, 1H), 3.19 (s, 2H), 3.09 (s, 2H), 1.05 (s, 9H). UV (benzene),
nm: 334 € = 45). HRMSm/e 304.1813 (calcd for gH.40 304.1827).
2-13C-1,1-Diphenylethylene (6)The Wittig reaction was performed
following the general procedure of Corey etfaDMSO (10.0 mL)
was added to sodium hydride (0.27 g of 60% suspension in mineral
oil, 6.6 mmol) previously washed with pentane to remove mineral oil,
and the resulting mixture was stirred at 80 to give a clear solution
(ca. 1 h). This was cooled in an icgvater bath, and a solution of 2.62
g (6.47 mmol) of'*C-methyltriphenylphosphonium iodide in 15.0 mL
of DMSO was added dropwise. The resulting dark-yellow solution was
stirred at room temperature for 30 min followed by addition of a solution
of 1.18 g (6.47 mmol) of benzophenone in 5.0 mL of DMSO. After
the addition was complete, the reaction mixture was stirred for 24 h at
room temperature. Then it was poured into 100 mL of water, the mixture
of solid and liquid was shaken with % 50 mL portions of pentane,

(28) Zimmerman, H. E.; Samuelson, G.EAm. Chem. S0d969 91, 5307
5318.

(29) Reich, H. J.; Renga, J. M.; Reich, I.L.Am. Chem. Sod975 97, 5434~
5447

(30) Gree'nwald, R.; Chaykovsky, M.; Corey, E.1J.Org. Chem.1963 28,
1128-1129.

water and dried over N80,. Removal of solvents in vacuo afforded
a colorless oil, which was crystallized from hexane to give 0.57 g (74%)
of the product as colorless cotton-like crystals, mp-52°C. *H NMR
(CDCly) ¢ 7.39-7.15 (m, 10H), 4.22 (dd}, = 14.1 Hz,J, = 6.9 Hz,
1H), 4.18 (dt,J; = 143.7 Hz,J, = 7.2 Hz, 2H), 1.531.42 (m, 1H).
1-13C-2,2-Diphenylacetaldehyde (8)A solution of 0.23 g (1.8
mmol) of oxalyl chloride in 5.0 mL of methylene chloride cooled to
—70°C was treated with a solution of 0.29 g (3.7 mmol) of DMSO in
1.0 mL of CHCI,.3! The reaction mixture was stirred for 2 min, and
a solution of 0.33 g (1.7 mmol) of $C-2,2-diphenylethanol7j in
1.0 mL of CHCI, was added via syringe. The resulting mixture was
stirred for 20 min, and triethylamine (0.84 g, 8.3 mmol) was added
dropwise followed by the stirring at 70 °C for an additional 10 min.
Then the reaction mixture was allowed to warm slowly and stirred for
40 min at room temperature. It was diluted with &Hb, washed
successively with 3% HCI, water, saturated aqueous Naji@od
water, dried over N&QO;, and concentrated in vacuo. The crude product
was purified by column chromatography (silica gel, column 35.0
1.5 cn?, eluent ethyl acetatehexane 1:5), the fraction witR: 0.55
was collected, which afforded 0.25 g (76%) of the product as a colorless
oil. 'H NMR (CDCl) ¢ 9.89 (dd,J; = 178.5 Hz,J, = 2.6 Hz, 1H),
7.42-7.19 (m, 10H), 4.89 (dd), = 7.8 Hz,J, = 2.6 Hz, 1H).
3-13C-2-Methyl-4,4-diphenylcyclohex-2-enone'fC-9). A solution
of KOH (0.15 mL of a 1.0 M solution in EtOH, 0.15 mmol) was added
dropwise at O'C to the stirred solution of 0.17 g (0.86 mmol) ofX:-
2,2-diphenylacetaldehyd@)(and 80 mg (0.95 mmol) of ethyl vinyl
ketone in 10.0 mL of anhydrous ether. The reaction mixture was stirred
at 0°C for 2 h followed by stirring at room temperature for 12 h. It
was successively washed with 10% HCI, water, a concentrated solution
of NaHCQ;, and water and dried over b80O,. After being concentrated
in vacuo the oily residue was dissolved in 5.0 mL of ethanol, 1.0 mL
of concentrated HCI was added, and the resulting mixture was stirred
for 30 min at 60°C. Then it was allowed to cool to room temperature,
poured into water, extracted with ether, washed with concentrated
NaHCQ; and water, dried over N8Oy, and concentrated in vacuo to
afford a yellowish solid. This was recrystallized from methanol to give
0.15 g (65%) of colorless crystals, mp ¥1618°C.'H NMR (CDCls)
0 7.37 (m, 10.5 H), 6.80 (br. s, right part ef:*CH doublet, 0.5H),
2.72-2.63 (m, 2H), 2.41 (ddJ; = 7.0 Hz,J, = 5.5 Hz, 2H), 1.92 (dd,
J1 = 6.0 Hz,J, = 1.5 Hz, 3H). HRMSnve 263.1383 (calcd fot*C
CigH180 263.1391).
trans-5,6-Diphenylbicyclo[3.1.0]hexan-2-one (10)A solution of
4,51 g (18.2 mmol) of 4,4-diphenylcyclohex-2-en&h@) in 1200 mL
of benzene was degassed with nitrogen Toh and photolyzed in a
water-cooled photochemical reactor equipped with a 400 W medium-
pressure Hg lamp with the Cug@iter solution for 3 h. Concentration
in vacuo afforded yellowish oil that was chromatographed on silica
gel (column 45.0x 4.0 cn?, ethyl acetatehexane 1:5) to give the

(31) Oxidation was performed according to the procedure given in the
following: Mancuso, A. J.; Huang, S.-L.; Swern, D.Org. Chem1978
43, 2480-2482.
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following fractions: (a) 2.4 g (60%) dfans5,6-diphenylbicyclo[3.1.0]-
hexan-2-one 10) as colorless solidR 0.46, which was used for the
next step without further purification (the analytical sample was
recrystallized from hexanreether mixture to give colorless prisms, mp
72—74°C (lit.3> mp 73-74 °C). *H NMR (CDCls) ¢ 7.45-7.20 (m,
10H), 3.12 (dJ = 9.6 Hz, 1H), 2.68 (dJ = 9.6 Hz, 1H), 2.44-2.36
(m, 2H), 2.15-2.01 (m, 1H), 1.2%+1.06 (m, 1H)); (b) 0.44 g of starting
enone as colorless oil solidifying upon standiRg0.38; and (c) 1.0 g
(25%) of cis-5,6-diphenylbicyclo[3.1.0]hexan-2-one as colorless solid,
R: 0.31, with all spectral data corresponding to the liter&furealues.
2trans-5,6-Triphenylbicyclo[3.1.0]hexan-2-ol (11)A solution of
phenylmagnesium bromide was prepared from 3.38 g (21.5 mmol) of
bromobenzene and 0.53 g (22.0 mmol) of Mg in 35.0 mL of ether. A
solution of 3.54 g (14.3 mmol) ofrans-5,6-diphenylbicyclo[3.1.0]-
hexan-2-one 10) in 50.0 mL of ether was added dropwise to the
solution of the Grignard reagent at room temperature. After the addition
was complete, the reaction mixture was stirred for 12 h at room
temperature followed by quenching with saturated aqueougCN&hd
extracting with ether. The combined organic fractions were washed
with water and concentrated NaCl solution and dried ovesSia
After concentration in vacuo the crude product was purified by column
chromatography on silica gel (column 45<04.0 cn?, ethyl acetate
hexane 1:4) followed by crystallization from hexane to afford 3.5 g
(75%) of colorless crystals, mp 996 °C. *H NMR (CDCls) 6 7.67—
7.59 (m, 2H), 7.5%7.44 (m, 2H), 7.427.20 (m, 11H), 2.72 (d) =
8.7 Hz, 1H), 2.51 (dJ = 8.7 Hz, 1H), 2.50 (ddJ; = 13.2 Hz,J, =
7.8 Hz, 1H), 2.35-2.18 (m, 1H), 2.15 (s, 1H), 1.83 (dd, = 13.2 Hz,
J, = 7.8 Hz, 1H), 1.18-1.05 (m, 1H). HRMSm/e for [M — H.0]
308.1565 (calcd for &H, 308.1568).
trans-2,5,6-Triphenylbicyclo[3.1.0]hex-2-ene (12)A solution of
2.5 g (7.7 mmol) of 2rans-5,6-triphenylbicyclo[3.1.0]hexan-2-0l11)
in a mixture of 10.0 mL of pyridine and 30.0 mL of methylene chloride
was cooled in an icewater bath, and a solution of 1.37 g (0.84 mL,
11.5 mmol) of SOGI in 4.0 mL of methylene chloride was added
dropwise. The reaction mixture was stirred &@for 3 h. The mixture
was then gradually allowed to rise to room temperature, and stirred
for an additional 12 h. Then it was diluted with methylene chloride,
washed with a 5% solution of HCI and water, and dried ovesSTa.
After concentration in vacuo, the residue was subjected to column
chromatography on silica gel (column 45<04.0 cn?, ethyl acetate
hexane 1:6), and the fraction wit 0.54 was collected, which afforded
a white solid. Recrystallization from hexane gave 1.1 g (47%) of
colorless cotton-like crystals, mp 16305 °C. *H NMR analysis
showed the product to be mixed crystaldrahs-2,5,6-triphenylbicyclo-
[3.1.0]hex-2-ene 2) and 1,3,4-triphenylcyclohex-1,4-dien&5] in
approximate ratio 1:1*H NMR (CDCl) 6 7.65-7.59 (m, 2H 0f12),
7.46-7.05 (m, 13H 0of12 + 15H of 15), 6.36 (tm,J = 4.0 Hz, 1H of
15), 6.28 (dt,J. = 4.4 Hz,J, = 1.5 Hz, 1H 0of15), 5.65 (t,J = 2.7 Hz,
1H of 12), 4.74-4.63 (m, 1H ofl15), 3.473.38 (m, 2H of15), 3.05
(dd, Jy = 7.8 Hz,J, = 2.7 Hz, 1H 0of12), 2.96 (dd,J; = 19.0 Hz,
J, = 2.7 Hz, 1H 0f12), 2.82 (d,J = 7.8 Hz, 1H 0f12), 2.64 (dt,J, =
19.0 Hz,J, = 2.7 Hz, 1H 0f12). 2*C NMR (CDCh) 6 145.43, 143.83,

141.91, 140.93, 140.54, 137.41, 136.48, 135.62, 131.48, 130.47, 128.52

128.50. 128.46, 128.31, 128.26, 128.07, 127.85, 127.13 (2C), 127.09
126.79, 126.76, 126.28, 126.23, 126.19, 125.94 (2C), 125.12, 123.92
123.52, 45.88, 39.28, 37.97, 37.27, 35.17, 29.54.
1,endo4,endo6-Triphenylbicyclo[3.1.0]hexanexo-3-ol (13). A
solution of 0.95 g (3.1 mmol) of mixed crystals obtained in the previous
step in 15.0 mL of anhydrous THF was treated with a solution of-BH
THF complex (10.8 mL of 1.0 M solution in THF, 10.8 mmol) at ice-
bath temperature followed by stirring at this temperature for 2.5 h, and
for an additional 2.5 h at room temperature. The resulting mixture was
cooled to 0°C and carefully treated with 3.0 mL of a 10% solution of
water in THF followed by addition of 20.5 mL of 3.0 M aqueous NaOH

(32) Zimmerman, H. E.; Albrecht, F. X.; Haire, M. J. Am. Chem. Sod975
97, 3726-3740.
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Table 9. Amounts of Photoproducts 16 and 17 vs Total
Conversion in the Solid-State Reaction of Enone 92

conversion

0.05 011 017

productlé 0.025 0.03 0.038 0.04 0.05 0.07 0.11 0.25 0.37
productl7 0.025 0.03 0.038 0.04 0.05 0.04 0.06 0.04 0.02

0.06 0075 008 0.0 029 039

conversion

0.53 0.63 0.70 0.79 0.91 1.00
product16 0.50 0.61 0.69 0.79 0.91 1.00
productl7 0.03 0.02 0.01 0 0 0

a All the amounts are in fractions of unity.

(2.46 g, 61.6 mmol) and 16.5 mL (18.2 g, 0.16 mol) of 30%Ok
The resulting mixture was stirred for 1.5 h at room temperature, poured
into 10% aqueous HCI, and extracted with a sufficient amount of ether
(2 x 250 mL). The organic fraction was washed with water and brine
and dried over Ng&8Os. Solvents were concentrated in vacuo to a
volume of approximately 5.0 mL to afford a white precipitate that was
filtered. The clear filtrate was concentrated in vacuo to give a yellow
oil, which was chromatographed on silica gel (column 50.2.5 cn?,
ethyl acetate-hexane 1:5). The fraction witR: 0.28 was collected and
afforded 0.38 g (38%) of alcohdB as a colorless oitH NMR (CDCly)
0 7.45-7.00 (m, 13H), 6.936.83 (m, 2H), 3.74 (ddJ; = 8.4 Hz,
J, = 4.4 Hz, 1H), 3.49-3.37 (m, 1H), 2.83 (ddJ; = 12.8 Hz,
J, = 6.9 Hz, 1H), 2.57 (ddJ; = 8.7 Hz,J, = 4.4 Hz, 1H), 2.50 (d,
J = 8.7 Hz, 1H), 2.36 (ddJ; = 12.8,J, = 8.1 Hz, 1H), 1.55 (br. s,
1H). 13C NMR (CDCk) 6 145.13, 141.12, 136.82, 130.21, 128.48,
128.06, 127.93, 127.34, 126.43, 126.37, 126.18, 125.93, 72.63, 51.66,
41.10, 33.91, 33.88, 32.18. IR (neat) ¢m 3550-3150. The white
precipitate previously filtered was recrystallized from methaidhF
mixture (2:1) to give 0.27 g (25%) of 2,3,5-triphenylcyclohexan-1,4-
diol (35) as colorless microcrystals, mp 25261 °C. 'H NMR (CDs-
OD) 6 7.50-6.90 (m, 15H), 4.71 (tJ = 11.1 Hz, 1H), 4.03 (narrow
m, 1H), 3.71 (dd.; = 10.8 Hz,J, = 5.4 Hz, 1H), 3.45-3.20 (partially
overlaping with an OH signal from the solvent, m, 2Hpossibly 2H
from OH), 2.46 (td,J, = 14.7 Hz,J, = 2.7 Hz, 1H), 1.99 (dmJ =
14.7 Hz, 1H). HRMSwe for [M — 2H,0 — H;] 306.1410 (calcd for
Cz4H15 306.1410).
1,.exo4.endo6-Triphenylbicyclo[3.1.0]hexan-3-one (14).To a
solution of 0.27 g (0.72 mmol) of DesMartin periodinan& in 25.0
mL of CH,Cl, was added pyridine (0.047 g, 0.60 mmol), and the
resulting mixture was stirred for 10 min at room temperature. A solution
of 100 mg (0.31 mmol) of alcohd3in 5.0 mL of CH.CI, was added
dropwise, and the resulting mixture was stirred # h at room
temperature. Then it was cooled t¢O, and a mixture of 20.0 mL of
a 5% aqueous solution of B&O; and 12.0 mL of a concentrated
aqueous solution of NaHGQvas added followed by stirring for an
additional 45 min. The resulting solution was diluted with ether, the
organic layer separated, and the aqueous layer extracted with ether.
The combined organic fractions were washed with water and dried over
Na&SO,. Concentration in vacuo afforded a yellowish oil. This was
treated with sodium ethoxide solution (prepared from 0.077 g (3.35
mmol) of Na and 4.0 mL of EtOH) fo8 h atroom temperature. The
reaction mixture was diluted with ether, washed with water, dried over
NaSO;, and concentrated in vacuo to afford a dark oil, which was
purified by preparative plate TLC (silica gel, eluent ethyl acetate
hexane 1:5). Th& 0.39 band gave 0.06 g (60%) ofekp4,endoe6-
triphenylbicyclo[3.1.0]hexan-3-onel4) as a colorless oil. All the
spectral characteristics were in agreement with those of the photoproduct
14 obtained in a solid-state preparative photolysis of entie
Exploratory Solid-State Photolysis of Enone 9Summarized results
of some separate runs are presented in Table 9.

(33) Dess, D. B.; Martin, J. Cl. Org. Chem1983 48, 4155-4156.
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Table 10. Amounts of Photoproducts 17 and 18 vs Total Conversion in the Solid-State Reaction of Enone 132

conversion

0.01 0.03 0.04 0.065 0.07 0.11 0.145 0.21 0.24 0.30 0.31 0.40 0.42
productl4 0 0 0 0 0 0 0.043 0.09 0.10 0.15 0.16 0.23 0.24
product21 0.01 0.03 0.04 0.065 0.07 0.11 0.102 0.12 0.14 0.15 0.15 0.17 0.18
conversion
0.47 0.51 0.57 0.62 0.66 0.66 0.77
productl4 0.29 0.32 0.38 0.42 0.47 0.46 0.58
product21 0.18 0.19 0.19 0.20 0.19 0.20 0.19

a All the amounts are in fractions of unity.

Exploratory Solid-State Photolysis of 4,5,5-Triphenylcyclohex-

19.2 Hz, 1H), 1.92 (dt); = 6.4 Hz,J, = 1.9 Hz, 1H), 1.11 (d) = 6.4

2-enone (18)Summarized results of some separate runs are presentedHz, 1H), 0.67 (s, 9H); HRMS (FAB with Ng m/e 327.1714 (calcd

in Table 10.

Preparative Solid-State Photolysis of 4,5,5-Triphenylcyclohex-
2-enone (18)A portion of 1.0 g (3.09 mmol) of crystalline enoi8&
was irradiated between two quartz plates (diameter 14 cm) for 100 h.
A part (0.7 g) of the reaction mixture was separated by column
chromatography on silica gel (column 50:02.5 cn?, eluent ethyl
acetate-hexane 1:8) to give the following fractions: (a) 25 mg of
unidentified yellow oil,R: 0.60; (b) 95 mg (14%) oéxo2 trans5,6-
triphenylbicyclo[3.1.0]hexan-3-onel4) as colorless oilR 0.42.'H
NMR (CDCl;) ¢ 7.50-6.90 (m, 15H), 3.70 (s, 1H), 3.06 (d,= 18.7
Hz, 1H), 2.88 (dJ = 8.6 Hz, 1H), 2.80 (dJ = 18.7 Hz, 1H), 2.66 (d,
J= 8.6 Hz, 1H).13C NMR (CDCk) ¢ 212.72, 143.29, 138.30, 133.35,

for Cp2H240ONa 327.1725)*H NMR for 23 (CDCls) ¢ 7.60-7.00 (m,
10H), 3.62 (s, 1H), 3.39 (dnd,= 18.3 Hz, 1H), 2.73 (dJ = 18.3 Hz,
1H), 1.87 (dd J, = 6.3 Hz,J, = 3.3 Hz, 1H), 0.62 (s, 9H), 0.41 (d,
= 6.3 Hz, 1H); HRMS (FAB with N&) m/e 327.1718 (calcd for GHos
ONa 327.1725); and (d) 15 mg (25%) of starting enone as a colorless
oil, R 0.33.

Exploratory Sensitized Photolysis of 3tert-Butyl-5,5-diphenyl-
cyclohex-2-enone (4)A solution of 6 mg (0.02 mmol) of enonkand
30 mg (0.25 mmol) of acetophenone in 2.5 mL gDgwas irradiated
in a NMR tube with a Pyrex filter for 5 h. During the photolysis nitrogen
was passed through the solutidhl NMR analysis showed the ratio
of two products22 and23 to be 1:1 at the conversion 70%.

131.07, 128.96, 128.92, 128.84, 127.37, 127.29, 127.22, 126 50, 125.86, preparative Solid-State Photolysis of Zert-Butyl-5,5-diphenyl-

55.59, 41.53, 35.41, 32.52, 31.96. IR (neat) &ml745.8. HRMS/e
324.1525 (calcd for &H200 324.1514); (c) 100 mg (14%) of 4ghdo
6-triphenylbicyclo[3.1.0]hexan-2-on2Y) as a colorless solid 0.33,
whcih was recrystallized from an ethyl acetateexane mixture to give
colorless prisms, mp 161162 °C (lit.>* mp 161-162 °C). 'H NMR
(CDCls) 6 7.40-7.10 (m, 10H), 7.6 (tJ = 6.9 Hz, 1H), 6.95 (tJ =
6.9 Hz, 2H), 6.70 (dJ = 6.9 Hz, 2H), 3.18 (ddJ, = 8.6 Hz,J, = 5.4
Hz, 1H), 3.02 (tJ = 8.6 Hz, 1H), 2.73 (ddJ, = 8.6 Hz,J, = 5.4 Hz,
1H), 2.41 (d,J = 17.5 Hz), 2.17 (dJ = 17.5 Hz); and (d) 420 mg
(60%) of starting material as a colorless soii0.28.

Preparative Solution Photolysis of 3tert-Butyl-5,5-diphenylcy-
clohex-2-enone (4)A solution of 60 mg (0.20 mmol) of enongin
40.0 mL of benzene was irradiated in a Pyrex tube placed next to a
water-cooled medium-pressure mercury lamp equipped with 2 mm
Pyrex filter for 12 h. Nitrogen was passed through the solution during
the photolysis. After rotary evaporation of the solvent, the oily residue
was separated by column chromatography on silica gel (column
35.0x 1.5 cn?, eluent ethyl acetatehexane 1:6) to give the following
fractions: (a) 5 mg (8%) of unidentified product as a colorlessRil,
0.89; (b) 12 mg (20%) of Zert-butyl-2,5-diphenylcyclohex-2-enone
(24) as a colorless oil solidifying upon standinig, 0.62, which was
recrystallized from hexane to give colorless thin needles, mp-141
143°C. *H NMR (CDCL) 6 7.49-7.19 (m, 9H), 7.01 (s, 1H), 3.88
(tdd, J; = 12.2 Hz,J, = 5.4 Hz,J; = 1.8 Hz, 1H), 3.25 (1) = 12.2
Hz, 1H), 2.91 (ddJ; = 12.2 Hz,J, = 5.4 Hz, 1H), 2.49 (dJ = 12.2
Hz, 1H), 2.38 (tJ = 12.2 Hz, 1H), 0.90 (s, 9H); HRM8Ve 304.1812
(calcd for G2H240 304.1827); (c) 21 mg (35%) of a mixture of bicyclic
ketones22 and23 as a colorless oil, solidifying upon standirigy,0.49.
Fractional crystallization from methanol afforded 10 mg détt-butyl-
endo2,5-diphenylbicyclo[3.1.0]hexan-3-on22) which was addition-
ally recrystallized from hexane to give colorless prisms, mp-1723
°C. A structure of the produc@2 was confirmed by a single-crystal
X-ray analysis. Evaporation of the mother liquor gave 8 mg téri-
butyl-exa2,5-diphenylbicyclo[3.1.0]hexan-3-on23) as a colorless oil.

IH NMR for 22 (CDCl;) & 7.50-7.44 (m, 2H), 7.39-7.21 (m, 8H),
4.34 (s, 1H), 3.15 (dtJ; = 19.2 Hz,J, = 1.9 Hz, 1H), 2.73 (dJ =

(34) Zimmerman, H. E.; O'Brien, M. EJ. Org. Chem1994 59, 1809-1816.

cyclohex-2-enone (4)Two portions (25 mg each) of crystallidevere
irradiated fo 2 h at 0°C. The combined portions were subjected to
column chromatography on silica gel (column 35Q..5 cn?, eluent
ethyl acetate-hexane 1:6) to give the following fractions: (a) 28 mg
(56%) of 1tert-butyl-ende2,5-diphenylbicyclo[3.1.0]hexan-3-o0n23),

R 0.49; and (b) 18 mg (36%) of the starting materkl0.33.

Preparative Solid-State Photolysis of 3%C-2-Methyl-4,4-diphen-
ylcyclohex-2-enone¢C-9). A 50 mg (0.19 mmol) portion of crystalline
13C-labeled enoné3C-9 was irradiated for 29 h. The crystals after
irradiation were subjected to column chromatography on silica gel
(column 35.0x 0.9 cn?, eluent ethyl acetatehexane 1:5) to afford
the following fractions: (a) 45 mg of a mixture of starting material
and bicyclic productC-16; and (b) 3 mg (6%) of 2-methyl-3-diphenyl-
13C-methylcyclopent-2-enoné’C-17) as a colorless oil 0.28, which
was crystallized from pentane to afford colorless crystals, mp634
°C.H NMR (CDCl) ¢ 7.38-7.11 (m, 10H), 5.44 (dJ = 126.3 Hz,
1H), 2.49-2.38 (m, 4H), 1.69 (s, 3H). HRMBvVe 263.1374 (calcd for
8CCygH180 263.1391).

Fraction 1 was additionally separated by preparative TLC on a plate,
eluted with ethyl acetatehexane 1:5 to afford the following frac-
tions: (a) 5 mg (10%) of 83C-1-methylirans-5,6-diphenylbicyclo-
[3.1.0]hexan-2-one'{C-16) as a colorless solidy 0.54, which was
recrystallized from methanol to afford colorless crystals, mp-1B39L
°C.'H NMR (CDCl) ¢ 7.43-7.21 (m, 10H), 3.00 (dJ = 157.2 Hz,
1H), 2.34-2.22 (m, 2H), 2.06 (dt}; = 19.2 Hz,J, = 5.1 Hz, 1H),
1.22 (d,J = 3.6 Hz, 3H), 1.10 (dtJ), = 19.2 Hz,J, = 8.7 Hz, 1H).
HRMS m/e 263.1380 (calcd fot3CCigH150 263.1391); and (b) 33 mg
of starting material as a colorless soli},0.46.

Conversion Dependence of Solid-State Quantum Yield method
used by Zimmerman et &.was used to determine solid-state quantum
yield. Ten to twenty milligram portions of fine crystalline powder of
enone were used in each run. The photoproducts ratio was analyzed
by 'H NMR. The data obtained are summarized in Table 11.

Computational Procedures.Ab initio, DFT, and combined QM/
MM computations were performed on an Intel Pentium IIl based multi-
processor cluster with Linux OS using the Gaussiai @mputational
package. Molecular mechanics computations were performed with
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Table 11. Conversion Dependence of Solid-State Quantum Yield for Enone 182

conversion

1.5% 3.8% 3.9% 5.2% 12.0%
@ of productl4 4.73x 104 5.07x 104 2.40x 104 1.43x 1074 1.16x 104
@ of product21 4.79x 10°°
O total 4.73x 1074 5.07x 104 2.40x 104 1.43x 1074 1.64x 104

a|rradiation at 320 nm.

MacroModel 6.5° using the MM3* force field. Minicrystal lattices were  in each case, i.e., a central part included 2 molecules to be optimized

generated based on X-ray data for reactant using Smartpack prégram. (for ONIOM treatment one moleculd T, or 25T,,") was optimized
General Procedure for Computational Treatment of the Mini- by ab initio, and one molecule df7 by MM), shell 1-20 molecules,

Crystal Lattice. A central molecule was chosen, and a first shell of and shell 280 molecules.

closest surrounding molecules was defined (all the other more remote  Optimization of intermediate®7T and30T: shell 1-14 molecules,

molecules were considered as a second shell). Conversion of the centraghell 2-60 molecules.

molecule to a reacting intermediate was performed by creating new  optimization of intermediate&7T and 30T for a second stage of

bonds to be formed and deleting bonds to be broken followed by MM the solid-state reaction was performed together with 2 neighboring

optimization in frozen shells. This was followed by MM optimization  polecules of photoprodud, i.e., a central part included 3 molecules

of the reacting intermediate together with the first shell inside the frozen g pe optimized (in ONIOM treatment one molecu@T or 30T) was

second shell (a force constant of 30 kJ/A was chosen for optimization optimized by ab initio, and two molecules b by MM), shell 1-26

of the first shell). In some cases it was necessary to use additional yyglecules (20 molecules for ONIOM optimization), shel-24

constraints to prevent unrealistically strong bending of migrating phenyl yolecules.

group in the central reacting molecule. The optimized central molecule

and first shell were extracted and further optimized by ONIOM. In . .
this computation the central molecule was subjected to ab initc  Acknowledgment. Support of this research by the National

optimization, and the first shell was treated by MM (using the Dreiding Science Foundation is gratefully acknowledged with special

force field) and kept frozen throughout the entire optimization. appreciation for its support of basic research.
Computational Details. Optimization of intermediate&6T., and
25Ter: shell 1-14 molecules, shell 287 molecules. Supporting Information Available: X-ray coordinates of

. Oﬁ:imizﬁon of inferrﬁedi?eﬂ.ﬁg’ and 25|T°" Wt""s perforcr;%dt compound#t and 22 (PDF). This material is available free of
ogether with one molecule of neighboring cyclopentenone pratiie charge via the Internet at http://pubs.acs.org.

(35) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M.;
Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. & Comput. Chem.
199Q 11, 440-467. JA0124562
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