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Steric compreaaion, arising from intermolecular or intramolecular 
H...H non-bonded repulsive interactions generated along the reaction 
pathway, is used to explain abnormal solid state photoreactivity. 
Computer simulations of the motions involved in each case, with 
calculationa of the resulting non-bonded ateric compression energies 
were performed. Three systems ware studied: (A) Enone 
photorearranSements, where the observed changea in the solid state 
photoreactivity of l fSht closely related a,S-uneaturated cyclohexenones 
are correlated with their crystal and molecular structurea as 
determined by X-ray diffraction methods. (E) Failure of [2+2] 
photocycloaddltlon of an a,S-unaaturated ketone vhen irradiated in the 
solid state despite an almost perfect crystal lattice alignment of the 
potentially reactive double bonds. (5) An unsymmetrically substituted 
ene-dlone for which solution photoreaction results in four products and 
solid state photoreaction yields only one. 

Solid state photodimerlration of cinnamlc acid and its derivatives. 

studied in 1964 by Cohen and Schmidt’, led to the formulation of the 

topochemical principle, which states that reactions in crystals tend to 

be least motion in character. In 1975 Cohen defined the “reaction 

cavity” as the apace occupied by the reactinS species and bounded by the 

surrOundinR stationary moIecuIes2. It is well established that there is 

a preference for chemical processes to occur with minimal distortion of 

the “reaction cavity” (Figure 1). 

This qualitative concept was tested quantitatively by McRrfde3 and 

Gavezzot14. McRrlde explained the details of the decomposition of diacyl 

peroxides in the solid state. Gavezzotl applied theoretical analysis to 

certain solid state processes in terms of the empty and filled volume 

spaces in the crystal lattice, concluding that “a prerequisite for 

crystal reactivity is the availability of free space around the reaction 

site.” 

Our aim was to identify specific eterlc interactions which alter 

reactivity in the aolld state and to estimate their mapnftude. For this 

reason we gathered information on three systems: (A) a, B-unsaturated - 

ketones of peneral structure ,I_ (next payte). In this series, we recently 

observed a photorearrangement which did not conform to the normal 

reactivity observed for these systems in the solid state and which could 

not be accounted for ualnR traditional stereoelectronic arRuments. This 

change in reactivity la explained here by apeciflc crystal packlnp 

effects near the reaction site which are unique to the compound which 

behaves abnormally. (B) a,S-unsaturated ketone 2. This compound fails - 
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to undergo (2+2] photocpcloaddition vhcn irradiated in the solid state despite an almost 

perfect crystal lattice alignment of the potentially reactive double bonds. 

(2) unsymetrically substituted ene-dione 2. Solid atate photochcmietry of this compound was 

expected to yield two photoproducts, based on the behaviour of similar homologues. However. 

irradiation of a crystalline aample of 2 results in only ona product. 

Figure 1. The reaction cavity concept in solid state chemistry (Cohen. 1975). 
Pull line - reaction cavity before reaction. 
Broken line - transition state requirements for reaction. 

All the structure-reactivity information gathered in this paper is hased on photochemical 

and crystallographic studies performed in cur laboratory over the last few years. The term 

“steric compression control” va8 suggested to explain the irregular solid state photochemical 

behavior’ . Intermolecular steric hindrance vas found to change reactivity for a unimolecular 

photorearrangement (example A) and for a bimolecular reaction (example B). Intramolecular 

steric compression was found to explafn the solid state photochemical regioselectivity for 

example C (unimolecular). In each case the particular interactions affecting the reactivity 

were isolated and their magnitudes were estimated vith use of non-bonded repulsive energy 

calculations. 

1 3 



Reaction selectivity in solid state photochemistry 1255 

Iatcrmolccular Steric Coaprcasion 

Enonc Photorcsrrangeesnts 

($) UNIl4OLECULAR REACTION 

Enones of general structure ,&, Ben irradiated in the crystalline phuae, undergo one of 

two possible photorearrangements (path A or path B, Figure 2), both of vhich are Initiated by 

intramolecular allylIe hydrogen 8tom transfer to the B-carbon atom of the enone moiety, 

folloved by closure of the resulting biradicel epeciea 2 or _5. Whether path A, leading to & 

or path B, leading to 1. fr, folloved, depends upon the enone conformation adopted in the solid 

state’. Table I outIfne6 the eight conpounds, ,&-&, studied ; each has had Itu molecular and 

crystal structure determined by X-ray diffraction methods7-f2. However, crystals of enone & 

are photochemically inert, and, most remarkably, Irradiation of tnone & In the solid state 

leads, via allylic hydrogen transfer to the enone a-carbon atom, to hiradical h (path C). - 
The photochemical reactions of enones ;?e,-& are true solid state processes end not the result 

of photochemistry occurring in liquid rcSions of the crystal, as their irradiation in solution 

affords exclusively Intramoleculer f2+21 photocycloadditionti. 

4a,c-f 7a,c- f 

R4 RS 

Me RI Rl 
w 

h4e Rl Rl 

la-lh 5e,h 

Figure 2. Possible reaction pathvays for irradfation of compound J+ in the solid state. 

Abstraction by the B-carbon of enoncs la normally preferred in solution photochemistry, 

and this is the regIoselectlvitp followed In six of the eight compounds studied in this vork. 

This can be attributed to the preference for forming a resonance-stabilized radical center 

next to the carbonyl group (f and ,?j) rather than a radical vhich is not conjugated with the 

carbonyl group ($1. The C...W distances summsrired in Table I shov no trend between ground 

state abstraction distance and preftrrcd reactivity. 

Xnspection of the crystal packing for tnonts &-a revttled that the change in 

hybridization of Ca or C@ from ep2 to sp3, vhich nectssarily accompanits hydrogen transfer to 



Table I. Reactants, Hydrogen Abstraction Distances and Steric Compression in Solid State Photorearrsngements. 

Enone RI R2 R3 R,, A...Cu H... CB Steric Compression 
Accompanying Pyramidalirationl 

Intermolecular H...H Contacts (A) Accompanying 

(A) (A) Pyramidaliaation3 and Methyl Rotations’ 
CR CP Ca CLJ ca CP 

CH3 

m3 

CR3 

CR3 

CR3 

H 

CR3 

CR3 

A 

OH 

OA 

H 

OH 

H 

H 

OAc 

OH 2.78 2.75 

H 2.aa2 2.92’ 

C”3 2.86 2.81 

OR 2.82 2.78 

II 2.74 2.85 

OR 2.92 2.84 

OAc 2.74 2.70 

A 2.79 2.84 

yes 

Yes 

yes 
no 

Yes 

yes 

yes 
yes 

1.49 1.29 

1.22 1.52 

1.55 1.28 

1.24 >2.20 

1.92- 1.59 

1.82* 1.56 

>2.20 1.71 

1.66 1.48 

vorae 

1.72(48%) 

1.96(50°P) 

worse 

worse 

5 

not checked 

1.76(20’s) 

1.88(42=x) 

worse 

1.70(27-S) 

not checked 

2.50(10’S) 

1.79(22’S) 

worse 

1.79(53OS) 

’ Yes indicates a A . ..H contact upon pyramidalization of <1.9A. In some cases more than one contact is developed. 
NO indicates no contacts <2.2A. 

’ Enonc fi does not react when photolyted in the solid state. 

3 The intermolecular H . ..H contacts reported correspond to the shortest contact developed upon partial pyrsmidaliaation at 33” 
(marked with n), at 44’ (marked with l ); all others correspond to full pyramidalization at 55’. 

’ The intermolecular A... A distances reported here are of the best relieved contacts obtained by rotating either the stationary methyl 
groups (S) or the pyramidaliaed methyl groups (P). The angle of rotation, and the type of rotation (S or P) leading to the best relieved 

contact is reported in brackets. 

’ The l.Sti contact is relieved by Me rotation after being first more sterically hindered. Since fi reacts via B-abstraction, no details - 
are Riven. 
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these atoms, would force the methyl groups at these center6 Into closer contacts with certain 

hydrogen atoma on neighboring molecules and thus rtericallg Impede the reaction. tiieting 

about the carbon-carbon double bond, which Is believed to accompany photoexcitation of 

a,b-unsatur.ated ketones in solution 13*1c, doer not neem to release this non-bonded strain. 

The sterlc hindrance to pyramldallzatlon Is represented rchematlcnlly in Figure 3. The 

packing diagrams Indicate thet eterlc hindrance to pyramldalltatlon (8terlc compression) is 

present in all eight compounds studied. For enones lJa-c,e-f h) sterlc ccmpresslon occurs _ ,s.w 

upon pyramldslltstlon nt both Ca and CB. The only aceptlons to this trend were the Ca methyl 

group of compound _& and the C6 methyl group of enone & for which pyramldallxatlon appeared 

to be unimpeded. Therefore It appears that It Is the void space surrounding the Ca methyl 

group of enone J_g which allovs reaction and pyramldallxatlon at this center In contrast to the 

sterlc compression which would Attend reaction and pyranldsllzatlon at C6. 

This hypothesis van terted by computer simulation along the pyramldallxatlon pathway at 

either CU or CS of a single mlecule surrounded by Its stationary lattice neighbors. With use 

of the X-ray crystal structure-derived coordinates of enones la-lh as A starting point, the -- 

methyl groups attached to CU and CP were rotated out of the enone plane by intervals of 

11’. 220, 330, 44. and 55’ keeping all other molecular coordinates unchanged. Ca-CH) was 

rotated around an imaginary axis passing through Ca, perpendicular to the Cn-CH3 bond and 

coplanar with the enone moiety. 

2 Methyl Group from Neighboring Molecule 

Figure 3. Scerlc compreselon accompanylq pyramldallratlon at CR. 

The Bame precedure was applied to the CE-CRR3. A rotation of 55’ represents complete 

pyramldalltaelon of the enone carbon atom. The direction of the rotation Is away from the 

hydrogen being abstracted. The coordinates of the rotated methyl group Vera calculated by 

local pro*ram. At each Interval all contact8 were calculated with the computer program 

a 

IHDIKlL5 which calculatea Inter- AIXI Intramolecular dlrrtances; any new H...H contacts of less 

than 2.2& involving the computer-generated methyl groups were noted. The distance of 2.2h was 

selected because rhlr la the distance below vhlch the nonbonded repulsion energy betveen 

hydrogen atoms becomes significant (vlda lnfra). -- 

The results confirmed that pyramldallsatlon at Ca of enone,& and CB of $I_ led to no 

significant scerlc compression (contact8 > 2.2A). whereas pyramldallxatlon In all other cases 

led to new Intermolecular contacte Averaging (at their minimum) 1.6 +- 0.3A. Theme reeults are 

sunmarited In Table I. As an example. Figure 4 show diagram.9 of enone lo before and after 

pyramidallratlon at CS. The sterlc compression accompanying full 55’ pyramldallratlon Is 

Indicated by the dotted linea and consists of H...H contacts of 1.71 and 1.87A; 

pyramidalltatlon of Ca Is unimpeded. 
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Figure 4. Computer rlmulatlon of ppramldallzatlon at Cp of cnone ,I.g. 
Left - before ppranldallzatlon (no contacta < 2.2A). 
Right - after complete pyramldallratlon (dotted lines represent the new 
contacts at 1.71 and 1.87A). 

In order to estimate the aterlc compression l narRlea accompanying 

pyramldallratlon, ma used two of the batter-knovn semi-cmplrlcal equations which relate 

Interatomic distance and non-bonded repulsion enargy. Theee arc the Lennard-Jones 6-12 

potential function aa parawterlsed by Ragler and Sharon for their MIN2 program16: 

and the Buckingham potential aa parameterlzed by AIIinRer for his IRiP force field program17, 

V(r)-0.047[2.9*105*c -““7r-2.25(3/r)6]. 

In both casea the parameters presented are for !?...A Interactions. Theae two functions are 

plotted graphically In Plgure 5 for interactions involving hydrogen atoms. Using this plot we 

can estimate the sterlc compression energy for enone & fully pyramldallred at CS (contacts of 

1.71 and 1.87A). This amounts to 11.7 kcal/molc (M?iP2) or 12.7 kcal/mole (CIiIN2). 

Methyl group rotation, which can be rapid In the solid state, can obviously alter the 

atcrlc compression contacts. Initially, the computer rlmulatlon of pyramldalltatlon was 

carried out LeeplnR the methyl Rroups In their original ground state rotational orientations. 

Having determined the minimum Intermolecular contacts attendlnR pyramldallzatlon, we then 

rotated the Interacting methyl groups In both directions by 30’ and determined the new 

Intermolecular R...R contacts. The Co methyl group vaa rotated around the pyramldallted 

Co-CH3 bond, clockwise and counterclockwlae, In Intervals of 10’; the CS methyl group va8 

rotated around the pyramldallzed C&CH~ bond. The rotation was carried out at the 

pyramldallzcd position correspondInS to minimum intermolecular A...R contact for each case; 

i.e. at the moat eevere sterlc comprerelon (thus not alwaya at the geometry of complete 

pyraaldallzatlon). For each compound the ncthyl rotation calculation vaa carried out also for 

the stationary molecule which impeded the pyramldallzatlon of the reacting molecule. The 

coordlnatee of the rotated methyl groups were calculated Uefng the local program mentioned 
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24, 

E yoyz’= I I .7 Kcal /mole 

EFiia: = 12.7 Kcol/mole 

, “6-12” 

;j , , 1 ,py;;;: 

1.5 1.7 1.9 2.1 2.3 2.5 2.7 

H...H Contact (81 

Figure 5. A...A non-bonded repulsion energy vs. distance. The details given are for 
atarlc compresalon energy arlalng xter full pyramldallxatlon at CS at enone &. 

before. The new nonbonded H...H Interactions arising from the methyl rotations were 

calculated for both Independent and l lmultaneous rotations. The results of such a computer 

experiment for rotation are surmaarlzed In Table I. The detailed results of the rotation of 

the pyramldallred C@ methyl group of enone & are given In Figure 6, vhlch Is a plot of 

Intermolecular R...R contact versus angle of rotation. This show that rotation of this 

methyl group In either direction does not relieve the sterlc compression caused by 

pyramldalltatlon. For example, rotation In the positive direction, while slightly relieving 

the 1.7IA contact, strongly decreases the I.87A contact. Rotation in the opposite direction 

1s no better: the 1.71A contact la decreased slightly uhlle the 1.87A Is relieved, but in 

addition. a third contact, 2.2h, which Is unimportant at 0’. becomes algnlflcant at 

approximately -20’. A almllar rotation simulation was carried out for the stationary 

methyl group of the Interacting pair In the case of enone &. Again, rotation was found to be 

Ineffective in relieving the A . ..A steric compression contacts. Methyl rotation was tested 

for all eight enones studied. Although the A . ..A contacts varied wlth rotation (as above), in 

no case did rotation alter the conclualons reached on the bssla of the 0’ rotation contacts. 

In Figure 7 we Interpret the sterlc compression results kinetically In terms of the 

relative activation energies for hydrogen atom transfer. It Is veil established that 

hydrogen abstraction Is the rate determining step In other hydrogen transfer-Initiated 

photorearrangemnts such as the Norrlsh type II reactlon’8-22. In the absence of any sterlc 

compression, hydrogen abstraction by the B-carbon has a lower activation energy than hydrogen 

transfer to the a-carbon atom for reasona already discussed. Stcrlc compression accompanying 

hydrogen tranafcr to both Ca and CB raises both activation energies, but maintains the 

ordering of Cl3 below Ca [enonea J(Q-s.~-x,b)]. Sterlc compression at CO but not CP (enone I& 
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lncreares the normal activation l ner8y difference resulting in abetraction by CP being even 

more favored than before. In the anomaloue case of enone k, however, eteric compression 

occurs only at @ vith the result that abetraction by CP hae a higher activation energy than 

abstraction by Ca, thus accounting for the obearved change in re8iosclcctiolty. The 

photochemical iaertneee of enone u, which use originally aecribed solely to the long hydrogen 

abstraction distances Involved6 (2.88A to Co, and 2.92A to CP. Table I), la due in addition to 

the severe eteric compreeeion which would accompany abetraction at either carbon, ae the 

shortest intermolecular R . ..H contact reeultlng from pyramfdaliration was found for 

pyramidalired Oa of enone D (Table I). 

2.6- 

2.5 - 

2.4 - 
$j 2.3 - 2.208 contact 

5 2.2 - 

E 
s 

2.1 - 

2.0 - 
I 
p 1.9- I .71 % contact 

1.8 - 

I.7 - 1.87 8 contact 
I 1 I I I I I I 

-400 -200 00 200 40” 

Angle of Rotation 

Figure 6. A...B contact ve. angle of rotation for the methyl group attached to the 
pyramidalyrcd rcarbon atom of enone &. 

str* ccmprmbn 
at c. ally 

Pfgure 7. Relative activation energies for A-transfer to Ca and C@. 
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Calculation of the actual activation energy differences for each enone baaed on the 

H...A contacta developed during pyramidalication ie not ueeful becauee of the relatively large 

(but normal) experimental errore in determining the hydrogen atom coordinatee from the room 

temperature cry,rtalloRraphic data. Ae is apparent from PiRure 5, cmpreaeion energy ie a very 

sensitive function of distance belov 24. 

(B) BIHOL!ZCIJLAR REACTION 

Inhibition of [2+2] Photocycloaddition 

Following the pioneering vork of Schmidt and co-workers on the eolid state 

photodimerization reactions of the cinnamic acidrz3, a very large amOunt of experimental 

evidence hea accumulated which demonatratee that intermolecular [2+2] photocycloaddition 

the virtually inevitable result of a cryetal packing arrangement vhich oriente lattice 

neighbore eo that the potentially reactive double bonds are parallel at 

dirtancee of 4.14 or lees2*-31. We were thus very eurprised to obeerve 

photochemical reactivity of enone 2 when irradiated in the solid state. 

crystallizes in a lattice arrangement which is ideal for intermolecular 

photocycloaddition32 (Figure 8). The potentially reactive double bonds 

center-to-center 

(a) 

iS 

the cmplete lack of 

Compound 2 

12+21 

are orfented in a 

(b) 

Figure 8. Packing diagraw of compound 2. The potentially reactive molecules are X and X. 
(a) Relevant lattice environment for the “center-to-center” mechanism. The dotted 

liner represent the intermolecular ateric compreemion preventing X and X from 
approaching each other along the double bond center-to-center vector. Trenelation 
of X along a generates P. 

(b) Relevant bFtice environment for the ‘twirt” mechanism. The dotted lines represent 
the intermolecular eteric empression preventing X and X from approaching each 
other by the twist mechanism. Tranalation of X along 2 generatea 2. 
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head-to-tail fashion and are parallel, above one another, and only rlightly offaet along the 

double bond axia (0.52A): the center-to-center distance is 3.79A. Nevertheless, photolysis 

of single crystals of 2 for up to 40 hours at -16’ to -18’C (to prevent mslting) vith a 

Liconix Aelium-Cadmium 325nm CW laser showed less than 1% reaction by capillary gas 

chromatography. This lack of reactivity is not an intrinsic property of enone 2, as 

irradiation in solution at the same vavelength leads to essentially quantitative yields of the 

cage compound (l0) resulting from intramolecular [2+2] cycloaddition (Figure 9). 

10 2 E = CO,Me 

Figure 9. Anomalous solid state photoreactivity of compound 2. 

Computer simulation of the solid atate [2+2] photocycloaddition was carried out assuming 

two types of mechanlan. center-to-center dimerieation (I) and twist dimcrixaticn (II); in both 

cases the lattice environment was kept fixed while only the coordinates of the potentially 

reactive molecules X and 5 (Figure 8) were changed during the hypothetical dimerlration. At 

each state of dimerisation the new A . ..A contacts were determined using the previously 

mentioned INDISJ computer program. It was found that along the reactfon coordinate, whether 

folloving mechanism type (I) or (II), there are short intermolecular A...H contacts developed, 

arising from a laethyl group on a stationary molecule impeding a methyl group on the reacting 

molecule. Eight methyl groups arc involved in the eteric compression along mechanism (I) 

[Figure E(a)], four methyl groups are involved in type (II) [Figure 8(b)]. The interacting 

methyl groups on both the reacting molecule X and the stationary molecule Y were rotated in 

both directions by 30’ and the new intermolecular II... H contacts vere determined. As in the 

case of enones b-2, the overall conclusions are not altered when rotation of the interacting 

methyl groups is taken into account. 

(1) “Center-to-Center” Photodimerlration Mechanism 

TV0 reaction pathway8 were considered: (Ia) Molecules X and % move toward each other in 

0.24A increments along the double bond center-to-center vector (dual motion mechanism) and 

(Ib) molecule t remains fixed while mlecule X moves toward it in 0.46A incrementa (single 

motion mechaniem). By virtue of the symmetry of the system, all four A...?! contacts are 

identical, and the contacts developed by moving X toward z are the same as those developed 

moving ? toward X. 

The results are ahovn graphically in Figure 10. Thia ia a plot of the total steric 

compression energy (MHP2) versus double bond center-to-center distance for both the dual 

motion and single motion dimerixation pathways. In both cases, the etcric compression 

accompanying dimerisation ir of rufflcient magnitude to account reasonably for the lack of 

dimerisation. For example, at a center-to-center distance of 2.35A, the shortest R...A 

by 

contact is 1.M and the total kMP2 repulsion energy of four such contacts is 13.2 Real/mole. 
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This corresponds to a pre-dimarfzation geometry in which 2p-2p orbital overlap is wall 

[baaed on Roberta’ calculations of the overlap integral Si, versus distance for 2p-o and 2p-n 

bonding33 1. Using these data, we estimate that at a center-to-center separation of 2.35fi 

(offset 0.334). the p-orbital overlsp between molecules X and i is less than 20% of maximum. 

Further laDvewnt tovarda each other becomes prohibitively expensive owing to the fact that the 

H...A repulsion energy rises very steeply below 1.M (Figure 5). 

Single Motion Dimerizotion 

Dual Motion Dimerization 

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 

Center-to-Center Double Bond Distance (rt‘, 

Figure 10. Total repulsion energy vs. - distance in attempted dimerizstion. 

The computer simulation of the “center-to-center” photodfmeriration mechanism shows that 

the steric hindrance between the interacting methyl groups reaches a maximum when the two 

double bonds are 2.M apart. At a center-to-center distance above 2.14 the dual motion 

photodimerization is less sterically hindered than the single motion pathway. Figure 11 is an 

idealized drawing of the packing arangement for compound 2 showing the methyllnethyl 

interactions relevant for the “center-to-center” mechanism. Simply put, the cum of four 

interactions developed in moving both reactants toward each other by a distance a is less than 

the sum of the two much more severe interactions which result when one of the reactants is 

moved toward the other by a distance 2d. 

neighboring 
molecule VVVI 

Figure Il. Steric compression inhibition of solid state photodimerizatfon along the 
“center-to-center” mechanism. 
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(II) ‘Tuiat‘ Photodiacritation Hcchaniam 

Tw much q echaniaw were conaidercd: 

S. hltx e2 al. 

(IIa) Molecular X and f are each rotated around the 

intramolecular Cl . ..C4 vector in 5. intervals (dual ‘tviat’ q echanira), and (Ilb) molecule z 

remains fixed uhile molecule X 18 rotated around ita Cl...C4 vector in 5. intervala (aingle 

‘tviat’ aechanira). B9 virtue of the rmetry of the l yatem, the tw A...A contact8 arc 

identical, and the 

tvirting f. 

The idealized 

mechanian ia ahown 

dirtance dccreaaea 

contacta developed by twisting X are the same aa thoae developed by 

drawing of the packing arrangement for compound 2 relevant for the ‘twist” 

in Figure 12. At a 20. counterclockvire tuiat, the center-to-center 

from 3.79h to 3.161, and the 2.36, R . ..A intermolecular contacta ara 

decreaoed to 1.64 and 1.72g (the total 6-12 repulsion energy ia 52.8 P&al/mole); at the same 

time the offeet between the 2p orbitalr increases frm 1.79g to 2.654, a leaa favored geometry 

for dimerfration. A single motion ‘tviat’ mechanism in vhlch z is fixed while only molecule X 

ir rotated around ita Cl . ..C4 vector la even vor8c (vith respect to the posrfbility of 

dimerixation), l incc the 2p orbitala will no longer be parallel to each other. Ae before, the 

overall concluaione are not altered when rotations of the interacting mathyl groups are taken 

into account. 
\ neighboring 

molecule 
- 

- 
nelghboring 

molecule 

Figure 12. Possible ‘twist’ photodimeritation mechanism. 
Top: Idaalired drawing of the packing arrangement of compound 2 shoving the he...Me 

interactions. 
Bottom: Idealized drawing of the &cloaddition geometry after 20’ counterclockuire tvist of 

both molecules X and X. 
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(5) INTIUMOLECULAR SIERIC COMPRESSION: RECIOSELECTIVITY 

Bared on our experience vith tnt-diont JJ,34-3s (Figure 13) It attacd likely that 

cnt-dfont 2 vould txiat In rolution as a nearly 1:l mixture of conformers r\ and B (Figure 14). 

A solid state magic angle apinning C-13 !HB xptctru8 and a single crystal X-ray diffraction 

study37 show that tnt-dlonc 2 txiata In a single conformation i In the solid state. 

Me0 
Me 

11 ax I 
Me 

Me0 

:: -g-- ..&f + o&o 

30 x 70 x 

Et o 
3 

Me 

* 

Me a Me 
tolld 

Me Et stats 
Me0 

Figure 13. Solid state photochemistry of me-dionts. 

Irradiation of cm-dione ll, both In solution and In the solid state, gives enont alcohol 

(30%) and cyclobutanont (70X), both processes being topochtnically allovtd’*. Since for G 

g1 -g2 =‘=a , vhtthtr the rtarting conformation Is L or B dote not change the product, aa A’=!‘, 

and A’+‘. -- In the cttt of me-diont 2, hovtvcr. R14JHB, R2-C2R5, thus A’ and 1’ art not 

identical nor art K and B‘. Thus In the solid state, photolyria of 2 ahould give only A’ 

and/or La because only conformer & IB prtacnt; Irradiation In solution would be expected to 

provide a mixture of all four isomers. 

This is what Is found txptrIaentally. Irradiation of tnt-diont 3_ vith the output from a 

Moltctron W 22 nitrogen laser (337 nm) givao only enont alcohol A’. vbtrtar laser photolysia 

of benzene or acttonitrilt solutions of the tame material affords dxturw of products: A’, 

1’. Am and J”, the coqotItioa depending on the length of irradiation3’. 

The obecrvation of a single photoproduct, enont alcohol A’, in the solid state 

Irradiation of tnt-diont 2. is very Interesting. This vas unexpected because in cur previous 

work on the solid state photochemistry of tnt-diont a, tnont alcohol 4’ vaa found to be the 

ainor product, with cyclobutanont A” predominating. lit attribute thtat rtmults to an 

unfavorable solid state sttric effect accompanying attempted cyclobutanonc formation In the 
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CH3 RI 

CH3 R2 

11 (R, =R2=cH3) 

3 (~~4~3, R~=C~H~) 

R2 R2 + 

Figure 14. Ene-dione conformations i and 1, and the poeeible products upon photolyeie. 

caee of compound 3, but not for compound &. Specifically, we euggeet that eteric comprc6sion 

retards the rate of the first rtep of cyclobutanone formation, tranrfer of hydrogen to the 

enone carbon, in the caee of compound 3. but not 11 (Figure 15, top). Hydrogen tranefer to 

the enone carbon requires a change of the hybridization of the carbon from ep* to np3, and the 

ateric compreeelon developed, ehovo by dotted lines in Figure 15, involves tvo unfavorable 

intramolecular methyl...methyl interactlonr between the downward-moving methyl group and its 

intramolecular neighboring ethyl groups. When the nelghborlng groupe are methyl 

(i.e. ene-dfone &), no such interactions exist. 

Computer simulation of the pyramldallzation of the above carbon MS performed 

(Figure 15. bottom) in a way similar to that already deecribed for compound L. The shortest 

intramolecular B...A contacte, 1.58 and 1.75A, were calculated for the geomtery of full 

pyramidaliration. The corresponding total non-bonded repulsion energy, using the 

Lennard-Jonee 6-12 potentlal’6, ir 35 Kcal/mole. 
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Cyclobutanone 

Figure 15. Hydrogen abstraction by carbon In compound f Involving intramolecular rterlc 
comprenalon. 

(a) Ideellred drawing of the rterlc compreselon arising from the hydrogen trenrfer. 
Steric compres8lon lo ebeent when all alx subrtltuente are methyl. 

(b) Camputer ~lmulatlon of the change of hybrlditetlon of the enone carbon. 
Upper: before pyrmmldaliratlon. 
Lower: after pyremldaliretlon. 

Methyl group rotation MI checked for the three methyl groupa involved, the non- 

stationary methyl group end the tvo rtatlonery methyl groupa. Rotation of the rtetionary 

methyl groupr does not change the conclusions of the above steric compression. However, 

rotation of the non-stationery methyl group at Its fully pyramidellted position, plotted In 

Figure 16. Is very Interesting. Thin plot shows that although the lntremoleculer steric 

compression Is Indeed released upon rotetloo of the non-stationary methyl group, new 

Intermolecular eterlc compreaslon la introduced fnto the lattice syetem from two short 

lntermoleculer A...A contacts. 
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Figure 16. Non-bonded A. . . A contacte vereue angle of rotation of the non-stationary methyl 
group at ire fully pyramid= position. 

If we aeeuw that the eolution conformatfon of compound 2 is similar to its solid state 

conformation, Figure 16 l xplaine the solution photoproducte beautifully: the new 

intermolecular H...B contacts arielng from rotating the non-stationary methyl group do not 

exiet in solution, thue the eteric compression ir relieved and hydrogen abstraction by the 

enone carbon can take place. Furthermore, ethyl group rotation ir Leas reetricted in solution 

than in the solid atate, and the intramolecular eteric compreeeion can be avoided to permit 

cyclobutanone formation in eolution (ae obeerved). 
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BXPERIMBNTAL 

Gcoaral 
IR spectra uare recorded on Pcrkln-Elmer 137, 457 or 710 B spectrometera. The spectra of 

liquids were recorded neat or a8 10% aolutiona in chloroform; aollds were determined ualng 
KBr palleta containing 1 mg of sample in 200 P\B of KBr. Proton RMR spectra wmre recorded on 
Varlan W-36OL, RA-100 and XL-100 apectromatere. or on Briiker WI+400 or UP-80 inatrumenta; 
tetramethylallane vaa uacd aa Internal ataadard. Uaae spectra were obtained either on an 
Atlas CM-4B apactrawter (low resolution) or cm a Kratoe MS-50 lnatrumant (high and low 
resolution). Both lnatrumenta ware operated at an Ionizing potential of 70 eV. W spectra 
were recorded on a Carey 15 spcctrophotometer. Elemental analyaee vara performed by the 
departmental microanalyst. Mr. P. Borda. Melting points were determined on a Pincher-Johns 
hot-stage apparatus. or for solids which aubllmed. on a Gallcnkamp lnstrumant In sealed 
capillary tubes; all melting points are uncorrected. Thin layer chromatography va.8 carried 
out using alllca gel 6OP-254 on prc-coated aluminum sheets from E. Merck. Vapor phase 
chromatography vaa conducted on a Hewlett-Packard modal 5830-A packed column lnatrument with 
nitrogen aa the carrier gas. 

The detallr of the preparation and photochemlatry of hydroxy-cnones la-lf have been 
reported prevloualy6. Included in the preaent paper for the flrat time are the experimental 
details for acetoxy-enones lg and lh. 

Preparation of 2,3,4a~,6,7,8a~-Rexamethyl-4a,5,8,8a-tetrahydronaphthoquln-l-on-4a-acatate(lg) 
A aolutlon of 0.90s (3.0 moles) of hydroxy-enone la0 In 6 mll of anhydroua pyrldlne and 

3 d of freehly distilled acetic anhydrldc ~88 etlrred at room temperature under nitrogen 
for 8 hours. Tha reaction mixture vaa diluted with water and extracted tvlce vlth chloroform. 
The organic extracte ware washed with 1M HCP, saturated sodium bicarbonate solution, and 
water. After drying, the solvent was removed In vacua to give a light yellow liquid. Column 
chromatography (rllica gel, 

_- 
20% ethyl acetate-petroleum ether) afforded acctoxy-enone lg 

(0.98g, 96%) as a colorless 011, which formed large, clear cryatals when dissolved In a small 
volume oflhexanc and sat aside at -1O’C for 24 hours. Mp 67.5-68.5’C; IR (KBr) 1736, 1675 
(C-O) cm ; NMR (CDCI,) 6 0.95(s, 3H, CBS), 1.07 (a, 3R, CR3), 1.28-2.88 (m, 4A), 1.55 (br 8, 
3H, C(6) or C(7) CH3), 1.60 (br a, 3A, C(6) or C(7) CRs), 1.80 (6, 68, C(2) and C(3) CH3’a), 
2.20 (a, 3B, acetate CR3), 5.85 (br s, 1H, 
eh 330 nm (c 64). 

-CzOAc); mass spectrum m/e ZqO(ti); W max (CRCILs) 

s. Calcd. for CleHz603: C, 74.45; H, 9.02 
Found : C, 74.47; H, 9.05 

Photolysla of Acetoxy-Enone lg in Benzene 
A degassed solution of 122 mg (0.42 rmoles) of acetoxy-enone lg in 180 ml of purified 

benzene was photolyred through a uranium glass filter sleeve (A>34Onm) using a 450 W Hanovla 
medium praasurc mercury lamp. After 4.5 hours I% indicated complete reaction and formation 
of a single photoproduct. Removal of benzene In vacua gave a yellow solid which vaa dlaeolved -- 
In petroleum ether-ethanol, filtered to remove Insoluble material, and cooled to -lO’C, 
whereupon needles of the intramolecular [2+2] cage compound 
5-exo-acetoxy-1,3.4,6,8,9-hcxamethyltetracyclo 14.4.0.0. 3 ,g0’,B]decan-2-one were deposited 
(106mg, 87%). Hp 148.5-150’ (sealed tube); IR (KBr) 1733 (C-0) cm-‘; NMR (CDCn,) 6 0.76 (d, 
lA, J-12 Hz), 0.85 (8. 3H, CH,), 0.91 (IS, 3H, CH3), 0.93 ((I, 3H, CM3), 0.96 (a. 3H, CR3), 1.04 
(8, 6~, CIQ’S), 1.40 (d, lH, J-12 Hz), 1.98 (d, lH, J-12 Hz), 2.04 (6, 38, acetate CB,), 2.13 
(d, lH, J-12 Hz), 4.61 (a, lH, _cK OAC); mana spectrum m/e 290 (I++>; W max (CHC.Q) 298 nm 
cc 36). . , 

E. Calcd. for CltlHz603: C. 74.45; A, 9.02 
Found: C, 74.47; H, 9.10 

This material (2Omg. 0.07 mmoles) was hydrolyzed In 2 mX of methanol containing 10 w of 
anhydroua potassium carbonate (room temperature, 10 hours). The solution was diluted with 
water, extracted with chloroform, and the chloroform solution dried over magnesium eulfate. 
Removal of solvent In vacua yielded a white solid which was a single product by g.Xc and showed 
an IR spectrum and e identical to that for the cage keto-alcohol formed by eolutlon 
photolysls of hydroxy-enone la’. 

Photolysia of Acetoxy-Enone lg In the Solid State 
Crystala of acetoxy-enone lg (118 mg) vere depoalt..d on the reaction surface of a 

specially constructed solid state photolyala apparatus and Irradiated at -39’C for 5 hours 
with light of wavelength a340 nm. Extcnalve column chromatography of the reaction mixture 
(silica gel, 20% ethyl acetate-petroleum ether) afforded 16 w of a new photoproduct 
(subsequently ldentif led (LB 9g) plua 98 mg of recovered lg. 
by_Fhort path, Kugelrohr dlstlllatlon at 0.1 Torr and 9O’C. 

Compound 9g was further putlflcd 
IR (liquid film) 1742, 1715 (C-O) 

; NMR (CD(&) 6 0.90 (a, 3B, Clf3). 1.01 (a, 3H, Clla), 1.05 (a 3H CH3) 1.08 (d 3B 
E7 AZ), CRC&), 1.55 (a, 6H, vinyl CH3’s), 1.85 (d, lR, J-16 Hz): 2.;)7-2.2; (a 2A)’ 2.i6 (a, 
3H, acetate CRJ), 2.41 (br a, lH), 4.59 (a, lH, m_ OAc); mase spectrum m/c 290’(b); 
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W max (CIfC.t3 ) sh 300 nm (E 63). 
Anal. Calcd. for ClBlQ603: C, 76.45; 

Found : C, 76.24; 

Compound 9g (7 w) wae converted to the correeponding 

H, 9.02 
R, 8.95 

keto-alcohol ualw potassium 
carbonate in methanol aa previously described. Without purification. the rerulting oil 
was diesolved in 3 mP of methylene chloride and treated with lb mg of pyridinium 
chlorochromate. After etlrring at room temperature for 3 hours. vork up, column 
chromatography (20% ethyl acetate-petroleum ether) and short path distillation yielded 
92% of an oil vhoae IR and N?IR spectra were identical to the known” dfketone 9g (RJ 
and R,, - 0). 

Preparation of 2,3,ba~,6,7,8a~-Aexamethyl-ba,5,8,8a-tetrahydronaphthoqufn-l- 
on-4$-acetate (lh) 

A eolution of 0.84 P (2.9 mnolea) of hvdroxv-enooe lb6 in 6 mll of dry wridine and 
3 I& of freehly distilled icetic anahpdride-wae btirred at room teaperatuie-inder 
nitrogen for 12 hours. Workup ae for compound 1~ afforded 0.938 (95%) of colorless oil 
which solidified. Recryetallitatfon form a minimum emount of hexane at -1O’C gave 
large, clear priamr. Mp 77-77.5’C; IR (KBr) 1739. 1667 (C-O) cm”; NMR (WC&,) 6 0.90 
(e, 3H, CH3), 1.10 (e, 3H, CH3), 1.37-2.70 (m, 4A), 1.50 (br e. 3H, C(6) or C(7) CH3), 
1.57 (br e, 3H, C(6) or C(7) CH3) 1.80 (a, 6H, C(2) and C(3) CH3), 2.15 (8, 3H, acetate 
0~). 5.73 (br e, lH, -CHOAc); maea rpectrue m/e 290 (Kc); UV nax (CHCIS) 237 nm 
(E 11.500). eh 325 nm (~-62). . . 

&al. Calcd. for C18Hz603: C. 74.45; H, 9.02 
Found : C, 74.30; H, 9.00 

Photolyeie of Acetoxy-Enone lh in Beoxene 
A solution of 214 mg (0.76 nuoolea) of acetoxy-enone Lh in 250 ml of benzene vae 

photolyzed ae in the ceee of Ig for 6 hours. After removal of solvent in vaeuo and _- 
cryetallization from hexane, long, colorleea needlee (76 mg. 36%) of intramolecular 
[2+2] cage hoto roduct 5-endo-acetoxy-1,3.4,6,8,9-hexamethyltetracyclo- 
(b.b.0.0.3 s ’ O4 s’)decan-2-one vere depoef ted. 
(KBr) 1733 (C-O) cm-‘; 

Mp 137.5-138’C (sealed tube); IR 
NMR (CDCX,) 6 0.62 (d, lH, J-13 Hz), 0.91 (8, 3R, CH3), 0.93 (8, 

3H, CH3), 0.96 (a, 3H, I.&), 1.01 (m, lH), 1.03 (8, 3H, CH3), 1.04 ((I, 3H, CHJ), 1.07 
(8, 3H, C&), 2.00 (d, lH, J-13 Hz), 2.01 (8, 3R, acetate CA3), 2.07 (d, lH, J-13 Hz), 
6.50 (e, lH, _cHOAc); meae spectrum m/e 290 (t@); W max (CHC~J) 290 nm (E 62). 

Jr&. Calcd. for ClBHz603: C, 74.45; A, 9.02 
Found : C, 74.30; A, 9.02 

Hydrolysis of the cage photoprcduct aa described previously afforded material which vae 
identical in every respect with the photoproduct formed from phtolyeie of hydroxy-enone 
lb in benzene’. 

The photolyais mixture mother liquor vaa concentrated and subjected to preparative 
glc (5’ x l/4” column, 8% OV-17 on SO/l00 Chromoeorb W, 200eC, 120 mll/min). This 
afforded a further 54 q (25%) of cage photoproduct plus 21 mg (10%) of a second 
photoproduct tentatively ideatiffed as 2,3,4aP,68,7,8-s@-hexamethyl-ba,5,6,8a- 
tetrahydronaphthoquin-1-on-bl3-acetate, a double bond isomer of lh. 

Photolyais of Acetoxy-Enone lh in the Solid State 
Crystals of acetoxy-enone lh (110 mg, 0.38 mmolee) were irradiated for 2.3 hours 

at -14% in the apparatie described previouely3’. Silica gel coluw chromatography 
(20% ethyl acetate-petroleum ether) afforded 75 mg of residual starting material and 
31 mg of a new photoproduct identified aa 8h. This material vae purified by Kugelrohr 
dfatlllatlon (85’C, 0.1 Torr) and crystallized from a wry emall volume of hexane at 
-1O’C. Mp 124.5-125.5’C; IR (KBr) 1761, 1736 (C-O) cm-‘: NMR (CDCX,) 6 0.83 (d, 3H, 
J-7 Hz, -CHC3), 0.87 (a, 3H, CH3), 1.04 ((I, 3H, CHs) 1.12 (e. 3H, CH3), 1.61 (br s, 
3R, vinyl CH1), 1.64 (8, lH), 1.73 (br 8, 3H, vinyl CH3), 1.79 (d, lH, J-18 Hz), 2.0 
(e, 3H, acetate CH3) 2.21 (d, LA, J-18 Hz), 2.43 (m, lH), 6.76 (d, lH, J-5 Hz, 
-CAOAcl: mace eoectrum m/e 290 (M?: W max (CHC&) 287 w (0 64). . 

&al. C&l; for CleHz60~~~ C, 74.65; A,‘9.02 
Found : C, 74.60; H, 9.18 

Photolyeie of Enone 2 
A solution of 10 xg (0.04 rmolee) of enone 2 in 10 mL of benzene vaa photolyzed 

for 40 minutes using a 450 W Hanovia medium pressure mercury lamp fitted with a Pyrex 
filter sleeve. Solvent wae removed in vacua and the remeining oil crystallized from 
low boiling petroleum ether to afforrcmese cryetala of intramolecular [2+2] cage 
compound 10 (8 mg, 80%). Mp 52-53’C; IR (CHC.t3) 1745, 1720 (C-O) cm”; NMR (CDC1,) 6 
0.87 (m, 6H, CH3 and CHCHH); 1.30 (a. 3H, CH3), 1.58-3.25 (m, EH), 3.80 (8, 38, -0CH3); 
high resolution mess spectrum calculated for C1bH2U0s: 248.1412; found 248.1411. 
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