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Abstract: The Norrish/Yang type Il photochemistry of ten even-numbered cyclic diketones ranging in ring size
from 10-membered to 26-membered has been studied in the crystalline state as well as in solution. In the solid state,
the diketones undergo stereoselective cyclobutanol formation in whictighe transring fusion stereochemistry

of the photoproducts is governed by the conformation of the diketone present in the crystal as determined by X-ray
crystallography. The reactive-hydrogen atoms are identified and the distance and angular parameters associated
with their abstraction are derived from the crystallographic data. For the most part, the abstractions occur through
boatlike rather than chairlike six-atom geometries, and the average valu¢hef G=0---H abstraction distance, for

16 reactivey-hydrogens was found to be 2.24 0.04 A; the average values of the angular parametefshe
y-hydrogen out-of-plane angle}\ (the G=0---H, angle), andy (the C-H,---O angle) are 53t 5°, 83 £ 4°, and

115+ 2°, respectively. In a similar manner, the geometric parameters associated with the ring closure reactions of
the intermediate 1,4-hydroxy biradicals were estimated from the crystallographic data. This indicates that both the
pre<cisand pretransbiradicals are poorly aligned for cleavage but are well oriented for closure, with radical separations
of 3.1-3.2 A. For four of the diketones, the solid state photoproduct ratios were found to be temperature dependent
as a result of enantiotropic phase transitions. For two of the diketones, the high-temperature, metastable phases
were characterized by solid staf€ and?H NMR spectroscopy. Crystals of 1,14-cyclohexacosanedione were found

to be dimorphic, and the conformation adopted by the macrocycle is very different in the two dimorphs. As a result,
irradiation of one of the dimorphs leads ¢@-cyclobutanol and photolysis of the other giveans a particularly

clear demonstration of the effect of conformational polymorphism on solid state chemical reactivity. Overall, the
solid state results indicate that the product distribution is determined by the relative rates of forward rather than
reverse hydrogen atom transfer and that the biradicals react in a least-motion, conformation-specific manner. In
solution, on the other hand, the photoreaction is ring size-dependent, resembling the solid state results for the 12-
and 14-membered-ring diketones, and consisting mainly of type Il elimination accompanied by reduced amounts of
nonstereoselective cyclobutanol formation for the-26-membered-ring compounds. It is suggested that this ring

size dependence stems from the relative conformational freedom of the intermediate 1,4-biradicals in the fluid
medium—motions that are slow compared to closure for the 12- and 14-membered rings, but that permit alignment
for biradical cleavage and alternative modes of closure in the “floppier” 16-membered and larger rings. The one
exception to the above generalizations is 1,6-cyclodecanedione, which was found to be photochemically inert both
in the solid state and solution despite having a crystal conformation favorable for type Il photochemistry. Possible
reasons for this behavior are presented and discussed.

Introduction Reactivity Correlation Method to the photochemistry of a

o ) ] homologous series of medium-sized ring and macrocyclic
Crystals provide ideal environments for studying the effect {iketone2

of molecular structure on ghemlcal rea}ctlv}ty.Reactant Our interest in the macrocyclic diketone system was stimu-

structure can be determined in great detail through the use of |5, by a paper by Allingeet al. on the X-ray crystal and

X-ray crystallography and, because of crystal lattice forces that .\, j|acular structure of 1,10-cyclooctadecanedidres Scheme

severely restrict molecular motion, this structural information 1)3 This material crystallizes witlC,, molecular symmetry

can be used to model transition states and intermediates for,.q this conformation brings each ketone oxygen atom to within

reactions carried out in the solid state. The present paper; 7g & of two neighboring-hydrogen atoms, a distance that,
describes the application of this so-called Crystal Strueture

(2) Portions of this work have appeared in preliminary communication
TBased on the Ph.D. thesis of T. J. Lewis, the University of British form: (a) Lewis, T. J.; Rettig, S. J.; Scheffer, J. R.; Trotter, J.; Wireko, F.

Columbia, March, 1993. J. Am. Chem. S0d99Q 112, 3679. (b) Lewis, T. J.; Rettig, S. J.; Scheffer,
® Abstract published ifdvance ACS Abstractdune 1, 1996. J. R.; Trotter, JJ. Am. Chem. So4991, 113 8180. (c) Lewis, T. J.; Rettig,
(1) For a recent review of organic photochemistry in crystals and other S. J.; Scheffer, J. R.; Trotter, Mol. Cryst. Lig. Cryst.1992 219, 17.

organized media, se€hotochemistry in Organized and Constrained Media (3) Allinger, N. L.; Gorden, B. J.; Newton, M. G.; Lauritsen-Norskov,

Ramamurthy, V., Ed.; VCH Publishers: New York, 1991. L.; Profeta, S., JrTetrahedron1982 38, 2905.
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according to previous work from our laboratdrghould allow information for details). Only one new diketone, the nondia-
for facile Norrish type Il hydrogen atom abstraction upon UV- metric 1,8-cyclohexadecanedionl)( was synthesized in the
irradiation of the crystals. 1,10-Cyclooctadecanediohe) (  present study. This was prepared by a “mixed Blomquist”
belongs to a class of compounds known as the “diametric” reaction involving treatment of a 1:1 mixture of suberyl chloride
diketones, defined as cyclic diketones in which the carbonyl and sebacoyl chloride with triethylamine followed by hydrolysis
groups are separated on each side by an equal number ofind decarboxylation under basic conditidfsThis procedure
methylene groups. Necessarily of even-numbered ring size, thealso gave diametric diketonds and 1e, from which diketone
smallest member of the homologous series is 1,3-cyclobutane-1j could be separated in 11% yield by column chromatography
dione, and the largest prepared so far is the 34-membered-ringon silica gel.
compound, 1,18-cyclotetratriacontanedione. First prepared in An interesting byproduct,y-pyrone derivative3c, was
the 1920s and 1930s by Ruzic&gal in connection with their obtained in 21% vyield during the preparation of diketdre
work on perfumery constituentsmost members of the series  from suberyl chloride by the Blomquist procedure. A similar
are beautifully crystalline, moderately high melting solids that result was obtained when pimeloyl chloride was subjected to
are readily prepared (although often in low yield) by well- the Blomquist procedure. In this case, octahydroxanth8bk (
documented procedures. was obtained in 56% isolated yield, and only traces of diketone
Because it seemed likely that all members of the series with 1b could be detected by gas chromatography. The structure of
ring sizes>10 would have solid state conformations with this material was established by comparing its spectroscopic
abstractable/-hydrogen atoms, we synthesized the diametric and physical properties with those reported for the same
diketones ranging in ring size from 10- to 26-memberka compound prepared by catalytic hydrogenation of xantdéne;
i, Scheme 1) and undertook an investigation of their solid state compound3c is apparently a new compound, but its spectra
photochemistry. For reasons that will become clear later, we leave no doubt about its structure. The reaction is of limited
also prepared and photolyzed the non-diametric 16-membered-synthetic utility, however, as attempts to isolate thpyrones
ring diketonelj. The primary goal of the work was to provide, with 5- and 8-membered rings were unsuccessful. The mech-
through crystal structurereactivity correlations, further infor-  anism by which pyrone8b and 3c are produced is complex
mation on the distance and angular requirements for intramo- and need not be discussed in detail here other than to say that
lecular y-hydrogen atom abstraction. Secondly, because theit may involve the formation and dimerization of theketo-
biradical intermediates formed by abstraction are immobilized ketene specie8b and2c, respectively, followed by hydroxide
in the crystal lattice in conformations similar to their ground ion-initiated conversion of the dimers to product (Schem&1).
state progenitors, such a study allows conclusions to be drawn Preparative Photochemical Studies in Solution and Char-
regarding the effect of structure on 1,4-biradical partitioning. acterization of the Photoproducts. In order to have a basis
A particularly intriguing third goal of the project was to of comparison for the solid state studies, all ten diketdreey
investigate the solidsolid phase transitions that have been were firstirradiated in solution and their photoproducts separated
reported for some of the macrocyclic diketones and to and identified. In every case except one, direct photolysis in
determine their influence, if any, on the solid state photochem- hexane led to smootprhydrogen abstraction and the formation
istry. A fourth goal of the study was to investigate the solution of a mixture of the Yang reactidhproducts4 and5 as well as
phase photochemistry of the macrocyclic diketones in order to the type Il elimination productt (Scheme 2). The lone
make comparisons between their solid and solution state exception was 1,6-cyclodecanediord&)( which proved to be
behavior. Although the solution phase photochemistry of inert under all direct and sensitized photolysis conditions
several medium-sized and macrocyationdketones has been  employed. In order to check whether this apparent lack of
studied quite thoroughl{;® no previous investigation of the  reactivity might be due to rapid and reversible hydrogen atom
corresponding diametric diketones has been reported. transfer, diketonela was photolyzed in the good hydrogen
The solid state structurgeactivity correlation method re-  bonding solventert-butyl alcohol. As Wagner has showh,
quires a knowledge of the crystal and molecular structures of such solvents retard reverse hydrogen transfer through hydrogen
the diketones, and a fifth goal of the project was to obtain these bonding to the hydroxyl proton of the 1,4-hydroxy biradical
through single-crystal X-ray diffraction analysis. This was intermediate, thus increasing the quantum yield of photoproduct
successfully accomplished, and we anticipate that the resultsformation. This can lead to the formation of new photoproducts,
will be of _considerabl_e interest to those conce_rned _with Fhe (10) (a) Blomquist, A. T.- Spencer, R. D. Am. Chem. S0d948 70,
conformational analysis of macrocyclic and medium-sized-ring 30. (b) Blomquist, A. T.; Prager, J.; Wolinsky,d.Am. Chem. Sod955
compounds. Also included in the present paper are the results77, 1804.
of molecular mechanics calculations designed to determine (}%) Icordon_nie? G.; Sliwa, W-fojtereloc%C'-.ghemgB Zﬁ' |111_. .
whether the shapes of the diketones in the solid state corresponqe( ) Interestingly, treatment of adipyl chioride with triethylamine is

ported to lead to a dimer of structurg¢Baldwin, J. E.J. Org. Chem

to minimum energy conformations. 1963 28, 3112), and treatment of this compound with aqueous sodium
hydroxide was shown to lead to hydroxy-adidOn this basis, we tend to
Results rule out a dimer analogous toas being responsible for the formation of
. . . . . y-pyrones3b and3c from suberyl and pimeloyl chloride, respectively. For
Preparation of Starting Materials. Diketonesla—i were a recent review on the subject of bisketenes and related compounds, see:
prepared according to published procedures (see supportingé”eniéégzé\/lgé%;McAlllster, M. A.; Tidwell, T. T.; Zhao, DAcc. Chem.
es. , .
(4) Scheffer, J. R. IDrganic Solid State Chemistresiraju, G. R., o
Ed.; Elsevier: Amsterdam, 1987; Chapter 1.
(5) (@) Ruzicka, L.; Brugger, N.; Seidel, C. F.; Schinz,Htely. Chim. o OH COOH
Actal1928 11, 496. (b) Ruzicka, L.; Stoll, M.; Huyser, H. W.; Boekenoogen,
H. A. Hely. Chim. Actal93Q 13, 1152. 1.NaOH/H,0
(6) Alvik, T.; Borgen, G.; Dale, JActa Chem. Scand 972 26, 1805. 2. Acidic Workup 0 N0
(7) Schulte-Elte, K. H.; Willhalm, B.; Thomas, A. F.; Stoll, M.; Ohloff, o~ "o
G. Helv. Chim. Actal971, 54, 1759. i ii
(8) Burchill, P. J.; Kelso, A. G.; Power, A. Aust. J. Chem1976 29, (13) Cyclobutanol products in type Il photochemistry were first reported
2477. by: Yang, N. C.; Yang, D. HJ. Am. Chem. S0d 958 80, 2913.
(9) Matsui, K.; Mori, T.; Nozaki, H.Bull. Chem. Soc. Jprl971, 44, (14) Wagner, P. J.; Kochevar, I. E.; Kemppainen, AJEAmM. Chem.

3440. Soc 1972 94, 7489.



Study of Norrish/Yang Type Il Photochemistry
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as Sauers and Huang have shown for cyclodecatfonbere
irradiation intert-butyl alcohol affords a-hydrogen abstraction-
derived Yang reaction product in addition to the unusual

J. Am. Chem. Soc., Vol. 118, No. 26, aB%%

laremained photoinert itert-butyl alcohol. Later in the paper,
we shall discuss possible reasons for this interesting lack of
photoproduct formation.

The photoproductd, 5, and6 could all, with two exceptions,
be isolated in pure form by column chromatography on silica
gel. The exceptions wergans-cyclobutanol5b, which was
not formed in the solid state or solution, aod-cyclobutanol
4e which was characterized spectroscopically as part of a
mixture as well as on the basis of its characteristic GC retention
time. The ene-dioneé could be differentiated readily from
the other photoproducts by the appearance in th¢iNMR
spectra of methyl group signals as well as resonances charac-
teristic of the—CH=CH, group €a. 6 5—6 ppm).

In contrast!H NMR was not very useful in determining the
structure of the cyclobutanol photoproducts. These compounds
were identified through their OH peaks in the IR and the
presence in their mass spectra of an-V28 peak due to the
loss of ethyleneia a [2 + 2] cycloreversion of the 4-membered
ring. The stereochemistry of the cyclobutanols was assigned
primarily on the basis of an empirical correlation that was noted
between their structure and th& NMR chemical shift of the
ring junction methine carbon atom. This carbon atom could
be identified easily by the attached proton test, since it is the
only one in the molecule that bears a single hydrogen atom. In
the cis-cyclobutanolsd, this carbon atom appears from 48.6 to
50.1 ppm, whereas in the trans serigk {t is found from 40.4
to 43.7 ppm. These assignments rest ultimately on the X-ray
crystal structures of cyclobutanodsl (49.8 ppm) andbf (43.1
ppm)1” A second empirical correlation that aided in the
structural assignments was that involving the relative gas
chromatographic retention times of the photoproducts. On a
DB-17 fused silica capillary column (15 x 0.25 mm J & W
Scientific), the elution order was invariabty followed by 5
followed by 4.

The photoproduct structural assignments in the case of the
nondiametric diketondj presented a special challenge. This
stems from the fact that, as shown in Scheme 2, there are four
possible Yang cyclization productj(4'j, 5j, and5'j) and two
possible Norrish type Il elimination productj @nd6€'j). Two
of these six photoproductdj(and4'j) could be isolated in pure
form by column chromatography, and their structures were
ultimately proved by X-ray crystallography. With a methine
carbon chemical shift of 50.0 ppm in both cases, they conform
to the chemical shift/structure correlation noted above. Pho-
toproducts5j and 5j gave rise to a single peak on gas
chromatography, and their relative proportions could therefore
not be determined; theiotal contribution to the reaction mixture
could, however, be measured. The same situation was observed
in the case of the isomeric ene-diorgjsand6'j.

Once the photoproducts had been fully characterized and
identified, attention was directed to determining the solution
phase (hexane) photoproduct distributions. Conversions were
kept low in order to minimize possible secondary photoreactions
of the products, which still contain potentially reactive carbonyl
groups, and below 20%, the product ratios were found to be
constant within experimental error. The photoproduct percent-
ages, normalized to 100% and corrected for detector response,
are collected in Table 1. It will be noted that the dimorphs of
diketoneli afford identical photoproduct percentages in hexane,
since all memory of previous crystal packing is lost in solution.

Sensitization, Quenching, and Quantum Yield Studies in

e-abstraction product that is formed when cyclodecanone is Solution. In view of the likelihood that the solution phase

photolyzed in cyclohexan®. In the event, however, diketone

results discussed above represent a combination of both singlet

(15) Sawuers, R. R.; Huang, S.-Yetrahedron Lett199Q 31, 5709.
(16) Bernard, M.; Yang, N. CProc. Chem. Socl958 302.

(17) The crystallographic data for cyclobutandly 5f, 4j, and4'j are
compiled in Table 3.
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Table 1. Solution Phase and Solid State Photoproduct Ratios used acetone to sensitize the type Il reactiorcisf2-propyl-

4-tert-butylcyclohexanoné? we were unable to obtain reliable

hexane solid

. data. As is generally the case with aliphatic keto#fe€we
diketone 4(%) 5 (%) . 606 400 5™ _ 6 (%) find that the cyclization to cleavage ratio for diketohé is
1la no reaction no reaction greater from the triplet state than from the singlet.
ig gg gg ig gg 28 (1)% _ Ph_ot_ochemical Stut_:lies in the Solid _State.The solid state
1d 22 35 43 89 10 01 irradiations were carried out by crushing the crystals between
le 17 42 41 03 84 13 two Pyrex microscope slides, sealing the “sandwiches” under
1f 10 23 67 90 04 06 nitrogen in polyethylene bags, and photolyzing the resulting
i% %g 3‘7‘ gg 9%4 8% %51 assemblies at room temperature with the output from a 450-W
1i needles 09 o1 00 Hanovia medium pressure mercury lamp. In order to determine
liplates 14 33 53 97 03 00 whether the photoproduct distribution was sensitive to surface

44 5+5  6+6 44 5+5  6+6 phenomena or defects brought about by crushing, parallel

1j 13/13 35 39 10000 00 00 photochemical studies on large, carefully grown single crystals

2 Photolyzed at 20C in Pyrex containers with the output from a  Were also performed. Very little difference between the two
450-W Hanovia medium-pressure mercury lamp. Product ratios are methods could be detected.
normalized to 100%, corrected for GC detector response, and extrapo-  The diketones reacted much more selectively in the crystalline
lated to 0% conversion. state than in solution. By far the major constituents of the solid
state reaction mixtures were the cyclization photoprodtietsd
5, and depending on ring size, one of these was generally formed
in much higher yield than the other. As was the case in solution,

Table 2. Quantum Yields and Product Distribution in Photolysis
of Diketoneld

entr solvent excited state 4d (%) 5d (%) 6d (%) o . .
y - - (%) 06) (%6) o 1,6-cyclodecanedione proved to be completely unreactive. For
1 benzene singlet triplef 18 30 52 0104 he other diketones, crystal softening became apparent at
2  benzene singlet 17 12 71 0.027 - f 10% d th duct distributi
3 benzene triplét 18 36 46 0077 conversions o % or more, an e product distributions
4  tertbutyl singlet+ triplet 21 27 52  0.148 became more solution-like. The photoproduct percentages were

alcohol therefore determined as a function of conversion and extrapo-
lated to 0%, and these data, corrected for detector response,
are compiled in Table 1.

Crystallographic Studies. As mentioned in the introduction
section, the crystal and molecular structure of the 18-membered-
and triplet reactivity:® we thought it important to establish the ring diketonele was known when we began this wotkin
fraction of total reaction coming from each excited state as well addition, there was a 1933 report of an X-ray diffraction study
as the characteristic product distribution from each. The 16- of the 24-membered-ring diketod& which concluded that this
membered-ring diketonéd was selected as a representative compound crystallizes in a long, thin unit c&l.Mention has
example on the basis of the excellent GC separation of its also been made in the literature of the crystal structure of the
photoproducts. 10-membered-ring diketon&a,2 but as far as we are aware,

Using standard techniques that are summarized in the the details have never been published. Therefore, at the same
Experimental Section, quantum yields for photoproduct forma- time as the photochemical work described above was being
tion were determined for diketorial in benzene antert-butyl carried out, the crystal and molecular structures of diketones
alcohol (Table 2). Benzene was used as a non-hydrogenla, 1c, 1d, 1f—1h, 1i (two polymorphs), andj (nine structures
bonding solvent instead of hexane for solubility reasons in the in all) were successfully determined. Table 3 summarizes the
guenching runs. We note that the product distribution from crystallographic data, and Figure 1 gives CHARON drawings
direct irradiation in benzene is slightly different from that for each of the diketones studied; also included in Table 3 are
observed in hexane. Table 2 also includes the product distribu-crystallographic data for cyclobutano#d, 4j, 4j, and 5f.
tion and quantum yield for the pure singlet reaction conducted Greater detail on the crystal structure determinations is provided
in the presence of a high concentration of the triplet quencher, in the Experimental Section and the supporting information.

aDirect irradiation in the absence of quencheRun in the presence
of 7 M 2,3-dimethyl-1,3-butadiené.Calculated from data in entries 1
and 2.

2,3-dimethyl-1,3-butadiene. A plot of the photoproduct ratios
versusquencher concentration (not shown) levels off at ap-
proximately 5 M, and we assume that no triplet reactivity
remains at or beyond this point.

The results indicate that the total quantum yielddrt-butyl
alcohol, while approximately 42% higher than that in benzene,
is still significantly less than unity, a finding that is consistent
with most previous work on the type Il photochemistry of
aliphatic ketone&® Interestingly, in the case of cyclodecan$he
and cyclododecanorfethe overall type Il quantum efficiency
actually decreasessomewhat in going from hydrocarbon to
hydroxylic solvents. It is also worth noting that the product
distribution is not very solvent dependent in the case of diketone
1d. In benzene, approximately 26% of the overall reaction upon
direct irradiation occurs through the singlet state assuming that
there is no quenching of this state by the diene. We attempted
to check this by determining the quantum yield for the acetone-
sensitized triplet process, but unlike Fleming and Long, who

(18) Wagner, P. JAcc. Chem. Red972 4, 168.

In one case, that of the 12-membered-ring diketbbgethe
crystal structure could not be determined; the crystals were
twinned, and data collected with a cut, apparently untwinned
fragment gave a structure with extensive disorder, which could
not be modeled satisfactorily. In this instance, therefore, the
minimum energy conformation was identified by a molecular
mechanics calculation, and the conformational drawing shown
in Figure 1b is based on the MM2 results. Similarly, the data
in later tables that pertain to diketotib are MM2-based rather
than crystallographically-derived. The justification for assuming
that this conformer is, in fact, the conformer present in the

(19) Fleming, I.; Long, W. EJ. Chem. Soc., Perkin Trans.1®76 14.

(20) (a) Coulson, D. R.; Yang, N. @. Am. Chem. S04 966 88, 4511.
(b) Yang, N. C.; Elliot, S. PJ. Am. Chem. Sod 969 91, 7550.

(21) Fleming, I.; Kemp-Jones, A. V.; Long, W. E.; Thomas, B. Lhem.
Soc., Perkin Trans. 2976 7.

(22) Muller, A. Hely. Chim. Actal933 16, 155. Cell constantsa =
991 Ab=8.13A c=30.79 A5 =685.

(23) Germain, G., personal communication as reported by: Dunitz, J.
D. In Perspecties in Structural Chemistrypunitz, J. D., lbers, J. A., Eds.;
Wiley: New York, 1968; Vol. 2, p 495.
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20 40 60 8 100

mp
Temperature (°C)

tp 54°C (6.3 kJ mol!)
mp 70°C (76.7 kJ mol"!)

20 40 60 80 100
5 +

Temperature (°C)

Isttp 37°C (23.6 kJ mol)
2nd tp 55°C (7.8 kJ mol!)
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Table 4. Photoproduct Percentages as a Function of Crystal
Modification and Temperature for Diketorie

Z 0 g 0 (— entry T(°C) medium 4i (%) 5i(%) 6i (%)
§ E 1 0 plates 99 01 00
e -5 2 v 2 20 plates 97 03 00
= 10 £-10 3 40 plates 96 04 00
£ ® @) 2 .15 ®) 4 60 plates 19 81 00
15 mp 20 5 65 plates 20 76 04
Temperature (°C) Temperature °C) ™P 6 20 annealed plates 09 91 00
7 0 needles 07 93 00
tp 34°C (6.3 kJ mol) tp 86°C (12.1 kJ mol!) 8 20 needles 09 91 00
mp 86°C (11.7 kJ mol!) mp 96°C (29.7 kJ mol!) 9 40 needles 11 89 00
10 60 needles 18 82 00
20- 40 60 80 100 20 40 60 80 100 11 65  needles 17 83 00
10+ 5. 12 20 solution (hexane) 14 33 53
g 0 £ 0
S_m tp E dimorphs of diketoneli are examples of conformational
£ 10 é 10 - polymorphs-polymorphic crystal modifications that differ not
5 5 Isttp P only in packing arrangement but also in the conformation of
* -30 (© £ 15 ) the constituent molecules as wél.

The conclusion from these experiments is that the plate
dimorph is metastable and is converted into the stable needle
dimorph of diketoneli above 54°C. Support for this view
comes from the fact that the DSC trace, tf& CPMAS solid

mp  77°C (8.1 kJ mol'!)
Figure 2. Differential scanning calorimetry thermograms of (a)
diketoneld, (b) diketonele, (c) diketoneli (plate dimorph), and (d)
diketonelj. Phase transition temperaturé€) and the corresponding
heats of transition (kJ mot) are included.

state NMR spectrum, the powder diffraction pattern, and the
FTIR spectrum of the annealed plates are identical with those
of the X-ray quality needles grown by recrystallization and quite
different from those of the “virgin” plates. The product
percentages obtained by photolysis of the virgin plates, the
annealed plates, and the needles as a function of temperature
crystalline state will be presented later in the paper along with a1so support this conclusion. Table 4 summarizes the results.
more details on the molecular mechanics calculations. ~ As can be seen, the photochemical behavior of the annealed
Temperature Dependence of the Solid State Photochemi-  pjates is essentially identical to that of the needles at the same
cal Results. One of the goals of our work was to investigate temperature. Interestingly, the reaction selectivity decreases
the influence that the sub-melting point phase transitions ith increasing temperature below the melting point, but never
reported by Daleet al. for the 16- and 18-membered-ring reaches the distribution characteristic of the isotropic fluid state.
diketonesld andlehave on the solid state photoproduct ratios. Evidently, even at 65C, the reaction cavity maintains its basic
Dale and co-workers observed that diketditeundergoes a anisotropic structure.
solid—solid phase transition at 28, well below its melting The temperature-dependent solid state photochemistry of
point of 78°C, and that diketonde exhibits a similar phase  giketoneli is very similar in principle to the results obtained
change at 86C before finally melting at 98C.5 We verified by Cohenet al. for trans-cinnamic aci?® Like diketoneli,
these phase transitions by differential scanning calorimetry, the rans-cinnamic acid is dimorphic, having a metastaBtorm
only difference between our results and Dale’s being that we that is transformed into a more stalleform upon heating to
find a somewhat higher temperature transition point {4 approximately 50C, and because the dimorphs lead to different

changes. We also checked the DSC behavior of the other The pehavior of diketonesd, 1e and 1j was found to be
diketones and found that the plate-like crystal modification of quite different from that of diketongi. In these cases, when
the 26-membered-ring diketorts undergoes a weak solid  the virgin crystals obtained by recrystallization from solution
solid phase transition at 54, finally melting at 70°C, and  yere heated above the transition point but below the melting
that the nondiametric diketorig exhibitstwo endothermic phase  point, the crystals became polycrystalline and opaque (as in the
transitions at 37 and 5% before melting at 77C. The DSC  ¢ase of diketoneli), but upon cooling, the annealed crystals
traces and\H values for these two compounds are included in proved to be indistinguishable from the virgin samples by DSC.
Figure 2. ) o In other words, the higher temperature phases are metastable

_The solid-solid phase transition in the case of the plate for these compounds and revert fairly rapidly to their original
dimorph of diketoneli proved to be irreversible, whereas the  ¢rystal modifications upon cooling. In order to characterize the
others were reversible. When slowly and carefully recrystallized high-temperature solid phases in more detail, variable-temper-
from ethyl acetatepetroleum ether mixtures at room temper- ziyre3C CPMAS and wide-lineH solid state NMR studies
ature, diketond.i deposited clear plates. When the plates were \yere carried out for diketoneld andle The results of these
heated to temperatures between 54 and’COthey became  gtydies are described below.

polycrystalline and opaque, and after cooling to room temper-  Figyre 3 shows thd3C CPMAS NMR spectra of the 16-
ature these so-called annealed crystals showed no SUb'memngnembered-ring diketondd at 27 °C (below the transition

point phase transition and simply melted atf0 Seeding of  temperature) and at 3T (above the the transition temperature).
saturated solutions of diketorié with the annealed crystals
caused deposition of the n_eedle dimorph of this compound._ The Elsevier: Amsterdam. 1087: Ghapter 13, pp 4B18,

crystal structure of each dimorph was successfully determined, (25) Cohen, M. D.; Schmidt, G. M. J.; Sonntag, Fl.IChem. Soc1964
and the results are shown in Figure 1. The needle and plate2000.

(24) Bernstein, J. ll©rganic Solid State Chemistresiraju, G. R., Ed.;
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Figure 3. *CPMAS NMR spectra of diketonid at (a) 27 and (b) 37 ARRSARARAA AR RARA AR SA AL TELARRARNARIL NAREE SR SRR ANRARY
°C; diketonele at (c) 27 and (d) 92C. The isotropic signals are © HERTZ ‘ HERTZ

?ndicat_ed by an asterisk and the spinni_ng side bands by a dot. TheFigure 4. ?H solid state NMR spectra of (a) diketortel at 27 °C
insert in (a) shows more clearly the splitting of the carbonyl carbon (below transition point), (blLd at 37°C (above transition point), (c)
signal due to the lack of molecular symmetry. diketone le at 47 °C, (d) 1e at 67 °C, (e) le at 77 °C (all below

Associated with the isotropic chemical shift of the carbonyl transition point), and (flLe at 87°C (above transition point).

carbon in each case (indicated by an asterisk) is a series oftaple 5. Photoproduct Percentages as a Function of Temperature
spinning side bands indicated by dots. In rigid systems, where for Diketone1d

molecular motion is restricted, these side bands extend over a
wide range of frequencies owing to the random distribution of
the carbonyl group over all possible orientations in the poly-

solid hexane
T(°C) 4d (%) 5d (%) 6d(%) 4d(%) 5d(%) 6d(%)

crystalline sample (chemical shift anisotrog§and this is what 0 89 08 03

we see in Figure 3a. Note also that the carbonyl carbon 10 gg % 8? - a 43
resonances are doubled_in the lower temperature spectrum owings 47 16 37 21 32 47
to the lack of symmetry in the crystal conformation (see Figure 49 17 20 63 19 30 51
1d). The methylene carbons are also nonequivalent, and this60 20 21 59 18 28 54
is most clearly seen in the signals due to the carbons adjacent20 (annealed) 86 10 04

to the carbonyl groups. At 37C, the doubling of the carbonyl

and methylene carbons disappears and the chemical shifts inpnly the final temperature lies above the transition point of 86
the spectrum closely resemble those in the the fluid phase-c for this compound.
spectrum. The reduced but nevertheless significa@0(ppm) The observation of classic Pake powder patterns covering
anisotropy of the carbonyl chemical shift indicates that full >100 kHz for diketoneld at 27°C (Figure 4a) and diketone
isotropic motion has not been reached at this temperature,jeat 47°C (Figure 4c) establishes that the-D bonds in both
although the symmetry of the molecule has increased. diketones are conformationally fixed at these temperafifres.
Also included in Figure 3 are the analogot!& CPMAS However, at higher temperatures the spectra become narrower
NMR spectra of the 18-membered-ring diketdreeboth below  and more complex, indicating that conformational motion of
(27°C) and above (92C) its solid solid phase transition point  the CD, groups is occurring. In the case of the 18-membered-
(86 °C). In this case there is no difference between the two ring diketonele there is a significant change in thie spectrum
spectra. The carbonyl carbon resonance is a singlet in bothyell below the phase transition temperature determined by
cases, which is consistent with tl&, molecular symmetry ijfferential scanning calorimetry, indicating the occurrence of
present in the crystal (see Figure 1e). In addition, the spinning |arge-amplitude rotational motions. Such is not the case for
side band pattern is similar in both spectra, indicating that even phe 16-membered-ring diketone, and the spectra in this case are

at 92°C, there is very little motion of the carbonyl group in  syggestive of an “inside-out” motion of the carbonyl groups
the metastable solid phase. From this result we may tentatively correlated with the rotations of the Gigroups.

conclude that the phase change in this compound is associated \vjith the NMR results in hand, we next turned to a study of
primarily with methylene chain reorientation. the solid state photochemistry of diketorie 1e and1j as a

In order to investigate the various solid phases of diketones fynction of temperature. The results of these experiments are
1d and 1e in greater detail, both compounds were fully symmarized in Tables-57. As can be seen, as the transition
deuterated in the-position and studied by variable-temperature point is traversed in each case, there is a dramatic change in
solid stateH NMR spectroscopy. Figure 4a shows the spectrum the photoproduct percentages in the direction of the distribution
of diketoneld-dg at 27°C (below the transition point), and the  characteristic of the isotropic fluid phase at the same temper-
spectrum of the same sample at 37 (above the transition  ature. There are, however, small but significant differences
point) is given in Figure 4b. The deuterium spectra of diketone petween the results obtained in solution and in the high-
leds at 47, 67, 77, and 87C are shown in Figures 4¢if; temperature, metastable phases. In the case of dikéthrier

(26) Fyfe, C. A.Solid State NMR for Chemist6.F.C. Press: Guelph, ~ €xample, thel’? is slightly more type Il Cl?avage ar@on the
Canada, 1983. metastable solid state (63%) than in solution (51%). Conversely,
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Table 6. Photoproduct Percentages as a Function of Temperature + 1.20 A= 2.72 A in the case of oxygen and hydrogén.

for Diketonele Finally, there seems to be general agreement that the optimum
solid hexane value of the angl® is 180, i.e., linears®

T(C) 4e(%) 5e(%) 6e(%) 4e(%) 5e(%) 6e(%) How do the values of these parameters for diketdteesj
20 03 84 13 17 2 a1 as determined by X-ray crystgllography compare wqh thg ideal
30 03 82 15 24 38 38 values? We begin by discussing the 18-membered-ring diketone
40 03 81 16 23 36 41 1e because in this case the high symmetry of the molecule in
60 04 79 17 23 32 45 the solid state simplifies the analysis. Figure le shows the
80 06 75 19 22 31 47 crystallographically-derived conformation of this compound as
90 13 49 38 21 30 49 determined by Allinger et &. Of the eighty-hydrogen atoms
20 (annealed) 03 81 16

in the molecule, only four lie within a reasonable distance for
abstraction. These are the four “inner” hydrogen atoms for
Table 7. Photoproduct Percentages as a Function of Temperature \hich the value of the abstraction distartés 2.78 A, andw

for Diketone1; =53, A =82, andfd = 114. The four “axial” y-hydrogen
solid hexane atoms, for whichd = 3.87 A, are almost certainly too far away
4/4]"  5j+5i' 6j+6j' 4jl4' 5j+5]' 6j+6j to be abstracted. In analyzing the photoreactivity of the
T(°C) (%) (%) (%) (%) (%) (%) remaining diketones, we shall assume that a valug »f3.50
30 98/02 00 00 13/13 35 39 A eliminates a hydrogen atom from consideration, and only
40 20/09 33 38 those hydrogen atoms for which< 3.50 A will be discussed.
60 14/13 26 47 Thus for the inner hydrogens of diketode three of the
30 (annealed) 98/02 00 00 four solid state parameterd,(A, and6) are reasonably close
to their ideal values, but the fourthv] is quite far off. This is,
\ as we shall see, a common feature of the macrocyclic diketones,
o as indeed it is for other Norrish type Il systems that react in the
C solid state® Wagner and Pafk have suggested a com
”_\A d \ dependence of the hydrogen abstraction rate constant. In the
® l case of diketonésg, this translates into a rate constant that would
o) R R X be diminished to approximately; of its optimum value, still
Figure 5. Definition of geometric parameters, w, A, and 6 for more than sufficient to afford healthy photoreactivity.
intramoleculary-hydrogen atom abstraction. The 10-membered-ring diketonga as well as the 14-

) ) ) ~ membered-ring homologuke also crystallize in conformations

in the case of diketonge, there is somewhat less cleavage in yth high symmetry such that there is only one abstractable
the solid state above the transition point than in solution. ,_hydrogen atom witil < 3.50 A. The values of, w, A, and
Another interesting observation is that there appears to beg for these two compounds are compiled in Table 8 along with
considerable “softening” of the crystal lattice just below the the data for the remaining diketones. It is interesting to note
transition point of 34C in the case of diketongd. At 30 °C, that the geometric data for the unreactive 10-membered-ring

the product distribution has already moved well toward that giketonela are virtually indistinguishable from those for the
characteristic of the metastable solid phase. Solid Sf@e reactive 14- and 18-membered-ring diketodesand 1e

CPMAS NMR spectra taken of diketorde at 30°C corroborate The majority of the diketones studied have solid state

this view. Suchis not the case for diketohe however. Here,  conformations that contain two or more symmetry-unrelated
in spite of the fact that thélﬂ.spectra are strongly temperature y-hydrogen atoms witd < 3.50 A, and in these cases we have
Gjependent below the transition point, the photoproduct distribu- ;1 experimentaiay of determining which of the nonequivalent
tion does not vary much over the same temperature range. pydrogens is actually abstracted in the solid state. This is the
Discussion reason we went to the trouble of synthesizing the nondiametric
Crystal Structure —Reactivity Relationships in Hydrogen diketone1j. In this case, the photoproducts resulting from
Atom Abstraction. As shown in Figure 5, four parameters abstraction of g-hydrogen atom from the shorter methylene
serve to define the geometry of hydrogen atom abstraction. Thechain are structurally different from those that would be formed
first of these is the distana® between the abstracting oxygen by abstraction of &-hydrogen from the longer chain. Provided,
atom and the hydrogen atom being abstracted. The second igherefore, that we can establish the regioisomeric nature of the
the anglew, which is the degree to which thehydrogen atom solid state photoproducts (as we were, in fact, able to do), we
lies outside the mean plane of the carbonyl group. The third is have a method for determining which hydrogen atom(s) are
the angleA, defined as the €0-:+H angle, and the fourth is  preferentially abstracted. This analysis assumes, of course, that
0, the C-H---O angle. the photoproduct ratios are determined by the relative rates of
Because it is the half-filled nonbonding orbital on oxygen hydrogen atom abstraction and not by the relative rates of
that is involved in the abstraction procéésind because this  reverse hydrogen transfer, a well-known process of 1,4-hydroxy
orbital lies in the plane of the carbonyl group, the ideal value biradical intermediates in the Norrish type Il reactién.
of the anglew is 0°. Similarly, the ideal value of the angle Figure 1j shows the conformation of diketojein the solid
should be between 9tand 120, depending on whether one state. Owing to the presence of & @xis, the number of
views the oxygen n-orbital as being a pure 2p atomic orbital independeny-hydrogen atoms in the molecule is reduced from
(Kasha modé?) or s hybridized (*rabbit ear” model). The (29) Bondi, A.J. Phys. Cheml964 68, 441. See also: Edward, J. T.
abstraction distancd should lie close to the sum of the van  chem Educ 197q 47, 261.

der Waals radii of the abstracting and abstracted atoms, 1.52 A (30) Dorigo, A. E.; Houk, K. NJ. Am. Chem. S0d987, 109, 2195 and
references cited therein.

(27) Turro, N. J. Modern Molecular PhotochemistryBenjamin- (31) (a) Wagner, P.; Park, B-S. @rganic PhotochemistryPadwa, A.,
Cummings: Menlo Park, CA, 1978; Chapter 10. Ed.; Marcel Dekker: New York, 1991; Vol. 11, Chapter 4. (b) Wagner, P.

(28) Kasha, MRadiat. Res196Q Suppl. 2243. See also: Zimmerman, J. Top. Curr. Chem1976 66, 1. (c) Wagner, P. J.; Zhou, B.; Hasegawa,
H. E.; Schuster, D. 3. Am. Chem. S0d.962 84, 4527. T.; Ward, D. L.J. Am. Chem. Sod 991, 113 9640.
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Table 8. Crystallographically Derived €0-:-H, Abstraction Table 9. Average Values fod, o, A, andé for Reactive and
Geometried Unreactivey-Hydrogen Atoms

diketone hydrogen d(A) o (deg) A (deg) 6 (deg) y-hydrogen dA) o (deg) A (deg) 0 (deg)
ideal 2.72 0 96-120 180 reactivé 2.744+0.04 53+ 5 83+ 4 11542
la H3 2.74 52 91 113 unreactivé 3.08+0.14 58+ 3 61+ 4 114+ 5
1b H6 by O1 2.80 66 74 117 - — -

a Average value with standard deviation for athydrogens withd
H6 by O2 2.73 64 78 113 . o
< 2.82 A (16 total).’ Average value with standard deviation for all
1c H6 2.71 53 83 116 hvd ith & d> 282 A (1 |
1d H6 274 53 82 115 y-hydrogens with 3.50 .8 (10 total).
H10 2.92 60 66 118
H20 2.79 53 82 111 a comparable rate and then returned to its carbon atom faster
H24 2.92 60 66 116 than the 1,4-hydroxy biradical can cleave or cyclizg coun-
ife Eg g';g gg gg ﬂg terintuitive and not required by the experimental restft3he
H13 300 59 63 114 one exception to this generalization among the compounds
H23 2.70 52 84 115 studied in this work is the 10-membered-ring diketdagwhose
H31 2.99 60 64 115 failure to form products in the solid state we feel is due to rapid
1g H16 2.82 52 81 111 reverse hydrogen atom transfer in the 1,4-hydroxy biradical
H26 3.10 57 59 114 intermediate gide infra).
H35 2.71 44 88 114 h | di h of dik - lob li
1h H5 312 56 59 115 For the plate dimorph of diketon&i, cis-cyclobutanol is
H17 2.69 50 84 116 predicted (and observed) regardless of which of the two possible
H27 3.17 55 57 116 y-hydrogen atoms is abstractedide infra). In this case,

_ H39 2.67 50 83 118 therefore, the photochemical results are not helpful in establish-
lineedles H"Z'g Szé? 5‘;9 5885 1%)%)5 ing abstraction selectivity, but it seems virtually certain, based
1i plates H5 330 52 53 115 on the geometric data for H@(= 3.30 A) and H204 = 2.76 _

H20 2.76 52 82 113 A), that the latter hydrogen is the one abstracted in the solid
1j H6 2.99 59 66 117 state photoreaction. A similar situation applies in the case of
H10 2.72 53 81 116 diketoneslb, 1d, 1f, 1g, and 1h. For each compound, the

2-Hydrogen atoms for whicd > 3.50 A are not included in this ~ Stéreoselectivity of cyclobutanol formation in the solid state
table. The atom numbering is that used in Figure 1. Data for diketone provides no information on the selectivity of hydrogen atom
1b are MM2 derived (see text). abstraction, but based on the geometric data, we may tentatively
conclude that the-hydrogen atoms wittd < 2.82 A are
abstracted preferentially, since in every case these are the
hydrogen atoms that also have the most favorable values of
A, and 0. Using all the data in Table 8, if we divide the
hydrogen atoms into two categories, those with> 2.82 A
(“unreactive™) and those wittl < 2.82 A (“reactive”), and then
average the geometric data in each category, we arrive at the
results shown in Table 9.

These data are, for three reasons, only roughly applicable to
the situation in the excited state. First of all, it is likely that
diketonesla—1j, being aliphatic in nature, have carbonyl carbon
atoms that are significantly pyramidalized in theirhexcited
states$? although it is interesting to speculate that the crystalline
environment may limit pyramidalization to a considerable extent.
Secondly, it is well-known that excitation lengthens carbonyl
bonds by about 0.1 A2 A third factor that makes the crystal
structure-reactivity correlations less than exact concerns the
fact that crystallographically-determined-€l bond lengths are
consistently underestimated by approximately 0.1 A. This is
due to the fact that, in the case of hydrogen atoms, the X-rays
are diffracted primarily by the electrons in the-& bonds. This
factor also leads to differences between the valuesd of
determined crystallographically and those calculated by molec-
ular mechanics methods. We continue to use molecular

eight to four, and of these, two hadevalues above 3.50 A. As
a result, we need to consider only H6 on the shorter methylene
chain and H10 on the longer. Tklevalues for these hydrogens
are 2.99 and 2.72 A, respectively, which predict that H10 should
be abstracted in preference to H6. As well, the angular
parameters associated with HXQ £ 53°, A = 81°, 6 = 116°)
are slightly more favorable than those for H6 € 59°, A =
66°, 6 = 117°). How does the prediction of preferential
abstraction of g-hydrogen atom from the longer methylene
chain in the solid state compare with reality? The agreement
is excellent. As indicated in Table 1, cyclobutadalesulting
from such an abstraction is tle&clusie photoproduct obtained
when crystals of diketon&j are photolyzed. The structural
assignment in this case, which rests on an X-ray crystal structure
determination, is unassailable. We postpone to a later section
of this paper a discussion of the possible reasons for the very
high preference for stereoselective cyclobutanol formation in
the solid state photoreactions.

Based on the results with diketofg it appears that we may
be able after all to identify whichy-hydrogen atoms are
abstracted in the solid state photoreactions. This conclusion is
supported by the photochemical results with the needle dimorph
of diketone 1i. The structurereactivity correlation to be
developed later leads to the prediction that, in this case,
abstraction of H6 should lead toteans-cyclobutanol photo- (32) (a) The results of photolyzing diketodgin solution indicate that
product, whereas abstraction of H20 should affordcieésomer. the applicability of this conclusion to tHigiuid phase where photoproduct
Sincetransis by far the major product (Table 1), H6 is identified structure may hide significant variations in the actual excited state reactivity,

. is less certain. Nevertheless, an interesting analogy is found in the work of

as the stergoelgctromcally favoredhydrogen atom. In ac- Burke et al. (Burke S. D.; Silks, L. A., llI; Strickland, S. M. $etrahedron
cordance with this conclusion, HE & 2.73 A) has much more  Lett 1988 23, 2761), who showed that relative GH abstraction distances

favorable distance and angular parameters than H26 3.26 control regioselectivity in the Barton reaction, a ground state version of
A Table 4) the photochemical type Il process. (b) This likelihood is based in part on
! ) . . . . the experimentally well-established fact that formaldehyde adopts a
We take the results with diketond$ and 1i (needles) as a  pyramidal geometry in its m* singlet and triplet excited states (Moule, D.
strong indication that, at least in the solid state, the photoproductC.; Walsh, A. D.Chem. Re. 1975 75, 67 and references thereidb initio
ratios reflect a kinetic preference for initial abstraction of the calculations by Sauers and Edb¥rgn the triplet state geometries of

. . liphatic aldehyd d ket t the pict f tial
stereoelectronically favoregthydrogen atom. The alternative g;?a;igazﬁzgd )éafgoe:gd gfoﬁg.es support the picture of a partialyq®3

argument-that the more distant hydrogen atom is abstracted at  (33) Chandler, W.; Goodman, L. Mol. Spectrosc197Q 35, 232.
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parameters based on X-ray H sites for the following reasons:
(i) all our previous structurereactivity correlations have been
based on X-ray H sites, so that a change now would make
comparisons with previous discussions confusing; (ii) since
C—H---0O angles are all near 115a correction of+0.1 A to

the C-H distances would simply decrease aH-® distances

by about 0.05 A; (iii) the ®@-H (X-ray) distances, i.e., from
oxygen to the centers of the hydrogen electron clouds, may in
fact be more relevant than distances to the hydrogen nucleus.

Despite these uncertainties it is remarkable that the values
of d for the “reactive” hydrogen atoms in diketonés—1j
(averaged = 2.74+ 0.04 A) are so internally consistent and
lie so close to the sum of the van der Waals radii for oxygen
and hydrogen (2.72 A). This plus the fact that very similar
structure-reactivity correlations have been found for other
completely unrelated crystalline type Il systériends credence
to the idea that such data can be used predictive way to
gauge the success of potential hydrogen atom abstraction
photoreactions, since values df w, A, and & can now be
estimated readily with the help of molecular force field
calculations. A final point is that while the present results
indicate that abstraction will be favored in competitive systems
for hydrogen atoms located near the sum of the van der Waals
radii, this does not mean that hydrogen abstraction is limited to
such distances. We have shown that valued @k great as
3.1 A (albeit with relatively favorable) andA values) can be
tolerated in the solid stafeand this remains our best current
estimate of the approximate upper limit to intramolecular
hydrogen atom abstraction by ketonic oxygen.

Another structure reactivity correlation that can be developed
from the present results concerns the overall geometry of the
six-membered transition state fpthydrogen atom abstraction.
The well-known prevalence of-hydrogen abstraction over the
corresponding? and 6 processes was originally attributed by
Wagneret al. to enthalpic factors associated with a strain-free,
chairlike, cyclic six-atom transition staté. Later theoretical
studies by Dorigo and Houk clarified the important role that
entropic factors play in determining regioselectivity as ell.
Non-chair geometries can be tolerated in conformationally rigid
systems, however, and we have shown that even in relativelyh
flexible a-cycloalkylacetophenone derivativeshydrogen atom

pre-trans biradical

Figure 6. Partial conformations of diketoneld and 1le leading to
pre<is and pretrans 1,4-biradicals.

the corner positions. The carbonyl groups prefer to be located
next to the corner positioA% such that the nearegthydrogen
atom is arranged as shown in Figure 6, which is based on the
crystal structures of the 16- and 18-membered-ring diketones
1d and1le Thej-carbon represents a corner positféhand

the boatlike six-atom geometry is clearly evident when the dotted
lines indicating abstraction are included. Pyramidalization of
the carbonyl carbon in the excited state can either increase or
decreasal depending on the direction in which the oxygen
moves, but we have no way of monitoring the extent or direction
of this motion. As noted earlier, geometries similar to the ones
shown in Figure 6 can be accommodated for aryl ketones that
do not pyramidalize upon excitatiGh.

Crystal Structure —Reactivity Relationships in Biradical
Reactivity. In this section we discuss possible reasons for the
findings (Table 1) that (a) type Il cyclization is much more
prevalent in the crystalline state than in solution and (b) the
cyclization reactions in the solid state are much more stereo-
selective than those in solution. As in the case of the strueture
reactivity correlations derived for hydrogen atom abstraction,
we shall make extensive use of geometric data derived from
the X-ray crystal structures.

A key assumption in the arguments that follow is that

ydrogen abstraction occurs in the crystalline state with minimal

abstraction frequently occurs through boatlike or twist-boatlike _conformgtlonal changes, so that the 1,4-hydroxy b|rad|gal
intermediates that are formed closely resemble the starting

rather than chairlike six-atom geometrisinspection of the . .
conformational drawings shown in Figure 1 reveals that a similar o!|ketones in shape and structure. Letus take the 16-membered-

situation obtains in the case of macrocyclic diketofias1;. ring diketoneld as a representative example. As shown in
) Figure 6, abstraction of the stereoelectronically favoreuy-

In every case but one, the stereoelectronically favoréd- drogen atom (H6d = 2.74 A, dotted line) would lead to the

drogen atomsd < 2.82 A) are associated with boatlike 9 Lo ’

abstraction geometries. The lone exception is H6 in diketone °°”‘?Sp°r.‘|f'”g blradllcgl, ‘;}Vh'Ch IS as.sum?dhto difer fr?m the
1b, which, atd = 2.80 A, is in a chairlike position. starting diketone only in the conversion of the carbonyl group

. . . to a protonated ketyl radical and in the change of hybridization
The bo_atllke abstraction geometry |s_the_ result O_f the of they-carbon atom from sjto sg; the p-orbital at this center
conformatlons adoptgd by thg macrocycllc-dlketones in the is assumed to lie perpendicular to th8-eCy—Co plane. From
crystalline state. _UnIlke acthc k_etones, Wh'Ch are known to this biradical, least motion closure involving overlap of the
pref_er extendednti conformations in the solid stéﬁe(confc_)r- orbital lobes that are directed toward one another (dotted line)
mations that rendey-hydrogen atom abstraction sterically ;014 lead to a cyclobutanol in which the unabstracted
impossible), the macrocyclic diketones generally crystallize in

X . -hydrogen atom and the hydroxyl group end up on the same
rectangular conformations that require gauche arrangements af;qa of the 4-membered fing, i.eis-cyclobutanol4d, which

(34) Wagner, P. J.. Kelso, P. A, Kemppainen, A. E.. Zepp, RJG. is the _major photoproduct (89%) _in the crystalline s_tate.
Am. Chem. Socl972 94, 7500. Formation of arans-cyclobutanol in this case would necessitate
(35) Scheffer, J. R.; Trotter, J.; Omkaram, N.; Evans, S. V.; Ariel, S. inversion of configuration at either the carbonyl carbon or the
M()(I.Sé;rélsit/ihgkacsryjt ;{98&1”'3;' 1J69é3 bolvm. Sci.. Polvm. Chem. 4. ¥-Carbor—motions requiring substantial distortions of the mo-
1973 11, 3043. o L PO SeL, Folym. "7 lecular framework that are resisted by the solid state environ-

(37) (a) Anet, F. A. L.; Cheng, A. K.; Krane, J. Am. Chem. Sod973 ment.

95, 7877. (b) Since the 18-membered-ring diketdreedoes not have a The lack of 1,4-biradical cleavage in the crystalline state can
rectangular conformation in the solid state, fhearbon in this case is not

strictly speaking a corner position. Nevertheless, Figure 6 depicts the D€ “‘?‘lated to the poor ov_erlap of the p-orbital at the hydfoxyl-
situation accurately. bearing carbon atom with the centrak€CS bond. It is
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Table 10. Crystallographically Derived Biradical Geometries and
Predicted Behaviér

cyclobutanol
diketone hydrogen predicted observed (deg) ¢4 (deg) D (A)

la H3 cis no rxn 68 30 3.27
1b H6 by O1 cis cis 12 85 3.12
H6 by O2 cis 56 21 3.13
1c H6 cis cis 66 25 3.16
1d H6 cis cis 67 24 3.16
H20 cis 68 25 3.16
le H5 trans trans 69 90 3.17
1f H5 cis cis 71 24 3.16
H23 cis 69 25 3.16
1g H16 trans trans 69 86 3.14
H35 trans 81 87 3.19
1h H17 cis cis 74 25 3.18
H39 cis 72 26 3.15
lineedles H6 trans trans 73 86 3.18
liplates H20 cis cis 71 24 3.17
1 H10 cis cis 66 26 3.13

ay-Hydrogen atoms for whicd > 2.82 A are not included in this
table. The atom numbering is that used in Figure 1. Data for diketone
1b are MM2 derived.

Gudmundsdottir et al.

cis-cyclobutanols upon irradiation in the crystalline state, one
angle is large, typically around 70and the other is smaller,
characteristically around 25for diketones that lead toans
cyclobutanols, both angles are larga.(70° and 90). Draw-

ings of these so-called “preis’ and “pretrans’ biradicals are
shown in Figure 6. The consistency in the structural data and
its ability to account correctly for the type and stereochemistry
of the photoproducts argue against the intervention of supramo-
lecular crystal lattice forces in governing the solid state
photochemistry, forces that typically vary considerably from
crystal to crystal. Rather, the role of the solid state in these
reactions appears to be that of a passive, highly viscous, but
essentially isotropic medium.

Solid State Versus Solution Phase Results: 1,6-Cyclode-
canedione (1a). In the sections that follow we compare the
photochemical behavior of the 10- to 16-membered-ring dike-
tones in solution and the solid state with the help of MM2
calculations that reveal the conformational preferences of these
molecules in solution. We begin with 1,6-cyclodecanedione
(1a). The geometric data for this compound listed in Tables 8
and 10 differ very little from the corresponding data for the
reactive diketones and predict formation ofis-cyclobutanol,

generally agreed that cleavage of 1,4-biradicals requires a nearYet this compound is completely unreactive in the solid state.

coplanar alignment of the central carberarbon bond with the
participating p-orbital$® and in the case of the biradical formed
from diketoneld (Figure 6), the p-orbital on the hydroxyl-
bearing carbon is 67out of alignment with this bond. We
designate this angle @s. The p-orbital on thes-carbon, on
the other hand, is better situated for cleavage, but is stfll 24
misaligned §4). These angles are derived from the crystal
structure of diketon@d assuming that the orbitals involved are

Our initial idea was that, despite an apparently favorable
abstraction geometry, there might be some unexpectedly large
increase in steric energy associated withydrogen abstraction

in this the smallest of the diketones investigated. Saeeas

have recently developed an MM2-based program for calculating
the steric energies of intramolecular hydrogen abstraction
reactions of alkanone triplet states usia@ initio-derived
transition state structuré$and Professor Sauers kindly agreed

orthogona| to an unaltered carbon framework. Thus, since thetO subject diketonéain its solid state conformation to such an

orbitals are well oriented for ring closure, and the two carbon
atoms involved in bond formation are separated by dhly
3.16 A (significantly less than 3.40 A, the sum of the van der
Waals radii for two carbon atoms), it is not surprising that
cyclization predominates in the crystalline state.

Exactly the same conclusion is reached if we analyze the
biradical formed by abstraction of the other stereoelectronically
accessible hydrogen atom (H20= 2.79 A) in diketoneld.
Once againgis-cyclobutanol is predicted, and the valuesyaf
@4, andD are 68, 25°, and 3.16 A, respectively, aimost identical
to the values associated with the abstraction of H6.

Let us now consider the case of a diketone whose photolysis

in the solid state leads predominantly tarans-cyclobutanol.
The 18-membered-ring homologlieis such a compound. Here

it is readily apparent (Figure 6) that the non-abstracted
y-hydrogen atom and the carbonyl oxygen atomaartto one

another in the crystalline state, so that a least motion hydrogen

abstraction/cyclization process involving retention at both
centers (bonding as shown by the dotted line, Figure 6) shoul
lead to atranscyclobutanol, as observed. In this case, the
values ofg1, @4, andD are 69, 90, and 3.17 A, all consistent

with a species that should prefer to cyclize rather than cleave.

Similar analyses successfully account for the solid state
photochemistry of all of the diketones studied in this work with
the exception of the photochemically inert 10-membered-ring
diketonela. At this point, rather than going through each case

separately in detail, the predicted and observed cyclobutanol

stereochemistries as well as the valuespef ¢4, and D for
each diketone are compiled in Table 10. Data for biradicals
that would be formed by abstraction of remote ¥ 2.82 A)
hydrogen atoms are not included.

analysis. The results of this analysis indicated that diketone
lashould experience little difficulty in abstractingzehydrogen
atom—indeed that it should react as well as, if not better than,
cyclodecanone itself, which Sauers and Huang had shown
undergoeg-hydrogen abstraction itert-butyl alcohol to afford
cis-1-hydroxybicyclo[6.2.0]octane as the major prodiret?
More recently, Sauers and Edberg have analyzed intramolecular
hydrogen atom abstraction reactions through the usd dfitio
calculations'? and application of this methodology to diketone
lalikewise predicts that it should be photochemically reactive.
The failure of diketonela to react in the solid state is,
therefore, almost certainly associated with the second step,
biradical closure. Since the cyclization geometry is normal for
the macrocyclic diketones (Table 10), there must be some
additional factor at play in this case. We would like to suggest
that this factor is steric strain associated with closure to an
8-membered ring. Enthalpies of activation for the formation
of 8-membered rings are known to be particularly high owing

qto transannular interactions between hydrogen at@rasg with

reference to the biradical formed by photolysis of diketéag
closure with overall retention of conformation as enforced by
the solid state medium would involve the development of a very
severe transannular repulsive interaction between H2 and H8
on the 8-membered ring. In addition, H15 on the newly formed
4-membered ring would be brought into very close proximity
to H3 on the 8-membered ring. Structural drawings depicting

(38) Sauers, R. R.; Krogh-JespersenTktrahedron Lett1989 30, 527.

(39) The stereochemistry of this cyclobutanol was not assigned by Sauers
and Huand? but they reported that it gave rise to a signal at 48.22 ppm in
the13C NMR spectrum, and based on our work (see section on characteriza-
tion of photoproducts), this can be taken as indicatirgisaing junction.

(40) Sauers, R. R.; Edberg, L. A. Org. Chem1994 59, 7061.

(41) Lewis, T. J.; Rettig, S. J.; Sauers, R. R.; Scheffer, J. R.; Trotter J.;

There is a remarkable degree of internal consistency in the yy, ¢.-H. Mol. Cryst. Lig. Cryst1996 277, 289.

values ofgi, @4, andD. For diketones that afford primarily

(42) llluminate, G.; Mandolini, LAcc. Chem. Re4981, 14, 95.
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Scheme 3
H8H2
H
X <]
pre-cis biradical from H3 H15

diketone 1a
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these conditions in the presence of a photochemically unreactive
internal standard (heptadecane), it was possible to detect a very
slow loss of parent diketone. GC analysis of the reaction
mixture showed the development of a number of very small
peaks, none of which integrated to more than a few tenths of a
percent of the total. Control experiments demonstrated that 1,6-
cyclodecanedione is stable in Hett-butyl alcohol in the dark.

Our molecular mechanics calculations on diketbaeonfirm

these interactions are shown in Scheme 3. With closure thusthe hypothesis advanced by Alvik, Borgen, and Ddet the

retarded and cleavage made difficult due to poor orbital
alignment, the biradical reverts to starting material and the
diketone appears to be photochemically inert.

But what about the situation in solution? |s diketdradruly
unreactive in this medium or does it (as in the solid state) just

Con symmetric “crown” or twist chatrchair—chair conformer

A is the major conformer present in solution. This hypothesis
was based on dipole moment measurements and on the finding
that the infrared spectrum of diketoda in solution was very
different from that in the solid state. Later work by Aregtal.

give the appearance of being photoinert? To help answer thesé®n the variable-temperatutel and**C NMR spectra oflawas
questions, we turned to a molecular mechanics analysis of the@lso consistent with the Dale hypothe&is.However, two

preferred conformations of diketori@.*> These calculations
revealed that diketonga has three conformations within a 20
kJ/mol energy window above the global minimum: conformer
A (the global minimum), conformeB (relative energy 9.9 kJ/
mol), and conforme€ (relative energy 11.9 kJ/mol). Drawings

questions remain: (1) Why is the higher energy confor@er
preferred in the crystalline state, and (2) why does conformer
A have a lower overall energy than the beahair—boat
conformerC? This last question is particularly intriguing in
view of the fact that both cyclodecane and cyclodecanone have

of these conformations are given in Figure 7. As can be seenSOlid state conformations very similar to that@f i.e., of the

by comparison with Figure 1a, it is conformé€rthat closely
resembles the conformation adopted by diketdrein the
crystalline staté* The other two conformations are very
different, and in particular it can be seen that, for the minimum
energy conformatio\, y-hydrogen atom abstraction is steri-
cally impossible: the,-hydrogens are either on the wrong side
of the ring or are pointing directly away from the oxygen atoms
(d > 3.50 A). ConformeiB has one potentially abstractable
hydrogen atom (H13j = 2.52 A), and like conforme€, should
be photoreactive itert-butyl alcohol.

Interestingly, conformeA is well arranged fow-hydrogen
abstraction, with calculated valuesdf= 2.67 A, = 63°, A
= 92°, and @ = 102. Application of the Sauers’ transition

diamond lattice boatchair—boat type!’

Alvik, Borgen, and Dale suggested that the crown conforma-
tion A is favored by attractive €H---O interactions between
the carbonyl oxygen atoms and theéhydrogen atoms on the
opposite side of the 10-membered rfhgrhis was a prescient
suggestion since, at the time, the very existence eH&-O
interactions was the subject of considerable debate, and although
today their presence is well acceptédhey are almost always
invoked to explain crystal packing phenomena, not fluid phase
conformational equilibria. They have, however, been suggested
to be important in determining rotamer populations in some
instances? and on the basis of MP2/6-31G* calculations on
the interaction between methane and formaldehyde, Wieerg

state analysis program to this process, however, indicates tha@l- concluded that there is an energy minimum at-aHe--O

o-abstraction is not favorabf€,and another factor that disfavors
such a reaction in the case of diketdrees that thed-hydrogen

distance of 2.58 &% |t is also well established that-€H-+-O
interactions become stronger as thekCbonds become more

atoms are deactivated inductively by being next to the secondacidic?® and this factor increases the likelihood of-8-:-O

carbonyl groug® d-Hydrogen abstraction is also possible for
the solid state conformer of diketorda (crystallographia =
2.81 A 0w =99, A =76°, andd = 134) but is disfavored not
only inductively but by an unfavorable value of the angleA
plausible reason for the lack of reactivity of diketoha in

interactions in the case of conform&r where the hydrogens
in question arex to the carbonyl groups.

We would like to propose that there is a second interaction
that is important in stabilizing crown conformArin solution:
the dipole-dipole attraction between the two carbonyl groups.

solution thus stands revealed: in this medium, the great majority As can be seen from inspection of Figure 7, the ketone groups
of the reactant molecules (approximately 97% if one uses the of conformerA have a coplanar, head-to-tail orientation with a

calculated energies) adopt a conformatiéy) for which both
y- and 6-hydrogen atom abstraction are most unlikely.

nonbonded &-O distance (MM2) of 3.08 A, somewhat less

(46) Anet, F. A. L.; St. Jacques, M.; Henrichs, P. M.; Cheng, A. K;

Raising the temperature should increase the concentrationsg ;e 3 - Wong, LTetrahedron1974 30, 1629.

of the potentially reactive conformei® and C, albeit only
slightly. Nevertheless, we thought it worthwhile to try a
photolysis intert-butyl alcohol at 8C°C. At this temperature,
the conformer population is predicted to be approximately 95%
A, 3% B, and 2%C. By carrying out the photolysis under

(43) Monte Carlo multiple minimum conformational searches were
carried out on a Silicon Graphics Personal Iris 4D computer for the 10-,
12-, 14-, and 16-membered-ring diametric diketones by using the MM2
force field in MACROMODEL, a molecular modeling program developed
by the following: (a) Chang, G.; Guida, W. C.; Still, W. @. Am. Chem.
S0c.1989 111, 4379. (b) Mohamadi, F.; Richards, N. G. J.; Guida, W. C;
Liskamp, R.; Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still,
W. C.J. Comput. Cheml99Q 11, 440.

(44) In the MM2-derived conformatioB, the angular parameters of the
y-hydrogen ¢ = 52°, A = 93, 6 = 113°) are very close to those found
by X-ray (w = 52°, A = 91°, 6§ = 113), but the G--H contact distance
&2.54 A) is quite short compared to that of the solid state conformer (2.74

).

(45) Sauers, R. Personal communication.

(47) (a) Dunitz, J. D. IrPerspecties in Structural ChemistryDunitz,

J. D., Ibers, J. A., Eds.; Wiley: New York, 1968; Vol. 2, pp-70. (b)
Groth, P.Acta Chem. Scand 976 A30, 294. The latter paper is concerned
with the crystal structure of cyclodecanone-at60 °C (cyclodecanone
melts at 24 C) and shows that this compound crystallizes in a bohair—
boat conformation closely resembling that@fNot surprisingly, therefore,
the crystallographically-derivegi-hydrogen atom abstraction parameters
for cyclodecanone are similar to those of diketdrae(d = 2.70 A, 0w =
33, A =83, 6 = 116, ¢1 = 57°, g4 = 25°, D = 3.14 A). Molecular
mechanics calculations indicate that this conformer lies 0.9 kJ/mol above
the global minimum twist boatchair—chair conformer. Both conformers
possess abstractabjehydrogen atoms, thus accounting for the type I
reactivity of cyclodecanone itert-butyl alcohol®

(48) (a) Desiraju, G. RAcc. Chem. Red.991], 24, 290. (b) Taylor, R.;
Kennard, O.J. Am. Chem. S0d.982 104 5063.

(49) (a) Zushi, S.; Kodama, Y.; Nishihata, K.; Umemura, K.; Nishio,
M.; Uzawa, J.; Hirota, MBull Chem. Soc. Jpri98Q 53, 3631. (b) Gough,
K. M.; Millington, J. Can. J. Chem1995 73, 1287.

(50) (a)Wiberg, K. B.; Waldron, R. F.; Schulte, G.; SaundersJMAm.
Chem. Soc1991 113 971. (b) Pedireddi, V. R.; Desiraju, G. R.Chem.
Soc., Chem Commu992 988.
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Figure 7. MM2-derived conformation#\, B, andC of diketonela

than the sum of the van der Waals radii for carbon and oxygen Solid State Versus Solution Phase Results: 1,7-Cy-
(3.22 A). The corresponding distance in conforreis 4.19 clododecanedione (1b).Turning now to the 12-membered-

A (X-ray value) and those for conformeB (which lacks ring diketonelb, we recall that the crystal structure of this
symmetry) are 3.41 and 3.66 A (MM2). As a result, the material could not be determined, and that it was assumed that
electrostatic component of the total strain energy from the MM2 the square or [3333] minimum energy conformation identified
calculations is relatively large and negative for conforrher by MM2 (Figure 1b) is the conformation present in the
(—6.13 kJ/mol) compared to the values for conforniefs-1.98 crystalline state. This assumption is based on the work of Dale
kJ/mol) andC (0.22 kJ/mol). This explanation nicely rational- et al.,* who concluded from dipole moment measurements and
izes the fact that cyclodecane and cyclodecanone, for which conformational arguments that the [3333] structure with the
attractive intramolecular carbonyl interactions are obviously carbonyl groups in non-corner positions should be the preferred
impossible, have lower energy beathair—boat conformations,  conformer in solution, and since the solid state and solution
which are favored on purely steric grounds. The@:--C=0 phase infrared spectra were identical, that this was the conformer
interaction does not show up in the infrared spectrum of diketone present in the crystal as well. Further support for this conclusion
1a, however. In carbon tetrachloride, this material has the samecomes from X-ray! NMR,32 and molecular modelirtg studies

carbonyl stretching frequency (1713 chh as dioneslc and on the corresponding monoketone, cyclododecanone, which
1d. Similarly, the fluorescence spectra of diketodeslc, and show that this compound has the same [3333]-2-one conforma-
1d are virtually identical. tion in solution and the solid state.

As mentioned above, conformationally flexible molecules Our MM2 calculations on diketon&b found five additional
generally crystallize in or near their lowest energy conforma- conformations (not shown) within a 10-kJ/mol window above
tions, yet 1,6-cyclodecanedione prefers the significantly higher the global minimum at relative energies of 5.7, 7.9, 9.2, 9.7,
energy boatchair—boat conformelC in the solid state. One  and 9.7 kJ/mol. In every case, including the minimum energy
possible explanation is that conform@rmight be favored in conformation, the calculated structure was such tbiat
the crystal by attractivéntermolecular G=0---C=0 interac- cyclobutanol was predicted. The only exception was one of
tions. The carbonyl groups of conforme€r (unlike those of the 9.7-kJ/mol conformers, where one of thétydrogens was
conformerA) are free of intramolecular electrostatic contacts, oriented so as to lead totans-cyclobutanol. In view of these
and might therefore be more available to attract other carbonyl findings, it is not suprising that irradiation of diketofb gives
groups intermolecularly. The crystal structure of 1,6-cyclode- a very high proportion ofis-cyclobutanol in solution, as it does
canedione does not support this picture, however. The packingin the solid state. Interestingly, solution phase photolysis of
diagram shows that the carbonyl groups on adjacent moleculesthe corresponding monoketone, cyclododecanone, also leads
are non-interacting. mainly to acis-cyclobutanol derivativé:®

In their 1972 paper, Dalet al. noted that, compared to other Solid State Versus Solution Phase Results: 1,8-Cyclotet-
diametric diketones, 1,6-cyclodecanedione had unusually largeradecanedione (1c).The solid state photochemistry of the 14-
values of the enthalpy and entropy of melting, thus indicating membered-ring diketon&c is unique among the compounds

the presence of particularly strong packing forte®ur X-ray studied in that cyclobutanol formation is relatively non-
crystallographic results support this conclusion. The calculated stereoselectivec(sitrans = 2:1) and a significant amount of
crystal density of 1,6-cyclodecanedionta) is 1.240 g/crA, cleavage (13%) is observed. As in the case of the 12-

approximately 1520% higher than the other diametric dike- membered-ring diketone, the solution photoproduct ratios are
tones whose crystal structures we determined (see Table 3). Thevery similar to those observed in the solid state. Molecular
packing forces that favor the crystallization of 1,6-cyclode- mechanics calculations in the case of the 14-membered-ring

canedione in the higher energy beahair-boat formC are diketonelc reveal an unusual situation in which there are two
probably related to the fact that this conformer is more spherical minima that differ in energy by only 0.3 kJ/mol, but which have
and fills space better than the more extended conformensd very different conformations. The lower of the two is virtually

B. In addition, and perhaps more importantly, the crystal identical to the solid state conformer, and the other (conformer
structure indicates that there is an extensive network of close D) has the unsymmetrical conformation shown in Figure 8. We
intermolecular G=0---H contacts in this case. Each oxygen note that the solid state conformer is of the [3434] type predicted
atom of conformelC has no less than five=€0---H contacts by Daleet al., with the carbonyl groups situated in the middle
unde 3 A with a neighboring molecule. The three closest of of the longer segmeiit. Three other conformers (not shown)
these, at 2.65, 2.77, and 2.86 A, involve interactions with the were also located at relative energies of 2.0, 2.8, and 4.5 kJ/
relatively acidico-hydrogens. These contacts probably account mol.

for the unusually Iow_ carb_onyl stretphlng frequency exhibited (51) Groth. P Acta Chem. Scand. 2979 33, 203,

by 1,6-cyclodecanedione in the solid state (1688 Hncom- (52) Rawdah, T. NTetrahedron1991, 47, 8579.

pared to those of other diametric diketones (170005 cnt?). (53) Rawdah, T. N.; El-Faer, M. ZIetrahedron199Q 46, 4101.
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Figure 8. MM2-derived conformatiorD of diketonelc.

ConformerD can be generated from the solid state conformer
by 120 rotations about the C+0C11 and C12-C13 bonds in
what should be a relatively low energy process. As can be seen
this conformer has ong-hydrogen atom (H19), abstraction of
which will lead to atrans-cyclobutanol. It is tempting, therefore,
to attribute the unusual decreased stereoselectivity of the
photoreaction of diketondc in the crystalline state to the
presence of conformdD in the crystals prior to the photore-
action or to the formation of conformdd in the vicinity of
reaction sites in the partially photolyzed crystal. The first
possibility seems unlikely, as there is no indication from the
crystal structure of the presence of a second conformational
isomer, nor does diketondc undergo a detectable low-
temperature solidsolid phase transition. It is, however,

conceivable that such a phase transition could be induced by ; : i
g- for an estimate of=10 kcal/mol for the 10-membered-ring dione

the presence of low levels of foreign molecules (the photopro
ucts) that do not fit well in the parent lattice. Literature
precedent for a photoproduct-induced phase transition (from
liquid crystalline to solid) comes from the work of Weis$
al..> and this scenario represents our best rationalization at
present for the atypical photobehavior of diketdhein the
crystalline staté® In the five conformers identified by MM2
within a 5 kJ/mol energy window, there are only three
y-hydrogen atoms in prans orientations, one in conformer
D (Figure 8) and two in the 2.8-kJ/mol conformer (not shown).
Itis not surprising, therefore, thais-cyclobutanol predominates
in solution as well as in the solid state.

Solid State Versus Solution Phase Results: 1,9-Cyclo-
hexadecanedione (1d).The 14-membered-ring diketode was
the largest molecule that we could analyze thoroughly by MM2
in a reasonable length of time on the Silicon Graphics work
station available to us; similar calculations on the 16-membered-
ring homologueld took an inordinately long time, and we could

not be sure that a complete conformational search was achieved

Nevertheless, our preliminary results with the latter diketone
showed that the rectangular [3535] solid state conformation is

(54) Furman, |.; Butcher, R. J.; Catchings, R. M.; Weiss, RJGAm.
Chem. Soc1992 114 6023.
(55) Specific intermolecular steric interactions resulting from close

J. Am. Chem. Soc., Vol. 118, No. 26, aE8b

also the MM2 global minimum by 2.0 kJ/mol. This resultis in
agreement with the prediction of Allinget al.>® but not that
of Alvik, Borgen, and Dale who, on the basis of qualitative
arguments involving €0-++H interactions, favored a square
[4444] lowest energy conformation for 1,9-cyclohexadecanedi-
one® Our molecular mechanics results further showed that there
are no less than 19 additional conformational isomers within a
10 kJ/mol energy window above the minimum, a clear indication
that this compound has high conformational mobility relative
to the smaller members of the series. The first eight of these
conformers have relative energies of 3.6, 4.9, 5.3, 6.3, 6.5, 6.7,
6.8, and 7.6 kd/mol. Of the ten lowest energy conformers, eight
havey-hydrogen abstraction geometries that predict the exclu-
sive formation ofcis-cyclobutanol; only the 6.3- and 7.6-kJ/
mol conformers have €0---H arrangements for whictrans
cyclobutanol formation would be expected. Why, then, does
the solution phase photolysis of the 16-membered-ring diketone
1d lead mainly to cleavage (43%) antdans-cyclobutanol
formation (35%), with only 22% of the product being formed
that is predicted from the conformer populatiaris{cyclobu-
tanol)? The likely answer is that, owing to the greater flexibility
of the 16-membered ring, there is at least partial if not full
conformational equilibration of the triplet 1,4-hydroxy biradical
intermediate during its lifetime, and product formation in this
case reflects the relative activation energies of the various
processes available to this species (Curttammett principle).
Furthermore, it would appear that the 1,4-hydroxy biradical
reacts through non-minimum energy conformations that are
particularly favorable for cleavage antlanscyclobutanol
formation. If this were not the case, and reactivity was limited
to biradical conformations similar to those identified by MM2,
cis-cyclobutanol formation should still be preferred.
Information on the barriers to conformational isomerization
of the homologous cyclic diketonelsa—1e is lacking except

1a46 For the corresponding 8- to 16-membered-nmgnde-
tones, however, the conformational energy barriaG* have
been measured bYC andH NMR and found to be more or
less constant between approximately 5.0 and 7.5 kcahfwdl.
pointed out by Allinger and co-workéfsas well as by Aneet

al.,>% the major difference in terms of conformational flexibility
between medium-sized ring compounds on the one hand and
macrocyclic systems on the other lies in what Allinger refers
to as their “floppiness” and what Anet terms “libration”. To
guote Anet, “It seems likely that the conformations of large-
ring hydrocarbons are relatively nonrigid, and that librations
can occur whereby some torsional angles change by an
appreciable amount (say D@vith only a small increase in strain
energy.® By floppiness, Allinger means “...that substantial
deformations on one side of the molecule can be carried out
with essentially no effect on what occurs on the other side,”
and that the molecule “...has broad torsional wells, similar to
those found in an open chaif®” We suggest that it is similar
floppiness in the 1,4-hydroxy biradicals derived from the

(56) Allinger, N. L.; Gorden, B.; Profeta, S., Jretrahedron198Q 36,
859.

(57) In such conformationally complex situations, the role played by
conformational memory effects of the type suggested by Scaiano to be
important in determining product distributions from triplet 1,4-biradicals

contacts between molecules in the crystalline state have been shown to bes difficult to sort out. The situation is further complicated in the case of

capable of altering solid state photobehavior (see: Ariel, S.; Askari, S.;
Evans, S.; Hwang, C.; Jay, J.; Scheffer, J. R.; Trotter, J.; Walsh, L.; Wong,
Y.-F. Tetrahedron 1987, 43, 1253), and a third possible reason for the
lack of solid state photoproduct selectivity in the case of diketboiés

that the crystal packing somehow disfavors the formation of the stereo-
electronically favoreais-cyclobutanol. Inspection of the packing diagrams
for this compound, however, revealed no obvious intermolecular contacts
that would produce this effect.

the macrocyclic diketones by the fact that the reactions are of mixed singlet/
triplet character. Nevertheless, it is entirely possible that the solution phase
photoproduct ratios for these compounds are strongly influenced by triplet
biradical intersystem crossing rates, and the interested reader is referred to
the following: Scaiano, J. Cletrahedron1982 38, 819.

(58) Anet, F. A. L.; Cheng, A. K.; Krane, J. Am. Chem. Sod.973
95, 7877.

(59) Anet, F. A. L.; Cheng, A. KJ. Am. Chem. Sod 975 97, 2420.
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Table 11. Final Atomic Coordinates (fractional) argk, (A2)2

atom X y z Bq atom X y z By atom X y z Bq

la
O(1) 0.2171(1) 0.1432(2) 0.36461(7) 3.85(4) C(2) 0.5213(2) 0.0825(2) 0.3055(1) 3.10(4) C(4) 0.7655(2) 0.2408(2) 0.4679(1) 3.00(4)
C(1) 0.3561(1) 0.0137(2) 0.37001(8) 2.59(4) C(3) 0.7187(2)  0.0593(2) 0.3692(1) 2.97(4) C(5) 0.6382(1) 0.2273(2) 0.5653(1) 2.62(4)

1c
o) 1/2 0.3554(5) 0.2560(4) 7.1(2) C(2) 0.4221(4) 0.2165(6) 0.0968(4) 7.9(3) C(4) 0.3539(3) 0.4912(8) 0.0713(6) 11.7(4)
C(1) 112 0.2719(6) 0.1580(6) 6.0(3) C(3) 0.3519(3) 0.3199(8) 0.1257(5) 9.4(3)

1d
O(1) 0.4556(2) 0.3641(1) 0.3243(2) 5.6(1) C(5) 0.1641(2) 0.3903(1) 0.9378(4) 4.4(1) C(11) 0.2110(2) 0.0125(1) 0.7990(4) 4.9(1)
O(2) —0.0576(1) 0.1334(1) 0.7497(3) 5.7(1) C(6) 0.0577(2) 0.3328(1) 0.9169(4) 4.4(1) C(12) 0.2817(2) 0.0669(1) 0.6419(4) 4.5(1)
C(1) 0.5012(2) 0.3546(1) 0.5291(3) 4.1(1) C(7) 0.0365(2) 0.2917(2) 1.1539(4) 4.8(1) C(13) 0.3959(2) 0.1050(1) 0.7668(4) 4.6(1)
C(2) 0.4453(2) 0.4259(1) 0.7401(3) 4.3(1) C(8Y0.0581(2) 0.2244(2) 1.1291(4) 4.9(1) C(14) 0.4535(2) 0.1657(1) 0.6094(4) 4.4(1)
C(3) 0.2981(2) 0.4854(1) 0.7088(4) 5.0(1) C(9y0.0016(2) 0.1428(1) 0.9453(4) 4.3(1) C(15) 0.5670(2) 0.2047(2) 0.7321(4) 4.9(1)
C(4) 0.1851(2) 0.4316(1) 0.7012(4) 4.5(1) C(10) 0.1278(2) 0.0717(1) 1.0155(4) 4.6(1) C(16) 0.6178(2) 0.2713(2) 0.5790(5) 5.2(1)

1f
O(1) 0.9417(1) 0.37193(8) 0.7496(2) 5.60(5) C(7) 0.3907(1)  0.3555(1) 0.7513(3) 4.54(6) C(14) 0.3090(1) 0.0371(1) 0.8634(3) 4.45(5)
O(2) 0.1484(1) 0.12249(8) 1.2018(2) 5.66(5) C(8) 0.3033(1) 0.3030(1) 0.9074(3) 4.34(5) C(15) 0.3615(1) 0.0734(1) 0.6376(3) 4.24(5)
C(1) 0.8884(1) 0.3686(1) 0.5472(3) 4.10(5) C(9) 0.1769(1) 0.2739(1) 0.7831(3) 4.67(6) C(16) 0.4944(1) 0.1158(1) 0.6857(3) 4.24(5)
C(2) 0.8409(1) 0.4438(1) 0.4764(3) 4.24(5) C(10) 0.0895(1) 0.2175(1) 0.9358(3) 4.91(6) C(17) 0.5500(1) 0.1534(1) 0.4656(3) 4.32(5)
C(3) 0.8278(1) 0.5064(1) 0.6909(3) 4.57(6) C(11) 0.1183(1) 0.1333(1) 0.9924(2) 3.93(5) C(18) 0.6818(1) 0.1996(1) 0.5195(3) 4.33(5)
C(4) 0.7323(1) 0.4625(1) 0.8464(3) 4.30(5) C(12) 0.1063(1) 0.0623(1) 0.7805(3) 4.13(5) C(19) 0.7374(1) 0.2360(1)  0.2963(3) 4.68(6)
C(5) 0.6067(1) 0.4339(1) 0.7162(3) 4.50(6) C(13) 0.1749(1p.0037(1) 0.8283(3) 4.72(6) C(20) 0.8679(1) 0.2899(1) 0.3541(3) 4.86(6)
C(6) 0.5172(1) 0.3849(1) 0.8737(3) 4.44(6)

1g
O(1) 0.7694(1) 0.6071(3) 0.32105(7) 4.60(7) C(7)  0.6332(2) 0.3282(5) 0.4920(1) 3.6(1) C(15) 0.9206(1) 0.4726(5) 0.65976(9) 3.47(9)
O(2) 0.7152(1) 0.3616(3) 0.71043(7) 4.92(8) C(8) 0.6182(2)  0.1462(5) 0.53551(9) 3.7(1) C(16) 0.9836(2) 0.4621(5) 0.6186(1) 3.9(1)
C(1) 0.7085(1) 0.7474(4) 0.32052(8) 3.14(8) C(9) 0.6919(2) 0.1506(5) 0.5848(1) 3.9(1) C(17) 0.9716(2) 0.6648(5) 0.5764(1) 3.9(1)
C(2) 0.6222(1) 0.7013(5) 0.28302(9) 3.7(1) C(10) 0.6795(2p.0158(5) 0.6315(1) 3.8(1) C(18) 0.8867(1) 0.6550(5)  0.5352(1) 3.7(1)
C(38) 0.5366(1) 0.7210(5) 0.3062(1) 3.6(1) C(11) 0.7590(2p.0155(5) 0.6774(1) 3.8(1) C(19) 0.8822(1) 0.8415(5) 0.48943(9) 3.49(9)
C(4) 0.5207(1) 0.5181(5) 0.3450(1) 3.6(1) C(12) 0.7747(1) 0.2186(4) 0.70886(8) 3.44(8) C(20) 0.8018(1)  0.8194(5)  0.44498(9) 3.6(1)
C(5) 0.5834(1) 0.5185(5) 0.39937(9) 3.31(9) C(13) 0.8657(2) 0.2660(6) 0.7399(1) 4.3(1) C(21) 0.8021(2) 0.9918(5) 0.3967(1) 3.52(9)
C(6) 0.5636(1) 0.3304(4) 0.44074(9) 3.30(9) C(14) 0.9365(2) 0.2756(5) 0.7034(1) 3.8(1) C(22) 0.7196(1) 0.9788(4) 0.3536(1) 3.35(9)

1h
O(1) 0.5713(1) 0.4595(2) 0.05960(5) 5.28(8) C(8) 0.2474(2)  0.6525(3) 0.31518(7) 4.7(1) C(17) 0.1403(2) 0.1317(3) 0.30782(7) 4.6(1)
O(2) 0.2165(2) 0.3478(2) 0.47487(5) 6.7(1) C(9) 0.1393(2) 0.6415(3) 0.35068(7) 4.6(1) C(18) 0.2631(2) 0.1442(3) 0.27829(7) 4.6(1)
C(1) 0.4503(2) 0.4747(3) 0.05487(6) 4.0(1) C(10) 0.1920(2) 0.6505(3) 0.40106(7) 4.7(1) C(19) 0.2318(2)  0.1445(3)  0.22603(7) 4.6(1)
C(2) 0.3863(2) 0.6427(3) 0.05460(7) 5.2(1) C(11) 0.0858(2) 0.6292(3) 0.43777(7) 4.8(1) C(20) 0.3539(2) 0.1449(3)  0.19614(7) 4.6(1)
C(3) 0.2872(2) 0.6687(3) 0.09274(7) 5.2(1) C(12) 0.0202(2) 0.4599(3) 0.43734(7) 4.6(1) C(21) 0.3227(2)  0.1548(3)  0.14411(7) 4.4(1)
C(4) 0.3494(2) 0.6532(3) 0.14193(7) 4.6(1) C(13) 0.1121(2) 0.3206(3) 0.45288(7) 4.6(1) C(22) 0.4468(2) 0.1488(3) 0.11454(7) 4.8(1)
C(5) 0.2463(2) 0.6595(3) 0.17924(7) 4.7(1) C(14) 0.0680(2) 0.1480(3) 0.44136(7) 5.2(1) C(23) 0.4198(2) 0.1632(3) 0.06188(7) 5.0(1)
C(6) 0.3021(2) 0.6524(3) 0.22880(7) 4.6(1) C(15) 0.0453(2) 0.1153(3) 0.38885(7) 4.9(1) C(24) 0.3601(2) 0.3272(3)  0.04651(7) 4.7(1)
C(7) 0.1951(2) 0.6488(3) 0.26504(7) 4.6(1) C(16) 0.1691(2) 0.1420(3) 0.36027(7) 4.5(1)

1i(n)
O(1) 0.0372(2) 0.2481(3) 0.29543(4) 5.71(7) C(5) 0.2013(2)  0.4371(3) 0.44818(6) 4.20(8) C(10) 0.5038(P327(3)  0.63723(6) 4.49(8)
C(1) —0.0775(2) 0.3877(4)  0.29593(5) 3.96(8) C(6) 0.1890(2)  0.2469(3) 0.48624(6) 4.28(8) C(11) 0.3720(2369(3)  0.67020(6) 4.11(8)
C(2) —0.0597(2) 0.6107(3)  0.32657(6) 4.17(8) C(7)  0.3358(2)  0.2504(3) 0.52576(6) 4.37(8) C(12) 0.3960(2p49(3)  0.70788(6) 4.26(8)
C(3) 0.0845(2) 0.6085(3) 0.36693(6) 4.23(8) C(8) 0.3346(2)  0.0555(3) 0.56358(6) 4.30(8) C(13) 0.2406(2366(4)  0.73534(6) 4.58(8)
C(4) 0.0628(2) 0.4295(3) 0.40631(6) 4.32(8) C(9) 0.4898(2) 0.0598(3) 0.60075(6) 4.56(9)
1i (pl)

O(1) —0.3748(2)  0.30972(4)-0.0306(1) 5.86(6) C(5) 0.3812(2)  0.40754(4) 0.2553(2) 3.85(6) C(10) 0.8238(2)  0.61722(4) 0.2722(2) 3.71(5)
C(1) —0.1612(2) 0.30106(4) 0.0179(2) 3.41(5) C(6) 0.3593(2) 0.46083(4) 0.2376(2) 3.84(6) C(11) 1.0749(2)  0.64008(5) 0.3049(2) 3.99(6)
C(2) —0.0614(2) 0.29980(4) 0.2039(2) 3.63(5) C(7) 0.6030(3)  0.48595(5) 0.2651(2) 4.05(6) C(12) 1.0770(3) 0.69373(5) 0.2863(2) 4.18(6)
C(3) 0.1716(2) 0.32821(4) 0.2561(2) 3.51(5) C(8) 0.5879(2)  0.53942(4) 0.2549(2) 3.82(6) C(13) 0.9931(2) 0.71097(4) 0.1073(2) 3.54(5)
C(4) 0.1414(2) 0.38092(4) 0.2236(2) 3.58(5) C(9) 0.8347(2) 0.56369(4) 0.2847(2) 3.97(6)

1j
O(1) 0.33611(4) 0.2861(1)—0.04200(8) 5.60(4) C(3)  0.40083(6) 0.0930(2) 0.2570(1) 5.45(5) C(6) 0.41879(6) 0.6042(2) 0.1091(1) 4.82(4)
C(1) 0.33107(5) 0.2755(1) 0.0780(1) 4.56(4) C(4) 0.46781(6) 0.0984(2) 0.1965(1) 4.97(5) C(7) 0.34069(6) 0.5918(2) 0.1060(1) 5.39(5)
C(2) 0.33593(6) 0.1095(2) 0.1499(2) 5.72(5) C(5) 0.46135(5) 0.6003(1) 0.2509(1) 4.55(4) C(8) 0.31715(6) 0.4275(2) 0.1597(1) 5.05(5)

4d
O(1) 0.2754(2) 0.6250(1) 0.1886(2) 5.43(4) C(5)0.0174(2) 0.1724(2) 0.2314(2) 4.48(6) C(11) 0.5963(2) 0.1625(3) 0.3179(3) 4.92(7)
O(2) 0.4320(1) 0.1962(1) 0.5248(1) 5.19(4) C(6) 0.0836(2) 0.1923(3) 0.4031(2) 4.93(7) C(12) 0.5515(2) 0.2442(3) 0.2152(3) 4.67(7)
C(1) 0.2940(2) 0.4588(2) 0.0876(2) 3.77(5) C(7)  0.1205(2) 0.0443(3) 0.3947(3) 5.19(7) C(13) 0.4241(2) 0.3183(2) 0.2297(2) 3.68(5)
C(2) 0.1089(2) 0.3720(2) 0.0843(2) 3.88(5) C(8) 0.2132(2D.0168(2) 0.2948(3) 4.63(6) C(14) 0.3902(2)  0.3978(2)  0.1249(2) 3.71(5)
C(3) 0.1023(2) 0.4292(2) 0.2571(2) 4.38(6) C(9) 0.3749(2) 0.0835(2) 0.3781(2) 3.80(5) C(15) 0.3363(3)  0.29€RER6(2) 4.81(6)
C(4) —0.0355(2) 0.3273(2) 0.2422(3) 4.80(6) C(10) 0.4658(2) 0.0318(2) 0.2749(3) 4.71(6) C(16) 0.2359(2)  0.46@R(H58(3) 5.06(7)

4
O(1) 0.9452(1) 0.1610(1) 0.4673(2) 6.82(5) C(5) 0.6114(2) 0.1572(2) 0.2522(2) 5.33(6) C(11) 0.7782(2)  0.3511(2) 0.9636(2) 6.74(8)
O(2) 0.2865(1) 0.2086(1) 0.6473(2) 5.18(4) C(6) 0.6821(2) 0.0889(1) 0.4104(2) 4.81(6) C(12) 0.5957(2) 0.3203(2) 0.8822(2) 5.88(7)
C(1) 0.2327(2) 0.3307(1) 0.3947(2) 5.17(6) C(7) 0.8597(2) 0.1176(1) 0.5328(2) 4.78(6) C(13) 0.5049(2) 0.3338(1) 0.6819(2) 4.59(5)
C(2) 0.3134(2) 0.2986(2) 0.2697(2) 5.51(6) C(8) 0.9294(2) 0.0888(2) 0.7246(3) 5.89(7) C(14) 0.3213(2) 0.3162(1) 0.6005(2) 4.50(5)
C(3) 0.3229(2) 0.1666(2) 0.2275(2) 5.09(6) C(9) 0.8501(2) 0.1517(2) 0.8399(2) 5.60(7) C(15) 0.2407(2) 0.4271(2) 0.6432(3) 7.23(9)
C(4) 0.4292(2) 0.1284(2) 0.1322(2) 6.20(7) C(10) 0.8623(2) 0.2849(2) 0.8565(2) 5.66(6) C(16) 0.2103(2)  0.4593(2)  0.4568(4) 7.6(1)

4]
O(1) —0.0884(1) 0.2892(1)  0.30791(8) 5.36(7) C(5y0.0607(2)  0.1722(2) 0.3299(1) 4.14(8) C(11) 0.5304(2) 0.2519(2) 0.5083(1) 5.1(1)
O(2) 0.6123(1) —0.0192(1)  0.32334(8) 4.48(6) C(6)-0.0423(2)  0.1327(2) 0.4173(1) 4.53(9) C(12) 0.5334(2) 0.1448(2) 0.4427(1) 4.20(8)
C(1) 0.3623(2) 0.0647(2) 0.2504(1) 3.62(7) C(70.0245(2) 0.2484(2) 0.4783(1) 5.2(1) C(13) 0.5436(2) 0.2010(2) 0.3595(1) 3.86(7)
C(2) 0.2335(2) 0.0795(2) 0.2927(1) 3.88(7) C(8) 0.1143(2) 0.3324(2) 0.4825(1) 5.0(1) C(14) 0.5245(2) 0.0945(2) 0.2922(1) 3.55(7)
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Table 11 (Continued)
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atom X y z Bq atom X y z Bq atom X y z Bq

4'1j (Continued)
C(3) 0.0885(2) 0.0806(2) 0.2316(1) 4.63(9) C(9) 0.2555(2) 0.2536(2) 0.5076(1) 4.73(9) C(15) 0.5470(2) 0.1525(2) 0.2102(1) 4.55(9)
C(4) —0.0463(2) 0.0620(2) 0.2694(1) 5.1(1) C(10) 0.3905(2) 0.3345(2) 0.4981(1) 5.0(1) C(16) 0.3805(2) 0.1689(2) 0.1850(1) 4.79(9)

5f

O(1) 0.1954(3) 0.2068(2) 0.2162(3) 5.4(2) C(7) 0.0978(5) 0.7373(4) 0.5281(5) 9.2(3) C(14) 0.1899(3) 0.661A@27(3) 4.5(2)
0O(2) —0.0670(2) 0.8833(2) 0.0613(2) 5.8(1) (X8)0.1380(6) 0.7573(4) 0.3989(6) 7.0(4) C(15) 0.3040(3) 0.4744(3) 0.0194(3) 4.7(2)
C(1)  0.3594(3) 0.1763(3) 0.2663(3) 4.7(2) C(Bap.028(2) 0.804(2) 0.390(2) 7.0(5) C(16) 0.2324(3) 0.3787(3D.0035(3) 4.6(2)
C(2) 0.3919(4) 0.2185(3) 0.4224(4) 5.9(2) C(9) 0.0910(5) 0.8915(4) 0.3632(4) 7.8(3) C(17) 0.3506(3) 0.2517(3) 0.0160(3) 4.6(2)
C(3) 0.3196(4) 0.3519(3) 0.4377(3) 6.0(2) C(10) 0.1539(4) 0.8993(3) 0.2404(4) 6.2(2) C(18) 0.4419(3) 0.2159(2) 0.1725(3) 4.3(2)
C(4)  0.3445(4) 0.3961(4) 0.5942(4) 7.2(3) C(11) 0.0698(4) 0.8674(2) 0.0922(3) 4.6(2) C(19) 0.5648(4) 0.0888(3) 0.1923(4) 6.1(2)
C(5)  0.3041(5) 0.5306(4) 0.6050(4) 7.5(3) C(12) 0.1620(3) 0.8201(3).0161(3) 5.1(2) C(20) 0.4572(4) 0.0463(3) 0.2449(4) 6.6(2)
C(6)  0.1358(5) 0.6032(4) 0.5471(4) 8.0(3) C(13) 0.2706(3) 0.6910(3) 0.0131(3) 4.9(2)

2Beq = (8/3)72Y Y Uja* a*(a-a). P Site occupancy 0.77.Site occupancy 0.23.

macrocyclic &16-membered-ring) diketones that leads to the
different photoproduct distributions noted above.

This general picture, whereby the conformational properties
of the 16-membered (and larger) rings are likened to those of
acyclic compounds, is in agreement with the results of the
photolysis of conformationally flexible noncyclic ketones, where
the rate of rotation around carbenarbon bonds in the triplet
biradical intermediate is known to be greater than that of
cleavage or cyclizatiot6° In such cases, as in the case of the
16-membered-ring diketonkd, cleavage is the major course
of reaction, andrans-cyclobutanols are generally formed in
preference tais. As can be seen from Table 1, the solution
phase photoproduct ratios for the 18- to 26-membered-ring
diketones le—1i also follow this trend. Similarly, in the
monoketone homologous series, the fraction of cleavage pho-
toproducts increases markedly with ring size, going from 8%
in cycloundecanone to 58% in cyclohexadecanonat the
same time, the proportion @fis-cyclobutanol decreases from
40% to 13%.

Concluding Remarks and Summary. In many respects,

andcis-fused cyclobutanols are formed in others depending on
the conformation adopted by the diketone in the solid state.
These geometric criteria represent a substantial first step
toward making it possible to “crystal engineer” the intramo-
lecular hydrogen abstraction reactions of carbonyl compounds,
that is to be able tdesignmolecular crystals that will undergo
a desired reaction of this type. Because such reactions are
unimolecular in nature and depend on conformation, and because
conformation can now be predicted quite accurately by using
empirical force field methods, and because the lowest energy
conformation calculated by such methods is very often the same
basic conformation adopted by the molecule in the crystalline
state, the probable success or failure of a hypothetical hydrogen
atom abstraction reaction in the solid state can now be evaluated
in a relatively straightforward manner. As the instructive case
of 1,6-cyclodecanedioneld) reminds us, however, (a) the
lowest energy molecular conformation is not always found in
the crystal and (b) a favorable solid state hydrogen atom
abstraction geometry alone does not guarantee observable
photoproduct formationthe ongoing reactions of the 1,4-

the results reported in this paper resemble the classic studies ohydroxy biradical must be competitive with reverse hydrogen
Schmidt and co-workers on the photochemistry of cinnamic acid atom transfer as well. When this is the case, as it is for 10 of
and its derivatives in the crystalline stétestudies that were  the 11 crystalline materials investigated in this study, the results
instrumental in laying the groundwork for and stimulating Provide a compelling demonstration of the ability of the Crystal
interest in the field of solid state organic chemistry. In both Structure-Reactivity Correlation Method to clarify the geo-
Schmidt’'s work and ours, distance and geometric requirementsmetric requirements of a basic solid state photochemical
for photoreaction have been established, and the structure andeaction-results that have strong implications for the corre-

stereochemistry of the products have been shown to be simplysponding solution phase process as well.

and directly related to the molecular and crystal structure of
the reactants.
studied was bimolecular ([2 2] photocycloaddition), whereas

the diametric diketones react unimolecularly in the crystalline

In the case of the cinnamic acids, the reaction

Experimental Section

X-ray Crystallographic Analyses. Crystallographic data are sum-
marized in Table 3. The data were proce$%exhd corrected for

state. Nevertheless, similar conclusions were reached: reactiond-orentz and polarization effects and absorption (empirical, based on

occurring through certain geometries lead to products whose

structure and stereochemistry are those predicted by least motion

pathways originating from the molecules as they are arranged
in the bulk crystal. For the diketones, carbonyl oxygen
hydrogen contacts averaging 2.240.04 A, along with values

of the angular parametess A, andé of 53+ 5°, 83+ 4°, and
1154 2°, respectively, are identified as leading to abstractfon.
Following abstraction, the 1,4-hydroxy biradical intermediates
cyclize over carborcarbon distances of 3-3.2 A with
“retention of configuration” at the radical terminii such that
trans-fused cyclobutanol derivatives are formed in some cases

(60) Scaiano, J. C.; Lissi, E. A.; Encina, M. Rev. Chem. Intermed.
1978 2, 139.

(61) Schmidt, G. M. JPure Appl. Chem1971, 27, 647.

(62) It should be emphasized that these greund stategeometric
parameters and that theoretical treatments such as those of Dorigo et al
(Dorigo, A. E.; McCarrick, M. A.; Loncharich, R. J.; Houk, K. N. Am.
Chem. Soc199Q 112, 7508) and Sauekt al“° give a more accurate picture
of the hydrogen atom abstraction geometry at the transition state.

azimuthal scans for three reflections).
The structures were all solved by direct methods. The non-hydrogen
atoms were refined with anisotropic thermal parameters. Hydrogen
atoms were visible on difference maps and were refined or included in
idealized positions (EH = 0.98 or 0.99 AB(H) = 1.2B(parent atom),
see Table 3). The ring atom C(8) in compousidwas modeled as
2-fold disordered, and the site occupancy factors were adjusted as the
refinement progressed to give nearly equal equivalent isotropic thermal
parameters for the two component atoms (C(8) and C(8a)). Neutral
atom scattering factors and anomalous dispersion corrections were taken
from the International Tables for X-Ray CrystallograpF

Final atomic coordinates and equivalent isotropic thermal parameters
for the non-hydrogen atoms are given in Table 11. Hydrogen atom
coordinates, anisotropic thermal parameters, bond lengths, bond angles,
torsion angles, intermolecular contacts, and least-squares planes for all
13 structures are included as supporting information.

. (63) TEXSAN: Crystal Structure Analysis Package (Version 5.1);
Molecular Structure Corporation: The Woodlands, TX, 1985.

(64) International Tables for X-Ray CrystallographiKynoch Press:
Birmingham, England, 1974; Vol. IV, pp 99002 and 149.
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