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Quantum yields for the benzophenone-sensitized cis~trans photoisomerization and dimerization of

cis- and trans-1,3-pentadiene and trans,trans- and cis,cis-2,4-hexadiene have been measured at high 1,3-diene con-

centrations (1-10 M).

Enhanced isomerization quantum yields are obtained for cis-1,3-pentadiene and the 2,4-

hexadienes, but isomerization quantum yields decrease with increasing diene concentration in the case of trans-

1,3-pentadiene.
state diene molecules involves two competing paths:

The results can be accounted for by assuming that interaction of 1,3-diene triplets with ground-
(i) triplet excitation transfer (the quantum chain process)

leading to enhanced isomerization, and (ii) biradical formation leading to dimers and diminished isomerization.
The insensitivity of ¢it— ot/@tt—ce AN Gee—ret/Pee—tt Tati0s to diene concentration provides strong evidence in support

of the quantum chain mechanism,

xcitation transfer from [,3-diene triplets to 1,3-

diene ground-state molecules leading to enhanced
photoisomerization quantum yields by a quantum
chain process was first postulated by Hyndman,
Monroe, and Hammond for the benzophenone-2,4-
hexadiene system.? Their observations showed that
in the early stages of the irradiation a chain process
obtained which led to isomerization of only one of the
double bonds of the diene. At low diene concentra-
tions, ~5 X 103 M, the results approached the re-
quirements for two-bond isomerization mechanisms,
but as the diene concentration was increased to 1.0
M the contribution of the chain process increased,
resulting in large one-bond to two-bond isomeriza-
tion quantum vyield ratios, e.g., Gcemct/Pcety = 94
for 1.3 M cis,cis-2,4-hexadiene.? 1,3-Diene triplets
were suggested to be the chain-carrying species. Our
experiments with the same diene-sensitizer system
over the same diene concentration range revealed no
quantum yield dependence on either the irradiation
time or the initial diene concentration.® Since the
main difference in procedure was the use of freshly
distilled 2,4-hexadienes in our experiments, it seems
likely that distillation eliminated some photoactive
impurity in the dienes which was responsible for the
chain process.?

The possibility of the quantum chain process in-
volving 1,3-diene triplets has more recently been sug-
gested by Hurley and Testa to account for enhanced
cis — trans quantum yields in the benzophenone-
sensitized photoisomerization of cis-1,3-pentadiene
at high diene concentrations.* The cis — trans quan-
tum yield, which is known to be concentration inde-
pendent in the range 0.005-0.2 M cis-1,3-pentadiene,®
was found to increase linearly with 1,3-diene con-
centration in the range 1-10 M.* Since, even at the
low 1,3-diene concentration range, most benzophenone
triplets decay by transferring triplet excitation to the
diene, ¢t + ¢t = 1.0,° the increase in ¢ suggests
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that more than one cis-1,3-pentadiene molecule isom-
erizes per quantum of excitation. As an alternative
to the quantum chain mechanism, a second mechanism
involving addition of 1,3-pentadiene triplets to diene
ground-state molecules yielding biradicals, -D-D-.,
which fragment to give ground-state dienes, was also
proposed.* A reason for concern, however, is that
both mechanisms for enhanced isomerization neglect
the competing formation of 1,3-pentadiene dimers.®’
Clearly, if the collapse of biradicals to dimers is
important, reduced rather than enhanced isomeriza-
tion quantum yields could result. Furthermore, the
1,3-pentadiene dimer distribution suggests that a large
fraction of the biradical intermediates are formed by
addition of I,3-pentadiene triplets at the C; position
of ground-state molecules (Scheme I).°7 Dimers

Scheme I, Sensitized Dimerization of c¢is-1,3-Pentadiene
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of type 1, 2, and 3 are produced in yields of 52, 22, and
897, respectively, in the benzophenone-sensitized re-
action. Since allylic units are expected to retain their
stereochemistry,®? dissociation of biradical precursors
to the major dimer products (1) would not result in a
significant enhancement of the isomerization quantum
yield.

In an attempt to better understand the isomeriza-
tion mechanism at high diene concentrations, we have
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studied the benzophenone-sensitized photoisomeriza-
tions of tranms-1,3-pentadiene and trans,trans- and cis,-
cis-2,4-hexadiene. We have also confirmed Hurley
and Testa’s observations with cis-1,3-pentadiene, and
have measured the quantum yields of dimer formation
in each case as a function of diene concentration.

Results

Benzophenone-sensitized photoisomerization quan-
tum yields for the 1,3-pentadienes and the 2,4-hexa-
dienes are listed in Tables I and II, respectively. 2,4-

Tablel. Benzophenone-Sensitized
Photoisomerization of the 1,3-Pentadienes®
Diene, Diene, Diene, Diene,

M et M Pt—rc M ¢t—c M Pt—c
0.20 0.55 0.20 0.44 4.0 0.39 8.0 0.36
1.8 0.59¢ 0.75 0.43 5.0 0.38 9.0 0.39
5.7 0.71¢ 2.0 0.40 5.6 0.38 9.7 0.37¢
9.7 0.84¢ 3.0 0.40 7. 0.37

¢ Unless otherwise indicated, isomerization conversions were
small and no correction was made for loss of diene due to dimeriza-
tion. ®Taken from ref 5. ¢ Conversions up to 2.5%. Final
diene concentrations calculated by glpc using methylcyclohexane as
internal standard.

Table II. Benzophenone-Sensitized Photoisomerization
of the 2,4-Hexadienes
Diene,
M Ptt—ct Ptt—rce ct/cc  Pee—ret Pee—rtt ct/tt
Run 1¢
0.088 0.47 0.17 2.77 0.51 0.32 1.59
0.176 0.48 0.18 2.68 0.54 0.31 1.72
0.436 0.52 0.19 2.71
0.879 0.55 0.21 2.68 0.54 0.32 1.68
0.879 0.52 0.19 2.70
Run 2¢
1.74 0.59 0.21 2.79 0.82 0.35 2.37
2.61 0.62 0.24 2.61 0.95 0.39 2.41
3.48 0.72 0.25 2.79 0.93 0.52 1.80
4.35 0.75 0.27 2.73 1.04 0.54 1.91
6.09 0.95 0.32 2.93 1.40 0.79 1.78
6.96 0.98 0.33 2.96
7.83 1.05 0.33 3.20 1.80 0.75 2.41
Run 3¢
1.74 0.58 0.20 2.91 0.76 0.42 1.79
3.48 0.71 0.25 2.82 0.85 0.49 1.75
4.35 0.74 0.27 2.76 1.07 0.62 1.73
6.09 0.88 0.31 2.83 1.34 0.79 1.68
6.96 0.91 0.32 2.86
7.83 0.94 0.34 2.75 1.88 1.04 1.81

e Performed in 3.0-ml ampoules; conversions: tt — ct,
0.8-47%;: cc — ct, 1-4%,. * Performed in 0.2-ml ampoules;
conversions: tt — ct, 0.5-2.2%; cc—ct, <0.5%. ¢ Performed
in Oé-ml ampoules; conversions: tt — ct, 1.1-4.9%; cc — ct,
1-5%.

Hexadiene isomerization quantum yields for low diene
concentrations (0.088-0.88 M) were measured using
the benzophenone-sensitized photoisomerization of
1,3-pentadiene for actinometry.® Two sets of experi-
ments were carried out at higher diene concentrations
using different irradiation time intervals. While quan-
tum yields for the formation of the cis,trans isomer
are independent of irradiation time, accurate one-bond
to two-bond isomerization quantum yield ratios could
only be obtained from the longer irradiation experi-
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ments in which the conversion to the minor isomer
could be readily measured. Photodimerization quan-
tum yields are listed in Table III. Benzene was used

Table III, Benzophenone-Sensitized Photodimerization
of the 1,3-Pentadienes and the 2,4-Hexadienes
t-P, c-P, tt-H, cc-H,
M  ¢pr M ¢p M ¢p M ¢p
4.0 0.051 3.0 0.068 2.62 0.008 2.62 0.011
6.0 0.079 4.0 0.071 4.35 0.011° 4.35 0,027
8.0 0.096 5.0 0.102 6.09 0.015 5.22 0.035
9.0 0.119 6.0 0.105 6.96 0.0182 6.09 0.038
7.0 0.120 7.83 0.022> 7.83 0.046
8.0 0.141
9. 0.183¢

sAverage of two independent determinations.
independent determinations.

b Average of three

as solvent and the benzophenone concentration was
0.05 M throughout. Irradiations were carried out
at 30 = |° using the 366-nm mercury line. All ir-
radiated samples were degassed.

In order to determine whether 1,3-pentadiene cis/trans
photostationary compositions vary with 1,3-penta-
diene concentration, three neat 1,3-pentadiene solu-
tions (10.0 M diene, 0.05 M benzophenone) which
were initially 0, 52, and 1009 trans were subjected
to prolonged irradiation. Analysis of the irradiated
samples showed them to have converged to a value of
66 = 19 trans. However, owing to competing di-
merization, the total diene concentration had dropped
to about 5.6 M.

Discussion

The present model for the geometry and the dynamic
behavior of 1,3-diene triplets in solution has been
inferred from sensitized photodimerization®7 1012
studies at high 1,3-diene concentrations and from sen-
sitized cis-trans photoisomerization studies? #13-13
at relatively low 1,3-diene concentrations. For ex-
ample, in the case of the 2,4-hexadienes two distinct
noninterconvertible sets of s-cis and s-trans allyl-
methylene triplets are expected (Scheme 1I).1315  Equil-

Scheme II. Dynamic Behavior of 2,4-Hexadiene Triplets
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ibration between trans-twisted, 3tp, and cis-twisted,
Scp, triplets occurs rapidly within each set at tempera-
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Figure 1. Variation of dimerization quantum yields with 1,3-diene
concentration: (O and Q) trans- and cis-1,3-pentadiene, respec-
tively; (@ and @) trans,trans- and cis,cis-2,4-hexadiene, respectively.

tures higher than 135°K.13 High triplet excitation
donors like benzophenone provide entry predom-
inantly into the s-trans set of 1,3-diene triplets, 1315
In each s-trans triplet the allylic moiety retains its
stereochemistry, but the twisted ends upon intersystem
crossing give cis and trans double bonds with equal
probability. The deviation of the overall decay pro-
cess from the random distribution of tt:tc:cc of 1:2:1
is attributed to a smaller than unity equilibirum con-
stant K in Scheme I1.13

A mechanism which includes both processes sug-
gested to account for enhanced sensitized photo-
isomerization of 1,3-dienes at high diene concentrations
is shown for cis-1,3-pentadiene in eq 1-7, where B, c,

B> 1B > B o)

B +c —1—1—> ‘p+B 2

1 — at + (1 — a)e 3
3p+c-—]ia—>~D—D' 4
3p-|rc—kf—>m-|r(l—of)C-Wp (&)
.D-D. ——k—; dimers (6)
D-D- -5 (2~ Bt + e M

and t represent benzophenone, cis-, and trans-1,3-
pentadiene, respectively, g is the intersystem crossing
efficiency of B, p represents all equilibrating s-trans

L 4 J

°p

diene ftriplets, and « and (2 — @) with 8 < | are the
fractions of trans isomer obtained from the triplets
and the biradicals, respectively. For small conver-
sions, the dependence of dimerization and isomeriza-
tion quantum yields on cis-1,3-pentadiene concentra-
tion is described by eq 8 and 9.

_ ks ks[C]
¢ = <ka + k5><k2 + ks[°]>a ®

a
e—t = T T k‘.’. k
ot = ey (e + koD +
Ko~ prigar) ©
K + ke del) O
Photodimerization. According to eq 8, plots of the

inverse of the dimerization quantum yields vs. the in-
verse of the diene concentrations should be linear with
the intercepts giving (ks -+ k¢)/ak; and the slope to
intercept ratios giving k./ks for each diene. The
photodimerization data are plotted in this way in
Figure 1. It can be seen that with the exception of the
photodimerization quantum Yyields obtained for the
lowest concentration of each 2,4-hexadiene, the ad-
herence of the data to the expected linear relation-
ships is adequate.!® The points for each line are con-
sistent with an intercept of unity and the lines are so
drawn. Since the intersystem crossing efficiency of
benzophenone, a, is unity,® this would require that
with each diene all adduct biradicals give dimers,
ie., k; > ks While the present dimerization data
are not sufficiently precise to rigorously require this
conclusion, it is reassuring to note that the same result
has been obtained from the detailed studies of the
benzophenone-sensitized dimerization of isoprenel?
and 1,3-cyclohexadiene.”” As will be shown below,
the 2,4-hexadiene photoisomerization data provide
strong evidence for neglecting bond breaking as con-
tributing significantly to the fate of biradicals.

Values of ks3/k, obtained from the lines in Figure 1
are listed in Table IV. These values can be compared

TablelV., Rate Constant Ratios for 1,3-Diene Triplets

kalks, ksfks,

1,3-Diene M-t M-t
trans-1,3-Pentadiene 1.4 X 1072 0

cis-1,3-Pentadiene 2.2 X 1072 0.10

trans,trais-2,4-Hexadiene 2.6 X 108 0.16

cis,cis-2,4-Hexadiene 6.4 X 10°? 0.31

with a corresponding ratio in the isoprene system of
6.2 X 10—2 M—-110 Barring large differences between
the triplet decay rate constants for these acyclic 1,3-
dienes, the ks/k, ratios indicate ihat biradical forma-
tion is inhibited by methyl substitution at the terminal
positions of the diene system.

Photoisomerization. Assuming k; >> ks, eq 9 can be
rewritten as eq 10, where @ = 1.0 for benzophenone

(Pe-rt/Pest™] + kilcl/ks) = 1 + kfcl/k,  (10)

and ¢ = « in dilute solutions.®> Expressions anal-
ogous to eq 10 can be derived for each of the other
three dienes. The quantities on the left-hand side of
these expressions are plotted vs. 1,3-diene concentra-
tion in Figures 2 (l,3-pentadienes) and 3 (2,4-hexa-
dienes). The quantum yields reported by Hurley and
Testa¢ are included in Figure 2 and are somewhat
higher than our values. The deviation is probably
due to our having corrected the cis-1,3-pentadiene

(16) The deviation of the two points from the lines is probably due
to the uncertainty in measuring the very small conversions to dimer in
these two cases.

(17) G. F. Vesley, Ph.D. Thesis, California Institute of Technology,
Pasadena, Calif., 1968.
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Figure 2. Dependence of isomerization quantum yields on 1,3-
pentadiene concentration, corrected for dimerization: (O) trans —
cis; (O)cis— trans; (A)cis— trans fromref 4.

data for 1,3-pentadiene loss, a procedure which accord-
ing to ref 4 results in ~10% lower quantum yields.
It can be seen from Figures 2 and 3 that the concentra-
tion dependence of trans — cis quantum yields is due
entirely to competing dimerization,!® while for the cis
—> trans direction in 1,3-pentadiene and both directions
in the 2,4-hexadienes, correction for dimer formation
reveals increased roles for the enhanced isomeriza-
tion process. Values of k,/k, obtained fom the slopes
in Figures 2 and 3 are listed in Table IV. Although
some contribution to enhanced isomerization in cis-
1,3-pentadiene by biradical cleavage, step 7, cannot be
rigorously ruled out on the basis of the 1,3-pentadiene
data, the observations with the 2,4-hexadienes show
that isomerization via biradicals must be unimportant.
Likely adduct biradicals in the trans,trans-2,4-hexa-
diene-benzophenone system are shown in Scheme
III. Since the allylic units in these biradicals are

SchemeIIl. Biradical Formation in the
trans,trans-2,4-Hexadiene-Benzophenone System
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expected to retain their stereochemistry,®%1® only one-
bond isomerization can be anticipated in the second
diene moiety. Participation of the biradicals in isomer-
ization should, therefore, be reflected in increased
Dtt—>te/Pttmce ANA Goorte/Pecte Tatios. The data in

(18) While the small deviations of the corrected relative trans — cis
quantum yields from unity are probably within ou1 experimental error,
they may be due in part to minor competing side reactions, e.g., addition
of benzophenone triplets to the diene (J, A. Barltrop and H, A. J. Carless,
J. Amer. Chem. Soc., 93, 4794 (1971)) and/or formation of higher diene
polymers (see Experimental Section).

(19) Our observation that benzophenone sensitization gives different
dimer distributions starting with cis- and trans-1,3-pentadiene provides
additional evidence requiring retention of stereochemistry in the allylic
moieties of the biradicals. The same conclusion can be drawn from the
structural differences of adducts arising from the addition of 1,2-benzan-
tracene triplets to cis- and trans-1,3-pentadiene.?®

(20) (a) J. Saltiel, et al., Org. Photochem., 3, 1 (1973); (b) J. Saltiel,
D. E. Townsend, L. Metts, and M., Wrighton, unpublished observations.
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Figure 3. Dependence of isomerization quantum yields on 2,4-
hexadiene concentration, corrected for dimerization: (M) trans,
{rans — cis,trans; (®)cis,cis— cis,trans.

Table II show that whereas absolute isomerization
quantum vyields increase more than twofold over the
concentration range studied, one-bond to two-bond
isomerization quantum vyield ratios do not change,
qstt—*tC/qstt—*cc = 2.8 = 015 ¢cc-—>tc/¢cc—»tt = 1.7 = 0.1.
It should be noted that this insensitivity of the quantum
yield ratios to changes in diene concentration dis-
associates our observations from those of Hyndman,
et al.,? and provides strong evidence in support of the
quantum chain mechanism for enhanced isomeriza-
tion.

A further simple argument against the involvement
of biradicals in isomerization enhancement can be
based on the magnitude of the isomerization quantum
yields obtained at high hexadiene concentration. The
maximum isomerization enhancement which could
be reasonably attributed to the biradical mechanism
would arise if all diene triplets gave biradicals and if
all biradicals cleaved to dienes, eq 11, with complete

D-D: —> a’tt + B8'tc + (2 — a’ — 8')cc an

loss of stereochemistry at each double bond. Under
these extreme conditions the isomerization quantum
yields would be equal to the decay fractions in eq 11,
eg., ¢cc—>tt = a’, qscc»tc = B,s and ¢tt—>cc =2—-da
— @7, and the maximum sum of ¢ee—rtt + Peeste +
Ptt—ce would be 2. Examination of the observed
quantum yields in Table II, run 3, shows that the sum
of these three quantum yields exceeds this limit, being
33at7.8 M.

The observation of isomerization enhancement in
cis- but not in trans-1,3-pentadiene may be due to the
lower triplet excitation energy of the cis isomer. The
lowest spectroscopically observed vibrational bands
in the 1T <« °S transitions of the I,3-pentadienes are
at 59.2 and 57.3 kcal/mol for the trans and the cis
isomer, respectively.?! Preferential excitation transfer
to the cis isomer of 1,3-pentadiene by sensitizers in
the 61-56-kcal/mol range has also been proposed
to account for the higher trans/cis photostationary
ratios obtained in their presence.!* It may also be
argued that enhancement in isomerization by a quan-
tum chain process in trans-1,3-pentadiene could be less
effective because the initially produced s-trans-1,3-
diene triplets might seek out ground-state molecules

(21) R, E. Kellogg and W, T. Simpson, J. Amer. Chem. Soc., 87,
4230 (1965).
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in s-cis conformations in the energy transfer step.
This is an attractive possibility on energetic grounds
and since s-cis triplets decay predominantly to trans-
1,3-pentadiene,!® a smaller isomerization enhancement
would be expected. However, this possibility can be
discarded for two reasons: (i) diene dimer composi-
tions do not change with diene concentration and (ii) the
insensitivity of @y—tc/Ptt—ecc ratios to changes in 1,3-
diene concentration rules out the involvement of s-cis
triplets in the quantum chain process in trans,trans-2,4-
hexadiene.

Evidence suggesting excitation transfer from iso-
prene triplets to azulene,!® 9,10-dibromoanthracene,’
and the stilbenes,?? and from 1,3-cyclohexadiene
triplets to azulene," has been presented. In the case
of  trans-1,1-dimethyl-1-benzoyl-2,4-pentadiene  (4),
where diene triplets are efficiently produced wvig in-
tramolecular excitation transfer from the 3(n,7*)
state of the benzoyl moiety, several potential triplet
excitation acceptors, including azulene, were shown to
have no effect on either trans/cis photostationary state
compositions or on trans — cis isomerization quan-
tum yields.2® It was concluded that the rate constants
for intramolecular triplet excitation transfer in 4 and
for relaxation of the ‘“‘planar’ 1,3-diene triplet to dis-
torted configurations must be larger than 2 X 10°sec™1.23
Also, if by analogy with the observations obtained
with isoprene ! it is assumed that vibrationally relaxed
1,3-diene triplets of 4 transfer triplet excitation to
azulene, it can be concluded that this nonvertical
excitation transfer process gives the same ratio of cis
and trans isomers as does natural radiationless decay.?2?
The triplet excitation transfer step which we have
proposed, eq 5, similarly gives ground-state dienes in
the same ratio as does natural decay. This is required
by the insensitivity of 2,4-hexadiene product ratios
to diene concentration and suggests that trans-twisted
and cis-twisted allylmethylene triplets transfer triplet
excitation to ground-state diene molecules with equal
efficiency. Since the enthalpy difference between the
two isomeric conformations of s-trans-2,4-hexadiene
triplets appears to be only 300 cal mol~!,!? the equality of
the «’s in eq 3 and 5 is not surprising. Generally,
different «’s in eq 3 and 5 should be expected in cases
involving substantially different isomeric distorted
triplets or in cases in which planar triplets can become
involved in the excitation transfer step either because
their energy is similar to that of the distorted triplets
or because the distortion from planar to twisted con-
formations is slow. It is interesting to note in this
connection that a quantum chain process in which
the excitation transfer step(s) give(s) olefins in different
ratio than does natural decay probably accounts for
the concentration dependence of photostationary
states?* and quantum yields?® observed in the benzo-
phenone-sensitized photoisomerization of 1,3,5-trienes.

Limiting values for the rate constants k, can be
based on observations concerning the benzophenone-
sensitized photodimerization of isoprene.® The
quenching of the dimerization by azulene gives kz/ks

(22) R. A. Caldwell,J. Amer. Chem. Soc., 92,3229 (1970).

(23) P. A, Leermakers, J.-P. Montillier, and R. D. Rauh, Mol. Photo-
chem., 1, 57 (1969).

(24) R. S. H. Lvi, Pure Appl. Chem., Suppl. (23rd Congr.}, 1, 335
(1971).

(25) R, S, H, Liu and Y. Butt, private communlication,

= 1.2 X 10°® where k7 is the rate constant for the trans-
fer of triplet excitation from s-trans-isoprene triplets
to azulene (eq 12).1° Using the value of ky/k, = 6.2

k
p + Az ——1> 3Az + isoprene 12)

X 10-2 M-! in isoprene, it follows that k;/k, = 75
M-1 An increase of the viscosity of the medium
was shown to have no significant effect on isoprene
dimerization quantum yields obtained with benzo-
phenone as the sensitizer in the presence or absence
of azulene,l® suggesting that neither the addition of
isoprene triplets to diene molecules nor their inter-
action with azulene are diffusion controlled, i.e., k; <
6 X 10° M-1 sec—1.10 This places an upper limit to
the rate constant for decay of s-trans-isoprene triplets
of k, £ 8 X 107 sec™!. Assuming that the rate con-
stants for decay of s-trans-1,3-pentadiene and 2,4-
hexadiene triplets are similar to that for isoprene trip-
lets, it follows that ky < 2.5 X 107 M~! sec~!. For
a vertical triplet excitation transfer process in solution
a rate constant of 2.5 X 107 M—!sec! is consistent
with an endothermicity for the process of ~3.3 kcal/
mol.?%% A somewhat larger endothermicity could
be tolerated if the excitation transfer process is non-
vertical.¥ Although a large number of assumptions
is involved, the occurrence of step 5 suggests that the
amount of stabilization achieved by the distortion of
planar 1,3-diene triplets to the twisted equilibrium
geometries °p, although small, is probably larger
than 3 kcal/mol. %

Experimental Section

Materials, cis-1,3-Pentadiene (¢) and rrans-1,3-pentadiene (t),
research grade from Aldrich, and cis,cis-2,4-hexadiene (cc) and
trans,trans-2,4-hexadiene (tt), from Columbia Organic Chemicals
Co., were bulb-to-bulb distilled immediately prior to use. Initial
compositions of the 2,4-hexadienes were: 0.06% cc, 0.329] ct,
99.62% tt; 0.91% ct, 99.09% cc. Initial compositions of the 1,3-
pentadienes were: 99.91%t, 0.09% ¢; 99.93%¢,0.072;t. Diene
dimers were present in traus-1,3-pentadiene, 0.22 %, but could not
be detected in the other diene samples. Benzophenone, Fischer
reagent grade, was recrystallized three times from pentane and sub-
limed under reduced pressure. Benzene, Fischer *‘Spectrana-
lyzed' grade, and carbon tetrachloride, Baker spectral grade, were
used without purification.

Analytical Procedures. Determinations of isomeric diene com-
positions were by glpc on a 20 ft X !/s in. column gradient packed
with segments of 40, 30, 20, and 1097 B,8-oxydipropionitrile on
Chromosorb P. Aerograph Models 600-C and 600-D Hi-Fi were
employed. Column temperatures were 25 and 50° for analysis of
the 1,3-pentadienes and 2,4-hexadienes, respectively. Analyses of
the 1,3-pentadiene and 2,4-hexadiene dimers were by glgc on a 5
ft X /s in. column packed with 2097 Carbowax 20M on Chromo-
sorb P, or on a 5 ft X s in. column packed with 5%, SE-30 on
Chromosorb W. Column temperatures were 90° except for the
2.4-hexadiene dimers on the Carbowax column, for which the tem-
perature was 100°. Benzene was evaporated by blowing a slow
stream of nitrogen over the samples. Carbon tetrachloride was
added prior to analysis. #-Dodecane was used as internal standard
for determining concentrations of both 1,3-pentadiene and 2,4-

(26) K. Sandros, Acta Chem. Scand., 18,2355 (1964).

(27) W. G. Herkstroeter and G. S. Hammond, J. Amer. Chem. Soc.,
88, 4769 (1966).

(28) Following the submission of this paper an article appeared deal-
ing with the sensitized photoisomerization of the 1,3-pentadienes in
which the biradical mechanism is advocated to account for observations
at high diene concentration,? As discussed above this mechanism,
being Inconsistent with our observations, can be ruled out. We wish to
thank Professor Vesley for helpful correspondence concerning his
published?® and unpublished® work in this area.

(29) G. F. Vesley, Mol. Photochem., 4, 519 (1972).

(30) G.F. Vesley and S. J. Susag, unpublished observations.
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hexadiene dimers, but a set of 2,4-hexadiene experiments was also
carried out using n-tetradecane as internal standard. The detec-
tor response ratio was assumed to be the ratio of the number of car-
bons in the standard to that in the dimer. For the n-dodecane-1,3-
pentadiene dimer system a response ratio of 1.18 =+ 0.02 was
measured experimentlly which was in excellent agreement with the
expected ratio of 1.20, The 1,3-pentadiene dimers used in this
determination were obtained from the benzophenone-sensitized
photodimerization of neat 1,3-pentadienes. The benzophenone was
removed by chromatography on alumina using n-pentane as the
eluent and the dimers were distilled prior to use. The distillation
step was essential since omitting it gave a #-dodecane-dimer re-
sponse ratio of 1.43, suggesting the presence of higher boiling side
products in the dimers.’® Deviations of independently measured
dimer quantum yield values were in most cases <5% of the average
values reported in Table I1I, and only in oie case was the deviation
as large as 10%,. Diene concentrations were determined using
methylcyclohexaile as internal standard on a 15 ft X !/s in. column
packed with 259 Ucon (Polar) on Chromosorb P.

Irradiation Procedures. Irradiations of high diene concentra-
tion samples (0.2-ml solution) were performed in a miniature merry-
go-round apparatus which has previously been described.!® Other

5973

irradiations, including run 1 in Table II, were performed in a con-
ventional merry-go-round apparatus?! (3-ml solution) employing
200- or 450-W Hanovia high-pressure mercury lamps. Corning
filters CS 7-37 and CS 0-52 were used to isolate the 366-nm mercury
line. All irradiations were carried out at 30 == 1°. Samples were
degassed to <1075 Torr using six freeze-pump-thaw cycles and
sealed. The benzophenone-sensitized photoisomerization of cis-
1,3-pentadiene at low diene concentration was used for actinom-
etry.® The extinction coefficient of benzophenone at 366 nm in
neat 1,3-pentadiene, 69, was found to be the same as in benzene
solution.
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Irradiation of (S)-(+)-2-phenylpropiophenone (1) in benzene in the presence of dodecanethiol scaven-
ger leads to the formation of benzaldehyde (® = 0.44) and racemized ketone 1 (@ = 0.33).

The quantum inef-

ficiency (~2097) is attributed to cage recombination of the benzoyl-1-phenylethyl radical pair prior to loss of chir-

ality rather than to radiationless triplet decay.

It is concluded that the rate of radical pair cage reactions is com-

parable to the rates for diffusion or rotation of the 1-phenylethyl radical with respect to the benzoyl radical.

he photochemical «-cleavage (type I) reaction of

ketones in the solution phase normally occurs
with quantum efficiencies significantly less than unity. 4
For example, we have investigated the « cleavage of a
number of tert-alkyl? and benzyl phenyl ketones?
and find maximum quantum yields for product forma-
tion less than 0.5 in all cases. Such low efficiencies
may be due in part to cage (keomn) and noncage (k’coms)
recombination of the initially formed radical pair (eq 1).
Several recent reports of polarization of the parent
ketone nmr spectrum upon irradiation have provided
evidence for the cleavage-recombination process.’
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However, the extent of cage and noncage recombination
cannot be determined from CIDNP spectra. Yang*
and Bartltrop‘ have established the importance of
cleavage-recombination for cycloalkanones which un-
dergo photoepimerization at the o« carbon as well as
isomerization via a biradical intermediate. The role
of radical pair recombination in acyclic ketone photo-
chemistry is more difficult to assess as both cage and
random phase reactions occur.® As one approach to
this problem, we have investigated the photochemistry
of (S)-(+)-2-phenylpropiophenone (1).” This system
was chosen because of our interest in benzyl phenyl
ketones?® and, moreover, because the CIDNP results
of Miiller and Closs® on (=)-1 qualitatively established
the occurrence of cage recombination.

(6) Engel4f has recently observed ~1097 recombination of acyl-allyl
radical pairs formed upon a-cleavage of a 3,y-unsaturated ketone,

(7) A. McKenzie, R. Roger, and G. O. Wills, J. Chem. Soc., 779
(1926).
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