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The effect of a-methyl and a-phenyl substituents on the photochemical a-cleavage reactions of alkyl phenyl
ketones has been investigated. o cleavage is the only primary process observed upon irradiation of the deoxy-
benzoins 1-4 in degassed benzene solution. Photoreduction competes with « cleavage of deoxybenzoin in 2-pro-
panol-benzene solution. The reactions of the benzoyl and benzyl free radicals formed upon a cleavage have
been studied in some detail. Spectroscopic and energy transfer data indicate that a cleavage occurs exclusively
from the lowest ®n,r* excited state. Triplet lifetimes were measured by Stern-Volmer analysis of product
quenching by naphthalene and, for deoxybenzoin, by quenching of room temperature phosphorescence. The ef-
fects of substituents upon triplet lifetimes indicate that the rate constants do not depend on the stability of the
resulting radicals. From a comparison of the rate constants for photochemical o cleavage of the deoxybenzoins
studied and the rate constants for thermolysis of corresponding peresters it is concluded that the transition
state for a cleavage resembles the excited ketone rather than the radical pair.

The photochemical reactions of benzoin, deoxybenzoin,
and their derivatives have received sporadic attention
since the early days of organic photochemistry.2-17 Partic-
ularly intriguing are the reports that these compounds un-
dergo a wide variety of reactions (Scheme I), the nature of
which depends on both substituents and solvent. For ex-
ample, benzoin,34 benzoin ethers,?:6 deoxybenzoin,’?® «-
alkyl- and «-phenyldeoxybenzoin,®-* and 2-phenyl-1-
indanone!? undergo photochemical a cleavage (path a)
whereas desyl chloride!® and sulfides?:1¢ undergo 3 cleav-
age (path b). Some benzoin esters and desyl amine salts
yield 2-phenylbenzofuran,13:'5 and desyl sulfides yield 2-
phenylbenzo[b]thiophene when irradiated in hydrogen-
donor solvents (path c¢).1* a,a-Diphenyldeoxybenzoin
undergoes a unique 1,3-phenyl shift to give a vinyl ether
(path d) along with lesser amounts of « cleavage products
(path a).1® Deoxybenzoin forms a mixture of diastéreo-
meric pinacols when irradiated in hydrogen-donor solvents
(path e).17-20

Scheme 1
Photochemical Reactions of Deoxybenzoins
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In spite of the widespread interest in the preparative
photochemistry of these compounds, there are few quanti-
tative data available concerning the effect of structure on
photochemical reactivity. Thus the ability to predict
which of the primary photochemical processes shown in

Scheme I will be the most efficient for a given compound
is rather limited. In view of our interest in the photo-
chemical « cleavage reactions of aryl alkyl ke-
tones,5.9.16,21-2¢ we have undertaken a detailed investiga-
tion of the photochemical behavior of deoxybenzoins. In
the present paper the effect of a-methyl and «-phenyl
substituents on the reactivity of deoxybenzoin is de-
scribed. Subsequent papers in this series will deal with
the effects of aromatic substituents on the reactivity of
deoxybenzoin and the photochemistry of benzoin ethers.

Results

Product Studies and Quantum Yields. Irradiation of
deoxybenzoin (1) in degassed benzene solution results in
the formation of benzaldehyde, benzil, bibenzyl, and tolu-
ene (eq 1). Ketones 2-4 give analogous products along
with styrene and a-methylstyrene in the case of 2 and 3,
respectively. The products were identified by comparison
of spectral properties and vpc retention times with those
of authentic samples. No attempt was made to identify
the higher molecular weight products which result from
prolonged irradiation or irradiation in the presence of oxy-
gen.?

o II% ll%
o &Ph E:%’ PhCHO + PhC—CPh +
ROR, bl
LR =R,=H 2 :
2,R, = H;R,=CH, 00
3R, =R, =CH, I
4R =HR, = Ph PhCCPh + PhCHRR, (1)

Bibenzyl is the major product formed upon irradiation
of a 0.03 M benzene solution of ketone 1 at low conver-
sions. Quantum yields for bibenzyl formation are depen-
dent on light intensity, per cent conversion, and the pres-
ence or absence of oxygen. The variation in quantum yield
(313-nm irradiation) with conversion at two different light
intensities is shown in Figure 1.25 The quantum yields de-
crease to half their extrapolated initial values at <5%
conversion. The extrapolated quantum yields are 0.18 for
I =17 x 10-% einstein 1.1 sec~! and 0.13 for I = 1.0 X
10-6 einstein 1.~ sec~1. At the former light intensity and
1% conversion the benzaldehyde quantum yield is 0.050.

In view of the low quantum yields for bibenzyl and
benzaldehyde formation from ketone 1, it appeared likely
that cage2¢ and/or noncage recombination of benzyl and
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Figure 1. Variation in quantum yield for bibenzyl formation from
deoxybenzoin with conversion: @, I = 1.7 X 10-6 einstein 1.-1
sec~1; 0, = 1.0 X 10~ einstein 1.~ 1 sec-1.

benzoyl radicals occurs. In order to assess the extent of
noncage recombination, an equiabsorbing mixture of ke-
tone 1 and 4,4’-dimethyldeoxybenzoin (5) was irradiated
to ~5% conversion (313 nm, 3.8 X 10-% einstein 1.-1
sec—1), Fortuitously, 1 and 5 have similar quantum yields
for bibenzyl formation under these conditions (0.058 and
0.048, respectively). The results shown in Scheme II indi-
cate that the efficiency of crossover ketone formation (&
= 0.050) is comparable to that for bibenzyl formation (¢
= 0.059) and greater than that for benzaldehyde forma-
tion.

Scheme 11
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In order to simplify the product mixtures resulting from
irradiation of ketones 1-4, low concentrations of 1-dodec-
anethiol (RSH) were added to the solutions. Figures 2
and 3 show the dependence of product quantum yields on
thiol concentration for ketones 1 and 3 (~2% conversion).
The benzaldehyde quantum yields increase to a maximum
value at 2 X 10-3 M RSH. The quantum yield for benzal-
dehyde formation from ketone 1 appears to decrease at
higher thiol concentration; however, no decrease is ob-
served for ketone 2 up to 0.05 M thiol?4 and for ketone 3
up to 0.10 M thiol. The decrease in bibenzyl quantum
yield?® from ketone 1 with added thiol (Figure 2) is ac-
companied by increased toluene formation. The quantum
yields for cumene formation from ketone 3 increases with

Heine, et al.
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Figure 2. Effect of added dodecanethiol on quantum yields for
benzaldehyde (@) and bibenzyl (O) formation from deoxyben-
zoin.
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Figure 3. Effect of added dodecanethiol on quantum yields for
benzaldehyde (@), bicumyl (0), cumene (A), and a-methylsty-
rene (A ) formation from a,«-dimethyldeoxybenzoin.

added thiol whereas the values for bicumyl- and a-meth-
ylstyrene remain constant (Figure 3). Addition of 0.03 M
thiol to a mixture of ketones 1 and 5 completely suppress-
es the formation of crossover ketones.

Maximum quantum yields for benzaldehyde formation
from ketones 1-3 were determined by irradiating 3 X 10-2
M benzene solutions containing 3 X 10-3 M thiol to vary-
ing conversions. The dependence of 1/® with conversion
(expressed in terms of benzaldehyde concentration) for
ketones 1 and 2 is shown in Figure 4. The decrease in
quantum yield for ketone 2 is more gradual than for ke-
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Figure 4. Variation in quantum yield for benzaldehyde formation
from deoxybenzoin (@), and a-methyldeoxybenzoin (O) with con-
version.

tone 1, and the value for ketone 3 is invariant up to sever-
al per cent conversion. Quantum yields extrapolated to
zero conversion are given in Table I.

Table I
Quantum Yields and Kinetic Data
1/r
kqr, X 107,
Ketone Solvent [ &4 M-1b sec ™!
PhCOCH.Ph (1) C:H; 2100 0.24
CH—~RSH 0.44 3100 0.16
PhCOCH(CH3)Ph (2) C:H, 170 2.9
CH+~RSH 0.44 240 2.1
PhCOC(CH;):Ph (3) C¢Hs 33 15
C:H~RSH 0.45 42 12
PhCOCHPh, (4) CH; 50 10

¢ Quantum yield for benzaldehyde formation in 8 X 103
M dodecanethiol-benzene extrapolated to zero conversion,
+5%. ? Slopes of linear Stern-Volmer plots for naphthalene
quenching, +=35% for ketone 1, +=15% for ketones 2-4.

Kinetics. Irradiation of ketones 1-4 in the presence of
conjugated dienes, biphenyl, or naphthalene diminishes
the quantum yields for product formation. Curved Stern-
Volmer quenching plots were obtained for diene quench-
ers, presumably due to reaction of the free radical prod-
ucts with the diene. Biphenyl (313-nm irradiation) and
naphthalene (365-nm irradiation) both gave linear Stern-
Volmer plots; however, the slope {kq7) for the biphenyl
quenching plot is two to three times less than that for
naphthalene quenching. This is indicative of quenching at
less than the diffusion-controlled rate by bipheny] 262
Thus naphthalene proved to be the most satisfactory
quencher in spite of the necessity of irradiating at wave-
lengths >330 nm to avoid competitive absorption by
quencher. Sufficient naphthalene was used to quench be-
tween 30 and 60% of product formation. This required
naphthalene concentrations of ~10-4 M for ketone 1 and
~10-2 M for ketones 3 and 4. The slopes of individual
Stern-Volmer plots were determined by the method of
least squares and had correlation coefficients of 0.98 or
better. The slopes of linear Stern-Volmer plots for naph-
thalene quenching of benzaldehyde formation decrease
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Figure 5. Dependence of quantum yield for deoxybenzoin photo-
reduction with 2-propanol concentration.

Table II
Absorption Spectral Data for Phenyl Ketones PhCO-R

~—Cyclohexane-— —-—Ethanol——

Compd R Amax, NM () Amax, M (e)
6 CH; 323 (40) 316 (63)
7 C(CH3); 321 (89) 317 (130)
1 CH.Ph 323 (128) 321 (160)
2 CH(CH;)Ph 323 (168) 321 (210)
3 C(CH3).Ph 325 (140) 320 (170)
4 CHPh, 327 (200) 324 (196)

with increasing conversions. As is the case for the benzal-
dehyde quantum yields (Figure 4), the effect is greatest
for ketone 1, This results in a larger error in the value of
kqr for ketone 1 than for ketones 2-4.

The kg7 values given in Table I are the slopes of Stern-
Volmer quenching plots obtained at <1% conversion both
with and without added thiol. The data obtained without
added thiol are the average of four or more Stern-Volmer
plots. The data for ketone 1 with added thiol are the aver-
age of six Stern-Volmer plots with a standard deviation of
35%. The error limits for ketones 2-4 are considerably
smaller (£15%). The 1/7 values in Table I are calculated
assuming kg = 5 X 10% M-1 sec~! for naphthalene
quenching. By analogy to the results of Wagner2®® for
quenching of valerophenone and «,a-dimethylvalerophe-
none, we assume that there is no steric effect on the rate
constant for energy transfer.

Irradiation of ketone 1 in 2-propanol-benzene solution
results in the formation of acetone and a mixture of stere-
oisomeric pinacols!?”2% in addition to the products of «
cleavage. The variation in the quantum yield for acetone
formation with 2-propanol concentration is shown in Fig-
ure 5. The linear portion of the line obtained for 2-propa-
nol concentrations <1 M has a slope of 6.4 = 0.1 M and
an intercept of 1.0 £ 0.2. The deviation from linearity at
higher 2-propanol concentrations is similar to that ob-
served for acetophenone photoreduction.27,28

Spectroscopic Data. The ultraviolet absorption data
for ketones 1-4 in cyclohexane and ethanol solvent are
given in Table II along with values for acetophenone ()
and pivalophenone (7). Emission spectra were recorded at
77°K in both polar and nonpolar glasses. Structured emis-
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Figure 6. Room temperature absorption (—--), emission (---),
and 77°K emission (——) spectra of deoxybenzoin (arbitrary in-
tensities).

sion similar to that for acetophenone or pivalophenone
was observed for ketones 2-4. The positions of the emis-
sion maxima for ketone 1 in EPA agree with a previous
report.2? Triplet energies are estimated from the position
of the highest energy emission maxima and are the same in
MC and MP glasses. Triplet lifetimes were determined by
flash-emission studies at 77°K. Emission from ketones 2-4
and 7 occurs predominantly from a single short-lived ex-
cited state (+ < 10 msec) in both polar and nonpolar sol-
vents. Intersystem crossing quantum vyields for ketones
2-4 and 7 were determined by the method of Lamola and
Hammond.?® Comparison of the extent of trans — cis pi-
perylene isomerization to that for benzophenone (& = 1.0)
gave values of 1.0 =+ 0.05 for all of the ketones studied.

~ Room temperature emission was observed from highly
degassed carbon tetrachloride or benzene solutions of ke-
tones 1.and 6. Room temperature emission of ketone 6 has
previously been observed3! and is considerably more in-
tense than that for ketone 1. The room temperature and
77°K emission spectra and absorption spectrum of ketone
1 are shown in Figure 6. The position of the emission
maxima at 77°K and at room temperature are quite simi-
lar. Quenching of the room temperature emission in ben-
zene by 2,5-dimethyl-2,4-hexadiene yields a value of 1/7 =
1.2 £ 0.2 X 108 gec—1, in excellent agreement with the
values obtained by product quenching (Table I). The
room temperature emission of ketone 1 was also quenched
by 1-dodecanethiol. From the slope -of the phosphores-
.cence quenching plot (kg7 = 37 M~1) and the triplet life-
time, a value of kg = 4.4 £ 1.5 X 107 M1 sec~? for thiol
quenching is obtained.

Discussion

Free Radical Reactions. The products observed upon
irradiation of ketones 1-4 in benzene solution (eq 1) can
be accounted for in terms of a general mechanism shown
in Scheme III for ketone 3. There is no evidence for prod-
ucts arising from any photochemical process other than «
cleavage and the subsequent free radical reactions. We
will concern ourselves first with the cage and noncage
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reactions of the benzoyl radical and subsequently with the
nature of the excited state and « cleavage process.

Possible cage reactions of the initially formed radical
pair include recombination to give ground state ketone
(Reomb), diffusion to give separated free radicals (kgirs),
and, in the case of ketones 2 and 3, disproportionation to
benzaldehyde and styrene or a-methylstyrene (Raisp).
Since a cleavage occurs from a triplet state (vide infra)
cage recombination and disproportionation require spin
inversion prior to bond formation. Salem32 has recently
shown that a triplet diradical state is nearly degenerate
with the singlet diradical. Thus there should be no spin-
correlation effect3® on the radical pair cage reactions. In
accord with Salem’s theory we have found cage recombi-
nation of optically active ketone 2 to account for at least
one-third of the initially excited molecules.?¢ Cage dispro-
portionation may be responsible for some of the benzalde-
hyde from 2 and 3 and the excess of a-methylstyrene over
cumene from 3 in the absence of thiol scavenger (Figure 3,
Paigp < 0.02).

Noncage radical reactions include recombination of
benzoyl and benzyl radicals to give ground state ketone
(R’¢comb)- The formation of crossover ketones upon irradia-
tion of a mixture of ketones 1 and 5 (Scheme II) indicates
the importance of this reaction in the absence of added
thiol. Since the quantum yields for crossover ketone and
bibenzyl formation are comparable, the rate constant for
benzoyl-benzyl combination must be comparable to the
known rate constant for benzyl-benzyl combination (4.1 X
10° M-1 gec—1).3* Noncage disproportionation (k’isp) of
benzoyl-cumyl radical pairs from ketone 3 cannot be very
important in view of the low a-methylstyrene quantum
yield and its insensitivity to added thiol (Figure 3).

In addition to reactions with benzyl radicals, benzoyl
radicals can combine to form trace amounts of benzil (k.)
or abstract hydrogen to form benzaldehyde (kap). Similar-
ly, benzy! radicals can combine or abstract hydrogen, and
the 1-phenylethyl and cumyl radicals can disproportion-
ate. The quantum yields for cumene and bicumyl forma-
tion from ketone 3 provide a value of 0.059 for the dispro-
portion/combination ratio of the cumyl radical. This re-
sult is in excellent agreement with the value 0.054 re-
ported by Nelsen and Bartlett.38

Addition of low concentrations of dodecanethiol (RSH)
to the benzene solvent greatly increases the quantum
yields for benzaldehyde formation (Figures 2 and 3) and
thereby simplifies quantitative study of the « cleavage
reaction,22-2¢.36 The ability of thiol to scavenge all of the
noncage benzoyl radicals (eq 2) is indicated by the total
supression of crossover ketone formation from ketones 1

PhCO + RSH —> PhCHO + RS (2)
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Table II1
Phosphorescence Data for Phenyl Ketones
Compd R Solvent ET, keal/mol 7, msec
6 CH; MC? 73.5 4
EtOH 74.0 8.0
CClye 72.0
7 C(CH;); MC 71.5 3.7
EPA¢ 72.2 4.9
1 CH,Ph MC 72.0 1.9
EPA 73.3 2.8
CeHee 72.0
2 CH(CH;)Ph MC 73.0 2.9
EPA 73.3 4.6
3 C(CH,),Ph MC 73.0 4.1
EPA 73.0 6.1
4 CHPh, MP- 72.4

e Data from ref 44. ®» Methylcyclohexane. ¢ Room tem-
perature emission. ¢ Ether-isopentane—ethanol. ¢ Methyl-
cyclohexane~isopentane.

and 5 (Scheme II) by 3 X 10-2 M RSH and by the max-
imization of benzaldehyde quantum yields with ~10-3 M
RSH (Figures 2 and 3). Possible complications arising
from the use of thiols include reactions of the thiy! radical
and quenching of the excited state by thiol. The abstrac-
tion reaction (eq 2) is known to be approximately thermo-
neutral.3?” The thiyl radicals formed do not initiate the
decarbonylation of benzaldehyde as they do for aliphatic
aldehydes.38 Zepp and Wagner3? have reported that thiols
quench the 3n,7* state of acetophenone with a rate con-
stant of 1.4 X 107 M~ sec™ 1. The rate constant for dodec-
anethiol quenching of ketone 1 obtained by quenching of
room temperature phosphorescence is 4.4 x 107 M-1
sec~1, Since we typically used thiol concentrations of 10—3
M, quenching of ketones with lifetimes shorter than 10-9
sec should be insignificant.

The thiol scavenging results shown in Figures 2 and 3
can also be used in conjunction with the known rate con-
stants for benzyl®4 and cumyl#® radical combination (eq 3
and 4) to provide rate constants for the reaction of benzyl
and cumyl radicals with dodecanethiol. A steady-state as-
sumption for benzyl radical gives eq 5, where ® is the
quantum yield for noncage radical formation, [ is the light
intensity, and k. and kgsy are the rate constants for reac-
tions 3 and 4. From the light intensity and a value of & =~
0.5 (Table I), the steady-state concentration of benzyl

2PhCH, —%» PhCH,CH,Ph 3)

PhCHy + RSH 2%» PhCH, + RS @)
—d[PhCH,]
at

radicals in the absence of thiol is 1.1 X 10-8 M. Estima-
tion of kgy by successive approximation gives a best fit to
the experimental data for bibenzyl formation (Figure 2)
for a value of kgy = 3.5 X 10* M~1 sec~1, This value is in
good agreement with the rate constant for benzyl radical
hydrogen abstraction from a-toluenethiol (ksy = 5.1 X 104
M1 gec 1) reported by Burkhart.3* Similar analysis of the
data for cumene formation from ketone 3 gives a value of
ksy = 8.3 X 103 M~3sec~? for the abstraction reaction of
cumyl radical. The smaller rate constant for cumyl vs.
benzyl radical is expected on the basis of radical stability.
Identity of the Reactive Excited State. The nature of
the reactive excited state is of considerable importance in
photochemical « cleavage reactions. For example, the
lowest triplet state of dialkyl ketones is much more reac-
tive toward a cleavage than the singlet state.#! The con-
figuration of the lowest triplet state is also important,
since it is known that a lowest 3n,7* state is more reactive

&I = = 2k{PhCH;T* + kg,[PhCH,J[RSH] (5)

J. Org. Chem., Vol. 39, No. 5, 1974 695

than a 3r,7* state in the case of substituted pivalophe-
nones?? and 2-phenyl-1-indanones.’? The ability of naph-
thalene, biphenyl, and dienes to quench the formation of
products from ketones 1-4 indicates that « cleavage occurs
from a triplet state. High intersystem crossing quantum
yields establish that triplet formation occurs with unit ef-
ficiency. The n,n* absorption spectra of ketones 2-4 and
pivalophenone (7) are much more intense than that of ac-
etophenone (6) (Table II). The exhalted n,n#* absorption
of a-phenyl ketones has been attributed to interaction of
the n,n* state with the adjacent = electrons.42-43 This in-
teraction could lead to a lowest n,7* triplet with substan-
tial =, 7* character or a lowest 7,n* triplet. In either case
a decrease in reactivity compared to pivalophenone would
be expected.

The low temperature emission spectra of ketones 1-4
are highly structured (Figure 6) and similar in appearance
to those of ketones 6 and 7. Ketones 1-4 and 7 display
predominantly short-lived emission in both polar and non-
polar glasses (Table III). Such emission is characteristic of
phenyl ketone 3n,n* states.** The weak room temperature
emission of ketone 1 in benzene is less well resolved than
the low temperature emission (Figure 6); however, the
emission maxima occur at similar wavelengths. Thus the
lowest energy triplet state both at room temperature and
at 77°K is the ®n,7* state.

Transition State for o Cleavage. The formation of
benzaldehyde from ketones 1-4 can be described by the
abbreviated mechanism given in eq 6-9

hy ker

D — D ‘D (6)
ip ke p o)
k
D+Q@—>D+1%Q (8)
3 .ka M . RSH
D ~»> PhCO + PhCR,R, — PhCHO (9

where D is the deoxybenzoin and Q is the quencher naph-
thalene. Since the 3n,7* state is formed with unit efficien-
¢y, the quantum yield for benzaldehyde formation is de-
termined by the efficiency of a cleavage and the probability
(8) that the benzoyl radical will form benzaldehyde. The
ratio of the quantum yield expressions with and without
added quencher (eq 10 and 11) gives the Stern-Volmer equa-
tion (eq 12). The probability factor 8 should not change upon
addition of quencher and thus will not affect lifetimes de-
termined by Stern—Volmer kinetics. Evidence has recently
been presented that cage recombination of benzoyl and
benzyl radicals rather than nonradiative decay of the
3n,7* state is responsible for the inefficiency in product
formation from ketone 2.2¢ Thus the triplet lifetimes ob-
tained from Stern-Volmer quenching experiments (Table
I) are determined by the rate constant for a cleavage (k.

=1/7).

k
o _f__""«
¥ - (57 a0)
k(Y
®= (ka ¥ T kq[Q]>5 (b
¢’ £[Q)
F=1t ka°‘+ kd=1+ k,7(Q] (12)

The kinetic data in Table I show that the triplet life-
times decrease with substitution of either methyl or phe-
nyl groups at the « carbon. Such a trend would be expect-
ed if the rate constant for « cleavage is determined by the
stability of the radical pair. It has been commonly as-
sumed that reactivity toward a cleavage is determined by
the stability of the radicals produced;*® however, evidence
concerning the free radical character of the transition
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Table IV
Rate Constants for Photochemical « Cleavage and Perester Thermolysis®

PhC(=0)R, RC(=0)00-t-Bu,

R ka??® X 1077 sec—! Registry no. Rtherm™° X 103, sec 1 Registry no.
-CH(CH.,), 0.034%:¢ 611-70-1 0.069 109-13-7
—C(CHs)s 1.1 2.3 927-07-1
—-CH,Ph 0.16 0.41 3377-89-7
-CH(CH;)Ph 2.1 5.8 3377-90-0
—-C(CH,;),Ph 12 58 24161-29-3
—CHPh, 10 27 13144-32-6

2 Values from ref 48. ® Values from ref 23. ¢ See ref 49.

54
4 f—
®
o
-log k?l?erm 3
(J
2 -
(J
1+
l J 1 J
6 T 8 9
]
log kfo

Figure 7. Linear f{ree-energy relationship of photochemical. o
cleavage [PhC(=O0)R] and perester thermolysis {RC(=0)00-¢t-
Bu].

state is lacking. Consideration of bond dissociation ener-
gies?? indicates that « cleavage of ketones 1-4 is exother-
mic. Thus, according to the Hammond principle,4® the
transition state should more nearly resemble the ketone
excited state than the radical pair. The faster « cleavage
rate constant for pivalophenone (7) vs. deoxybenzoin is
clearly contrary to predictions based on radical stability.
There are several previous reports of homolytic cleavage
reactions in which tert-alkyl compounds are more reactive
than benzyl compounds. Among these are the photochem-
ical « cleavage reactions of cyclohexanones (eq 13),45° the
B-scission reaction of alkoxy radicals (eq 14),%7 and perester

thermolysis (eq 15 and Table IV).48
0 0 0
Ph
cllegiede
3 7 18.0

0]

1/7 X 1078 sec™ 0.33 3. 4
CH, (ﬁ
Iy
RC—O0- —% R- + CH,CCH, (14)
CH,

kitBu > iPr > PhCH, > Et > Me

RCOOC(CH,), = R- + CO, + ‘OC(CH), (15)

Ruchardt’s*® extensive studies of homolytic cleavage
reactions have resulted in several criteria for determining
the position of the transition state along the reaction coor-

dinate. One criterion involves the relative effects of «-
methyl and «-phenyl substituents upon reaction rate.
Tertiary alkyl radicals are always formed more rapidly
than secondary or primary, even when bond breaking is
not far advanced in the transition state. However, sub-
stantial rate acceleration upon a-phenyl substitution re-
quires a radical-like transition state. Riichardt has pre-
sented convincing evidence that the perester C,~CO bond
is only insignificantly lengthened in the transition state
(eq 15). Since radical character is not highly developed,
the stability of the benzyl radical is not reflected in the
rate of thermolysis. Thus comparison of our results for «
cleavage of phenyl ketones with Riichardt’s studies of per-
ester decomposition should be particularly informative.
The free energy relationship for the data given in Table IV
is shown in Figure 7. The linearity of this relationship
(correlation coefficient = 0.996) indicates that substitu-
ents have similar effects on the transition states for both
reactions. A second criterion for the position of the transi-
tion state along the reaction coordinate is the effect of ring
size on reaction rate. Both photochemical a cleavage of
a-methyl cycloalkyl ketones®0 and the corresponding per-
esters*8c have larger rate constants for six-membered than
for five-membered rings. Since the introduction of an sp?

[ CH, I CH,
CHy ¢ b (CHpn 60
S o L Y o
0 0
ksf ks ~ 0.1 ks/ ke = 0.33

center in a cycloalkane ring produces a larger decrease in
conformational strain for five-membered than for six-
membered rings, a value of ks/kg > 1 would be expected
if the transition states had substantial free radical charac-
ter.

From the preceding analogies with perester thermolysis,
we conclude that the transition states for a cleavage of
phenyl ketones 1-4 and 7 lie early on the reaction coordi-
nate. It should be emphasized that increased reactivity
toward o cleavage with increasing substitution at the «
carbon is due mainly to ground state steric effects*® rather
than increased stability of the product radical pair.#5 The
results of Wagner45® for o cleavage of cyclohexanones in-
dicate that this conclusion may apply to photochemical «
cleavage reactions in general,

As previously mentioned, an alternative explanation of
the decreased reactivity of ketone 1 vs. 7 is that the a-
pheny! group alters the triplet energy or the configuration
of the lowest triplet state. Although the spectroscopic
data do not support such an explanation, it was further
explored by studying the photoreduction of ketone 1. Pho-
toreduction rate constants for aryl ketones are known to
be sensitive to the configuration of the lowest triplet
state,23.51 Incorporation of photoreduction (eq 16) into the
previous kinetic scheme (eq 6-9) gives the relationship
between the quantum yield for acetone formation and 2-
propanol (RH) concentration in eq 17. A plot &~ vs.
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[RH]~? is linear for 2-propanol concentrations less than
1.0 M and has an intercept of 1.0 (Figure 5). The nonlin-
earity at higher 2-propanol concentrations is similar to
that observed for photoreduction of acetophenone.52 From
the slope of the linear portion of Figure 5 and the triplet
lifetime from Table I, a value of &, = 2.5 X 105 M~1sec~1
is obtained. This value is similar to that for propiophe-
none (4.4 X 105 M-1 sec~1) and distinctly faster than
those for isobutyrophenone (0.9 X 105 M-1 sec~1) and pi-
valophenone (0.24 X 10% M-1 gec~1).28 Thus it seems
highly unlikely that the lowest triplet of deoxybenzoin has
more 37,7* character than the lowest triplet of pivalophe-
none.

OH

"D + (CH),CHOH —*> PhCCH,Ph + (CH),COH —»
OH OH

PhCHz(l‘,—OCHgPh + (CH),C=0 (16)

Ph Ph
Lok th o 7
. RRH] ~ " %s(RH) (1n

One final aspect of our results that warrants discussion
is the unusually marked decrease in product quantum yields
with increasing conversion (Figures 1 and 4).53 This be-
havior provides one of the few examples of efficient
quenching by a photoproduct.54:5% Incorporation of benz-
aldehyde (B) quenching (eq 18) into the previous kinetic
scheme (eq 6-9) gives eq 19,55P

3D+Bﬁ>D+SB (18)
1 1
3= ar(t+ M) a9)

The slope/intercept ratios from Figure 4 give kq,7 values
of 1700 and 72 M-1 for ketones 1 and 2, Using the triplet
lifetimes in Table I, the apparent rate constants55t for
quenching of ketones 1 and 2 by benzaldehyde are both
~2 X 10° M- sec~1, Owing to its relatively long triplet
lifetime, ketone 1 is more sensitive to product quenching
than are ketones 2-4. Product quenching decreases life-
times measured by Stern-Volmer quenching as well as
quantum yields. This problem was minimized by con-
ducting quenching studies at <1% conversion. The excel-
lent agreement of the lifetimes measured by naphthalene
quenching of product formation and 2,5-dimethyl-2,4-hex-
adiene quenching of room temperature phosphorescence
for ketone 1 indicates that the product quenching data in
Table I are reliable. However, it should be borne in mind
that quantum yield and kinetic data for reactions in
which a product quenches the excited state precursor
must be extrapolated to zero conversion.

Experimental Section

Ketones and Solvents. Deoxybenzoin (1) was either a commer-
cial sample (Aldrich) or prepared via Friedel-Crafts acylation of
benzene with phenylacetyl chloride, mp 55-56°. a-Methyldeoxy-
benzoin (2) was prepared by the method of Meyer and Oelkers,5¢
mp 51° (lit.5¢ 53°). a,a-Dimethyldeoxybenzoin (3) was prepared
by alkylation of deoxybenzoin with sodium hydride and methyl
iodide or by the reaction of @,a-dimethylbenzyl cyanide with
phenylmagnesium bromide,5” mp 45-46° (lit.5” mp 46-47°). «-
Phenyldeoxybenzoin (4) was prepared by Friedel-Crafts alkyla-
tion of benzene with desyl chloride, mp 136-137° (lit.58 135-136°).
4,4’-Dimethyldeoxybenzoin (5), 4-methyldeoxybenzoin, and 4’-
methyldeoxybenzoin were all synthesized by Grignard reactions of
benzylmagnesium chloride or 4-methylbenzylmagnesium chloride
with benzaldehyde or p-tolualdehyde, mp 101° (lit.5? 102°), mp
96° (1it.0 97°), and mp 108° (lit.8% 110°), respectively. All ketones
were extensively purified by recrystallization, chromatography on
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silica gel, or vacuum sublimation. Purity was >99% by vpc in all
cases. Naphthalene was purified by sublimation or zone refining.
Benzene (thiophene-free or spectrograde) was distilled from sodi-
um wire or phosphorus pentoxide prior to use. Dodecanethiol (Al-
drich) was distilled prior to use.

Quantum Yields and Kinetics. For quantum yield measure-
ments, benzene solutions containing 3 X 10-2 M ketone and 10-3
M tetradecane internal standard were degassed and sealed under
vacuum in 13-mm-o.d. Pyrex tubes. The tubes were irradiated on
a merry-go-round apparatus at 23 + 2° using a Hanovia 450-W
lamp and a potassium chromate filter solution to isolate the 313-
nm mercury line. Light intensities were measured by simulta-
neous irradiation of benzophenone-benzhydrol6! and/or potassi-
um ferroxalate$? actinometers. Both actinometer systems gave
the same measured intensities. Product yields were determined
by vpc analysis on either a 7 ft X 0.125 in. column of 10% FFAP
on DMSC-treated Chromosorb G or a 6 ft X 0.125 in. column of
4% QF1 and 1% Carbowax 20M on Chromosorb G using a Hewl-
ett-Packard 5750 gas chromatograph. Naphthalene quenching
studies were conducted both with and without added dodecane-
thiol. The studies with added thiol were conducted on 0.1 M ketone
solutions containing 3 X 10-3 M thiol in degassed benzene. Cor-
ning filters 7-54 and 0-52 were used to isolate 365-nm irradiation.
Quenching studies without added thiol were conducted on 5 X
10-2 M ketone solutions contained in quartz tubes and bubbled
with oxygen-free nitrogen for 5 min. Light from a Philips 125-W
high pressure mercury lamp was filtered to prevent irradiation at
wavelengths shorter than 330 nm. The tubes were analyzed for
benzaldehyde and bibenzyl formation on a 2 m X 0.4 cm column
of 5% SE-30 on DMSC treated Chromosorb G using a Perkin-
Elmer F 20 gas chromatograph. Quantum yields for acetone for-
mation from irradiation of ketone 1 in degassed 2-propanol-ben-
zene were determined as previously described.28

Spectroscopic Data. Absorption spectra were recorded on a
Cary 14 spectrophotometer. Emission spectra were recorded at
77°K in a 4:1 methylcyclohexane-isopentane (MP) glass using an
Aminco-Bowman spectrophotometer and in methylcyclohexane
(MC) and 5:5:2 ether-isopentane-ethanol (EPA) using a Perkin-
Elmer MPF-2A spectrophotometer. The results obtained in MP
and MC with the two different spectrophotometers were identical.
Room temperature emission spectra of acetophenone and deoxy-
benzoin (10-2 M) were recorded on highly degassed samples in
sealed Pyrex ampoules at 22° using the Perkin-Elmer spectropho-
tometer. Quenching of room temperature emission was investi-
gated by adding increasing amounts of 2,5-dimethyl-2,4-hexa-
diene.

Flash-Emission Kinetics. Phosphorescence lifetimes were
measured by a fully computerized, signal averaging approach.
The exciting source was a Xenon Corp. micropulse flashtube
(pulse width ~5 usec) with a Model.457 power supply. Light from
the flash tubes was filtered by a Corning 7-54 glass filter to re-
duce scattered light with wavelengths >370 nm. Degassed sam-
ples contained in sealed 4-mm-o0.d. Pyrex tubes were cooled to
77°K in a quartz dewar. Emitted light was viewed at 90° to the
excitation through a 0.25-m Bausch and Lomb grating monochro-
meter by an EMI Model 6256 photomultiplier. The photomulti-
plier output was amplified by a series of three Philbrick-Nexus
Model 1011 operational amplifiers interfaced to the 40-kHz ana-
log-to-digital converter of a Raytheon 704 on-line digital comput-
er. The computer is programmed to fire the flashtube, acquire the
phosphorescence decay data, and compute the lifetime from a
least-squares fix of the data. The results in Table III are the aver-
age of three or more lifetimes determined at the 0-0 emission
band.
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The alumina-catalyzed reaction of 5-indanol (1) with excess methanol was investigated as a function of tem-
perature (330-520°) and catalyst acidity. 4,5,6,7-Tetramethylindan (3), 4,5,6,7-tetramethylindene (4), and
2,4,5,6,7-pentamethylindene (5) are the major products formed at 390-520° over a catalyst (B) containing sodi-
um ion. Compound 4 is the main component (37-50 mol % yield, based on converted 1) at 390-420°, whereas 3
is favored (44-54 mol %) at 470-520°. At 470°, methanol serves as a hydrogen donor (for the forward reaction) in
the quasi-equilibrium system 4 + 2H = 3. With a sodium-free catalyst (A), 3 is the main product from 1 at
390-420° (61 mol %), whereas 4 is a minor component. With A, the yield of 5 decreases (from 27 to 13 mol %)
with increasing temperature in the range of 330-390°. Compound 5 was also synthesized by a noncatalytic

method.

i.e., methylated hydroxyarenes and hydroaromatic ke-
tones, was observed. As an extension of these studies the
alumina-catalyzed reaction of 5-indanol (1) with metha-
nol, and its dependence on temperature (330-520°) and



