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ABSTRACTS

PART I: The photodimerization of cyclohexenone has been studied in
the neat liquid and in solvents. Although four products can be
detected, 1 and 2 predominate under all conditions. The reaction
can be sensitized by benzophenone, thioxanthone, acetophenone, and
naphthalene, The enone was used as a sensitizer for the cis- trans
isomerization of three pairs of isomeric olefins and the response
was used to estimate the triplet excitation energy of the enone as
61 ¢ 1 kcal per mole. Dimerization can be quenched by addition of
piperylena., Most evidence points to a triplet mechanism for the reaction.
However, the ratio of 1 to 2 varies with reaction conditions and

the quantum yield does not show the expected variation with enone

concentration. These phenomena are attributed to solvent effects,

rather than to a change of mechanismn.




PART 1ITI. Gamma-irradiation of benzophenone in cyclohexene solution
produced 3,3'-dicyclohexenyl and cyclohexenyldiphenylcarbinol as
main products. The reaction was quenched by phenyl disulfide and to
a less extent by chloroform. It was not significantly affected Ly
2-propanol. Naphthalene also acted as a quencher. The reaction
probably involved the cleavage of the allylic C~H bond of cyclohexene
to a cyclohexenyl radical and a hydrogen atom. Benzophenone effectively
took up the hydrogen atom to give a ketyl radical. The main cross
product, cyclohexenyldiphenylcarbinol, resulted from a combination
of the ketyl radical with the cyclohexenyl radical.

Quenching by naphthalene was taken to be an indication that
excited states of cyclohexene played an important role, probvably
as a precursor of cyclohexenyl radical, This was supported by
the fact that gamma-irradiation or cis- or trans-2,3-diphenylpropenes
in cyclohexene solution resulted in isomerization. That benzophenone
did not act as an energy sink in cyclohexene was probably due to
inefficient emergy transfer from an excited cyclohexene triplet to

benzophenone.



ABSTRACTS OF PROPOSITIONS

Proposition I

A proposal to study the charge transfer bands of n,T

nature in polar solvents to see if they are blue shifted.

Proposition IT

It is proposed to study the effect of carbon tetrachloride,
an electron scavenger, on the gamma~irradiation of pyridine. The
production of pyridine radical cation is expected to increase in

its presence.

Proposition IIX

A series of l-hydroxyphenyl-2-arylcyclopentanes are proposed

to be used as model compounds to study intramolecular T-H bonding.

i

- AF measurements using I. R. technique can be obtained and compared
with those for intermolecular complexes studied by Yoshida and Csawva.

A test in their postulate that the interaolecular cowmplexes are

of a latile nature can then be made,

Pronosition IV

Photolysis of 9,10-phenanthrenequinones is proposed to
study the competition vetween 9-10 bond fission and hydrogen

1

abstraction Uy the carbonyl groups.



Proposition V

Photoscnsitized generation of a triplet w-alkenylcarkene
is proposed to study the correlation between spin state and the
competition between intramolecular addition and insertion reactions

of the carbene.
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PART L

PHOTODTMERIZATION OF CYCLOHEXENONE



INTRODUCTION

The different modes of photoreactions undergone by og/g -
unsaturated cyclic ketones are very intriguing. As early as 1908,
Ciamician and Silber1 exposed caévone to sunlight for several months
and obtained carvonecamphor. This provided a convenient means of

synthesizing tricyclic small-ring molecules, and became the first

example of a photo-intramolecular cycloaddition of the enone moiety

\>Q hy

to a double bond., This, however, was by no means the only mode of

\

O

photoreactions of the enone moiety. Since then, other interesting

enone reaciions came into existence.

Irradiation of cis-2~cyclooctenone2 leads to the unstable
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trans isomer which spontaneously undergoes dimerization in the

dark at room temperature, Here we have isomerization instead of

cycloaddition as the primary process. Another more recently reported

example was the photo-isomerization of trans-2-ethylidene cyclo-

hexanone to the cis isomer.d
o(,p -unsaturated cyclic ketones, with suitable substituents,

undergo rearrangement reactions which are typical of dienones.

These reactions have been a subject of very intense studies notably

by Zimmerman and his group.

<,

o
¢” ¢

4,4~diphenyleyclohex-2-en-1-one

et
-e.mn

> in his elegant synthesis of caryophyllene, made use

Corey,
of the cycloadditive property of cyclohexenone to olefins, and

achieved the production of compounds with a six:four trans ring

juncture,

26% 7%
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Dimerization of *, 3 -unsaturated ketones is a common phenom-
enon., In fact, the same workers, Ciamician and Silbex, who photolysed
carvone, also discovered in 1902 that coumarin, when exposed to
light, gave dimers.6
This reaction has since then been studied in detail by

& n

o Hammond, Stout and Lamola,y and

workers such as Anet,/ Schenck,

10

most recently by Cole.
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This type of dimerization has aroused great interest among
s . s . . . 11
photobiochemnists and photophysiologists since VWacker and later
12, - . . . s q .
Setlow™ ~ demonstrated the formation of thymine dimers in bacteria

irradiated with ultraviolet light. Similarly, Uracil also formed



dimers.
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Such photodimerizatiocns have also been reported for less
complicated enones. Irradiation of cyclopentenone gave two dimers

s , 13 .. -
A and B in the ratio of one to one. = Under similar conditions,

Eaton found that cyclohexenone gave dimers 1 and 2 in a one fo one

. 14 15
ratio plus a small amount of unidentified product, Turzro,

however, reported that the reaction led to not less than 4 dimers.
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In all of the examples cited above, one interesting feature
apparent is. that the photochemistry of o8 -unsaturated cyclic
ketones is quite distinct from that of the saturated ketones in
spite of the fact that n;n* excitation of the carbonyl group is
responsible for the reaction., In every case, the excitation at
the carbonyl group is delocalized and the reaction takes place at
the ethylenic double bond leaving the carbonyl group intact.

The reactions briefly described above by no means represent
a comprehensive survey of the photochemistry of & 8 -unsaturated
cyclic ketones. Numerous other examples can be found in the lit-
erature, Although such reactions have found a wide-spread appli-
cation in synthetic chemistry as well as in th¢ investigation of
biological systems, the reaction mechanism has remained to be an
obscure subject of speculaticn and controversy.

Although coumarin dimerization is pow fairly well understood
mechanistically, the findings, however, cannot be generalized to
cases like cyclopentenone or cyclohexenone. In several recently
published monographs, different authors have expressed different
opinions concerning the mechanism of the cyclohexenone dimerization.

16
Turro15 and Calvert and Pitts, feel that the nonselectivity of



the reaction is an indication that it involves at least partially

the singlet state of the enone. Saltiel 17 , however, feels that

the intermediacy of a triplet state is more likely since irradiation

of cyclohexenone in the presence of cyclopentadiene yields the diene
dimers as major products. Eaton 13 also supported a triplet mechanism
for cyclopentenona.

In view of the lack of a clear understanding of these reactions,
it became apparent that a systematic definitive study should be
undertaken to probe the mechanistic details of such reactions.

Cyclohexenone was chosen as a candidate for the study because
of its simplicity in the structure thus avoiding complication dﬁe
to substituents or other structural effects. 1Its choice over
cyclopentenone is based on the fact that most o -unsaturated
ketones undergoing dimerization and cycloadditions are six-memdered
ring compounds. Cyclohexenone would serve as a better model for
these compounds than cyclopentenone. Upon excitation of the enone,
the ethylenic portion of the triplet state will undergo a torsional
distortion in much the same way as an unconjugated olefin as pointed
out by Mullikan 18 . A Drieding model of the triplet cyclopentenone
shows - . a maximum twist of 20° in the dqs-dihédral angle, whereas
in cyclohexenone, a twist of 60° is possible, This shows that the
difference in having the enone chromophore as part of a six-membered
ring or of a five-membered ring can therefore be significant. The
decision was also made to study the dimerization reaction instead of
cycloadditions with olefins in the anticipation of a simpler analysis

of the kinetics.
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Before the completion of this project, independent findings

13, 19 and Leermakerszo on cyclopentenone dimerization have

by Eaton
provided a fairly definitive mechanistic picture., Two isomeric
products A and B are formed in variable ratio but the variation
has been attributed to solvent effects on the reactivity of a
single species, the lowest triplet state of the ketone. The al-
ternative possibility that both excited singlets and triplets are
involved in the product formation was rejected on the basis of

19

sensitization and quenching experiments. We have reached similar

conclusions in a study of cyclohexenone dimerization.



RESULTS AND DISCUSSION

As mentioned in the introduction, irradiation of cyclo-
hexenone with ultraviolet light gives two compounds 1 and 2 as the
principal products, and two other materials of unknown structures
are formed in trace amounts., Because of their retention times in
vapor chromatograms, the minor products are also believed to be

dimers.

hy > two trace
A products

Pure cyclchexenone is a colorless liquid, Preparative
dimerization was carried out by irradiation of a carefully degassed
sample of purified neat cyclohexenone using a uranium glass filter
which transmits mainly 3660 2 light. The resulting mixture after
irradiation contains unreacted ketone and dimers. This mixture was
analysed by vapor phase chromatography with the results shown in
Table I. 7The column used was a twelve-foot column of fluorosilicone
(Dow Corning FS 1265) (10 per cent) on Diatoport S, which was reported
by Corey5 to have the special property that it does not effect the
isomerization of an unstable trans- ring juncture to a more stable

cis~ ring juncture,
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Table I. Products from Dimerization of Cyclohexenone

Conditions Percentage of Various Products
1 2 3 4

Neat ketone 47 44 2 7
0.5 M ketone in benzene 60 25 5 10

The dimers were separated from the unreacted ketone by
fractional distillation. Further separation of the two main dimers
were effected by chromatography on alumina. It was found that if
the irradiation was done on a solution of the ketone, the same dimers
were formed, but the relative amounts became different. This is
illustrated by Table I.

The distribution of the products were determined by measuring
the areas of the peaks in the chromatograms assuming equal detector
sensitivity response, The two minor products have shorter retention
times and they were followed by dimers 1 and 2. The separation of
the peaks were fairly good but the base line was not perfect. This
makes it difficult to carry out a precise measurement of the minor
products. No significance is therefore attached to the apparent
variation of the minor products. The main peaks due to 1 and 2,
however,were Droad and quite well defined and hence good accuracy vwas
achieved in determining the vatio of 1 to 2. This ratio has been
chosen to be a key variable in our investigation. Specifically, we
set out to determine whether or not the variability of the product

distribution could be attributed to the involvement of more than one
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electronically excited state of the ketone.

One of our preliminary objectives in this project was the
characterization of the triplet state of cyclohexenone. Earlier
results on this matter have been discouraging. Lamola21 observed
weak phosphorescence from the compound corresponding to an excitation
energy of 62.4 kcals per mole from a glass containing the enone at
liquid nitrogen temperature, but this result unfortunately has not
been reproducible, Lock of Harvard5 failed to observe fluorescence
from the n,%* state of the ketone in dilute hydrocarbon solution,
Arnold5 of Union Carbide Research Laboratory also found that
phosphorescence from n,n¥ excited cyclohexenone was absent. Corey5
reported that there does not appear to bebphosphorescence in the

ol

region expected for the lowest 7, % triplet. He postulated that

e
W

the absence of phosphorescence for the n,w * triplet and for the 7,7
triplet of cyclohexenone could be attributed to rearrangement to

form energetic, unstable but ground state species such as I and II.

These structures could be envisaged to revert to cyclohexenone by
non-radiative processes. Another possible explanation advanced by
Corey was that the triplet state could be stabilized by the twisting

of the op-dihedral angle. This would prevent efficient radiative
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decay to the ground state by virtue of the Franck-Condon Principle,
We have made no attempts to test these postulates,

We decided to determine the triplet energy of cyclohexenone
by using a different approach., Since Hammond et a]22 in their study
of the photoisomerization of olefins have developed the so-called
Saltiel plots which are plots of the cis/trans ratio of the olefin
‘at photostationary state versus the triplet energies of a number of
sensitizers, we decided to make use of such plots to e?aluate the
triplet energy of cyclohexenone, This was done by using the ketone
as a sensitizer to sensitize the isomerization of stilbene, 1,2~
diphenylpropene and 2,3-diphenyl-2-butene., From the photostationary
state cis/trans ratio of the olefin, the triplet energy of the ketone
was estimated on the Saltiel plots of the three olefins., The results
are shown in Table II and a value of 61 + 1 kcal per mole was found
in the three cases,

A study of the U.V. absorption spectrum of cyclohexenone
reveals that it has an n,w ¥ maximum at 337 mu . This corresponds
to a vertical excitation energy of 85 kcal per mole. The onset of
the absorption occurs at about 379 ma which corresponds to a measure
of the separation between the ground state and the lowest excited
state without excess vibrational excitation in either, This
excitation energy is 75.5 kcal per mole. Since the splitting
between n,T ¥ singlet and triplet energy levels is usually small,
vhereas we have a splitting of some 14.5 kcai per mole for cyclo-
hexenone, this probably is an indication that the triplet is of a

* conficuration. This presents a new challenge that the
:Tf o O
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Table II. Use of Cyclohexenone as a Sensitizer

o Estimated
Cyclohexenone Total Olefin a Ep
Concentration Olefin Concentration cis / trans kecal/mole

0.025 2, 3-Diphenyl- 0.1 M 0.115 61%0,5
2~butene

0.1 M 1, 2-Diphenyl- 0.05 1.8 61x1
propene

0.1 M Stilbene 0.05 M 1.9 61+ 1

a . . .
Ratio of isomers at the photostationary state.

reaction might involve the partiéipation of two triplets, The initial
excitation to the lowest n,w ¥ singlet state could result in its
intersystem crossing to the n,w * triplet state with a high effi-
ciency because the splitting should be small, but this triplet

could undergo an internal conversion to the lower T, * triplet
state -- the one detected to have 61 kcal per mole responsible for
the sensitizatioﬁ of the isomerization of the olefiné. The n,w *
triplet, in its transient appearance, is a potential chemically
active species. An attempt was made to intercept such a higher
triplet by using a very high concentration of 2, 3-diphenyl-2-butene
(1.5 M/L, limited by its solubility in benzene) in sensitized
isomerization experiments. This olefin was chosen because the

slope of a plot of the stationary state ratio against excitation
energy for the substrate is very steep in the region of 61 kcal.

Consequently, one could expect the cis/trans ratio at photostationary
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state to be a very sensitive function of the triplet energy of the
sensitizing molecule if energy transfer from a high energy triplet
were to occur with any appreciable efficiency. The cis/trans ratio
at the stationary state under such conditions was 0,117, essentially
identical with the value of 0.115 obtained in the presence of 0,1 M
olefin., We therefore infer thét such a high triplet, if present,
must be very short-lived and will not play a significant role in
a bimolecular reaction involving making and breaking of bonds.

Having eliminat’ed: the possibility of a double~triplet
mechanism, we turned to the hypothesis that an excited singlet
state might be involved in addition to the lowest triplet. This
was tested by two approaches: (1) by observing the change in be-
haviour of the reaction as the concentration of the cyclohexenone
is varied, (2) attempts to isolate a triplet mechanism using sen-
sitizers and quenchers.

Using the first approach, we took the ratio of the dimers
1 to 2 as a parameter and measured its variation as a function of

cyclohexenone concentration in benzene solution. Tigure 1 i1s a plot

1

of this variation end shows that the ratio_chapges continuously from
5,15 at 0,05 /L to 0.95 at 10.0 ¥M/L. The lower value apparently is
a high concentration limit. The plot at the lower concentration
region, however, does not approach to a limiting value for the
ratio. Although superficial consideration might lead to the con-
clusion that a 'singlet mechanism is dominant at high concentrations,

a closer examination at these results shows that they actually do

not support this view., Since the ratio levels off as the
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concentration is inéreased, one would have to posit that dimers are
formed virtually exclusively from excited singlets at higher con-
centrations and since in the lower concentration region, the dimer
ratio does not approach a limit, it would mean that the singlet
mechanism is still significant at 0.05 M, The highest rate constant
that can be given to a diffusion-controlled dimerization is of the

-1 - :
order of 1070 1 mole” " sec 1. At a concentration of 0.05 M/L, the

rate would be 5x108 sec-l. This rate is certainly mucﬁ too low to
compete with intersystem crossing. Although the intersystem cross-
ing efficiency in this case is not known, judging from the absence of
fluorescence, the argument should be a sound one.

‘ The next parameter measured to obsexve the effect of concen-
tration was the quantum yield of the reaction. The reaction was
monitored by vapor phase chromatography both for the appearance of
dimers and for the disappearance of the ketone. Figure 2 shows a
Stern-Volmer plot of the reciprocal of the quantum yield versus the
reciprocal of the ketone concentration. Both the quantum yields for
the disappearance of the ketone and for the appearance for the dimers
are shown on the same plot in terms of quantum yield for the latter
process $’, If dimerization is the only means of consumption of the
ketone, the two plots should coincide. The actual data however,

show that the rate of disappearance of the ketone is about ten per
cent greater that would be indicated by the rate of dimer formation.
It is difficult to ascertain if any significance should be attached
to this discrepancy because of experimental uncertainty. Following

the disappearance of the monomeric ketone is inherently more
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difficult than monitoring the appearance of the products. The
former determination must involve substantial conversion (about
15-20 per cent), and measured results require correction to take
account of the change in the concentration of the reactant during a
run., A 1.5 per cent error would lead to the resulting 10 per cent
discrepancy. This could very well be a systematic ervor. If such
a discrepancy were real, it must be attributed to the occurrence of
some minor side reactions to account for the additional consumption
of the ketone. MNo additional pecaks from the monomeric region to the
dimeric region in the vapor phase chromatogram can be detected. No
further investigation was thercefore persued.

One strilking feature of the Stern-Volmer plot is immediately
apparent and that is its significant deviation from the commonly
observed linear relationship. A non-linearity in this type of a
plot usually indicates an involvement of more than one excited state.
Such a hasty conclusion, however, cannot survive further scrutiny.
If the reaction were dominated by a singlet mechanism at higher
concentrations and the triplet mechanism is phased in as the con-
centrationvisylowered, the quantum yield at lover concentration
should be higher than would be expected by extrapolation from the
concentrated solution. The results show that the quantum yields are
actually lower than expected at lower concentration.

There seecms to be no doubt at this stage that the triplet must
play an important role. The second approach to ascertain this was to
employ sensitizers and quenchers. As would be expected of a triplet

mechanism, the dimerization was found to be sensitized by
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Table III. Quantum Yields for Disappearance of Cyclohexenone

1]

Initial ketone Per cent 3 4,
concn, M Conversion 2
0.048 16.5 0.0134" 746
0.065 17.9 0.0186* 53.7*
0.099 19.6 0.0295 33.91
0.146 20.9 0.0467 21,43
0.202 21,1 0.0648 15.43
0.506 19.2 0.1480 6.77
1.017 18.1 0.28000 3.57
1.523 19.1 0.4470 2.24
2.549 17.1 0.6640 1.51

3.059 16.2 0.5750 1.32

* Corrected to 99 per cent absorption of light.

§?—-o.5 Quantum yield for disappearance of ketone
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Table IV. Quantum Yields for Appearance of Dimers

Initial ketone Per cent 3 L

concentration M Conversion 3

* %

0.048 13.7 0.0115 86.9
0.065 15.1 0.0163* 61.4*
0.099 17.0 0.0266 37.6
0.146 18.0 0.0416 | 24.0
0.202 18.4 0.0587 17.0
0,506 18.1 0.1450 6.90
1.017 17.4 0.2800 3.57
1.523 16.7 0.4000 2.50
2.549 15.9 0.6400 1.56
3.059 14.3 0.6900 1.45

* Corrected to 99 per cent absorption of light.

1]
& -Quantum yield for appearance of dimers
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acetophenone (triplet energy ET = 73 kcal/mole), benzophenone
(ET = 68.5 kcal/mole), thioxanthone (ET = 65.5 kcal/mole) and
naphthalene (Ep = 61 kcal/mole). These experiments also provided
another means of checking on the cause for the variation of dimer
1/2 ratio with ketone concentration. If the decrease in the ratio
at high concentration of the ketone were due to incursion of a singlet
mechanism, the sensitized reaction should not show a similar trend.
The data in Table V show that at a given concentration, the 1/2 ratio
of the sensitized reaction was found to be the same as in the case
of direct excitation of the ketone. This was found to be true for
several concentrations and for different sensitizers., This leaves
no room for further suspicion that the variation of dimer composition
is an indication of a mixed singlet-triplet mechanism.

Quenching experiments lead to the same conclusion. In the
presence of piperylene, in direct excitation experiments, strong
quenching of the dimerizationwas observed. Under these conditions,
cross products of the diene and the enone were found, but they have
not been characterized. The effect of the quencher on the 1/2 ratio
again confirms our previous conclusion, 1/2 ratio remains essen-
tially constant with varying amounts of the quencher up to 2 M
piperylene (experiments 2 to 6 in Table V). This indicates that

o

the formation of the different dimers are quenched to the same
1

oy

1 -

extent and hence a common triplet precursor nwust be respounsiivle forx

ct

heir formation. The reaction was monitored by following the ap-

0]

pearance of the dimers and the reciprocal of the relative quantum

yields for dimerization plotted against the quencher concentration
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Table V. Variation in Product Ratio

Run

b

No. Reaction Mixture 1/2 Ratio
1 1 M cyclohexenone in benzene 2.31
2 1 M cyclohexenone ~ 0.01 M

piperylene in benzene 2.31
3 1 M cyclohexenone - 0,05

piperylene in benzene 2.35
4 1 M cyclohexenone - 0,50

piperylene in benzene 2,36
5 1 M cyclohexenone - 1.00 M

piperylene in benzene 2.35
6 1 M cyclohexenone -~ 2.00 if 7

piperylene in benzene 2,24
7 3 M cyclohexenone in benzene _ 1.52
8 3 M cyclohexenone -~ 0,07

thioxanthone in benzene 1.48
9 3 M cyclohexenone - 1.17 M

naphthalene in benzene 1.56
10 0.5 M cyclohexenone in benzene : 2.50
11 0.5 M cyclohexenone in n-hexane 5.21
12 0.5 M cyclohexenone in water

a. aqueous layer? 0.98

b. organic layer? 0.54
13 3 M cyclohexenone in water

a. aqueous layer® : 0.74

b, organic layer® 0.64
14 1 M cyclohexenone in methanol 0.65

a . . . . . veas

Reaction mixture became heterogeneous during irradiation
and the two liquid layers were sampled separately. IMost of the
dimers were in the organic layer. Error is $0.05.
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as shown in Figure 3. The linearity of this plot confirms our
view that the non-linearity of the former Stern-Volmer plots in
Figure 2 cannot be attributed to a mixed singlet-triplet mechanism.,

Eaton and Hurt,19

in their study on cyclopentenone dimerization
came up with the same findings when piperylene was used as the
quencher and these workers gave the same interpretation.

The variation of the 1/2 dimer ratio with concentration of
the ketone is not difficult to understand if one considers the change
in the medium in going from a dilute solution of the ketone in
benzene to the neat ketone. This presents a vexry good opportunity
for medium-dependent variations in the specific rate constants for
the reactions of the excited state. Coumarin’»8,9,10 is a good
precedent example of such a medium dependence. This hypothesis was
tested by looking at the 1/2 ratio in other solvents of different
polarities such as n-hexane, water and methanol. Results listed in
Table V show that in experiments 10, 11 and 12, for a given concen-
tration of 0.5 1i/L cyclohexenone in benzene, n-hexane and water,
1/2 ratio varies drastically. The ratio decreases by almost a
factor of four for a one molar solution when the solvent is changed
from benzene in experiment 1 to methanol in experiment 14, The
change in going from 1 M/L to 3 M/L in water is small., The trend
is therefore cleaxr that 1/2 ratio decreases as the polarity of the

medium is increased,
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Table VI. Quenching of Dimerization by Piperylene

Piperylene Per cent %a

concentration M Conversion 2
0.000 14,60 1.00
0.020 11,40 1.29
0.050 9.90 1.48
0.100 6.34 2.31
0.400 2.40 6.12
0.800 1.37 11.03
1,200 0.95 15.42
1.600 0.74 19.91
2.000 0.56 26.29

Initial cyclohexenone concentration - 1.02 M
&$,— Quantum yield in the absence of piperylene

& - Quantum yield in the presence of piperylene
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The following mechanism seems to be demanded by many of the

data:
_ hv
K ————— 1K“ ¢D)
1 % k1 3K* (2)
3 % k K (3)
—2
KA k3 K (4)
% 5
3K*+- K k KK (dimers) (5)
3.4 Q k K+ 3 | (6)
K+ 5 3 Qx
K + 3 k 3K‘«'<+ S (7

K = cyclohexenone
Q = quencher

S = sensitizer

2.1 . 1 N o, sl )
& 3 Ric 1+ k, (K] k, [K)

$ = quantum yield for disappearance of enone

-1 . .
$ = quantum yield for appearance of dimers

iEic - kl . .
= = quantum yield for intersystem
k1 + k3 crossing

In the absence of complications, equation (8) predicts a
linear plot of the reciprocal of the quantum yield versus the
reciprocal of the ketone concentration for the dirsct excitation

experiment without tha presence of a sensitizer or & quancher,

—

1

ual plots oLtained both for the disappearance of the ketone

ct

The ac



27
and for the appearance of dimers show the same kind of deviation
from this prediction. Nevertheless, we have information on the
medium dependence of the rate constants as a clue to a better
explanation to this non-linearity. We therefore adopt the view
that the mechanism is probably fundamentally correct and the failure
of equation (8) indicates that either the intersystem crossing
efficiency & or k2/K4 or both must be variable.

Our next step was.to employ the elegant triplet counting
method developed by Hammond and Lamola®3 to measure Pic of
cyclohexenone at different concentrations. This was done by using
the ketone to sensitize the isomerization of 1,2-diphenyl-propenes.
The values of @;c were computed from the known decay ratio. Care-
fully filtered 3660 £ light was used to avoid competitive absorption
by the isomerizable substrate, Due to the low extinction coefficient
of cyclohexenone, not all of the incident light was absorbed by the
solutions containing the lowest concentrations of the ketone. Cor-
rection was necessary for incomplete absorption. This however, could
not be done accurately because of the optics of the system., The tubes
containing‘the solutions were ordinary pyrex culture tubes (internai
diameter about 11 mm) and the average width of the solution traversed
by the light was taken approximately to be one centimeter. The
results of this experiment are given in Table VI. Because of this
difficulty in the correction, the indication that $;. increases
in dilute solutions may well be an illusion. Zven if the results
are valid, they do not account for the curvature in the plots of

Figure 2, The latter would have suggested that the ‘._{3;,(, decreases
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Table VII. Quantum Yields for Isomerization of 1,2-Diphenylpropenes

Sensitized by Cyclohexenone

Initial diphenyl-

Concentration of propene, isomer, Per cent §t—»c
cyclohexenone and concentration  Conversion §C §ic $co t
0.052% cis  0.0526 2.70  0.17
0.43 1.5
0.053% trans 0,0528 4.09  0.26
0.102" cis ©  0.0526 3.00  0.13
b 0.37 1.9
0,104 trans 0.0528 5.37 0.24
0.202 cis  0.0526 2.91  0.11
, 0.33 2.1
0.205 trans 0.,0528 5.62 0.22
0.409 cis 0.0526 2.90 0.11
' 0.32 2.0
0.406 trans 0,0528 5.60 0.21
0.513 cis 0.0542 2.91 0.11
0.31 2.0
0.515 trans 0,0539 5.37 0.21

8The ketone absorbs about 62 per cent of the incident light.
PThe ketone absorbs about 87 per cent of the incident light.
P

CCorrected for back reaction.
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at low concentrations of the enone.

A further investigation of the interaction of light with
cyclohexenone molecules in benzene solution was made by studying
the absorbancies of such solutions at different concentrations
using 3660 ) light. This reveals a startling fact., The apparent
molar extinction coefficients are plotted as a function of concen-
tration in Figure &. Clearly, Beer's law is not obeyed on the tail
of the absorption band. This indicates that at this wavelength of
the incident light, the absorption is due to aggregates of two or
more molecules and not by single isolated molecules. This could
very well lead to the formation of excimers which would produce
a major perturbation in the chemical quantum yields. Actual meas-
urements of quantum yields with 3130 & and 3660 A wavelength
excitation show that they are the same, Since the relative amounts
of excimers and excited monomers formed byrabsorption at the two
wavelengths are expected to be different, a possible explanation
to the common quantum yield is that the monomeric excited species
and the excimers must become equilibrated at a rate that is rapid
in comparison with the rate of dimerization, This view can be
supported by looking at Figure 3 which gives the ratio of kS/k4

equal to 90. k. is the quenching rate constant and k4 is the dim~

5
erization rate constant. Since k5 is unlikely to exceed the diffusion
controlled limit, this ratio means that the dimerization reaction
occurs at a maximum of only about one out of ninety encounters when

the enone concentration is one molar. The principle of microscopic

reversibility requires that there be no significant "cage effect”
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on the dissociation of an excimer having the same multiplicity as
the chemically active excited state. Consequently, the failure to
observe high quantum yields when 3660 & light is absorbed by
aggregates only confirms once more that no significant amount of
the reaction occurs by way of excited singlets.

According to the triplet mechanism set up for the dimerization,
an independent check on the 2ic value should be available from the
plot in Figure 2, The extrapolation of the quantum yield to infi-
nitely high concentration should be equal to ®ic. Figure 5 is an
expanded plot of the data of Figure 2 for the high concentration
region. It can be seen that even in this expanded plot, the
curvature of the plot is present and is continued up to the neat
state of the ketone. Due to scatter in the data and the curvature
of the plot, extrapolation to l/enone = O cannot be obtained with
confidence. It is, however, clear from the plot that the extrapolated
value should lie somewhere between 0.5 and 0.8. A single deter-
mination of 0.72 was made in neat cyclohexenone, This clearly is
higher than the value of $.c measured with the highest concentration
of enone in Table VII. It can be envisaged that the latter values
may be slightly low because of competition of the dimerization
reaction with energy transfer to piperylene21 so that rate of dimerx
formation may be more than 10 per cent of the rate of energy transfer
in solutions in which the ratio of the enone concentration to the
olefin concentration is 10 based on the value of ks/k4 2 90. Note

however, that even if the transfer ratio are identical, kS/k4 at

one molar enone cannot be used as an exact value for other enone
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concentrations since we maintain that kS is concentration dependent.
In any case, this will not serve as an adequate explanation for the
discrepan;y.

Literal interpretation of the discrepancy would infer that
dimerization is twice as efficient as the energy transfer from the
enone to the diphenylpropenes. This could mean that some dimers are
derived from an intermediate that is incapable of transferring
energy to the olefins. 1In fact, one can recall that in the case
of cis-cyclooctenone, the dimers are formed in the secondary dark
reaction from the trans- isomer, an intermediate formed from the
excited cis- isomer. This explanation, though attractive, is not
consistent with the quenching and the sensitizing experiments and
so its validity cannot be accepted.

Since we have tentatively accepted the conclusion that the
dimerization involves only the lowest lying triplet state and that
the $ic variation with concentration, if real, does not account for
the non-linearity of the Stern-Volmer plot in Figure 2, we have two
variations to deal with. These are the composition of the dimeric

mixture and the ratio kz/k They both vary as the concentration of

4
the enone is changed. It is not difficult to see that the two

observations are not independent. Step (5) in our triplet reaction

mechanism is an oversimplified presentation. Since more than one

£

dimer is formed, k, in reality is a composite rate constant equal

4

to the sum of the rate constants for the reactions leading to the
different dimers, If the reactions proceed in two or more steps,

1

the number of rate constants may be smaller than the number of
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products. Fowever, the usual kind of stepwise mechanism would require
different initial steps in the formation of dimers 1 and 2. Hence
P >

we really ought to expand step (5) into the following:

kg
3% L
K" + K ————d 1
P
ke
3 + ¥ —mm 2
3 X k'll""
K + K ————m—mm> other products
- 1 " Ul
As the concentration is changed, the medium changes -~ thus

affecting each of the kql’ k4 , and k, ™

L These rate constants vary
relative to each other and on no basis can one expect their sum to
remain constant. ky, the rate constant for non-radiative decay of
the triplet may also vary, but pertinent information is lacking to
enable us to discuss on it.

Our finding are parallel to those of Eaton and Hurt for their
study of the photodimerization of cyclopentenone, and these authors
have also attributed the variation in the products to the influence
of solvent polarity on the relative values of rate constants
analogous to ké' and kq”. In both studies, the same phenomenon is
found that the product having a large permanent dipole is favored

in polar solvents, indicating dipole~dipole interaction between

reactants play an important role in determining the rates of the
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EXPERIMENTAL

Materials. Benzene, Baker and Adamson reagent grade, was washed

with concentrated sulfuric acid until the acid no longer developed
color and then washed three times with distilled water, dried over
sodium hydroxide pellets, and then over anhydrous magnesium sulfate,
and finally distilled over phosphorus .pentoxide. One ml of &-naphthyl

isocyanate was added to 20 g of 2-cyclohexen-l-one (Aldrich) and

the mixture was heated on a steam bath for 30 to 45 minutes to
remove any cyclohexenol, The precipitates formed were removed by
filtration and the filtrate was allowved to stand over anhydrous
magnesium sulfate and sodium bicarbonate. This was followed by
filtration and distillation under reduced pressure to give a
colorless oil. Further purification was done by preparative gas
chromatography either usiné a Beckman Megachrome equipped with a
12-£t Apiezon J Column or a Wilkins Autoprep equipped with a

9-ft column of 20 per cent Ucon polar on Chromosorb G. The column
temperatures were in the vicinity of 140°C. The purified ketone
was distilled under reduced pressure. A v.p.c. analysis on the
fluorosilicone column showed that it contained less than 1.5 per
cent impuvities, which remained inert in all the experiments conducted.
The ultraviolet absorption spectrum of cyclohexenone was taken with
the Beckman DU and showed maxima at 290, 313, 325, 337, 366, 370 m
with molar extinction coefficients 9.8, 19.7, 25.8, 27.5, 6.6, 5.3

2

(concentration = 3.18 x 10 “ M in benzene). Reagent grade
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Benzophenone was recrystallized twice from n~hexane. Twenty-five g

of cyclohexadiene (Aldrich) was washed three times with 10 ml portions

of 5 per cent sodium bisulfite and then three times with 10 ml
portions of water and dried over anhydrous magnesium sulfate.

After Filtration, the diene was distilled -through a spinning band
column (b.p. 79.50C> under atmospheric pressure, degassed in a
manifold using three freeze-thaw cycles and sealed under vacuum.

When not in use, the manifold was stored at temperatures below 0°c.
The manifold was designed in such a way that bulb-to-bulb distillation
could be done from a main bulb to small ampules. These ampules could
be sealed and detached from the manifold. The diene was used
immediately when the ampule was opened., Thirty ml of bexadecane
obtained from the stockroom was washed with 10 ml portions of
conceptrated sulfuric acid until the acid did not turn yellow

(three times) and then twice with 10 ml portions of 5 per cent

sodium bicarbonate and several times with distilled water. It was
then dried over anhydrous magnesium sulfate. After filtration, it
was distilled under reduced pressure (b.p. 85-91°% at about 1 mm) .

The product was shown to be pure by v.p.c. Carefully purified

thioxanthone stored under nitrogen was obtained from Dr. H. Furrer

and used without further puzification. Acetophenone purified by

Dr. L. M. Stephenson was used without further purification. Zone-
refined naphthalene was obtained from Mr. G. F. Vesley and used

Padabiias blatafiottiutsiozg

without further purification. Cis- and trans-Stilbenes were

obtained from Dr. D. H. Valentine and were used without furthsr

purification. cis-and trans-1,2-Diphenylpropenes were obtained




37

from Dr. L. Coyne and were used without further purification. cis-

and trans-2,3-Diphenyl-2-butenes were ovtained from Dr. L. M.

Stephenson and were used without further purification.
Actinometry. Photosensitized dimerization of 1,3-cyclohexadiene
'by benzophenone has been investigated by Dr. G. F. Vesley in our

laboratory and the quantum yield is given by the expression,

1 = , , 0.028
2 D

av

where 2 is the quantum yield for the sensitized formation of the
diene dimers and [D]av is the mean concentration of the diene.
A reaction mixture containing benzophenone (0.06 1), cyclohexadiene
(1.051) and hexadecane (0.3¥) as internal standard, in benzene
solution was used as actinometer in all the quantum yield determinations.
Aliquots (3 ml) of the actinometer solution were pipetted into pyrex
culture tubes (13 x 100 mm) which had a constriction to facilitate
secaling. These were then degassed using three freeze-thaw cycles
-4
and sealed urder pressures of the ovrder of 3 x 10 torr. These tubes
. o . '
were stored at velow 0 prior to use. -
Quantum yicld experiments were performed using the 'quantum
yield merry-go~round" equipped with a 450 watt Hanovia medium pressure
. . . 24
mercury arc, The filter systems described by Hammond et al,
were used to allov transmission of light of wavelengtls centered
ren @ . o . . . - 1s
at 3650 &, and at 3130 A. The dimerization of cyclohexadiene has
the same quantum yield with light of these two wavelengths. The

actinometers were run to 5 per cent conversion of the diene and v.p.c.
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analysis was used to follow the appearance of the diene dimers

using the 12-ft fluorosilicone column (vide supra). Following

the enone dimerization by v.p.c., the 12-ft fluorosilicone column
was used to follow: (a) the disappearance of cyclohexenone using
hexadecane as the internal standard, and (b) the appearance of the
dimers by using benzophenone as an internal standard added after

the reaction. For concentrations lower than 1 M, hexadecane was
added before the reaction, and for higher concentrations, hexadecane
was added after the reaction. It was checked that the quantum yield
was not affected by the presence of hexadecane.

Cyclohexenone as a Sensitizer. The reaction mixtures containing

the olefin (cis- or trans-isomer) and cyclohexenone were prepared

in a benzene solution and 0.5 ml aliquots were transferred with
a hypodermic syringe into pyrex tubes (4 mm internal diameter,
15 cm long). These solutions were degassed using three freeze-
-4

thaw cycles and sealed under a pressure of about 3 x 10 torr,
These tubes were then wrapped around a pyrex immersion well and
irradiated with a 450 watt Hanovia medium-pressure mercury arc
through a uranium glass filter that is opaque to light of wavelengths
shorter than 3340 £. Virtually all the absorbed light was in the

Q . . , X .
3660 A group of lines. Isomerization was followed by v.p.c. until
the same cis/trans ratio was reached from both starting states.
A 9-ft column of 10 per cent Apiezon L on Chromosorb W was used to
analyze the mixtures.

Cuantum Yields of Dimerization of Cyclohexenone. Solutions of

cyclobexenone at different concentratons with or without hexedecane
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were prepared in benzene. Aliquots (3 ml) were degassed using
three freeze-thaw cycles and sealed undér a pressure of about
-4

3 x 10 torr in 13 x 100 mm pyrex culture tubes. Irradiation

' o
was done in "quantum yield merry-go-round' using light of 3130 A,
Vapor chromatographic analysis on 12-ft fluorosilicone column
was used to follow both the disappearance of the ketone and the
appearance of the dimers, The relative rates of reaction were
determined and in the case of low concentration where under 99
per cent of the light was absorbed by the enone, the rates vere
corrected for incomplete absorption before calculation of quantum
yields. A correlation of the relative quantum yield with the
absolute quantum yield was made by irradiation of a solution
1.016 M in cyclohexenone to 20 per cent conversion with cyclo-
hexadiene actinometers. The quantum yield for the disappearance
of the ketone was found to be 0.286.

Product Distribution, The cyclohexenone dimers were analyzed on

the 12-ft fluorosilicone column and the relative areas under the
peaks were taken as the relative amounts of the dimers formed.

o
The column temperature was 250 .

Guenching by Piperylenc. Solutions containing the same concentrati

of cyclohexenone (1.024M) but containing different concentrations

of piperylene (from none to 2 M) were prepared, degassed in the

usual manner and irradiated in the "quantum yield merry-go-round"
. o .

with the 3660 A filter system until a conversion of 15 per cent

was obtained in the sample containing no piperylene. The tubes

were opened and analyzed for the appearance of dimers by vapor phase

i
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chromatography using the fluorosilicone column.

Intersystem Crossing Efficiencies. One set of solutions containing

0.05 M, 0.10 ¥, 0.2 M, and 0.4 M cyclohexenone and 0.526 M cis-1,2~
diphenylpropene and another set containing the same concentrations
of cyclohexenone along with 0.0525 trans-1,Z2-diphenylpropene wers
prepared as usual and irradiated using the 356060 2 filter eystem,
Actinometric solutions containing 0.06 M benzophenone and 0.0526 M
cis-1,2~-diphenylpropene or 0,0528 ! trans-1,2-diphenylpropene were
irradiated in parallel with the test solution. The tubes were opened
and analyzed using the fluorosilicone column described above.,
Conversions were 6 per cent or less., The values of §j£ were
calculated using the published method assuming that §i£ for

benzophenone is unity and that decay of diphenylpropene

triplets gives 44,5 per cent of the trans isomer.
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PART 1IX

RADIATION CHEMISTRY OF BINZOPELDHONE

CYCLOHEXENR SOLULION
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INTRODUCTION

The discovery of x-rays by Roentgen in 1892 and of radio-
activity by Becquerel opened the field of-radiation chemistry,
which can be defined as "a study of the chemical effects produced
in a system by the absorption of ionizing radiation."1 This
includes both high energy electromagnetic photons such as x-rays
and gamma-rays as well as high speed material particles such as
o-particles, electrons, neutrons, protons, etc. These ionizing
radiations when applied to matter, lead essentially to the production
of ions, electronically excited molecules, electrons, and radicals.
In general, the state of affair is much more complicated than that
initiated by ultraviolet light. In this study, we confine ourselves
to the use of gamma-rays enitted from a Co60 source on a liquid
system of a dilute solution of benzophenone in cyclohexene.

It is appropriate at this point to emphasize a few signi-
ficant differences between gamma-irradiation and ultraviolet
irradiation. Both of these are electromagnetic in nature but
the former is very much more energetic than the latter. Photo-
chemistry is confined to interaction between matter and quanta of
several electron volts in energy; radiation chemistry, in the case
of hard x-rays and gamma-rays, involves quanta of several kilovolts
to several million electron volts in energy. It is therefore not
surprising that we see differences both quantitatively and

qualitatively. Using U.V. light, the primary process is generally
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the production of electronically excited state,and with a suitable
choice of monochromatic light, it is often possible to bring the
absorbing molecule to a single well-defined excited state. This
process is governed by selection rules and the extent of the absorp-
tion is controlled by the probability of the electronic transition.
The excited molecules are distributed uniformly in the plane at a
right angle to the direction of the incident beam of light.

In gamma-irradiation, the photon is not selective and its
high energy becomes a more important controlling factor than its
wavelength. The cross section for interaction depends on the number
of electrons in a molecule, and not on its structure, and therefore
the energy of such an irradiation is absorbed almost entirely by the
solvent molecules of a dilute solution because of this statistical
control. A gamma photon tends to lose a large fraction of its
energy through a single interaction with matter. This quick release
of a large amount of energy, which is higher than the ionizing
potential of organic molecules, causes the molecules to become
jonized. Photoelectric effect, Compton effect and pair-production
are responsible for this kind of ejection of electrons from the
molecules. In our study, no attempt is made to investigate the
nature of this primary interaction.

This primary interaction is only the beginning of 2 series of
many possibilities. The ionized molecule may undergo bond breaking
leading to fragmentation, or it may form a radical which in turn
lead to whatever chemistry it is supposed to have under such cir-

cumstances. The molecular ion may accept an electron to produce
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an electronically excited species or it may undergo chemical reactions
of its own. One can elaborate on this and go on to describe many
other plausible processes.

The situation becomes even more complicated when we take into
the consideration that the ejected electrons are themselves energetic
enough to cause further excitation and ionization. The energy of
these electrons (about 100 e.v.) however, is much lower than the
primary gamma-photon and they have a much shorter range. The overall
result is a production of a cluster or spurs of reactive species.
Samuel and Magee2 have calculated that for these secondary electrons
produced by high energy gamma-irradiation of water or organic liquids,
the spurs are separated by an average interval of about 104 A, and
they have an initial diameter of about 20 A,

As contrast/ﬁgth U.V. irradiation, the absorption of gamma-
photons does not obey Beer's law, A small fraction of the incident
photons are completely absorbed but most of them emerges from the
sample with essentially no change in energy.

Having described the major differences between photochemistry
and radiation chemistry, we narrow our discussion to our specific
system of interest viz. a dilute solution of benzophenone in cyclo-
hexene. The photochemistry of this system has been fairly well
studied but its radiation chemistry has yet to be explored.

Bradshaw3 carried out a U.V. irradiation of a 0.137 M solution
of benzophenone in cyclohexene to near complete consumption of the
ketone. The light was filtered by a pyrex slieve which filtered 2ll

°
light below 2900 A. He was able to isolate four products: Dbenzo-
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pinacol I, oxetane II, alcohol III and 3,3' -dicyclohexenyl IV.

hv QH CI)H
CeHg)co + —  CgH5G——G—CcH,

(s Cghs

II ITX

IV
4,5

oJa

Since the irradiation creates n,T excited benzophenone

and this ketonz is known to have an intersystem crossing efficiency

. N wle
of 1, therza is little doulbt that the n,T triplet state of bDenzo-

phenona is responsille for this reaction. The mechanism given by

Sradshaw is as follows
hy b intersystem .
$co — ,C0 > P,ce (1)
2 crossing
o, n B .
"M singlet *7 Ttriplet
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‘ The yields of I, II, IIL, and IV are 47 per cent, 13 per cent,
27 per cent and 6 per cent respectively.

In the hope of getting a better correlation between this
photoreaction and the radiation study of the same system, we at-
tempted to do a mechanistic study of the phototeaction by taking
quantum measurements with or without a triplet quencher. The inter-
pretation of results obtained was unfortunately rendered uncertain
by theregoduction during irradiation of a transient species which
also absorbs light in the n,w * region of the ketone. In the

absence of better documentation of the above mechanism written for

the photoreaction, we give it a tentative acceptance.
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RESULTS AND DISCUSSION

Since gamma-irradiation of a dilute solution of benzophenone
in cyclohexene has never been reported, we were interested to find
out what products this irradiation would lead to. Degassed solutions
ranging from 0.05 M to 0.5 M benzophenone in cyclohexene were sub-
jected to gamma-irradiation to not more than 20 per cent consumption
of the ketone and then analysed by v.p.c. using a 12 foot % in.
diameter column of‘fluorosilicone (Dow Corning FS 1265) (10 per cent)
on Diatoport S. At a column temperature of 2150 C, peaks with
retention times A (3.5 min.), C (11.7 win.), D (23.6 min.), and E (37.7
min.,) were observed with D having a poor base line indicative of its
decomposition on the column. The same peaks were observed for all
the concentrations used. C was identified to be the unreacted
benzophenone by comparison of retention time with an authentic sample.

We were interested in identifying the other peaks. Since the
products of the photoreaction are known, a comparison was made by
irradiating a 0.12 M benzophenone solution in cyclohexene with 3660 2
light to 20 per cent conversion and analysing the solution on the
same v.p.c. column under the same conditions. Peaks having same
retention times as A, C, D, and E plus an additional one B which
comes off in 8.8 min. were observed. A more careful repetition of
the chromatographic study reveals that B is also formed in the gamma-
irradiation. It is present in a trace amount and it is almost hidden

among the peaks of the cyclohexene products,
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Separation of the photoproducts was carried out using the
procedure of Bradshaw. Isolation of benzopinacol and dicyclohexenyl
presented no problem, but it was difficult to get a clean separation
of the alcohol from the oxetane. Ultimately, an analytical v.p.c.
with a thermal ionization detector was employed to obtain small
samples of the alcohol D.

Comparison of the retention time revealed that peak A was due
to 3,3'-dicyclohexenyl and peak C was due to benzophenone. Benzo-
pinacol at the column temperature used gave peak B and the benzo-
phenone peak. This is expected because benzopinacol is known to
decompose into benzophenone andpbenzohydrol at 185o C, and so peak B
must be benzohydrol. D was shown to be the alcohol and again this
was in accord with the observation that D was the one which showed
sign of decomposition on the column. Since D is a tertiary alcohol,
it should dehydrate easily at elevated temperatures. An authentic
sample of the oxetane E was obtained from Mr., Jim Teylor and shown
to have the same retention time as peak E. The oxetane E is stable
at the column temperature of 215° ¢.

Although the gamma-reaction and the-photoreaction give the same
products, the analogy secems to stop here. Zven an approximate esti-
mate of the product distribution in the two cases shows that they are
quite different. This means that the mechanism of the photoreaction
is not followed when the reaction is initiated by gamma rays. The
photoreaction éives a ratio of the areas of peaks A:B:D:E: of about
5:2:8:2 whereas the gamma-reaction gives A:B:D:E: of 31:1:16:1., With

reference to the size of the peak of the unreacted benzophenone as an
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internal standard, the amount of 3,3'-~dicyclohexenyl produced in the
gamma-reaction is about four times as much as that produced in the
photoreaction. In both cases, the reactions were carried to about
20 per cent completion.

In the process of gamma-irradiation, the energy is absorbed
mainly by the cyclohexene solvent, it is therefore necessary to dis-
tinguish between those products derived from the solvent itself from
those products produced as a result of the presence of the solute.
The radiolysis of cyclohexene in its neat liquid state was studied
by Wakeford. and Freeman.6 They found that 3,3'-dicyclohexenyl was
the main dimeric product with the G value of its production equal to
1.9. Other products included hydrogen (G = 1.28), cyclohexane (G =
0.95), 3-cyclohexylcyclohexene (G = 0.6), dicyclohexyl (G = 0.23),
unidentified dimer (G = 0.22) and polymer G = 2.3).

Since these workers have reported a good discussion of the
radiolysis of cyclohexene, we turn our interest to the investigation
to the reactivities of cyclohexene towards benzophenone under gamma-
irradiation conditions. In our general comparison of radiation
chemistry and photochemistry in the introduction, one might expect
that high energy radiation could lead to many products. Indeed in
many cases, the number of products are so bewilderingly large as to
discourage many workers from venturing any further than a preliminary

attempt.® Our results on the present system are therefore received

* Unpublished results of this author show that gamma-irra-
diation of stilbene epoxide in cis-2-butene leads to no less than
eighteen products.
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with some degree of relief and thankfulness because we got only one
main cross product, the alcohol IIL. It was decided that further
evidence be gathered to ascertain its structure.

A small sample of III was collected on an analytical v.p.c.
unit as described before and was used to obtain its n.m.r. spectrum.
Due to the small size of the sample, the spectrum was taken with a
Varian A56/60-A spectrometer with the aid of a Varian C-1024 time
averaging computer (132 scans). The spectrum agrees with that re-
ported by Bradshaw.3

The calculated molecular weight of the alcohol is 264, but the
largest molecular ion determined by mass spectrometry at a sample
temperature of 200° C was found to have m/e = 246, which was in
agreement with the finding of Bradshaw,3 and this was attributed to
dehydration of the alcohol under the experimental conditions. Bradshaw
used a 210° C inlet system. The I.R. -OH stretching was found to be
3590 cmul, in fairly good agreement with the value of 3540 cm-1
reported by Bradshaw,

Knowing the main products of the reaction, we decided to con-
duct a more definitive study of the reactive precursors of these
products by using scavengers and quenchers. By introducing an
additive (e.g. a triplet quencher) to prohibit the reaction due to
a certain reactive entity, and seeing how this affects the reaction,
inference can often be obtained from the results on the reaction
mechanism. This technique has become a useful tool in mechanistic
studies of radiation chemistry as well as photochemistry. We must

hasten to point out the limitation that the scavenger concentration
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must stay low so that the energy will still be absorbed by the solvent
to avoid complications due to the scavenger. In our studies, the

3 -2
to 10 M/L. At

scavenger concentration is of the oxder of 107
these concentrations, we can only hope to see scavenging of species
that get diffused out of the spurs.

Taking the system under investigation, a priori, one could
expect benzophenone to act as an energy sink, The energy of the
triplet state of cyclohexene is not known. Ethylene has been meas-
ured to have a spectroscopic triplet energy of 83 kcals/mole by
Evans.7 Adding substituents and incorporating ethylene to make it
into a cyclohexene molecule probably lower its energy by a few kcals
to about 80 kcals/mole. The planar Franck-Condon triplet can relax
into a non-planar triplet with a lower energy. Since the double bond
is now somewhat restricted in the cyclic system, the relaxation is not
as free as in an acyclic olefin, and the drop of energy in the relax-
ation may be of the order of fiﬁe kcals. This brings the relaxed
triplet to a level of about 75 kcals/mole. In order for a diffusion
control energy transfer to take place, the process must be exothermic
by about 3‘kca1/mole, and the de-excitation of the doner molecule wiil
be a Franck-Condon process. This means that the energy given up by
the non-planar cyclohexene triplet will be about 70 kcals/mole, which
makes the energy transfer to be exothermic by only about 1.5 kcals/mole
since benzophenone has a triplet enexgy of 68.5 kcals/mole.8 0f
course the energies for the Franck-Condon and the relaxed triplets of
cyclohexene are only estimated values, and we end up with a number of

1.5 kcals/mole that is on the borderline on the requirement for
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diffusion control energy transfer. If the irradiation results in the
production of electronically excited cyclohexene molecules, enecrgy
transfer could be an important feature leading to benzophenone triplets,
It is a well known fact that aromatic compounds are stable towards
gamma-irradiation and they can share their stability towards an ali-
phatic solvent. This phenomenon is called "protection' of the sol-
vent and is often attributed to the fact that the aromatic is acting
as an energy sink. If this should be the case, the chemistry that
follows from the benzophenone triplets should resemble the photo-
reaction. Looking at the actual experiment results, this is clearly
not a significant process and at best can only account for the pro-
duction of the trace amounts of oxetane and benzopinacol. Obviously
it cannot account for the preferential production of cyclohexenyl-
diphenylcarbinol D. This is an indication that either the triplet
yield of cyclohexene was low or the energy transfer process from
cyclohexene triplet to ground state benzophenone was not efficient,
or a combination of both factors.

The high production of 3,3'~dicyclohexepyl agrees with the
findings of Wakeford - and Freeman.9 In the study of these workers
on the radiolysis of cyclohexene in its neat liquid state, 3,3'-
dicyclohexenyl was also found to have a high yield compared with
other dimeric products. The G value for its production is 1.94.
They inferred from this and from the nature of other products formed
that radical formation and combination is important in the system.

: 10
This hypothesis was supported by Ohnishi and Nitta who detected

by e.s.r. spectroscopy the allylic type 3-cyclohexenyl radical in
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irradiated cyclohexene., Farmer and Moore11 also found that 3,3'-
dicyclohexenyl was the main dimeric product of the free radical
initiated reaction of cyclshexene.

Phenyl disulfide was chosen as a radical scavenger. This

12, 13 to be

compound has been found by Cohen and his co-workers
very effective in transferring hydrogen atoms to and from free
radicals. In a system where radical R: combination to give dimer
R:R is important, the presence of the disulfide causes the radical
R+ to form RH instead, and dimerization is suppressed. The rate
constants of transfer of hydrogen atoms by phenyldisulfide in some
cases reach a value above 7 x 105 mole“1 sec-l.

Samples of 0.16 } benzophenone solution in cyclohexene con-
taining varying amounts of phenyl disulfide were degassed and gamma-
irradiated. The G value for the disappearance of the ketone was
measured by monitoring its disappearance spectrophotometrically using
the wavelength 3660 A. Strong quenching of the reaction was observed,
but even up to nearly 0.1 M of the disulfide, no levelling off of the
quenching was observed and the reaction was not completely prohibited.
The G value for the disappearance of benzophenone drops to 0.46
compared with 1.37 in the absence of the disulfide., This represents
a quenching of about two thirds of the reaction. A plot of G versus
phenyl disulfide concentration is found in Figure I.

It appeared at first to be surprising that the quenching of
the reaction was not close to completion even at about 0.02 M phenyl

disulfide, but a plot of 1/G for the disappearance of benzophenone

versus the scavenger concentration (see Figure II) showed that up to
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0.012 M scavenger, the plot was a straight line, but the last point
at 0.02 M of the disulfide gave a value of more scavenging than
expected. This perhaps means that at least up to 0.012 M disulfide,
we are scavenging the radicals outside the spurs, and when the di-
sulfide concentration is further increased, we begin to scavenge some
radicals in the spurs.

One experiment was performed using a solution of phenyl di-
sulfide (0.018 M) in cyclohexene. The solution was degassed and
irradiated. The production of 3,3'-dicyclohexenyl was compared with
that of a sample of neat cyclohexene having been given the same
treatment. The dimer was detected by vapor phase chromatography
using a fluorosilicone column. The data, however, can only be taken
as semi-quantitative due to the presence of a shoulder of the dimer
peak. It was found that in the presence of the disulfide, the pro-
duction of the dimer was cut down to about 57 per cent.

In our G value studies of the system, we monitor spectrophoto-
metrically the disappearance of benzophenone using the wavelength
3660 A. This method was found to be useful by Sherman and Cohen13
in their study of radiolysis of benzophenone in 2-propanol. 1In our
study of the photochemistry of benzophenone in cyclohexene, however,
we have found that this method could not be used. When a sample of
a 1.78 x 10—2 M benzophenone in cyclohexzene is degassed and sealed
under vacuum into an ampule and irradiated with 3660 A light in a
quantum yield "merry-go-round", absorption of the solution at the
same wavelength is followed without opening the tube. It is found

that the absorbance increased instead of decreased with time. This
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Data for Figure I and II. Scavenging by Phenyl Disulfide

Phenyl disulfide Per cent
concn. X 1073 M Conversion G 1/G
0.0000 18.5 1l37 0.73
0.7557 17.6 1.30 0.77
3.800 15.6 1.16 0.86
11.770 10.4 0.78 1.28
19.740 6.2 0.46 2.17

G - for the disappearance of benzophenone
Initial concentration of benzophenone - 00,1612 M

Time of gamma-~irradiation - 23.5 hrs.
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went on for an irradiation of up to 51 hours. The solution was kept
in dark for 18 hours after the irradiation and the absorbance checked
again. It was found to be the same as that taken immediately after
the 51 hours of irradiation.

In another experiment, a 3 ml sample of degassed and U.V,
irradiated 0.184 M benzophenone solution in cyclohexene was opened
and the content diluted with benzene to 50 ml and the absorbance at
3660 A taken immediately. This was found to decrease from 0.65 to
0.59 in ten minutes,

In view of this transient species absorbing at 3660 R, in the
photochemical case, we wanted to make sure that the gamma-radiolysis
was free from this complication before we could be safe in monitoring
the disappearance of benzophenone by following its absorbance at 3660 A.

A degassed and gamma-irradiated 0.184 M benzophenone solution
in cyclohexene was opened and diluted with benzene and the absorbance
at 3660 A was found to remain at 0.605 after 4.9, 6.7, 8.7, 16.7 and
46.8 minutes. This proved that no transient species was produced and
our analytical method was reliable.

From our disulfide experiments, there is no doubt that because
of a high concentration of cyclohexenyl radicals produced in the spurs,
radical recombination is an important process in the spurs, but the
results also suggest that a large fraction of these radicals do diffuse
out of the spurs to become scavengeable by the disulfide molecules,
and these radicals probably react with benzophenone accounting for
part of the consumption of the ketone. This reaction is also quench-

able by the disulfide.



We next turned to an attempt to evaluate the importance of
electronically excited molecules, especially triplets, as precursors
of the products. Naphthalene, a radiation-resistant aromatic hydro-
carbon commonly used for radiation 'protection' was chosen to be a
triplet quencher.* It has a low triplet energy of 61 kcal/mole8 S0
that quenching of both benzophenone triplets and cyclohexene triplets
should be highly efficient,

Samples of benzophenone solution (0.162 M) in cyclohexene con-
taining varying amounts of naphthalene up to 0.093 M were degassed
and irrvadiated. G values for the disappearance of the ketone were
determined spectrophotometrically. The plot of G versus quencher
concentration is shown in Figure III.

The quenching effect seemed to level off at a quencher con-
centration of 0.06 M, and about half of the reaction due to the
ketone was quenched. This substantial quenching can only be inter-
preted as quenching of the olefin triplets as the major process
instead of a significant quenching of benzophenone triplets. As we
have seen from the product distribution, benzophenone triplet cannot
be an important precursor.

Our resulté seem to be in discrepancy with those of Cundall
and Griffithé4 who observed no isomerization of trans~2-butene in

cyclohexene after gamma-irradiation. They concluded that cyclohexene

* Cyclohexadiene, a popular singlet and triplet quencher, in
this case would be a bad choice because it has been showm to be a
radical scavenger when present as an additive in the radiolysis of
cyclohexene. ~ ;
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Data for Figure TII. Quenching by Naphthalene

Naphthalege Per cent
concn., X 10 ° M Conversion G

0.0 - 18.5 1.30
6.5 17.3 1.19
16.9 12.9 0.91
30.4 11.0 6.77
60.3 9.3 0.66
92.6 8.2 0.58

G -~ for the disappearance of benzophenone
Initial concentration of benzophenone - 0,1623 M

Time of gamma-irradiation - 23.87 hrs.



65

triplets were not produced. In view of the fact that the triplet
energies of trans-2-butene and of cyclohexene are not known, it is
quite possible that the failure to induce isomerization of trans-2-
butene could be due to the endothermicity of the reaction. Relaxation
of cyclohexene triplets may be an important cause of this endother-
micity. We decided to repeat Cundall's approach using cis- and trans-
1,2-diphenylpropenes which have triplet energies below 60 kcal/mole.

A 0.1 M solution of cis~1,2-diphenylpropene and a 0,1 M solu-
tion of the trans isomer in cyclohexene were irradiated for five
hours and eight minutes. Vapor phase chromatographic analysis showed
that in both cases, the isomerization occurred to about six per cent.

The results are tabulated in Table I.

Table I. Radiation Induced Isomerization of 1,2-diphenylpropenes

in Cyclohexene

Per cent
Olefin Conversion G
trans-1,2-diphenyl- 6.19
propene 5.75 } av. 5.89 0.62 (trans» cis)
5.72
cis-1,2-diphenyl 6.08
propene 5.94 } av. 5.84 0.61 (cis~» trans)
5.50

If the sum of the G values for the trans-» cis and cis+> trans
reactions is taken as the G value for the formation of cyclohexene

15
triplets, this gives the value of 1.23. This, however, does not



necessarily mean that all the triplets formed take part in reacting
15
with benzophenone in our system of interest because Hammond et al
have obtained evidence that in the case of radiation induced cis-
trans isomerization of the 1,2-diphenylpropenes in benzene, the
olefin solutes act as reactive energy acceptors which can compete
effectively with other reactions in régions of high excitation
density within spurs.
Even with this explanation, it is still doubtful if it can
account for the high G value for apparent triplet formation. This
G value is about equal to the total G value for all the reactions
leading to the consumption of benzophenone. From the naphthalene
quenching experiment, it is apparent that the G value for cyclohexene
triplet is probably about 0.7. We therefore prefer to interpret the
high G value of isomerization of the stilbenes by saying that the
contribution due to singlet energy transfer from cyclohexene to the
stilbenes is probably significant in the isomerization process.
With these scavenging results, we can go back to reexamine
the two possibilities we discussed regarding the inefficient energ
transfer from cyclohexene triplet to ground state benzophenone. It
is now clear that we do get a substantial amount of cyclohexene trip-
lets, and these are quite efficiently quenched by nathphalene. They
are, however, not significantly affected by benzophenone acting as an
energy acceptor. The difference seems to involve a criterion based
on consideration of the energetics. We mentioned that the deacti-
vation of the relaxed triplet could be so low as to make its energy

transfer to ground state benzophenone inefficient, but since naph-



67

thalene has a triplet energy of only 61 kcal/mole, some 7.5 kcal/mole
lofrer than benzophenone, the energy transfer from the relaxed cyclo-
hexene triplet to naphthalene must have become an efficient one.

To evaluate the importance of ionic species such as the radical

cation III produced by electron ejection, we prepared two experiments

4+

AANAANN S + & (7)

using chloroform as electron scavenger and isopropanol as radical
cation scavenger,

It is well known that apliphatic halides, with the exception
of fluorides, are very susceptible to gamma-irradiation. The carbon-
halogen bond is more easily cleaved than the carbon-carbon bond or
the carbon-hydrogen bond and the high electron affinity of the halogen

causes an easy attachment of electrons giving the general reaction:

R+ e -————3 R + X (8)

Chloroform was therefore used as an electron scavenger.

As in previous scavenging experiments, samples of benzophenone
solution (0.164 M) in cyclohexene containing varying amounts of
chloroform up to 0.126 If were irradiated and the G value for the
disappearance of the ketone, determined in the usual way, was plotted

against scavenger concentration in Figure IV. The results show
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Scavenging by Chloroform

Chloroform concn, Per cent

X 1072 M Conversion G

0.00 ©17.5 1.24
1.26 17.3 1.22
3.76 16.6 1.17
6.28 13.0 0.92
8.79 12.3 0.87
12.57 11.4 0.81

G - for the disappearance of benzophenone

Initial concentration of benzophenone - 0.1643 M

Time of gamma-irradiation =~ 23.87 hrs.
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some quenching of the reaction.

To ascertain the importance of the electron ejection process
to give a radical cation (equation 1) and an electron, an experiment
was undertaken using 2-propanol to scavenge radical cations. The
method is the same as described for other scavenging experiments
with 0.021 M as the highest concentration of the scavenger. No
quenching was observed, and the reaction was actually slightly en-
hanced, as shown in Figure V. This shows that no scavengeablg radical
cations are present in the solution, The slight enhancement is prob-
ably due to interference of isopropanol with benzophenone triplets.
The latter is known to abstract hydrogen from the alcohol with a
quantum yield of 2. In view of the high efficiency of the reaction,
it is conceivable that it accounts for the extra consumption of
benzophenone leading to a high apparent G values.

The isopropanol results and the chloroform results are not
necessarily conflicting because of uncertainty in the role played by
chloroform. van Duren and Ham11116 in their study of the radiolysis
of benzene also used chloroform as an electron scavenger, but came up
with the postulate that energy transfer could be an important process
in the quenching process. We have established earlier the substantial
production of cyclohexene triplets and therefore the chloroform in
this case could be scavenging both triplets and electrons.

All the data presented above indicate that the reaction mech-

anism is probably as shown below:



m”l

Touvdoxg-z £q Surdusawds A 2an8TJ

0 X "udOUOD [OUBGOII-~T

0¢ ol 4 8

71




72

Data for Figure V. Scavenging by 2-propanol

2-Propanol -3 Per cent G
concn., x 10 M Conversion
0.00 19.3 1.46
2.10 19.3 1.46
6.30 19.9 1.50
10.50 20,2 1.52
14.70 21.4 1.62
21,00 21.6 1.64

G - for the disappearance of benzophenone
Initial concentration of benzophenone - 0.1836 M

Time of gamma-irradiation - 25.5 hrs,
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Other important primary processes can also be included to
account for products such as hydrogen, cyclohexane, bicyclohexyl and
polymers from cyclohexene, but since this aspect of the subject has
‘been well studied,6 they will be deleted here. We limit ourselves
only to those processes giving rise to dicyclohexenyl and cross
products between cyclohexene and benzophenone.

Although scavenging experiments with chloroform and isopropancl
failed to intercept the ionic species produced in (a) to give unequi-
votadl quenching, the importance of (a) as a primary process cannot
be ruled out. It is reasonable to expect rapid recombination of the
radical cations and the ejected thermal electrons to give singlets
and triplet states as well as cyclohexenyl radicals as presented in
(b), (c), and (i). These processes probably take place within the
spurs so that the ionic species are not easily accessible to
scavengers present in dilute concentrations.

Electron recapture to give both triplets (b) and singlets (c)
is probable since the process is not restricted by quantum mechanical
selection rules. The singlets, however, are not expected to be long-
lived and either decay to the ground state or undergo intersystem
crossing into the triplet state. The involvement of the singlets in
the chemical reactions are probably of minor importance. It is also
knowvn that slow moving secondery electrons can excite a molecule to
its excited states. This process includesoptically forbidden tfansi—
tions so that direct production of triplets without going through the
singlet manifold is possible. This is particularly true when the

electron does not have quite enough energy to excite a molecule to
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its singlet state but possess/sufficient energy to raise it to its
triplet state. These processes are written as (g) and (h). For
completeness, (d) and (e) are included., They are simply the trivial
decays of the excited states to the ground state,

The net important consequence of steps (b), (c), (@, (&), (B),
(g), and (h) is therefore the production of excited states with the
triplets as the more important species.

When these excited states are produced by recapture of ener-
getic thermal electrons, the energy involved is often large enough
to bring the molecule to high vibronic levels of the electronic state
and bond breaking becomes quite probable. That this should lead to
the cyclohexenyl radical is not surprising since the unpaired electron
is stabilized as a part of the allylic system. It is necessary to put
down (k) because triplet quenching by naphthalene and radical scaveng-
ing by phenyl disulfide total to more than 100 per cent of the reac-
tion. We prefer to explain this by putting down the triplet state as
a precursor of the radical because it would be difficult to envision

the production of a triplet state from the radiéal. This also fits

the stoichiometry of the reaction- thg observation of cyclohexenyl-
diphenylcarbinol as the main product and the photo-products are
present only in trace amounts. (m), (n) are suggested steps towards
the production of cyclohexenyldiphenylcarbinol. We recall that in the
photoreaction, the ketyl radical ?260H is also formed, and com-
bination of two ketyl radicals gives benzopinacol. In the radiolysis,

our rough estimate showed that we were getting about four times as

much cyclohexenyl radicals produced as in the photoreaction. It is
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¢ ¢

OH
O + ¢CoH  — @i—cp (s)

therefore reasonable to see that reaction (s) predominates at the
expense of reaction (r).

Steps (p) and (q), judging from the stoichiometry of the
reaction must be of minor importance only, and we have explained this
by saying that the energy transfer from the cyclohexene triplet to
ground state benzophenone is an inefficient step. The importance of
cyclohexene triplet yield is maintained.

Figure IV shows that the G valueé for tﬁe disappearance of
benzophenone rises rapidly with its concentration up to about 0.25 M,
and then the increase is slowed down somewhat. This is probably an
indication that in the first section of the curve up to 0.25 M, the
ketone is scavenging hydrogen atoms leadiﬁg to the formation of
cyclohexenyldiphenylcarbinol. In the absence of other processes,

this process should lead to a levelling off of the curve beyond the
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pqint where scavenging is complete. The continuing rise of the G
value probably is a result of the phasing in of the triplet mechanism
and possibly some singlet mechanism. That the solute is beginning to
absorb appreciable amounts of energy must also be taken into consi-
deration.

Quantitative analysis of this plot is not made because the G
value for a given concentration decreases somewhat with increase in
dose and the values used in plotting Figure VI are not corrected for
this. ' One run was made using a 0.15 M solution of benzophenone in
cyclohexene, and the G value obtained after different time of irra-

diation are tabulated in Table II.

Table II. Variation of G with Time of Irradiation
Benzophenone Time of Per cent
Concentration Irradiation Conversion G

0.15M 7 hr. 20 min. 6 1.21
0.15 M 16 hr. 9 min. 15 : 1.18
0.15 M 24 hr. 3 min. 19 - 1.09

This kind of phenomenon is not uncommon in radiolysis because of build
up of side reaction products as scavengers. In all of our scavenging
studies that we have described, in view of this slight decrease of G

with dose, the benzophenone concentration used was always in the
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Data for Ficure VI. Variation of G with concentration

Initial Final Irrad. time per cent G
(¢2C0)'PI (¢2CO) M hrs. conv.
0.021 0.018 7.33 12.45 0.37
0.053 0.048 7.33 9.63 0.70
0.071 0.065 7.33 9.13 0.89
0.099 0.091 7.33 8.08 1.09
0.123 0.115 7.33 6.97 1.17
0.150 0.141 7.33 6.00 1.21
0.184 0.148 25.50 19.20 1.46
0.271 0.234 24.00 13.60 1.53*
0.545 0.503 24,00 8.00 1.83*
0.859 0.803 25.40 } 6.50 1.96

determined by v.p.c. analysis of benzophenone using
hexadecane as internal standard on 10 per cent

fluorosilicone column.
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vicinity of 0,16 M and the irradiation time was controlled to be
about 24 hours so that the different sets of results can be used for
a comparative study.

Our hypothesis regarding the roles played by cyclohexenyl
radicals and the cyclohexene triplets at diffgrent concentrations
seems to be confirmed by the observation that we do see an increase
in the relative yield of the oxetane ﬁith the concentration of benzo-
phenone. In Figure VII the ratio of alcohol/oxetane in terms of
relative areas of their peaks on the vapor phase chromatograms is
plotted against the benzophenone concentration and clearly it shows
that the oxetane is becoming higher in yield as the concentration of
benzophenone is raised. At 0.55 M benzophenone, its production,
howéver, is still only about ten per cent of the yield of the alcohol.
This interpretation, however, is not unambiguous. If we take the
data of Figure VII and plot the oxetane-alcohol ratio versus the
electron fraction of benzophenone, we get a linear plot (sée Figure
VIII) showing that the increase in oxetane formation could simply be
due to increase in the direct excitation of benzophenone. At 0.55 M,
benzophenone has an appreciable electron fraction of 11 per cent.

" Quantitative information in this case aéain cannot be obtained with
much confidence because of the alcohol decomposition on the analytical
column., The ratio is found also to vary with dose,

In an experiment with a solution of 0.16 M benzophenone, the
alcohol/exetane  ratio drops from 8.3 to 7.1 when 3.8 x 10—3 M of
phenyl disulfide is present as a radical scavenger. The ratio moves

up to 11.6 when 0.147 M naphthalene is present as a triplet quencher,
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Data for Figures VII and VIII. Variation of alcohol/oxetane ratio

with benzophenone concentration

Initial per cent alcohol/oxetane oxetanefalcohol electron
($,C0) M conv. fraction
-2 -2
0.060 33.8 20.8 5.27x%10 1.2 x 10
0.162 17.2 16.4 6.70 " 3.2 v
0.271 13.6 13.6 7.25 " 5.4 "

0.546 8.0 10.4 9.61 " 10.8 "
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With this concentration of naphthalene, complete quenching of all trip-
lets is expected. The fact that oxetane formation still persists per-
haps indicates that it involves cyclohexene singlets. There is also

nothing in our data to rule out the possibility that cyclohexene

triplets could also form oxetane.

O
1 I —0
+ qD/C\ o — C+¢ (w)

¢

The singlet mechanism is depicted as concerted, and the triplet

mechanism as stepwise because of spin inversion involved.
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One of the main reasons why the application of radiation chem-
istry has not been as fully exploited as photochemistry is the random-
ness of the primary interaction of the gamma photon with the substrate.
The reaction in many cases seem to be under no more control than a
statistical one, leading to a great diversity of products. Our present
étudy reveals a significant encouragement that the reaction does
possess a remarkably high degree of specificity. The energy absorbed
by the system is channelled to perform a rather specific task of
breaking a carbon-hydrogen bond of the solvent molecule. This is

followed by a rather clean reaction to give one main product.
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EXPERIMENTAL

Materials. Chromatoquality cyclohexene (Matheson Coleman and Bell)
kept under an atmosphere of nitrogen was shown to be pure by vapor
phase chromatographic analysis using a silver nitrate column which
separates cyclohexene from cyclohexadiene. It was used without

further purification. Benzophenone (Matheson Coleman and Bell) was

recrystallized from ligroin. Spectroquality 2-propanol (Matheson

Coleman and Bell) was used as received. Cis- and trans-1,2-diphenyl-

propenes prepared and purified by Dr. L. J. Altman was used without
further purification. Naphthalene,recrystallized from methanol and

———— L)

twice sublimed was obtained from Mr. Shui Pong Van. Spectroquality

chloroform (Matheson Coleman and Bell) and phenyl disulfide (Eastman
Organic Chemical) were used without further purification.

Preparation of Samples. Solutions in all radiolysis studies were

made up in volumetric flasks and 3.0 ml aliquots transferred using
pipettes to constricted 13 mm. o.d. pyrex culture tubes. These samples
were degassed using three freeze-thaw cycles on the vacuum line and

o » - -4 Y
sealed off in the last cycle under a vacuum of 5 x 10 mm or better.

Analysis of Samples. The disappearance of benzophenone was monitored

by following its absorbance at 3660 2 using a Beckman DU spectrophotometer,

Radiolysis. Degassed solutions for radiolysis in sealed pyrex
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6
were irradiated in a Co
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cavity source

ate
o«

equipped with a water

, . . o
cooling system to maintain the temperature at 30-35 C. The dose rate

was measured by Fricke dosimetry
19

8.19

- -1
ev c.c. hr

(GFe‘3 o

15.5) to be

by Dr. D. G. Whitten on December 2,1965 and the

dose absorbed by each run was corrected for source decay by using the

expression:

where AT — dose
ATo — dose

T .~ tinme

60

Half-1life of Co

Since the G value decreases somewhat

e -.131 7T

rate of source in
rate of source in

in years

= 5.25 yr.

with increasing dose,

-

hr

ev c.c. at time=zT

ev c.c. hr—l at time=0

the

irradiation time for all the scavenging runs was kept to be about

twenty four hours, and the concentration of benzophenone used was

about 0.16 M in these experiments.
results in a convenient twenty per cent conversion of the ketone.

ampule.

This choice of time and concentration

Each

containing three ml. of the solution was opened after irradiation

and the content transferred quantitatively into a 50 ml. volumetric

flask and diluted

to the 50 ml

. e . o]
Aeronautics and Space Administration for the use of the Co

narik with ilellinkrodt ALR,

of this diluted solution at 3560 A w

crad

(]

-
=)
o]

A

I
W

N

Thanks are duz to Dr. James Fing, Jr. and the National

/ »
cavity

source at the Jet Propulsion Laboratory, Pasadena, California.
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taken. The extinction of coefficient of benzophenone at 3660 A was
found to be 68.36 by a Deer's law piot. This value remains the same
when the solvent was either benzene or a mixture of benzene and
cyclohexene.

Preparation and identification of photolysis and radiolysis products

A solution of 12.5 g. of benzophenone in 87 ml of cyclohexene

(about 0.8 M) was placed in a reaction vessel and a quartz immersion
well was fitted into the reaction vessel., A Hanovia 450-w medium
pressure mercury arc was used with a pyrex sleeve filter (to cut out
light below 2900 £). Nitrogen was allowed to bubble through the
solution for five minutes and then the solution was maintained under

an atmosphere of nitrogen before the arc was turned on. The irradiation
was continued for four days to about 80 per cent completion of the
reaction. Solid crystals of benzopinacol were deposited and removed

by filtration. Recrystallization of benzopinacol was done in benzene.
The filtrate was concentrated by using a rotatory evaporator evacuated
by a water pump. This gave a yiscous yellow liquid. Vapor phase
analysis using a 12' column of 10 per cent fluorosilicone on Diatoport &
at a column temperature of 2150 on a Loenco @odel 70 dual flame gas
chromatograph gave five peaks: -

A (3.5 min), B (8.8 min.), C (11.7 min.), D (23.6 min.), and

E (37.7 min.). 4.5 g. of this liquid was absorbed on 150 g. of acid
washed alumina (lerck). The column was eluted with 250 ml portions

of (1) pentane (2) pentane and ether 1:1 (3) ether (4) ether and

methanol 1:1 and (5) methanol. Fractions (50 ml) were collected. C was

T A T £ 1 1 . .
identified to be the unreacted benzophenone by comparison with an
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authentic sample which gave the same retention time. Benzopinacol gave
peaks B and C. Since it was known to decompose at 185°C to give
benzohydrol and benzophenone, peak B was taken to be benzohydrol.

Fractions 1-5 have been reported 3 to contain dicyclohexenyl.
These fractions were found to give predominantly peak A and hence A
was taken to be the olefin dimer. That peak A was the dimer was
also in agreement with the fact that it was also observed as the
main dimeric peak in a gamma irradiated sample of cyclohexene.

Fréction 10-15 contained mainly E and comparison with Bradshaw's
results showed that this must be the oxetane. Confirmation was obtained
by checking the retention time of an authentic sample obtained
from Mr. Jim Taylor. The oxetane was found to be stable at the
column temperature of 21500 used.

Subsequent fractions contained mainly peak D and this must
be cyclohexenyldiphenylcarbinol. Peak D showed sign of decomposition
on the column into a new peak with a shorter retention time. This was
probably due to dehydration of the tertiary alcohol.

Solutions of 0.04 M, 0.10 1, 0.13 M, 0.22 M, 0.41 M and 0.50 ¥
of benzophenone in cyclohexene were gamma-irradiated and analysed by
vapor phase chromatography using the same conditions as above and were
found to give the same peaks £,B,C,D and E. A and D were the main
product peaks. The chromatogram was complicated by minor peaks which
appeared between the solvent peak and B. These are presumebly products
from cyclohexene as compared with a gamma irradiated sample of neat

kA

cyclohexene. B, which was present in trace amounts, appeared among the

cyclohexene product peaks. This made its measurement difficult.
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A gamma-irradiated sample was injected into a Loenco Model 70
gas chromatograph with a thermal ionization detector and fitted with
a fluorosilicone column. By this means, a small amount of D was
collected. An I.R. spectrum of it was taken on the Beckman IR-7

d showed the -0l stretching at 3490 cm_l

spectrophotometer and showed the -0l stretchin . The
solvent used was chloroform. An n.m,r. spectrum was taken by

Mr. Frank Weigert with a Varian A 56/60-A spectrometer with the

aid of a Varian C-1024 time averaging computer (132 scans). It showed
10 protons at § = 7.4, 2 protons at & = 5.7, one proton at S - 3.4,
and 7 protons at & = 1.3-2.1. This agrees well with that reported by
Bradshay - . Mass spectrometric analysis was kindly done by Mr. Ron
Klaflbeck using a C.Z.C. Model 21-103 C mass spectrometer in

connection with a Model 2-084 A heated inlet system. The inlet
temperature used was 200°C and the electron beam energy was 70 ev,

The parent molecular ion observed had a m/e value of 246, the same
value reported by Bradshaw 3 . The loss of 18 mass units from the

calculated molecular mass was attributed to dehydration at the

high temperature used.
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PROPOSITION I

The two most commonly encountered electronic transitions in

bl

. . *
U.V. spectroscopy are the n,m and the T, T transitions. It is

often desirable to distinguish one from the other in assigment of

absorption bands of a molecule, in particular, one that allows both

kinds of transitions. Sidman 1 in 1958 compiled some general

features of n,T* transiﬁions and compared them to the e

transitions. It began to be apparent that the two kinds of transitions

seemed to be subjected to different solvent effects. Kasha 2 was

the first to suggest that these solvent effects might be of value

in distinguishing between the two kinds of transitions. The

wavelengths of n,w* transitions are generally found to decrease

(blue shift) with increase in polarity of the solvent and sometimes

the vibrational structures of such bands are completely blurred in

more polar solvents. On the other hand, polar solvents generally

shift (but not always) T, T transitions to lower wavelength

(red shift).
McDonnell 3 examined the n,W* spectra of some thirty

compounds and found that all of them were consistently blue shifted

in polar solvents and concluded that probably all n,w* transitions

had the samz kind of behavicry.

The qualitative theoretical explanation given for this
3 &

65

empirical mathod was given by lcDonnell . In the ground state
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the molecule is surrounded by solvent molecules in such a way as to
effect the strongest binding between them and the ground state
charge distribution of the solute molecule. This pattern of
orientation is more pronounced when the solvent molecules are more
polar; When the solute molecule is excited, the charge distribution
will be changed significantly, and by Franck-Condon Principle, it is
reasonable to suppose that the polar solvent molecules will not have
the proper orientation to bind most strongly with the excited charge
distribution. In the extreme cases, the original binding forces
may very well become repulsive. This gives rise to the blue-shift
because the solvation energy of the solute molecule in the excited
state may be less than that in the ground state. No explanation,
however, was given for the red-shift of T W¥ transitions in
polar solvents.
Turning to the spectroscopic properties of charge transfer
complexes, it is immediately apparent that such solvent effects
are largely unknown. Most charge transfer complexes of organic
molecules involve the use of aromatic hydrocarbons which function
only as W electron donors, There are few studies on donors such
as amines, ethers, or alcohols which function as n donors. 4,5
The difficulty arises in identifying the nature of the complex
when the donor molecule can potentially act either as an n donor or
a 7 donor. The azaaromatics are an example of such donors. The
subject of electron-donating properties of azines has been a

. . 6-1
controversial one for some time. 0
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Recently, Kearns et al, 1 studied the spectroscopic
properties of complexes formed between eight azaaromatic donors and
% electron acceptors trinitrobenzene, p~benzoquinone, and
tetrachloro-1,4-benzoquinone at 77OK. They used such criteria as
donor ionization potentials, energy of charge transfer bands, and
substituent effects on the energy of the charge-transfer absorption
bands, and concluded that quinoline, 6-bromo-, 8-bromo-, 1,2,3,4~
tetrahydro- and 2-methylquinoline and isoquinoline function as
n eiectron donors.,

It is proposed to take these donor-acceptor pairs which
have been characterized as n,T complexes and study if they also
exhibit the Dlue shift effect in polar solvents.

Different theories for charge transfer complexation have

14
been advanced by workers in the field such as Weiss ’ , Woodward
15,16
Briegleb and Brackman but they all have their shortcomings.
18-25

The most satisfactory theory seems to be that due to Mulliken.

In this theory, fhe complex 1s depicted to exist in two
energy state, and the difference in energy between the two is equal
to the enefgyrof a quantum at the maximum of the absorption band. 1In
the ground state, the donor and the acceptor are held together by
such weak forces as that due to van der Waals interaction, dipole
orientation, induced dipole, London dispersion, and other effects.
The contriution arising from charge transfer from the donor to the
acceptor (D+ 4) in the ground state giving rise to electrostatic,
polarization and possibly covalent interactions is thought to be

small. In the excited state, the predominant structure is that due
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to ( D*AT) in which the charge transfer from D to A is essentially
complete,

Several characteristics of the absorption bands of charge-
transfer complexes give strong indication that in the ground state,
the donor and acceptor molecules are very loosely bound. The A nax

is several thousand A greater than the A of absorptions by the

max

donor or acceptor components. This indicates a decrease of some

20 kcal-mole for the most loosely bound electron in the complex.

The heats of formation are in general very low (about 1-5 kcal/mole).

This also means that the binding in the ground state must be very

loose. The absorption band usually extends over a range of

wavelength continuously and this also suggests the loose nature

of the binding in the ground state of the complex. There is no

rigid configuration of the donor and the acceptor in the ground state.
In vieu of this loose configuration, it is reasonable to

expect that the n electron involved in the transfer process is not

significantly shielded. by the acceptor and should be quite accessible

to interact with solvent molecules. The perturbation due to these

solvent molecules should be quite similar to that of a single molecule.
If this blue shift is established as a general phenomenon

among n, T complexes, the convenient empirical rule can bde

extended to identifying n,T charge transfer complexes.
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PROPOSITION II

Tsuji et al , in their study of the gamma-irradiation of
. 1 . . o
pyridine, found that the main free radical produced at -196" C was

the radical cation (A) formed by ionization of an electron of the

>

nonbonding orbital of nitrogen. The G value for the radical cation
formation was 1.0. The evidence for the radical cation was based
on the observation of a triplet ESR spectrum.

The work was extended to investigate the effect of iodine
as an additive. 2 It was found that the G value for the formation
of free radicals increased rapidly with the iodine content. At
2 mole per cent of I,, G=10; at 5 mole per cent,bG:17, and at 50 mole
per cent, G became 28. With 1.7 mole per cent of I,, the concentration
of the radical cation was about 45 per cent of the total concentration
of all free radicals.

Good evidence was obtained showing that with IZ as an
additive, the radical cation A was formed through the excited state
of the charge transfer complex of pyridine and iodine. This was
done by irradiating the pyridine-I, system at -196°C with ultraviolet

light near 2350 2 from a xenon lamp. The same triplet ESR spectrum
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of A was obtained. The wavelength of the charge transfer band of the
complex is 2351 A. (5.3 ev).

There is little doubt that the enhancement in the G value
for the production of A is due to the charge transfer complex formation
of pyridine with iodine. One possible mechanism depicts the excited
state of the complex dissociating into A and IE (or T+ ¢ Iu). tere,
the electron transfer is probably complete at the excited state and so
it is not appropriate to label iodine in this case as an electron
scavenger.

In view of the importance of radical cation production in
gamma irradiation of organic compounds, it is desirable to investigate
the behavior of such species. For example, if radical cations are
generated when a compound is subjected to gamma-irradiation, they
may undergo chemical reactions to form products., In order to ascertain
the radical cations as precursors of these products, iodine can perhaps
be added to see if the G value for the formation of these products
is enhanced. This is based on the assumption that iodine will bring
about a higher yield of radical cations as in the case of pyridine.
This method will be of value only if we know that the compound forms a
‘charge transfer complex with iodine. This presents one limitation.
The second disadvantage of using iodine is that it also acts as a
radical scavenger. In the case of pyridine, its concentration effect
on tha production of A cannot be resolved easily because iodine scavenges
the free radicals 3 and C which are also formed under the experimental

conditions.
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. 3 . . . . . s .

Whitten” in his studies of gamma-irradiation of cyclohexadiene,
obtained indications that the radical cation of the diene was the
precursor of the "thermaldimers, i.e. dimers formed by pyrolysis

4 )
of the diene. Penner , in an attempt to use Tsuji's method to assess

the importance of the diene radical cation in gamma-irradiation,

Although iodine forms a charge
fard <

3 10

found that the method di

0.
o
5]
cr
o
s
Ie)

transfer complex with cyclohexadiene, on gamma-irradiation, iodination
complicates the dimerization reaction of the diene.

With the hope of eliminating the above limitations due to
iodine, it is proposed to extend Tsuji's experiment to use carbon
tetrachloride, a well-established electron scavenger, instead of
iodine as an additive in the gamma-irradiation of pyridine. Since
electron ejection does occur when neat pyridine is gamma-irradiated
to give A, with Gz1.0, there is a good chance that electron capture
by carbon tetrachloride will enhance the formation of A. Penner
found that adding carbon tetrachloride to cyclohexadiene enhanced
the production of the "thermal" dimers in gamma irradiation. In this
case, however, there is no good direct evidence that the production

of the diene radical cation is actuazlly increased. In the pyridine

system, the production of A can be monitored by its triplet ESR spectrum.
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Carbon tetrachloride does not form a charge transfer complex
with pyridine, and so if the production of A is increased as result
of its presence, complexation is not a necessary condition. The method
will therefore gain a wider application. It has other advantages
over iodine in that it does not scavenge radicals like B and C. In
most systems, halogenation as in the case of iodine and cyclohexadiene
will probably be minimized if carbon tetrachloride is used instead

of iodine.
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PROPOSITION IIXI

It is well established that T electron systems can serve as
bases in forming a hydrogen bond with proton donating compounds. Such

1,2,3
*T Such an interaction can

a bond is known as a T -hydrogen bond.

be envisaged to play an important role in macromolecules in biological

systems. Its importance in the dye industry has been realized in

what is known as the ''cellulose substantivity hypothesis' which

postulates that O-H--7 electron type bond between cellulose OH

and delocalized Ti-electron clouds of the dye molecules is partly

responsible for the affinity of dye for cellulose materials. 45
Different kinds of means have been employed in exploiting the

nature of T-~H bond, but the most popular method is by infra-red

spectroscopy. The most convenient donor compounds are the phenols.

The advantages of the phenols lie in their high acidities, high

absorbancy in the I.R. and their slight tendency to self-dissociate.

Other methods include U.v. spectroscopy, refractometry, and nuclear

magnetic resonance. In the I.R. studies, the detection of a T -H bond

is based on a red shift 4¥ in the wave number and the increase

in the intensity of the OH stretching in the region 3000 to 3800 cm-l.
Compared with research on other types of hydrogen bondings,

investigation into T -H bonding may be gaid to be only at its infancy.

Little is known about the nature of this bonding, and only scanty

data have been collected on thermodynamic measurements.

Yoshida and Osawa 6 recently studied the interaction of phenol

and various T ~-bases using the I.R. method, and measured the
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-AF values for the complexations:-

K
C6H50H 4 ArH = CoHgOH. ArH

They found a linear correlation between AV and the number of

methyl groups on the base as shown in Fig. 1.

120
100}

80

AUy CM™

60

COCO0 W

Fig. 1 :

This is reasonable since &Y is considered to be proportional to

the energy of X-H...Y interaction vhen X is fixed and Y substituents are

. . - 3,7

changad within closely related structures,
Another of their finding on the same series of T -bases was

unexpected by them in that -4 F also increased with the number of

substituents as indicated in Fig. 2. They then said that,
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v, ., this is strange in the present case because, by the approach of

a large molecule such as'phenol near methylbenzene, a large entropy

loss is expected to occur and to compensate for the enthalpy gain...

it would be possible to evaluate the change in free energy of T-hydrogen
bond formation with the change of the number of methyl groups on

benzene by the use of (a) 8H and AS values for phenol-benzene complex
formation and (b) the relation between ay and the number of methyl groups
(fiz.1). The relation estimated is showun in Fig. 2 as a dotted line.
Observed -4 F values are much higher than what has bLeen estimated.

This suggests that the -4 5 value of O-H...7 - bonding is small

.

compared to that of O-H...0 bonding."

They used the reported values
of ~AH = 1.720.2 kecal/mole, -4S = 8.3 £0.3 cal/deg. mole and

-4F = 0.66 % 0.2 kcal/mole (200). Cltearly, -AF should be
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-0.66 £ 0.2 kcal/mole, which is the value used in Fig. 2.

The conclusion was then drawn that the O-H ...7 bond was not
the ¢ -type but the more la$i1e T -type in which the phenol molecule
might possess some degree of freedom of movement over an isopotential
plane within the framework of the diffused W-electrons.

This argument clearly is based on the assumption that the
enthalpy change arises exclusively from the interaction of the hydroxyl
group and the W-base. While so little is known about the nature of
the w1 -hydrogen bond, it is perhaps too early to say that we can really
ignore other kinds of forces binding the molecules together, or the
importance of steric effects. After all, we possess no knowledge on the
configuration of such a complex. Intuitively, it is difficult to accept
the idea that the hydroxyl group together with the rest of the phenol
molecule should move around in the W electron cloud and that this
freedom of movement shdqld increase in going from benzene to higher and
higher substituted benzenes,

This question can of coursc easily be settled by a direct
determination of 4H and A4S. From the magnitude of the uncertainty
in the AF values reported, however, 1t can be inferred that such
an experiment will be very difficult if not impossitle,

Another type of so-called unexpected phenomenon was observed
by R. West 2 in connection with a rule proposed by Huggins and
Pimentel 8 . Huggins and Pimentel showed that the intensity change
of the -0H band from the non-bonded state to the bonded state is

proportionally related to the free energy change and is ordinarily

proportional to the basicity of the base. West found that vhereas
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olefins are stronger hydrogen bonding bases than simple aromatic compound
the least basic olefins, the l-alkenes, are about as basic as p-xylene.
The intensity change of a 0.02 M phenol solution which is also 1 M in
p-xylene, is greater than even that of one with 0.02 phenol and 1 M
2-methyl-2butene. West also speculated on this and suggested the idea

of a labile T -hydrogen bonding. In this case, however, West also
said’that it might be just a steric effect.

To throw light on the problems afore-mentioned, it is proposed
that the infra-red spectroscopic studies be extended to the following
compounds in carbon tetrachloride solution to study their intramolecular
T -hydrogen bonding.

By virtue of the geometry of the compound Ia, no W-hydrogen
bonding is possible. This is however, quite possible in IIa. A
comparison of the spectra of Ia and ITa should show a red shift aJ
and an intensity change from which -4 F may be calculated using the
same method employed by Yoshida and Osawa.6 The same can also be
measured for IIb, IIc and IId. In these molecules, the movement of
the hydroxyl group is much more restricted and also the trend of
having more freedom of movement in going from lower to higher
substituted T -bases should not be permissible any more. This series
of compounds therefore should serve as a very good test on the validity
of Yoshida and Osawa's postulate. If aS effect could indeed bve
held responsible for the dramatic change in -AF values in Yoshida and
Osawa's series, then in the present series, we should definitely see
also a dramatic difference in the behavior of -AF in the absence of

the AS effect.
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Ia Ib

Ila x = @‘

X
HO
11bH X = CH&@
Ile X = CH:S@»
CHs
CHz
d X = CHy
ChHx
CH——
=
e X = CH
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Since p-methylphenyl group should have about the same basicity
as the vinyl group, a comparison of the spectra of IIb and IIz should
serve as a good test of the Huggins-Pimentel rule under these circumstances-
It might be added here that these intra-molecular studies have
another important advantage that a 1l:1 interaction is much more
certain than in the intermolecular case.
As mentioned before, the role played by W ~T interaction in
i :hydrogen bonding is not known. The comparison of the spectra of
la and 1b should lead to an answer of this question. T -T interaction
has been detected in cis- and trans-1,2-diphenylcyclopentanes > by
Ulv; studies. If T -7 interaction contributes to the T-hydrogen

bonding, then a comparison of the spectra of Ia and Ib should show a

change in the ~-OH bond.
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ADDENDUM TO PROPOSITION III

Suggested general methods for the synthesis of compounds Ia, Ib,

IIa,b,c,d and e.

AL Synthesis of Ia, Ila,b,c, and d.

O 0O 0

] “_Cl
ci,, 0° . . Av
B4 e
aqu. soln i.ArMgBr in ether,
ii.dil. HCI
iii.dil. NaOH
[ !
AC__OH i
_ 2 _Avheat with KHSO,, A
i.Ar'MgBr, CgHe soln. - . .
raflux 4 (-150)
ii.NH,C1
A" Ax"
I Y

) : 3 Ay Hy/pg 2AY
reflux in piveridine o N
-7 7z
with NaNHZ '
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= @ Iaa IIa AY".:.— @ IIa,L’),C’d
= Me@ 11, = CHSO@ Ia

= Me Iic Av'=

¢
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™
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®

Synthesis of IJe.

4
- NaH
(E£0)-P-CH.0O0ET 2 e
CH{OCH,CH,0CHS , 20
o N&' 0 Na

| -
— (Et0);-P=CH-COOEL = (E10);-P-CH-COOEL >
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Av
I
-0 /\v’
i, below 30° -CHCOOEt
> —_—
ii, HZO | IS
iii.extract with ether
A Ar'
H H
2 /Pt ZCOOET_ N CFCHZCONMez
i. boil with dil. NaOH
ii. s0Cl,
Cidi,

HNMe2 in ethereal soln.

S Av Ay’
'l 7
20 hrs. i. CilI
ii. AgOH
iii. heat
OCHz
- 5
/\Y"
reflux in piperidine with N CH:CHZ OH
NaMH, Ar'= @

IIe
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Synthesis of 1Ib,
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6
- H=CLCOOCH moist Al/Hg in ether, 7 hrs. N
\_/CH=CHC00CH;
ii, separate from meso product
$—CH—CH,COOCH3 7
Na .
reflux in CgHg, 2% hrs.
$—CH—CHCOOCH;
racemic
=0 HC1 (1:1) N =0
CP"‘ heat, 2 hrs. cb__

7

Clemmensen reduction N
rd

Zn/Hg, HC1

\\\\\ q>

conc. 12504

A4




118

fuse with NaOH

OH
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PROPOSITION IV

Urry and Trecker, in their studies on the photochemistry of

ot ~diketones L

found that when 5,0~decanedione in cyclohexane
solution was subjected to photolysis under sunlight, the reaction was
strikingly selective and gave an exclusive product of 2-butyl-3-ethyl-2-
hydroxycyclobutanone with a yield of 89%. The intramolecular reaction
“dominated even in solvents highly reactive toward radical attack. The

reaction was envisaged to take place via a six-membered, cyclic

transition state for the hydrogen atom transier.
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By means of triplet quenchers and benzophenone as sensitizer,

the reaction was shown to proceed in the triplet state. Other experiments

also indicated that abstraction of secondary hydrogen was much easier
than primary hydrogen.

The same mechanism was found to apply in the case of cyclic
diketones. 1,2-cyclodecanedione gave an 83% conversion into
l-hydroxybicyclo~ 6.2.0 -decan-10-one that further underwent slow

photochemical cleavage to give cyclooctanone and ketene.

— —_—

O

The spin state of the reaction was not studied in this case.
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Brown and Solly 3 recently made the discovery that a dilute
solution of benzocyclobutanedione I in cyclohexane irradiated under
sunlight, underwvent a novel reaction leading to the spirolactone IT
as the major product (306%) and biphthalyi IT1I as the minor product (5.5%)
The reaction presumably involved a carbene. intermediate, but this was not

rigorously proved.

A\
&y
N
\
O

V4
5
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Since in this case, hydrogen abstraction was no longer possible,
fission of the -C0-CO- bond became the primary process. The spin
multiplicity of the reaction has not been identified.

It is proposed that the relative importance of hydrogen
abstraction and CO-CO bond fission as a primary process and their
relationship with the spin multiplicity of the excited state De

investigated using 9,10-phenanthraquinone and its derivatives.

Part I
Photolysis of 9,10-phenanthraquinone will establish if the

same reaction route as benzocyclobutanedione is followed.
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Part II
In the presence of methyl groups on the 1 and 8 positions,

several possibilities may be surmised.

subsstituted V & VI

ho

CHy O

O“ y

VII

hv

This experiment, however, does not settle the question whether hydrogen
abstraction occurs vefore or after the bond fission, or whether the

two processes are concerted if only substituted V and VI are obtained.



125

Part IIT
If methyl groups are placed on the 4 and 5 positions, then
clearly hydrogen abstraction cannot be a primary process. The formation

of product XII will however establish the fact that hydrogen

abstraction is possible after bond fission.
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The use of approbriate sensitizers and quenchers will answer
questions such as whether multiplicity of the excited state is the
controlling factor in determining the course of the reaction or
whether there is a true competition between hydrogen abstraction

and bond fission resulting from the same excited state.
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PROPOSITION V

The reactions of carbenes fall into two main categories,
namely, insertions and addition reactions.- Insertion into a
saturated C-H bond is a common phenomenon. In general, a singlet
carbene has less selectivity towards the nature of the C-H bond,
but for a triplet carbene, the selectivity follows the order of
tert > sec > p C-U bond.l Addition of a carbene to an olefinic
bond to form a cyclopropane derivative occurs most readily and
provides the synthetic chemist with an invaluable means of synthe-
sizing small-ring  compounds.

The competition between insertion reaction and addition
is a rather complicated problem. It depends on the structural
nature of the carbene, its spin state as well as considerations
of the substrate such as its stereochemistry. In general, irrespective
of spin state, the addition reaction is usually favored over
insertion probably Lecause the former is less energetic than the
latter 2’3.

It is now quite well established that a singlet carbene
adds with much higher stereospecificity than a triplet carbene4 .
The spin state of a carbene is an important factor governing the
competition between insertion and addition. Normal direct photolysis
of diazomethane in cyclohexene leads to C-H insertion, and C= C addition

5

products. The carbene in this case is probably a singlet . However,

6
when Kopecky, Hammond and Leermakers photolyzed the diazomethane
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O £ oCHy — OCHZ
I

CHy
CH H-.C
g™ - Q0
II IIL :

IV

in cyclohexene using benzophenone as sensitizer,.the main product was
norcarane I. 3130 A light was used to avoid direct photolysis of
diazomethane. This shows that a triplet does not undergo C-H
insertion readily.

A few interesting, and perhaps rather surprising, intra-
molecular carbene reactions have recently been reported. Kirmse and
Grassmann showed that w-alkenylcarbenes such as V yielded
as main products the &, Ww-dienes., Intramolecular addition to

form dicycloalkanes occurred only to a very slisht extent.

Q-0+ 0+ Q0
\Y Vi VII

VIII IX

10 2 2 : |
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The results, though perhaps unexpected, were not too disturuing since
elimination in this case is a common and efficient process when

f -hydrogens are available. Kirmse and Grassmann , however,

also reported that the carbene X also failed to add to the - double
bond. The reaction gave a 95% yield of gI and XIT but XIII was not
formed. 1In this case, elimination was not possible since there was

no R -hydrogen.

/\X'—%/ + A +

X X1 X1I XIII

The spin state of the carbene X was not specified. In other
studies, it has been shown that when a singlet carbene is responsible
in a gas phase reaction, triplet contribution will become appreciable
when the reaction is carried out in the liquid phase . The above
results of Kirmse and Grassmann can be rationalized by the hypothesis
that the carbene X generated is a singlet and the reactivity of this
énergetic singlet is so high that it inserts efficiently to the
C-H bonds in its proximity so that addition to a double bond is

completely suppressed. Ve recall the case of methylene and cyclohexene
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where insertion became important when the methylene was a singlet. In
this intermolecular case, cross over of the singlet into the triplet
aided by collisions with solvent molecules must be given an
important consideration. Addition was therefore observed., 1In
the intramolecular case, however, the singlet probably reacts before
it has a chance to cross over to the triplet. The addition is
therefore totally suppressed.

This hypothesis can be tested by’using benzophenone to
photosensitize the generation of the carbeme X. In doing so, we
can be sure that its spin state is a triplet. It is quite conceivavle
that such a carbene will undergo intramolecular addition to form
product XILII, and provide the first example of such a triplet carbene

reaction.

CCHNZ b g ;
—_— —_— ,
7 <PZCo 7

+ cyclopropanes XI and XII ?



132

REFERENCES

B. M. Herzog and R. W. Carr, Jr., J. Phy. Chem., 71, 2688 (1967) .
P. §. Skell and R. C. Woodworth, J. Amer. Chem., Soc., 78,
4496 (1956).

W. V. &, Doering and P. La Flamme, J. Amer. Chem. Soc., 78,
5447 (1956).

P.P. Gaspar and G. S. Hammond, ''Carbene Chemistry" by

W. Kirmse, Chap. 12 Academic Press,london. (1964).

W, v, E.’Doering, R. G. Buttery, R. G. Laughlin, and N.
Chaudhuri, J. Amer. Chem. Soc., 78,3324 (1956).

K. R. Kopecky, G. S. Hammond and P.A. Leermakers, J. Amer.
Chem. Soc., 84, 1015 (1962), 83, 2397 (1961).

W. Kirmse and D. Grassmann, Chem. Ber., 99, 1746-63 (1966).



