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ABSTRACT

The photochemical reactions of phenyl esters have been
studied in béth solution and gas phases, The irradiation
of phenyl esters in the gas phase with ultraviolet light
results in their photolyses, The photolysis of phenyl
acetate in the vapor phase produces mainly phenol with
lesser amounts of o~ and p-cresols and o- and p-hydroxy-
diphenyl ethers., In addition to these compounds, p-benzo-
quinone was also isolated, however it is believed to be
formed fromithe secondary photolysis of p-hydroxydiphenyl
ether, These products are explained with a mechanism
involving the photolysis of phenyl acétate into phenoxy
and acyl radicals followed by decarbonylation of the acyl
radical té give carbon monoxide and methyl radicals, The
reactions of methyl and phenoxy radicals produce the
observed products, Although attempts at scavenging the
acyl radical failed, the detection of products from the
decomposition of butyryl radicals in the irradiations of
phenyl n-butyrate indicates a similar mechanism is operating
in solution, These results are taken to indicate that the
photo~Fries Rearrangement results from the cage recombination
of phenoxy and acyl radicals rather than by means of a
molecular rearrangement, The quantum yields of phenyl
benzoate were measured in ether: ®_ogper = 0.85, &5 = 0,30,

®p = 0.28, dpog = 0.14,



The emission spectra of several different phenyl esters
were recorded and discussed in terms of the excited state
leading to reaction,

The irradiaticns of l-butanethiol in solution and
9~hydroxya¢et0phenone in the vapor phase were briefly
studied., l-Butanethiol gives hydrogen sulfide, butyl-
disulfidé and dibutyl sulfide., Irradiations of o-hydroxy-
acetophenone appears to give phenol at low pressures and

salicylaldehyde at about 1000 mmHg,
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ABSTRACTS OF PROPOSITIONS

Proposition 1.

A study of triplet energy transfer from organic
sensitizers to transition metel carbonyls is proposed
té gain information about the excited states responsible

for their photoreactions,

Proposition 2,
A method is described which will assess the importance

of dy - P, type interactions between mercury and cyanide,

Proposition 3,
A direct chemical probe is presented to determine the
nature of energy transfer in the fluorescence quenching

of aromatic hydrocarbons,

Prbposition 4,
A system if proposed in which a 1,2 free radical shift

of silicon could be observed,

Proposition 5,

An experimental method is proposed which would permit
the direcﬁ detection of free radicals and other unstable
species resulting from photochemical processes in the gas

phase,



1
I, INTRODUCTION

The photochemistry of phenyl esters has been the
subject of numerous investigations in recent years, The
discovery of the photochemically induced reérrangement of
phenyl esters to o- and p-hydroxyphenones was reported
simultaneously by Kobsal, and Anderson and Reese? around

1960, The analogy of the photochemical transformation to

OCOR

COR

that of the well-known Lewis acid catalyzed Fries-Rearrange-

ment led to the name, photo-Fries rearrangement, In addition

OCOR

AICI,

to the thermal and photochemical means, high energy v-irradi-
ation has also been reported to affect this transformatione3“5
However, this discussion will focus primarily on the photo-
chemical process,

Interest in the photo-Fries rearrangement and the photo-

chemistry of phenyl esters in general, has continued for
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nearly a decade., In that time, the reactions have been the

subject of a great deal of study, and two reviews of the
subject are available.®:7 Motivation for these studies has
come from a variety of sources, A large number of the
investigations have been aimed at determining the synthetic
utility of these reactions, Other contributions have been
made as a result of interest in the photochemistry of these
compounds due to their applications in eommercial polym—
erizations,  Still others have embarked on the studies of
phenyl ester photochemistry purely to determine the mechanisms
by which the reaction takes place, Our interest in the
photo-Fries rearrangement falls into the last category,
since this study was undertaken in an attempt to clear up
some of ihe.confusion concerning the mechanism of this

rearrangement,

Scope of the Rearrangement

As noted eerlier, the photo-Fries rearrangement :eceived
its name because of the similarity between it and the well-
known thermal rearrangement., However, as a result of the
detailed studies of the photochemical reaction, many
significant differences between it and its thermal analog
have been revealed.

For example, the photo-~Fries rearrangement gives usually
higher ratios of o-/p-hydroxyphenones than its thermal
counterpart at low temperatures,e‘lo Since higher values

of the o-/p~ ratio can be obtained from the thermal reaction
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only at high temperatures,ll the photo-Fries rearrangement
provides a potentially milder synthetic route to o-hydroxy-
phenones,

Several experiments indicate that the photochemical
rearrangement proceeds by strictly an intramolecular pathway.
For example, cross products were not detected when phenyl esters
were photochemically rearranged in the presence of different

phenoJLs.,,2 A similar result was reported by Finnegan and

OCOCH, OH

[/|+ b
X
by

Mattice from the irradiation of p-chlorophenyl benzoate in
the presence of phenyl E-chlorobenzoate.l3 Again no cross
products were detected confirming the conclusion of Anderson
and Reese that the photo-Fries rearrangement was strictly
an intramolecular process, In contrast, the same type of
experiments performed with a Lewis acid catalyst instead of
ultraviolet light, produced all possible cross productsall‘lz
Another feature of the photo-Fries rearrangement not
shared by the thermal rearrangement is the extreme resistance

to forming the meta- product., Under no conditions, where the
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acyl group is unrestrained, have m-hydroxyphenones been

formed via the photochemical reaction., Even the irradiation
of dihydrocoumarin in ethanol failed to yield rearrangement,

and only the solvolysis product resulted,8

This compgﬁnd,lof course, is sterically restrained so
that reérfangement can only occur at the mggg— position,
Attempts at rearrangements of 3,4-benzocoumarin in benzene
reflect a similar reluctance to rearrange, Only under
extreme conditions, involving high intensity and very long

irradiatidns, was a small amount of the hydroxyfluorenone

HO (trace)
produced°13, On the other hand, meta- rearrangement products,
although fairly rare, are observed in the thermal rearrange-
ment .11, 14, 15

‘Substituent effects in the photo-Fries rearrangement
have been extensively studied and are substantially different
from those observed in the Lewis acid catalyzed rearrange-

ment}5 Perhaps the most striking difference is the apparent
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reversal of effects caused by the presence of alkyl groups

or chlorine atoms in the o~ or p- positions of the phenyl
moiety,

In the acid catalyzed rearrangement of o- or p-
alkylated phenYl esters, rearrangement to the o- or p-
positions is not inhibited by the presence of these groups,
and in fact, the alkyl group is displaced yielding unsub-
stituted hydroxy ketoneselovl_e"l8 On the other hand, the
presence of chlorine atoms in the same positions, effectively
blocks thermal rearrangement to those locations, and only
chloro- substituted hydroxyketones are formed provided an

unchlorinated o~ or p- site exists in the ring,lflorll

The reverse is true when the rearrangement is carried
out by photochemical means, Kobsa found that the p-t-butyl

group on the phenoxy ring of p~t-butyl phenyl benzoate was not
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replaced by the acyl group, and instead only rearrangement to
the ortho- position was observed.,l Many similar observations
with alkylated phenyl esters have established that such behavior
is a general phenomenon of the photo-Fries rearrangement, 13,19-22

On the other hand, the presence of an o- or p- chlorine
atom on the phenoxyl moiety of phenyl esters leads to rapid
photo substitution of the halogen by the migrating acyl
group., A number of studies have documented this behavior, 1,13,23
however, it is still unclear whether the substitution
involved a simple displacementl or a predissociation of the
chlorine,23

In like manner, o- and p- methoxy groups are replaced
photochemically but not thermally.20,24 Instead, the only
apparent influence of a methoxy group on thermal rearrange-
ment is in directing acyl substitution on the phenyl ring,
As an example, Bradshaw, et al. have shown that the presence
of a methoxy group in 2-methoxy-4-methylphenyl acetate is
capable of causing rearrangement to the unlikely meta-

20 Photochemically none of

position when catalyzed by BF3,
this compound is formed and instead only rearrangement to

the ortho- positions and side reactions are observedozo

others +
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Substituent effects from nitro-substitution on the

phenyl ring have been studied, however they appear to undergo
localized photochemistry of their own, partially preventing
the photochemical Fries rearrangement,l:23:25 Various
investigators have looked at the effect of substituents on
the rates of rearrangement in terms of linear‘free enerqgy
correlations; Plots involving variation of substitutents
spanning a considerable range of g values on both the phenol
and acid portions of the ester have been made.1,23,26 The
trends seem to indicate that electron donating groups on the
phenoxy portion tend to give slightly increased gquantum
yields for photochemical rearrangement as do electron
withdrawiné groups on the acid portion, However the results
of such studies must be considered carefully, In view of the
fact that electronic excitation of the ester provides it
with energy in excess of that required for C-0 bond breaking,
the barrier to reaction must be small, Thus, any substituent
effects would iﬁvolve small perturbations on very fast
reactions,'and alteration of a substituenﬁ in the Hammett
sense would be expected to have only a trivial, if measurable,
effect on the rates of reaction, Results of isotope effect
measurements tend to support this opinion, Within experi-
mental error, no isotope effect could be detected for the
photo-Fries rearrangement of carbonyl cl4 1abeled p-methoxy=

phenyl acetate.27
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From the large number of photochemical Fries rearrange-

ments that have been carried out in many different solvents,
a rather general solvent effect on the rearrangement has
been noted,9,21,28 Rearrangement proceeds more quickly and
with higher relative yields of the rearranged products in
the polar aléohol solvents, There has been at least one
indication that increased solvent polarity favors a higher
o~/p~ ratio in the rearranged produéts, and lower overall
yvields of'phenol,9 However, these results should be
interpreted.with some caution since they reflect values
obtained over wide variations of total conversion, making
them questionable indicators of relative guantum yields,
Nonpolar solvents not only tend to give lower yields of
rearrangement, but in many cases increase the amount of

decarboxylation side reaction.21'28

Side Reactions

Esters with considerable steric hindrance to rearrange-
ment like esters of 2,5-di—§—butyiphenol, mesitol and others,
prefer to undergo decarboxylation in nonpolar solvents,l3f22'2913o

Bradshaw, et al. have suggested the solvent effect on
decarboxylation may imply that there is considerable polar
character in the intermediate stages of reaction.,20 Hageman
has proposed that the solvent and substituent effects on

decarboxylation may best be explained by rearrangement and

decarboxylation proceeding from separate intermediates.2l
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Hageman'’s proposal gains at least some support from the

elegant work of Finnegan and Knutson involving the irradiation
of (S)~(+)~3,5-di~3abutylphenyl-2—methylbutanoatea30 Some

decarboxylation of this compound was observed and isolation

S(+) S(+) ()

15=-20% 3% 75%

of (+)=2-(3,5-di-t-butylphenyl)butane revealed the reaction
had taken place with retention of stereochemistry, This
requires the reaction path for decarboxylation to be concerted,
and since the mechanism for rearrangement may involve a
nonconcerted process, Hageman's suggestion does have some
merit., (S)=(+)-3,5-di-t-butylphenyl-2-methyl-butanoate
also gives some decarboxylation on irradiation,

The 3,5-di-t-butylphenyl 2-methylbutyl ether isolated
from the irradiation is racemic, This finding demands a
mechanism in which the alkyl group is free to racemize
during the loss of carbon monoxide, and is most easily
accomodated by a radical recombination step., Diffusion of
the radical pair out of the solvent cage would also explain

the high yields of phenol obtained in this study. Such a
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mechanism is also congistent with the findings of others
concerning‘the phenol formation which accompanies the photo-
Fries rearrangement,

Barton and coworkers, interested in developing photochemi-
cally removable protecting groups for phenols involved in syn-
thetic schemes,studiaithephenolforming reactione3lf32 In
attempting to maximize the yield of the phenol, they noted that
the structure of the acid group exerts great influence on the
amount of cleavage the ester undergoes, By measuring the amount
of carbon monoxide produced in the reaction, it was determined that
more phenol was formed from those esters in which decarbonylation
of the acyl fragment produced stable free radicals., In these
studiés,thegreatestamountof decarbonylation was obtained from
aryl esters formed from fluorene-9-carboxylic acid which upon
photolysis yields the stable fluorenyl radical, carbon monoxide,
and the phenol in about 60% yield.

In a similar study aimed at maximizing the phenol forma-
tion as a possible source of phenoxy radicals, Horspool and
Pauson investigated the photochemistry of carbonates, formates,
and oxalates of phenol and E—E—butylphenol.33 Rearrangement
was found to be the major reaction pathway wﬁen carbonate was
the acid residue. However both the formates and the oxalates
gave chiefly phenol when irradiated, and no rearrangement
product could be isolated. The photolysis of p-t-butylphenyl
formate in ethanol gave the best yields of phenol, The

detection of considerable amounts of acetaldehyde, indicated
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that radicals, formed as intermediates, were abstracting

hydrogen from the solvent, Similarly, photolysis of this
compound in benzene gave biphenyl and 2,2°'-dihydroxy-5,5°'-
di-t-butylbiphenyl, which likewise suggests that irradiation
of the férmate involves fission into phenoxy and acyl
radicals, As with the work of Barton, et al, it seemed clear
from this study that the nature of the acid group clearly
exerted a profound influence on the extent of cleavage

observed in the photochemistry of phenyl esters,

Mechanistic-studies

There has been considerable speculation over the details
of the activation process in which ester molecules are raised
to an energy level sufficient for bond breaking and rearrange-
ment, Although a number of questions still remain, some of
the facts about the mechanism of light absorption and
promotion to excited states have emerged,

The work of Barton, et al. may have established the
aryloxy group as the active chromophore leading to reaction
since irrédiation of B-naphyl fluorene-9-carboxylate through
pyrex results in the cleavage of the acyl-oxygen bond.31
In contrast, the irradiation of p-cresyl fluorene-9-carboxyl-
ate under the same conditions gives no reaction despite the
fact that the fluorene chromophore absorbs strongly in this
spectral region, The p-cresyl ester does however react when

light of shorter wavelength is absorbed by the cresyl group.
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Hence it would seem that light absorption by the acid group

does not lead to bond cleavage in aryl esters,

hy/ .
A > 300nm

hy :
S300mm No Reaction

_OH
h» _
A>250nm

+ CO

When the light is absorbed by an aryl ester, it
undoubtedly promotes the molecule to an excited singlet
state, VThe‘bond cleavage reaction may proceed ffom this
state or alternatively, the molecule might first intersystem
cross with a spin flip to an excited triplet state from
which the bond breaking step is initiated. A number of
investigators have studied this aspect, and to date, there
still appears to be some guestion as to the excited state
responsible for reaction,21,34-37

Attempts at triplet sensitization of the rearrangement
of p-cresyl acetate with acetophenone produced no reaction,

However, the triplet level of the ester is probably well
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in excess of the 74 kcal energy of acetophenone making
energy transfer very endothermic and therefore not possible,
A sensitizer with a triplet energy of about 85 kcal is
probably required for exothermic energy transfer with phenyl
esters,

Quenching experiments likewise have been performed
with triplet quenchers like napthalene, Fell acetoacetonate,
piperylene, and cyclohexadiene with several different phenyl
esters, In all cases, no decrease in the quantum yields of
either the rearranged hydroxyphenones or the phenol formation
was observed despite this being an energetically-allowed
process, These quenching experiments are in agreement
with the general observation that oxygen does not appear
to affect the rates of reaction in any way., These results
indicate that either the reaction does not proceed through
a triplet, or that if it does, the rate constant for reaction
from the triplet is greater than that for diffusion in
solution,

Recently Plank has reported that, although both phenyl
acetate and phenyl benzoate do not interfere with the
photoreduction of xanthone (Ep = 74) in isopropyl alcohol, he
claims to have obtained some indirect evidence for energy
transfer from triphenylmethane (Ep = 81).3% The times
required for 40% disappearance of phenyl benzoate were moni-
tored in the presence and absence of triphenylmethane, and no

difference in the times was observed, Since the quantity of
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triphenylmethane in these experiments was sufficient to
absorb 20% of the light, Plank arques that the triphenyl-
methane is excited and intersystem crosses (apparently with
very high efficiency) to the triplet which then sensitizes
some phenyl benzoate., The apparent equal rates of dis-
appearance with and withouf triphenylmethane is attributed
to the direct and sensitized photo reactions proceeding
-from the same excited state, namely the triplet. This
obviously requires that the ester intersystem crosses prior
to reaction,

Because this stﬁdy deals with yields based on a rather
large fractional conversion and thus neglects to measure
guantum yields at low conversion, one cannot be sure of the
result, In addition it seems as though Plank has ignored
the likely possibility for singlet energy transfer from
triphenylmethane to phenyl benzoate resulting in singlet

reaction,

' In view of the fact that fluorescence has not been
observed from phenyl esters of aromatic acids, the first
excited singlet state remains a strong candidate for initi-
ating the photcchemistry,ll26 With reference to the strong
fluorescence of phenol,38 it is likely that in most of these
phenyl esters the rate constant for bond cleavage and
rearrangement is considerably greater than the rate constant
for fluorescence, Alternatively, Shizuka has suggested that

excitation of phenyl acetate leads to the first singlet
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excited state which then crosses to a dissociative 3g*
excited state in which the acyl okygen bond is severed,37

Experiments have as yet not clearly distinguished
between singlet and triplet excited states as the precursor
to bond breaking of phenyl esters., However, it appears
that the majority of evidence is in favor of‘the excited
singlet as the reactive state, Generally most investigators
have assumed that the same excited state is responsible for
both phenol formation and rearrangement., In contrast,
Plank has suggested that the influence of solvent polarity
may cause partitioning of the original excited state into
two separaté excited intermediates.? One 6f the excited
intermediates is depicted as a charge transfer excited state
which is favored by polar solvents, and leads to the rear-
rangement producté, The other excited state, favored by
nonpolar solvents, leads to phenol, Recently, in a preliminary
comment in his latest publication, Plank has suggested he may
have successfully gquenched the phenol formation by 50% with-
out affecting the yield of the rearrangement product,36
The experiment involved irradiating p-cresyl benzoate to
40% conversion with light of 3500 £ in the presence of 0,3M
napthalene, The results of this experiment, however, are
unclear since at this wavelength both napthalene and the ester
do not absorb appreciably, and in any case, the best comparison

would be in terms of guantum yields taken early in the reaction,



16
In addition, the amount of napthalene seems unusually high
for triplet guenching and singlet interference seems likely,

One other paper has just been published which includes
a scheme involving a partitioning of excited states to
explain thé general solvent and substituent effects on
the reaction.zl A partitioning between s-cis and s-trans
conformeric forms of the excited singlet state of substi-
tuted phenyl acetates is propdsed to explain the solvent
and substituent control of the ratio of decarboxylation
to reafrangemente In this scheme, s-cis and s-trans
forms of tﬁe ester are in equilibrium, and exposure to
ultraviolet light excites each to a s-cis and s-trans
conformation of the first excited singlet state respectively,
Both excitéd singlet conformers lead to unique, unspecified
intermediatés with the one coming from the s-cis form
causing decarboxylation and the one from the S-trans,
rearrangemént. Variations in solvents and substituents on
the phenyl}ring are seen to affect the conformational
equilibrium and thus produce a variation in the rates of
rearrangement and decarboxylation., However, this interesting
hypothesis still remains to be tested,

Following the primary activation prdcess, the excited
ester molecule:begins the appropriate nuclear motions which
will eventually transform it into the products. Taken
collectively, all subsequent travel across the reaction

potential surface describing the chemistry is referred to as
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the secondary process in the mechanism, The majority of the
research effort on the photo-Fries rearrangement has been
concerned with the elucidation of the secondary process,
Despite almost a decade of work on this problem, description
of the reaction pathway has remained largely controversial,
Basically, two conflicting hypotheses have beén»advanced
to explaih the photochemistry of aryl esters, As a result,
each has enjoyed rather widespread popularity in the liter-
ature, and two divérgent lines of argument have developed
- based on a number of different experimental results,

The very first studies of the mechanism which accom-
panied the discovery of the rearrangement by both groups
dealt with investigating the nature of the secondary process,
Anderson and Reese after having determined that o- and p-
hydroxyphenones were the primary products of the reaction,
and were stable under the reaction conditions, proposed a
mechanism which has in a general way continued in popularity,
Based on the higher proportion of o- substituted prdducts
when compared to the acid catalyzed rearrangement, the
extreme resistance to meta- substitution, and the high degree
of intramoiecularity of the photo-reaction, Anderson and
Reese proposed a mechanism involving a concerted formation
of the rearranged products,8 The major concept in their
mechanism implies that the timing of bond breaking and
bond formation is synchronized, Specifically, the reaction

is seen as proceeding through a pair of bridged biradicals,
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one involving attack on the ortho position of the phenyl

ring, the other involving para attack.

huisolvent
H

COR
Intermediate between the stages of bridged biradicals
-and produéﬁs is the formation of acyl cyclohexadienones,
These compounds under the conditions of reaction, would be
expected to enolize very quickly giving the phenolic products,
It is important tovnote that there is no provision in this
concérted scheme for the formation of phenol which has been

shown to accompany rearrangement, To explain the dilemma

Anderson and Reese suggested that the phenol results from a
competing photo reaction of the phenyl ester with ethanol as

was observed in the irradiation of dihydrocoumarin, However,
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the expected ethyl ester, which should accompany the phenol
was not detected.

In the considerable amount of literature which has
' followed this work, several papers have appeared favoring
similar molecular rearrangement type mechanismsﬁf20526'34’35

Coppinger and Bell studied the photochemistry of sub-
stituted phehyl 3,5—di-§—butyl~4—hydroxybenzoates in
polyethylene f:i.lms.,z6 The only reactioﬁ they observed was
rearrangement to the ortho position; fragmentation to give
phenol was not detected., When the ortho positions were
blocked as‘in the o,o0-dimethylphenyl ester no reaction at
all was observed, From studies of the substituent effects
on this series it was foqnd that both molecular complexity
and electron withdrawal from the phenyl group tends to depréSs
the quantum yield, A charge transfer mechanism was proposed
to correlate these results, Bond breaking of the C-=0 bond
is accompanied by strong polarization which keeps the two
portions of the mqlecule in close association throughout the
rearrangement, Following migration, this charge transfer
complex then collapses to the o-dienone which ultimately
enolizes to give the observed product,

Based primarily on this work, Plank has suggested that
a similar molecular charge transfer mechanism maybe respon-
sible for‘the photo-Fries rearrangement in solution.?2 It is
argued that such an intermediate could explain the solvent

effects, since solvents like ethanol would stabilize a charge
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transfer excited state and thereby favor rearrangement over
phenol forma‘;ion° (The latter, as previouslyvnoted, is seen
to proceed from a non-polar type "intermediate" in Plank's
proposal. )

Another molecular type mechanism has been advanced from
bthe work‘of Trecker; et §;,34'35 This work involved determin-
ing theveffect of the solvent environment on the photo;
chemistry of several p-cresyl esters. Specifically, Trecker
found no change in the guantum yields for the ortho
rearfangement from the irradiation of p-cresyl acetate and
benzoate in'alcoholic solvents spanning a wide range of
solvent viscosities., However, the quantum yield for the
phenol (p-cresol) was found to increase with decreasing
‘'solvent viscosity. If a concerted molecular rearrangement
were reSponéible for the rearrangement to the o-hydroxy-
phenone,‘oné would not expect to find a variation in the
rearrangement quantum yield, Since none was detected, Trecker
has suggested that the rearrangement occurs as a concerted
suprafacial shift of the acyl group to the ortho and para
positions, Because of the different orbital symmetries of
the first and second excited states of phenyl acetate, this
model generates the prediction that there should be a wave-
length dependence on the ratio of the quantum yvields of
g—hydroxy'and p-hydroxyacetophenone, (Implicit in this
model is the assumption that the decay of s?2ssl is not
significantly faster than reaction.) This aspect of the

hypothesis, however is still under study.,
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The variation in the quantum yield of the phenol (p-
cresol) is explained by proposing a second reaction from
the excited state, As an alternative to the éoncerted
rearrangement the excited phenyl acetate may undergo carbon-
oxygen bond homolysis., These radical fragments are then
able to either recombine to give back mainly the starting
material and presumably little or no rearrangement préducts,
or diffﬁse.out into the solvent, In the latter case, the
free phenoxy radical abstracts a hydrogen from the solvent
and forms the phenocl., As has been the case in most studies,
the fate of the acyl radical was not determined, 1In this
model, increased solvent viscosity would decrease the ratio
of cage escape products to recombination products, Such a
scheme thus explains the observed lower p-cresol quantum
vields by assuming that a larger proportion of the radical
pairs must recombine to give back the starting ester in
the very viSéous.solvents.‘ |

Bradshaw, et al. have also favored this type of
molecular rearrangement as the mechanism leading to the
hydroxyphenones.20 Although they prefer to hedge a bit as
to the precise nature of the intermediate, it is clear that
they have chosen a tightly bound one similar to the types
discussed above to explain solvent and sﬁbstituent effects,

Hageman has recently interpreted the absence of isotope
effect in the photo-Fries rearrangement of p-methoxyphenyl
acetate to be consistent with a molecular rearrangement

mechanism in which the C-0 bond remains largely intact in
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the transition state,zl As pointed out earlier, however, a
far more reasonable explanation is simply that photochemical
‘excitation imparts anvexcess of energy to the ester so that
a transition barrier in the thermal chemical sense simply
>does not exist, The isoctope effect experiment in this case
does not give any information about the rearrangement
pathway., |

. While all the ébove'pépers perhaps do not agree in
detail with the original proposal of Anderson and Reese,
they do share the common proposal that the rearrangement
takes place via a concerted molecular mechanism, It is in
this sense that these papers form one side in the nearly
ten years of controversy over the mechanism of the photo-
Fries rearrangement,

An entirely different concept, first advanced by Kobsa,
has been the basis for the other side of thisvcontroversyel
Kobsa suggested that both the rearrangement and the formation
of phenol could be rationalized by a singie mechanism, From
his investigations of the rearrangement of several substituted
aromatic esters the following scheme was proposed, Two
observations suggest the initial photodissociation step
yielding phenoxy and acyl radicals is quite efficient,
First, Kobsa determined the dissappearance guantum yields
to be about 0,65 for most of the esters he investigated, and
second, there is a total absence of luminescence from these

esters, Taken together these facts give strong support
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_COR

to the hypothesis ﬁhat the ester dissociates to radicals
with nearly unity quantum yield, He proposed that the back
reaction, recomﬁinaﬁionoftﬁw radical pairs to regenerate
the original ester, occurs about a third of the time and
accounts for the_0.65 dissappearance quantum yield,

| Unlike the molecular rearrangement mechanisms, the
significant point in this scheme is that both the rearrange-
ment product and phenol result from the reactions of the
phenoxy-acyl radical pair, The phenoxy and acyl radicals,
trapped by neighboring solvent molecules; remain in close
proximity for a large number of collisions, As a result
there is a high probability that they will recombine., 1In
doing so they may give back starting material, as has already

been proposed, or more importantly, they could combine to
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give a 2-acyl-3, 5-cyclohexadien-1l-one, The latter possiblity
followed by rapid enolization as in other mechanisms, would
result in the observed rearrangement product,

Alternatively, the radicals may diffuse out of the
solvént cage, become free of each other, and enter into
other reactions, Phenoxy,radical, for example, must even-
tually abstract a hydrogen (pfobably from solvent) and form
phenol, Kobsa reports that the amounts of g—butylphénol
isolated from the reaction, taken with the yield of rearrangement
product are sufficient to. account for essentially all the
reacted ester., Apparently the ffee acyl radical goes on to
do more complicated chemistry, since no aldehyde is detected
among thé products., Kobsa believes it is pfobably involved
in polymer formation which inevitably accompénies the
rearrangement; |

The small substituent effect which was observed from
variation of electron donating and withdrawing groups on
the cérboxylic portion of the ester indicated an enhaﬁcement
of rearrangement with increased electron withdrawal, This
effect is consistent with the‘pr0posed scheme, The recom-
bination of phenoxy and acyl radicals is expected to involve
little activationenergy, and increased electron withdrawal
in the acyl group would be expected to slightly accelerate
the reactiorio

As with the proposal put forth by Anderson and Reese,

Kobsa's mechanistic scheme has enjoyed considerable
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popularity in the literature, A rather large number of papers
on the photo-~Fries rearrangement have best rationalized
their findings by a radical cage recombination mechanism
rather than by a concerted rearrangemental3'23'33'37 In
addition,vé‘number of other photochemical rearrangements
like the photo~anilide,39‘4l photo—Claisen42v43 and photo-
chemical ether42,44,45 rearrangements are thought to involve
radical cage recombination as a step in their mechanisms,
Many experimental results have appeared which give added
éupport to such a mechanistic scheme for the photo-Fries
rearrangement,

The identification of acetaldehyde from the photolysis
of p-t-butylphenyl esters in ethanol,33 mentioned earlier,
is consistent with a step involving hydrogen abstraction
from the solvent by phenoxy radicals., Similarly, the iso-
lation and identification of various other products, con-
ceivably derived from free radicals, including the phenoxy
radical coupling product 2,2'-dihydroxy-5,5'~di-t-butyl-
biphenyl is compatible with Kobsa's mechanism, Horspool
and.Pauson report finding some hydrocarbon gas production
in the irradiation of phenyl acetate which they ascribe to
acetyl radical decomposition, However, because this irradia-
tion was done in ethanol which has been shown to yield

acetaldehyde by hydrogen abstraction, it is impossible to rule

out solvent derived acetaldehyde as the source of methane,
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Bradshaw, et al, reported finding a small amount of
benzaldehydé in addition to the usual products from the
irradiation of 2-methoxy-4-methylphenyl benzoate in benzene, 20
This is the first report in the literature establishing the
fate of a least some of the acyl radicals which have escaped
the solvent cage fecombination.

In addition to these reports of radical derived products,
Finnegan and Mattice have also favored a solvent cage recom-
bination mechanism to explain‘thé photochemistry of phenyl
esters,13 ‘They believe the radical mechaniém best explains
the loss of stereochemistry in.the decarbonylation reaction
mentioned earlier in addition to rétionalizing formation of
rearrangement products, phenol, and polymer., Finnegan and
Mattice éuggest that the decarbonylation product is forméd
by initial homolysis of the acyl oxygen bond, followed by
rapid loss of CO and radical recombination to give the
racemic ether, |

'Shizuka has recently repérted the results of a study
of the photochemistry of phenyl acetatee37 Assuming, from
the similarities to his study of the photo-anilide
rearrangement, that the mechanism of the photo-Fries rear-
rangement also involves a radical cage recombination step,
he has made some very interesting calculations, By comparing
the quantum yields for o- rearrangement and phenol formation
from phenyl acetate to those from p- cresyl acetate, and
making thé assumption that the quantum yields for photo-

dissociation in both esters are about equal, he was able
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to estimate values for @gigs, the photodissociation of the
ester into radical pairs, and ®p, the back reaction
regenerating the starting ester, For phenyl acetate in
cyclohexane these values were found to be Pgjggs = 0.61
and &g = 0,23, Taken with the rearrangement quantum yields
these values allowed calculation of the recombination ratio g,
the ratio of rearrangement to dissociation, B for phenyl
acetate was calculated to be 0,90, This high value of 8
indicates, that reactions between phenoxy and acetyl occur
with high efficiency within the solvent cage, In addition,
Shizuka has found excellent correlation between the ratios
of ﬁhe rate.constants for the recombination reactions with the
appropriate odd m electron densities calculated for the
phenoxy radical, This result gives some support to a cage
recombination of radicals causing rearrangement to the
hydroxyphenones formed in the photo-Fries rearrangement,

These papers taken together underscore an alternative
proposal to the molecular rearrangement explaining the
photo-Fries rearrangement by a cage recombination mechanism,
It is this parallel development of two conflicting
hypotheses to explain the mechanism of the photo-Fries
rearrangement which encouraged this investigation of the
problem, As a result of our studies, we believe we have
obtained results which contribute significantly toward

resolving the mechanism of this rearrangement,
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II, EXPERIMENTAL

Materials

n=Amyl Alcohol was obtained from J. T. Baker Chemical Company,

l-Butanethiol was received from Matheson, Coleman and Bell,

Cyclchexane (spectroquality) was obtained from Matheson,

Coleman and Bell.

Diethyl Ether (anhydrous reagent) was obtained from

Mallinkrodt Chemical Works,

Ethanol (absolute) was obtained from U, S. Industrial
Chemical Company,

n-Heptane (reagent grade) was obtained from Matheson,
Coleman and Bell,

n-Pentane (99% pure) was obtained from Phillips Petroleum Co,

o- and p-Hydroxyacetophenones were purchased from Aldrich

Chemical Company,

o- and p-Hydroxybenzophenones were obtained from Aldrich

Chemical Company.
o= and p-Hydroxvbutyrophenones were received from Aldrich
Chemical Company.

o-Hydroxydiphenyl Ether was purchased from Eastman Organic

Chemical Company,
Phenol was obtained from Mallinkrodt Chemical Works,

Phenyl Acetate was either purchased from Aldrich Chemical Co,

or synthesized according to the method of Chattawayo46
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Triethylsilane was received from Pennisular Chemresearch Inc,

bis-(Trimethylsilyl)acetamide was obtained from Pierce

Chemical Company,
l-Butanethiol, triethylsilane, and ethyl ether were
used as received from the suppliers.

Purification of n-Pentane, Phillips 99% pentane was

stirred over concentrated sulfuric acid for several weeks
during which time the acid discolored and was replaced
several times, Following separation from the sulfuric acid,
the pentane layer was washed several times with sodium bicar-
bonate solution and then with water, The pentane was then
dried and passed through a chromatographic column packed with
alumina and finally distilled (Bp 36°)., The UV cutoff

(OD = 1.0) had improved to 213 nm from 216 nm,.

Purification of n-Heptane., Phillips 99% heptane was

purified in the manner described for the pentane purification,
however, following the washing and drying procedure, it was
refluxed for 24 hours over granular phosphorus pentoxide and
then distilled. The fraction boiling in the range 97.5-97.7°
was collected and stored under nitrogen,

Purification of Cyclohexane, Cyclohexane was passed

through an alumina column and then refluxed for 24 hr over
granular phosphorus pentoxide, followed by distillation over
the range 79,5-79,7°,

Purification of n-Amyl Alcohol., n-Amyl alcohol was

purified by stirring over calcium sulfate for several days,
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and distilling from a small amount of sodium (sodium
pentoxide). The fraction boiling at 137° was collected,

Phenyl Acetate was purified by chromatography on

silica gel (40 g/g ester) with benzene followed by distil-
lation at reduced pressure: 92-94°/28 mm, This procedure
reduced the phenol impurity to less than 0,1%,

Phenol used in calibration for quantum yields was
purified by sublimation,

o-Hydroxybenzophenone was purified by recrystallization

from pentane (mp 37-38°),

p=Hydroxybenzophenone was purified by recrystallization

from ether-pentane, and then sublimed (mp 133-134°),

bis—(Trimethylsilyl)acetamide was purified by distil-

lation at reduced pressure, The middle fraction, bp 69-
72°/40 mm, was retained and stored under nitrogen,

Phenyl n-Butyrate, 40 g (0.29 moles) of phosphorus

trichloride was added to 60 g (0.68 moles) of n-butyric

acid; the mixture was stirred and heated for 1 hr after which
the organic layer was decanted from the phosphoric acid,
Distillation yielded the acid chloride boiling 99-102° at
atmospheric pressure, A solution of 96 g (1,02 moles) of
phenol in 70 ml of dry pyridine was added, the mixture re-
fluxed for an hour, and then stirred overnight, The organic
material was next taken up in ether and extracted several
times, first with 10% aqueous hydrochloric acid and then

with 10% agqueous sodium hydroxide, Following the extraction,
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the ether solution was dried over anhydrous sodium carbonate
(crude yield ca. 94 g - 64%) and then distilled boiling
220-225°, The distillate was finally freed from the last
traces of phenol by elution from a silica gel column (40 g
silica gel/g ester) with benzene.

Phenyl Acetate was prepared by the method of Chattaway,

23.5 g (0.25 moles) of phenol were dissolved in 160 ml of
10% aqueous NaOH., The solution was cooled, placed in a
separatory funnel, and 175 g of crushed ice was added. Next
32.5 g (0,32 moles) of acetic anhydride was introduced into
the separatory funnel and the mixture was vigorously shaken
for five minutes, Ether was then added and the aqueous layer
was removed:; the organic fraction was washed several times
with dilute sodium hydroxide, and water, The organic phase
was removed and dried over anhydrous magnesium sulfate,
following which the ether was evaporated and the phenyl
acetate distilled., Yields ca. 29 g (85%).

Phenyl Benzoate was prepared by dissolving 10.4 g (0,11

moles) of phenol in ca. 100 ml pyridine and adding 14.1 g
(0,10 moles) of benzoyl chloride dropwise, After refluxing
the mixture for 1 hr, it was cooled, taken up in ether, and
washed several times each with dilute hydrochloric acid,
dilute sodium hydroxide, and water, The ether solution was
dried over magnesium sulfate and then concentrated, Distil-

lation from ether yielded needles 15.7 g (79%). The phenyl
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benzoate was purified by sublimation and recrystallization
from ether producing material melting 67-69°,

Phenyl Caprvlate was synthesized by reacting the acid

chloride with phenol in pyridine., The chloride was prepared
by refluxing 72,1 g (0,50 moles) of caprylic acid with 243 g
(2,1 moles) of thionyl chloride for 30 min., The excess
thionyl chloride was distilled off in the form of its benzene
azeotrope and the remaining caprylyl chloride was dissolved
in benzene, This solution was added dropwise with stirring
to 52,3 g (0,50 moles) of phenol in 400 ml of pyridine,
After the addition was complete the solution was refluxed
for one hour, cooled, and then extracted in the usual way
with dilute acid, base, and water, The purified ester
distilled at 115°1,3 mm, vYield:s 88,5 g (80%). Infrared and
nmr spectra were consistent with the structure of phenyl
caprylate,

Phenyl Adamantane-l-Carboxylate was prepared from the

acid chloride in the following way, 15 g (0,083 moles) of
adamantane-l-carboxylic acid were refluxed with 49.6 g (0.4
moles) of thionyl chloride for 30 min, Excess thionyl
chloride was removed as an azeotrope with benzene., The
resulting material was dissolved in benzene and added drop
wise to a pyridine solution containing 5,9 g (0,063 moles)
of phenol. The mixture was stirred at reflux temperature
overnight and the ester was extracted from solution and

washed in the usual manner, The material was dried over
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magnesium sulfate and the ether was evaporated, Yields
19.9 g (93.5%). Recrystallization from ether followed by
sublimation produced white crystals melting 45,5-47°, The
infrared spectrum (CCl,) showed the following absorptionss
2950 (s), 2905, 2847, 1755 (s), 1745, 1595, 1490, 1478 (s),
1450, 1215, 1190, 1180 (s), 1160, 1050 and 685 ecm~1, The
nmr (CDC1l3-TMS) showed the following signalss 6 = 1,77
(6H, s (broad)):; 2.06 (9H, s (broad)):; 7.23 (5H, complex
multiplet),

Anal, calcd for CjgH2002: C, 79.65; H, 7.86, Founds
¢, 79.63; H, 7,77, |

p~Hydroxyphenyldimethyl Carbinol was prepared in
accordance with Gilman's method?7 by reacting methylmagnesium
iodide with p-hydroxyacetophenone, The methylmagnesium
iodide was prepared by reacting 40.1 g (0.28 moles) of methyl
iodide with 6,7 g (0,27 moles) of magnesium in anhydrous
ether, Following completion of the Grignard reaction 16 g
(0,12 moles) of p-hydroxyacetophenone in 200 ml of ether was
added dropwise to the Grignard reagent, The mixture was
stirred at reflux temperature for two hours and then cooled,
The organo-magnesium salts were decomposed by stirring the
reaction mixture with aqueous ammonium chloride, The organic
material was extracted wiﬁh ether, washed, dried over magnes-
ium sulfate, and concentrated, Crystallization of the
carbinol resulted from concentration; recrystallization

from water-ethanol yielded 13,1 g (73%) mp 101-104°, The
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infrared spectrum (nujol) had the following absorptionse
1611, 1594, 1503, 1379, 1367, 1255 (s), 1240, 1180, 1162
1114, 1104, 951, 866, 842, 828 cm~!, The nmr gave the
following signalss &6 = 1,48 (6H, s)s 7.40 (4H, aa'bb'),

p-Isopropenylphenyl acetate was prepared by reacting
47

p-hydroxyphenyl dimethyl carbinol with acetic anhydride,
13.1 g (0,086 moles) of the carbinol were refluxed for 8 hr
with 32.7 g (0,32 moles) of acetic anhydride, Following
distillation of excess acetic anhydride, 5,4 g (36%) of p-
isopropenylphenyl acetate distilled 105-107°/2,5 mm, The
following infrared absorptions were observeds 3090, 3045,
2975, 2945, 2922, 1765, 1630, 1602, 1510, 1457, 1440, 1372,
1210, 1172, 1020, 918, 902, 856 cm~l, The nmr (CDC1l3-TMS)
gave the following signalss & = 2,04 (multiplet) and 2,10
(6H, s); 5,01 (1H, multiplet); 5,30 (1H, s(broad)) and

7.20 (4H, aa'bb'),

o~Hydroxydiphenyl Ether was prepared by the method of

Norris, et g;.48 Benzene diazonium chloride was prepared by
dissolving 40 g (0,43 moles) of aniline in 200 ml of hydro-
chloric acid solution (50% H0 - 50% HC1).42 The aniline
hydrochloride solution was cooled to 0° and 32 g of sodium
nitrite in 80 ml of water was added with stirring, Addition
of the sodium nitrite was at a rate sufficiently slow to
maintain a temperature of 0-3°, Next, 50 g of catechol in

50 ml of water was heated to 60° and portions of the diazonium

salt solution were added keeping the temperature of the
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catechol solution between 50-60° during the addition, The

black suspension which resulted was steam distilled, The
first liter of distillate contained a yellow oil, and the
next three liters yielded 2.9 g (6.4%) of o-hydroxydiphenyl
ether in the form of long needles which precipitated from
the water., Sublimation followed by recrystallization gave

white needles, mp 104,5-105° (1lit., 105-106°),48

Irradiations

Irradiations of solutions were made following one of t&o
general procedures depending upon the nature of the experi-
ment. Most of the general work and quantum yields were done
via a sealed tube technique, When large amounts of photo-
products were required, a reactor was employed. An example

of each technique is given,

Irradiation of Phenyl Benzoate, Quartz tubes of 13 mm
diameter were filled with 3 ml of 0,1 M ether solution of a
phenyl benzoate., The tubes were degassed by three freeze
(77°K)—pump—thaw cycles and sealed off at a final pressure
of less than 5 x 10-4 mmig with a torch, The upper portion
of the tubes were taped with black vinyl tape down to the
‘level of the solution to avoid irradiation of the vapor.
Tubes were placed in a 254 nm "merry-go-round" housing a
Hanovia low pressure mercury lamp and irradiated for varying
periods of time,

Alternatively many other irradiations using the tube

technique employed an unfiltered 450 watt Hanovia medium
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pressure lamp in a water-cooled immersion well as the light

source.

Irradiation of p-Isopropenylphenyl Acetate., 2.0 g of

the above compound was dissolved in 1500 ml of reagent
grade benzene and placed in a 2 liter reactor fitted with
a water-cooled immersion well, housing a 450 medium pressure
Hanovia lamp. Nitrogen was introduced through a glass frit
in the bottom of the reactor and the solution was stirred
throughout the 26 hr irradiation,

The techniques employed for the gas phase irradiations
in this work utilized either a gas bulb or a flow system,

Photolysis of Phenyl Acetate (vapor), A sample con-

taining 3.7 mg of phenyl acetate was injected, using a long
needle, into the bottom of a 136 cc cylindrical quartz bulb
(190 mm long x 35.5 mm diam) with a vacuum stopcock at one
end. The bulb was degassed to 5 x 10~4 mmHg at 779K with a
mercury-free vacuum system, A predetermined amount of
isobutane was added from the vacuum line to give a pressure
of about 1000 mmHg during the irradiation, and the bulb
was sealed off with the stopcock. The top and bottom ends
of the bulb were taped leaving a 10 cm cylindrical window
open in the center, The bulb was placed inside a quartz-
walled lamp well which was maintained at 70° by means of a
circulating constant~temperature bath., Ultraviolet light
(253 nm) from an Ultraviolet Products PCQ-XI lamp50 which

surrounded the well caused partial conversion of the ester
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in about 2 hours, Following the irradiation, introduction
of about 2 ml of dichloromethane into the bulb succeeded in
extracting the products and unreacted ester for analysis by
gas-liquid partition chromatography (glpc).

Vapor Phase Flow System., The flow system (Fig. 1)

consists of three major subunitss a vaporizer-mixer, an
irradiation chamber, and a trap. The vaporizer portion was

a tubular vessel which held ca, 15 ml of the substrate
through which nitrogen is passed by means of a glass frit on
the end of an immersion tube, The nitrogen flow is carefully
controlled and the rate is monitored by means of a flow meter.
The vaporizer tube is kept at a constant elevated temperature
by means of an oil bath, The vaporized substrate is carried
out of the tube by the nitrogen flow into the first mixing
bulb where isobutane and the major nitrogen carrier flow,
which controls the residence time in the irradiation tube,
are added., All gas flows are controlled and monitored by
flow meters, This mixture of gasses and substrate vapor pass
through two more mixing bulbs before entering the irradiation
tube. The entire mixing bulb assembly and connecting tube
from the vaporizer are wrapped with nichrome wire and heated
to a temperature of ca. 90°, The gas mixture upon leaving
the last mixing bulb enters one end of the 51 cm x 5,0 cm diam
cylindrical quartz irradiation tube of 960 cc¢ volume which is
surrounded by a battery of three Ultraviolet Products PCQ-XI
253 nm lamp units, This quartz tube is similarily wrapped

with nichrome wire and heated to about 80°, After a
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Figure 1

The Gas Phase Flow System
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specified residence time in the irradiation chamber, the gas
mixture exits at the opposite end and enters the trap., The
trap is of special design and‘consists of a length of 14 mm
diam pyrex tube bent in a "zig-zag" shape and packed with glass
helices, The input end has a female ground glass joint and
the first 10 cm is heated by means of a nichrome wire winding
to about 80°; the output end is fitted with a male ground
glass joint and accepts a drying tube., The entire "zig-zag"
section of the trap is half-buried in powdered dry ice, with
the upper loops of the zig-zag exposed to room temperature
air, A styrofoam %“beer cooler" with an added baffle was
found to make an ideal container for the trap and dry ice,
Such a configuration requires the vapors to be alternatively
exposed to warm and cold sections asthe&pmoceed through the
trap and thereby minimizes possible formation of aerosols, |
In practice, most of the material is trapped in the first cold
loop and essentially no material passed beyond the second one,
At the completion of the irradiation, the trap is removed,
warmed to room temperature and, finally, the drying tube
removed and exchanged for a 100 ml round bottom flask contain-
ing anhydrous ether, The zig-zag trap is clamped in a vertical
position (Fig, 2) and a reflux condensor with drying tube is
placed in the upper female joint., The trap contents are
then quantitatively extracted by refluxing the ether through
the trap., Generally a few hours of refluxing is sufficient

for quantitative removal of the trapped compounds,
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Figure 2

Reaction Mixture Extraction Technique
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Photolysis of Phenyl Acetate (vapor). 8.8 g of phenyl

acetate were placed in the vaporizer of the flow system, The
heating wire on the system was adjusted to give a temperature
of ca, 80-90°, and the vaporizer oil bath was set at 40°,

The flows were adjusted to give 100 cc/min of nitrogen

through the vaporizer, 30 cc/min isobutane, and 900 cc/min

main carrier nitrogen, giving a total flow rate of 1030 cc/min
and an irradiation residence time of 56 sec, The trap's ice
bath was filled with ca. 30 1b of dry ice and the baffle
inserted. The lamps were turned on, and the irradiation was
continued for 48 hr, In that time 3,08 g (7.9 x 1070 moles/min)

were collected in the trap.

Instruments

»Inffared spectra were obtained from either a Perkin-
Elmer 257 Grating Infrared Spectrometer or a Beckman IR-7
Infrared Spectrometer, A Varian A-60-A spectrometer was
used to measure nmr spectra, Ultraviolet spectra were ob-
tained from a Cary 14 Recording Spectrophotometer, Melting
points were taken on a Thomas-Hoover Melting point apparatus
or a hot plate microscope and are reported uncorrected,
Emission spectra measurements were made on an Aminco Bowman
Spectrophotofluorometer with a phosphorescence accessory,

Flash spectroscopy and double-flash spectroscopy was
carried out with an instrument from this laboratory. The
apparatus and general technique of making the measurements

have been previously described,>1
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The electron paramagnetic resonance spectrum of phenyl-
n-butyrate in benzene was obtained while being irradiated
with ultraviolet light on an apparatus from this laboratory.,52

Mass spectra of some of the products in the mixture
resulting from the gas phase irradiations of phenyl acetate
were obtained from a combination gas chromatograph-mass
spectrometer., A Hewlett-Packard model 7620A Temperature
Programming Research Gas Chromatograph, interfaced with an

EAT Quad 300 quadrupole mass spectrometer, was employed for

the determinations,

Gas Chromatography

Analysis of photoproducts from the scavenging experi-
ments was made on a 6 ft x % in, 5% Apiezon L on Chromosorb
G-AW-HMDS at 80° and 220°, Two instruments were used in
these experiments, a Loenco Model 15B gas chromatograph
with thermal conductivity detection and a Loenco Model 160
with dual column compensation and flame ionization detection,

AnalySis of the gaseous compounds resulting from de-
carbonylation in the scavenging experiments was obtained
with a ca., 2 ft x 1/8 in column containing Grace 60-200 mesh
activated silica gel., A Loenco Model 160 operating in the
temperature range of ambient to 40° was employed for the
determination,

Phenyl Benzoate Quantum Yields, The quantitative

analyses for the quantum yield of dissappearance of phenyl

benzoate and associated product formation were made on a
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Loenco Model 70 gas chromatograph incorporating dual column
compensation and flame ionization detectors. A 10 ft x % in
column of 4% Apiezon L on Chromosorb G operated at 20° was
used to determine the benzene content of photolyzed samples,
Dual columns of 10 ft x % in, 5% SE-30 on Chromosorb W-HMDS
were operated at 270° to determine quantities of phenyl
benzoate and the TMS ethers of o- and p-~-hydroxybenzophenone,
A temperature of about 120° was used to determine the amounts
of the TMS (trimethylsilyl) ether of phenol,

Alternatively, a Hewlett Packard No, 5750 Research Gasv
Chromatograph with facility for temperature programming,
dual column compensation, and flame ionization detection was
used to determine the relative quantum yields of the o- and
p-hydroxybenzophenones (TMS ethers), Dual columns 5 ft x
1/8 in of 5% SE-30 on Chromosorb W-HMDS were used in con junc-
tion with a program consisting of a 3 min post-injection
delay at 45°, followed by a 6 min programming rate to 215°,
followed by a 3 min upper temperature delay,

Photoproducts from Irradiation of p-Isopropenylphenyl

Acetate were determined as their TMS ethers by gas chroma-
tography on a 10 ft x % in 5% SE-30 column at 280°,
Analysis of starting material and photoproducts
resulting from vapor phase bulb irradiations were made on
the HP-5750 with a 5 ft x 1/8 in, 5% column on Chromosorb
W-HMDS, Typical conditions employed a 40 cc/min carrier
flow and the following temperature program: 5 min at 80°;

10°/min from 80° - 200°: 5 min at 200°,
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Product analyses from the flow system irradiations of

phenyi acetate vapor and related compounds were made on the
HP-5750 with a 7 ft x 1/8 in column of 10% DC~LSX-3-0295 on
Chromosorb W (acid washed). A flow rate of ca., 40 cc/min and
a temperature program consisting of a post-injection delay
of 8 min at 108°, a rate of 15°/min between 108 and 210°,

and an upper limit delay of 3 min at 210°, Alternatively, a
5 ft x 1/8 in 5% SE-30 on Chromosorb W (acid washed DMCS)
with a program consisting 6f a 5 min post-injection delay

at 80°, 10°/min rate between 80° and 200°, and a 5 min upper
limit delay at 200°, Similarly a 5 ft x 1/8 in column of 5%

XE-60 on Chromosorb W (HMDS) at 160° was also used,

Quantum Yields

Samples of phenyl benzoate (ca. 0.1 molar) in various
solvents were irradiated by means of the sealed tube technique
with a 253 nm "merry-go-round" apparatus, Light intensities
of ca. 6.1 x 10~8 E/min were monitored throughout the
irradiation period with potassium ferric oxalate actinometry,53a
Consumption of ester and conversions to non-phenolic products
were measured directly by gas chromatography, Phenolic
products resulting from the irradiation, were analyzed by
first converting them quantitatively to their more volatile
trimethylsilyl ethers by the action of bis=-(trimethylsilyl)-
acetamide, and then measuring them by gas chromatography,

Measurement of peak areas from the chromatograms was made by
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means of either the cutting and weighing technique or by
using a disk integrator., Triplicate data points were taken
for each value,

The inclusion of an internal standard in the solutions
provided accurate values of the amounts of conversion for
measured volumes of solution, Comparison of these values
with calibration curves for each compound gives the con-
centration of photoproducts in each sample, By plotting
the mmoles of conversion vs., m Einsteins of light,
extrapolating the curve to zero at zero time, and measuring
the slope, one can obatin the quantum yield at low conversion,

Silylation of Phenols with bis-(Trimethylsilyl)acetamide

L§§él°53b A 2 ml aliquot of the photolyzed solution (typically
0.1 M in phenyl benzoate) was placed in a 5 ml serum bottle
fitted with a serum cap., To this sample *» ml of purified

BSA was introduced through the cap by means of a syringe

and needle, (An additional 1 ml of BSA was added to those
samples which contained acid.) The bottle was agitated a

few seconds and allowed to react for 24 hrs. Independent
experiments showed that this period was sufficient to assure
quantitative conversion of the sample,

Detection of Gases Resulting from Photodecarbonylation,

The hydrocarbon gases resulting from photodecarbonylation in
phenyl n-butyrate solutions were qualitatively analyzed by
coincident injection of authentic gas samples with injections

of the solutions containing dissolved gases on a silica gel
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column, Enhanced peak helights without a change in the shape
was taken as strong evidence toward establishing the identity
of the gas,

Measurement of carbon monoxide resulting from the flow
system irradiation of phenyl acetate vapor was made by
channeling the effluent gas from the drying tube through a
three neck flask. The center neck of the flask contained a
punctured serum cap through which a carbon monoxide analyzer
tube could be placed, A Bacharach Universial Gas Sampler
No, 1907016 with potassium-pallado-sulfite type carbon
monoxide sampling tubes No, 19-0195 permitted measurement
of concentrations to 10 ppm CO, The unit is manufactured

by the Bacharach Instrument Co,, Pittsburgh, Pa,

Identification of Gas Phase Photoproducts

Phenol was isolated from the rest of the components
in the product mixture resulting from the irradiation of
phenyl acetate by a preliminary separation using preparative
gas chromatography. A Varian Aerograph Autoprep 700 Chromat-
ograph and a 19 ft x‘3/8 in column of 20% DC-LSX-3-0295 on
Chromosorb W-HMDS was used at 135° to effect the separation,
Phenol isolated in this fashion was still impure and a second
preparative chromatography at 100° succeeded in removing
most of the contaminant., The Infrared spectrum was obtained
(CCly) revealing the following strong absorptionss 3600,
3340 (broad), 1607, 1598, 1510, 1482, and 1225 cm~ L (broad).

The nmr (CCly~TMS) gave the following absorptionss § = 6,18
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(1H, s) and 7.0 (5H, complex multiplet). Both the infrared

and nmr spectra are completely superimposable with the
spectra of an authentic sample of phenol. Similarly alpc
analysis on three different columns (1) 5 ft x 1/8 in 10%
DC-LSX-3-0295, (2) 5 ft x 1/8 in 5% SE-30 on Chromosorb W
(acid washed - DMCS), and (3) 5 ft x 1/8 in 5% XE-60 on
Chromosorb G (acid washed - DMCS) revealed that coincident
injection of the isolated material with an authentic sample
of phenol gave only a single peak. Furthermore, identical
retention times of the isolated sample and one of the peaks
in the photoproduct mixture indicated no chemical changes
had occured during isolation,

o-Cresol was obtained by extraction of many combined
runs from the flow system with 5% aqueous KOH, Reacidifi-
cation produced an extract consisting of acidic photo-
products which were subjected to a primary separation by
preparative gas chromatography with the LSX column at 132°,
A fraction was collected which consisted of crude o-cresol
and was resubjected to chromatography at the same conditions,
Collection of the effluent from the second preparative
separation yielded a pure compound, The infrared spectrum
(CCly) had the following strong absorptionss 3600, 1589,
1510, 1492, 1462, 1325, 1257, 1210, 1165 and 1102 cm'l.
The nmr (CCl,~TMS) showed the following peakss & = 2,18
(3H, s); 4,58 (1H, s)s 6.80 (4H, complex multiplet), The
above spectra are completely superimposable with the infrared

and nmr spectra of an authentic sample of o-cresol, Glpc
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masg spectrum gives the following major peaks (in order of
decreasing intensity)s m/e 108, 107, 90, 77, 89, 79, Except
for a higher than expected abundance of m/e 89 peak, these
values are in good agreement with the major peaks in the
fragmentation pattern of g—cresol.54a Coincident injection
of authentic o-cresol and this sample gave a single peak in
the gas chromatogram; comparison of retention time of it
and the product mixture revealed no chemical changes had
taken place during the work up.

p-Cresol was isolated from the acidic extract by two
successive preparative separations by gas chromatography
at 132° using the 19 ft LSX column., An infrared spectrum
(CCly) of the isolated material showed the following strong
absorptionss 3602, 3340, 1618, 1599, 1514, 1257, 1094,
1091 em~l, The nmr spectrum (CCl,-TMS) contained the
following peakss & = 2,20 (3H, s); 5.60 (1H, s); 6,73
(4H, aa'bb')., GLPC-mass spectroscopy of the peak corre-
sponding to this compound in the photoproduct mixture gave
the following m/e ratioss 107, 108, 77 and 87 which are
in good agreement with the published fragmentation pattern
for E—cresol.54a The nmr and ir spectrabof the isolated
material are superimposable with those taken of p-cresol,
In addition, a single peak in the glpc resulted from coin-
cident injections of the isolated product and authentic

b-cresol., As before, no chemical change had occured during
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the isolation procedure, since retention times of the
isolated material and a peak in the product mixture were
identical.

o-Hydroxydiphenyl Ether was isolated by preliminary

extraction with 5% aqueous potassium hydroxide, Following
the reacidification, the extract was separated into fractions
by preparative gas chromatography. A 10 ft x 3/8 in 15%
DC-LS¥X~-3-0295 on 60/80 Chromosorb W-AW at 190° and a flow
rate of ca. 110 cc/min was used to isolate the two peaks

of highest retention time in a single fraction., A second
chromatography under the same conditions separated the
fraction into the two components, The one with the shortest
retention time was collected as a light brown solid, sub-
limed, and recrystallized from hexane to give white crystals
melting 103-104° (1lit mp 103-104°) .48 The infrared spectrum
(CCly) had the following strong absorptionss 3460, 1598,
1592, 1500, 1492, 1267 and 1216 cm™ -, The nmr (CC1,-TMS)
absorptions were § = 5.21 (1H, s); and 6,83 (9H, complex
multiplet)., The above spectra were superimposable with
infrared and nmr spectra taken of o-hydroxydiphenyl ether
which was synthesized by the method of Norris, et 21,48 A
mixed melting point gave the following ranges: isolated
sample 103-104°; authentic sample 104.5-105,5°; mixture
104-105,5°, Similarly coincident injections of isolated

and authentic material into the gas chromatograph produced

a single peak which was identical in retention time to a

peak in the photoproduct mixture,
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p-Hydroxydiphenyl BEther was similarly collected from

the second preparative gas chromatography described above,

The compound in its impure form was yellow and crystalline,
Sublimation followed by solution in methanol and filtration
eliminated the yellow color, Recrystallization from hexane
gave white crystals melting 82-83° (lit mp 84~85°)°54b The
infrared spectrum (CCl,) revealed the following strong ‘
absorptionss 3608, 3420, 1591, 1508, 1490, 1233 and 1188 em L,

The nmr spectrum (CCly~TMS) was takens & = 4,52 (1lH, s)

g

6.90 (9H, complex multiplet). Both spectra were super-
imposable with those of an authentic sample of p-hydroxy-
diphenyl ether., A mixed melting point gave the following
resultss isolated compound 82-83°; authentic material
83,5-84°; mixture 82-83°, 1Injection of a mixture of
authentic and isolated material gave a single peak on the
gas chromatograph., There was no chemical change during the
isolation as evidenced by the identical glpc retention times
before and after isolation.

p=-Benzoquinone - Although isolation of a small amount
of pure p-benzoguinone by preparative gas chromatography
with the 10 ft LSX column at 132° was successful, the major
amount of this compound was obtained by physically separating
colored crystals from a fraction consisting of the co-
distillation of three compounds., Apparently under prepara-

tive conditions where overloading becomes a problem,
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p-benzoquinone formed in the irradiation readily co-distills
with the o-hydroxydiphenyl ether, Because of these problems,
isolation of amounts adequate for analysis was very difficult,
However a small amount was made pure enough to obtain
analytical data, The infrared spectrum (CC14) although
weak, had the following absorptionss 1669, 1658, 1511 (imp.),
1420, 1304, 1271, 1253, 1070, 897 and 885 cm-l, The 220-nmr
(CDC13-TMS) spectrum gave two absorptionss & = 6,79 (s)
and 6,71 (s) (imp.). All absorption peaks in the infrared
spectrum of authentic p~benzoquinone were superimposable
with the spectrum of the isolated material., Similarly the
chemical shift of the authentic sample agreed with the
larger peak (6 = 6.,79) in the isolated sample, A glpc-mass
spectrum allowed the aquisition of accurate mass spectral
data on the pure sample of isolated material and the following
m/e ratios were obtaineds (decreasing intensity) 108, 110,
82, 80, 100, 81, and 54, This fragment pattern is in good
agreement with published ones for E-benzoquinone.55 Coin-
cident injection of the isolated material with an authentic
sample gave the expected peak enhancement, Identical
retention times for the isolated benzoquinone and a peak in
the photoproduct mixture assured that the isolation procedure

had not caused any chemical changes,

o-Hydroxyacetophenone - By means of preliminary alkaline

extraction and preparative gas chromatography with the 19 ft
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LSX column a small amount of o-hydroxyacetophenone was Ob-
tained from the combined yields of a large number of irrad-
iations, The fraction contained ca., 15% of an impurity of
nearly identical retention time making further purification
by gas chromatography fruitless, The infrared spectrum
(CCl4) was run and the following strong absorptions noteds
1642, 1618, 1511 (imp.), 1488, 1450, 1369, 1323, 1304, 1248,
1220 and 1160 cm™!, The nmr (CCl,-TMS) gave the following
signalss & = 1,32 (s, impurity); 2.62 (3H, s); 7,26 (complex

multiplet, integration ca. 5 due to impurity).

Products from the Irradiation of p-Isopropenylphenyl Acetate

in Solution:

The mixture resulting from the irradiation of the above
compound in benzene for 25 hrs resulted in a conversion of
about 0,62, The products were separated by preparative
thin layer chromatography on a silica gel plate, Elution
with benzene on analytical plates revealed four components
in the mixture with the following R¢ valuess 0,70, 0,64, 0,33
and 0,08, Each fraction was analyzed by glpc and the infrared
and nmr spectra were taken,

Fraction with Rg = 0,64 had the following major bands
in the infrared (plates): 1760, 1640, 1629, 1508, 1372,

1202 (broad), 1171, 1020, 918 and 856 cm~l, The nmr (CDC13-
TMS) was takens & = 2,14 (3H, s); 2,27 (3H, s); 2,62 (imp,):

5,09 (1H, quartet); 5.32 (1H, s) and 7,28 (4H, aa'bb'),
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These data and the glpc retention time are superimposable
with those from the starting material,

Fraction with Rg = 0,70 was the major product of the
irradiation acounting for better than 80% of the three
photoproducts, The following major absorptions in the
infrared were recorded (plates); 1641, 1485, 1372, 1287
and 1219 cm—1l, Similarly the nmr (CDCl3-TMS) gave the
following absorptions: & = 2,11 (3H, quartet): 2,26 (imp,):
2,61 (3H, s); 5,10 (1H, complex multiplet): 5,30 (1lH, complex
miltiplet)s: and 7.34 (4H, complex multiplet)., The above
spectral data are consistent with the structure of 2-acetyl-
4-isopropenylphenol,

Fractions with Rg = 0.33 and 0.08 were isolated in
considerably smaller amounts since each accounts for 10%
or less of the photoproducts; their purity was also lower,
The glpc retention times of both compounds were intermediate
between those of the starting ester and the o-rearrangement
product, |

Fractions with Rg = 0,33 had the following major
infrared absorptions (plates)s 3400 (broad) (H,0), 1670,
1610, 1600, 1588, 1515, 1270, 1205, 1170 and 843 cm~1,

The nmr (CDC1l3-TMS) had the following peaks: & = 2,09,
2,30, 2.56, 4.97, 5,28 and 7,10 (ca., aa'bb') (spectral
data were of poor quality). The fraction with the 0,08

Rf had the infrared absorptionss 3360, 1700, 1510, 1370,
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1275, 1222, 1210, 1174, 914 and 738 em™!l  The nmr (CpCl3-
TMS)s & = 1,48, 1,82, 2,03, 2,12, 2,25 (s, large), 2,50

and 7,05 (comples multiplet),
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III. RESULTS

Irradiations in the presence of hydrogen donors

A solution of 0.1 M phenyl n-butyrate in cyclohexane,
heptane, benzene and n-amyl alcohol was made up containing
large concentrations of compounds which are facile hydrogen
donors., Both n-butyl mercaptan in concentrations of 1.0
and 9,5 M, and triethylsilane in 1,0 M concentrations
provided a‘ready source of hydrogen to scavenge any free
radicals formed in these experiments.56 Many irradiations
of these solutions in sealed tubes for periods of from 10
to 175 hr, causing from 15 to 95% disappearance of the
phenyl n-butyrate produced the expected productss: o-hydroxy-
butyrophenone, p-hydroxybutyrophenone and phencl (Table I).
There was a trend in the relative disappearance gquantum
yields of phenyl n-butyrate in these solvents with the least
amount of reaction occuring in the hydrocarbon solvents,
cyclohexane and n-heptane., Reaction was markedly enhanced
in benzene, and the highest relative yields resulted with
h-amyl alcohol, Analysis of the reaction mixtures by thin-
layer chromatography revealed that only the above mentioned
photoproducts formed in the samples containing hydrocarbon
solvents, while the tubes with n-amyl alcohol as the solvent
gave two additional photoproducts., Although some phenol
could be detected from every irradiation in this series,

careful analysis by gas chromatography failed to provide a
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single case in which any n-butyraldehyde was found., The
analytical technigue was good enough to detect as little

as 0.5% conversion of the phenyl n-butyrate into n-butyr-
P n n

aldehyde.,
TABLE I

- Relative Rates of Phenyl n-butyrate
Solvent % Conversion#* Relative conversion
Cyclohexane 21 - 25 1.1
Heptane 18 - 23 1
Benzene 52 - 65 _ 2,8
n-Amyl alcohol ~95 4.5

%#54,5 hr on unfiltered Hanovia 450 lamp

Based on these results, the photochemical stability of
the séught-for compound, n-butyraldehyde, was determined by
another set of experiments, Samples were prepared containing
amounts of phenyl n-butyrate and scavenger identical to those
used in the previous study plus an additional 1,0 M concen-
tration of n-butyraldehyde. Again, the samples were exposed
to an unfiltered Hanovia 450 W medium pressure lamp for 54,5 hr,
and then the products were analyzed by gas chromatography.
The results, tabulated in Table II, show that n-butyraldehyde
decomposes under the conditions of the reaction, Although the

extent of decomposition and therefore the rate (with
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TABLE II

Relative* Rates of Decomposition of Phenyl n-Butyrate
and n-Butyraldehyde

Solvent Ester converted Aldehyde decomposed
Cyclohexane 27% 17%
h-Heptane 24% 27%
Benzene 99% 82%
Alcohol | 100% 100%

*#*54.5 hr on unfiltered Hanovia 450 lamp

appropriate assumptions) is dependent upon the solvent, in
all but the cyclochexane solutions, the rate of decomposition
of the aldehyde is comparable to or faster than the photo-
lysis of phenyl n-butyrate, As a result, scavenging experi-
ments designed to trap a butyryl radical as butyraldehyde
would be expected to have a very low, if not zero probability
for success, |

During the course of this study, peaks with extremely
short retention times were observed in the gas chromatograms
of irradiated samples of phenyl n-butyrate, Comparison of
these with the chromatbgrams of aldehyde-containing samples,
suggested that the peaks might be the products of decarbonyl-
ation of the acyl fragment of the ester, Once again sample
tubes containing 0.1 M phenyl n-butyrate in the four solvents
were made up and exposed to ultraviolet light, In addition,

two sets of control samples were prepared and irradiated;
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one which contained only the solvent and scavenger, and
another which contained 0.1 M n-butyraldehyde and solvent,
Gas chromatograms of the samples again showed the short
retention time peaks which upon further study were identified
as hydrocarbon gases dissolved in solution, Table III gives
the product distribution from each sample and a semi-quanti-

tative indication of the total amount of hydrocarbon gas

Table IIX

Sample Total Gaseous Product Relative Distribution
(semi-quantitative) Ethane Ethylene Propane Propylene
(arbitrary units)

0.1 M phenyl n-butyrate 28,5 1 0.34 4,9 -
in cyclohexane

0.1 M phenyl n-butyrate 17,8 1 0,62 8,6 -
in n-heptane

0.1 M phenyl n~butyrate 15.8 1 1.84 6,54 0.15
in benzene

0.1 M phenyl n-butyrate 71.5 1 11.3 19,2 4,2
in n~amyl alcohol

0.1 M n-butyraldehyde 126,.1 1 - 6,3 -
in cyclohexane

0.1 M n-butyraldehyde 169.1 1 39 32,9 -
in benzene

1 M Et3SiH in benzene 11.2 1 trace trace -

dissolved in solution., Since ligquid samples were withdrawn
by syringe and injected onto the vpc to obtain these data,
the total amount of gas in each is subject to variations due

to solubility and sample handling techniques, Therefore,
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the totals are at best, semi-quantitative indicators of the
extent of decarbonylation accompanying ester photolysis, and
probably only reliably indicate that considerably more
decarbonylation takes place in n-amyl alcohol than in the
other solvents, It is clear from the product distribution
data that irradiation of phenyl n-butyrate in all four
éolvents favors the formation of propane relative to all
other hydrocarbons. (Methane and butane have also been
locked for in this study.) In the photolysis of n-butyr-
aldehyde however, both propane and ethylene are major products,
with ethylene formation favored by about 15%,

As a result of the irradiations run in the presence of
large concentrations of n=butyl mercaptan, hydrogen sulfide
was formed in pressdres sufficient to bufét thick-walled
quartz tubes, Subsequent study revealed that high concen-
trations of mercaptan resulted in significant light absorption
and direct photolysis of the sulfur compouhd. Hydfogen
sulfide, butyl disulfide, and the previouSly unreported
dibutyl sulfide were identified from the irradiations of
l—butanethiol.57 As a result, triethylsilane, which does
not have significant absorption in the region around 250 nm,

was substituted for butyl mercaptan as a hydrogen donor,

Irradiation of p-Isopropenylphenyl Acetate

rradiation of 0,005 M solution of p-isopropenylphenyl
acetate in benzene gave one major photoproduct and two minor

ones, Following separation of the components of the mixture
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by preparative thin layer chromatography, nmr and infrared
spectra of each fraction were taken, Spectral data for the
fraction corresponding to the compound which made up 81% of
the photoproduct mixture were consistent with the structure
of 2-acetyl-4-isopropenylphenol, Spectral data on the other
twd photoproducts, each amounting to about 10% of the product
_total,were‘af,considerably poorer quality due to impurities,
The nmr spectrum of one of the compounds showed no styrene
proton absorptions similar to those present in the starting
material and major photoproduct, However, study of these
compounds was not pursued further because of their minor

role in the photochemistry of the ester,

Emission Spectra

Phosphorescence and total emission spectra were recorded
at 77° K in EPA glass from phenyl n-butyrate (Fig. 3),
phenyl benzoate (Fig, 4), phenyl adamantane-l-carboxylate
(Fig, 5) and phenyl caprylate‘(Fig, 6)., Phenyl benzoate
showed no emission at all, even at very sensitive settings
of the spectrophotometer, In contrast, the other esters all
displayed a relatively strong phosphorescence band with a
Amax at 380 nm and peak onset at 335 nm which corresponds
to a triplet energy of 85 kcal. Phenyl caprylate and phenyl
adamantane~-l-carboxylate also showed a small fluorescent
emission peak Apsx 280 and peak onset at 260 nm, A similar
fluorescent emission could not be observed with phenyl n-

butyrate because of the appearance of a large amount of
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Figure 3

Absorption and Emission Spectra

of Phenyl n-Butyrate
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Figure 4

Absorption and Emission Spectra

of Phenyl Benzoate
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Figure 5

Absorption and Emission Spectra

of Phenyl Adamantane-l-carboxylate
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Figure 6

Absorption and Emission Spectra

of Phenyl Caprylate
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scattered light from the excitation source in the spectrum,
In all cases where emission was observed, excitation spectra
were taken revealing a strong absorption in the region of
265 nm which overlaps the first peak of the absorption spectra
of these esters, Absorption spectra, for comparison purposes,

were obtained from ethanol solutions,

Electron Paramagnetic Resonance Studies

Irradiation of a benzene solution of phenyl n-butyrate
with ultraviolet light in the cavity of an EPR spectrometer
prodﬁced a weak 1ight—dépendent signal. The signal was a
broad, structureless peak with a line width of 48 g and

ag = 2,0,

Flash Lamp Spectroscopy

Several experiments were carried out involving kinetic
spectroscopy of solutions of phenyl benzoate and phenyl
caprylate, No transient absorptions were observed in the
region of 400 nm from phenyl benzoate; the results of similar

experiments with phenyl caprylate were inconclusive,

Quantum Yields

The quantum yields for disappearance of ester and the
formations of o-hydroxybenzophenone, p-hydroxybenzophenone,
and phenol were measured in ether solution, Because of
competitive light absorption due to the intense absorption
coefficients of the products, determinations were made at

low ester conversions, Tubes containing solutions of 0.1 M
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phenyl benzoate in anhydrous ether were irradiated for
varying lengths of time on a 254 nm "merry-go-round",
Quantitative conversion of phenolic products to their more
soluble trimethylsilyl ethers followed by gas chromato-
graphic analysis established the product yields, Extrapolation
of a plot of these values versus the integrated light in-
tensity produces the quantum yields at zero percent conversion
(Fig, 7). Cuantum yield for ester disappearance was
® = 0,85 % 0,04, The quantum yields for formation of
products weres o-hydroxybenzophenone & = 0,30 £ 0,01,
p-hydroxybenzophenone & = 0,28 * 0,01 and phenol & = 0,14
+ 0,01, .In addition, attempts to measure a quantum yield
for benzene, a possible decarbonylation product, indicated
none was formed., Analytical procedures could have easily
measured a conversion of 0,1%, or in terms of quantum yields,
® 1.5 x 1073,

In a similar manner, the relative quantum yields of
formation of o- and p-~hydroxybenzophenones was determined
as a function of solvent acidity. A set of samples of 0,1 M
phenyl benzoate in ether and a second identical set contain-
ing an additional 0,1 M concentration of acetic acid were
irradiated and analyzed, The results (Table V) indicate
that, within experimental error, increased solvent acidity

does not influence the rearrangement product distribution,
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Figure 7

Quantum Yields Associated with the

Irradiation of Phenyl Benzoate

(Loss of ester, and formation of

o~ and p-~Hydroxybenzophenones and Phenol)
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mE x 102

1,09
2.16
4,71
8.68

12,7

17.5

22,1
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Table IV

Cuantum Yields Associated with the

Irradiation of Phenyl Benzoate

m moles x 102

Ester o

33.9 0

31.4 .33
30.4 .69
27.8 1,20
26,1 1,70
26.9 1.84
20,7 2.99
22,9 3.15

* 5% T oax

P
0

.31

.63

1,07

¢ OH

0
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Table V

Effect of Acidity on the Rearrangement of
Phenyl Benzoate

Duration of o-/p- ratio#* o-/p- ratio¥*

UV exposure neutral sample sample 0,1 M acid
6 hr 1.00 * .05 1,05 * _01

12 hr S 1,08 £ .07 0,98 £ ,02

30 hr | 0.92 * .09 0,99 % .01
Average : 1,00 * ,07 1,01 £ .02

*Ratio of peak areas

Vapor Phase Irradiations

Preliminary experiments involving the irradiation of

phenyl acetate in the gas phase were carried out in sealed

quartz bulbs, over a wide variation of reaction parameters,
Specifically, irradiations were conducted with partial
pressures of phenyl acetate at 1 and 10 mmHg and at several
total pressures within the range of 10 to 1000 mmHg for periods
of from two to 25 hours. In addition, pentane, isopropanol,
trimethylsilane or isobutane was added as a ready source

of hydrogen for potential radical abstractions, Despite

this wide variation of conditions the photochemistry in the
vapor state displays some rather general traits, Gas chroma-
tographic analysis of the reaction mixtures indicated a
substantial difference in the product distribution when
compared to those resulting from the solution irradiations

of phenyl acetate, Chromatograms of the vapor phase mixtures
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showed several product peaks one of which was tentatively
identified as phenol (by glpc retention time) to be the

ma jor product of reaction, -Peaks corresponding to o~ and
p-hydroxyacetophenones, which are the major photoproducts

in solution, were virtually nonexistent when purified phenyl
acetate is irradiated in the vapor phase, Instead the
chromatograms of the vapor phase irradiations indicated
formation of a large number of unidentified photoproducts,
The irradiation of phenyl acetate, for example, at a partial
pressure of 10 mmHg in 1000 mmHg of isobutane for two hours
at 70° gave 25 products (by glpc).

o-Hydroxyacetophenone, As a result of similar experiments,

it was tehtatively established that exposure of o-hydroxy-
acetophenone to 254 nm light results in photolysis which
appears to be pressure dependent, Such behavior is in
direct contrast to the results of solution photochemistry
of this compound, Solutions of o-hydroxyacetophenone in
both heptane and pentane were irradiated for 8 hr at 254 nm,
with no detectable changes in the ultraviolet - visible
spectra., In contrast, exposure of a bulb containing a few
mmHg of the vapor in about 100 mmHg of pentane at 50° to
254 nm light results in phenol formation, Within two hours
roughly 20% of the ester photolyzes to give phenol (detected
by glpc retention time). When the total pressure in the
bulbs is increased to ca. 1000 mmHg, the photochemical

pathway leading to phenol ceases to be the preferred route,



:

78

Instead, phenol formation virtually drops to zero and is
replaced by another photoproduct, Within 2 hr o-hydroxy-
acetophenone at 1000 mmHg total pressure photolyzes about
7 giving a compound whose retention time on an SE-30

"column is identical to that of salicylaldehyde,

The photochemicél stability of the second product of
the photo-~Fries rearrangement, p-hydroxyacetophenone, was
also studied by these techniques., Relative to its ortho
isomer, it was found to be considerably more stable, and
only on prolonged exposure to ultraViolet light was a small
amount of decomposition to phenol observed,

Irradiation of Phenyl Acetate Vapor by Flow Technigues,

In order to irradiate phenyl acetate in quantities suffi-
cient to permit identification of the photoproducts, a flow
system was‘developed° The key component of the system
consisted of a large-diameter, heated quartz tube surrounded
by a battery of 254 nm mercury lamps., Through this tube

was passed a mixture of vaporized phenyl acetate (99,9%
pure), (0.15 mmHg), isobutane (ca. 25 mmHg) and nitrogen
(735 mmHg), A total flow rate of 1030 cc/min was chosen

to give a residence time of 56 sec for the irradiation, With
flow rates adjusted in this manner about 1,5 g of phenyl
acetate was vaporized and irradiated in about 24 hours, The
mixture of photoproducts and unreacted starting material
were trapped at -70° and then extracted with ether, Gas
chromatographic analysis showed the mixture contained six

major photoproducts and phenyl acetate:; conversions were
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typically 3-4%., Although there were a few other small
peaks, the six products account for greater than 95% of the
total photoproduct yvield, with the remaining few percent
distributed among about six other very small peaks, Irradia-
tion of gonsiderable guantities of phenyl acetate, coupled
with‘extensive preparative gas chromatography, permitted
successful isolation of all the ma jor photoproducts. Identi-
fication was by comparison to authentic samples either
purchased or synthesized by other routes, The following
compounds were identified as the major products resulting
from photolysis of purified phenyl acetate in the qas phase
(numbers in parentheses indicate approximate fractions of
the total product mixture)s phenol (65%), o-cresol (7,5%),
p-cresol (6,0%), p-benzoquinone (7.,0%), o-hydroxydiphenyl
ether (4.0%) and p-hydroxydiphenyl ether (9,0%). In addition,
carbon monoxide was measured in the product flow in con-
centrations between 0,004 and 0,0025% during the irradiation,
This value corresponds to about 2% conversion of ester going
to carbon monoxide, During the course of the irradiation and
product isolation, a seventh compound whose yield was less
than 1% when purified phenyl acetate is irradiated, was
recovered somewhat impure, and tentatively identified as
o-hydroxyacetophenone, one of the two rearrangement products
common to solution irradiations of phenylacetate,

Additional gas chromatographic studies were carried

out during this study to determine the possible existance
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of anisole, toluene, benzene, t-butylphenols and a number of
other compounds in the photoproduct mixture, Although the
chromatograms had.very small peaks with retention times
which were close to those for anisole, toluene, benzene and
pb-t-butylphenol, the amounts of each of these peaks were well
below 1% of the total product mixture and therefore judged
not significant to this study.

After several hours irradiation of phenyl acetate,
build-up of a brown polymer became noticeable on the quartz
irradiation tube and in the first segment of the trap, By
the end of 30 hours of exposure, darkening of the'polymer
became appreciable, However, a check showed that the total
build up of polymer, which proved to be soluble in 10%
aqueous potassium hydroxide, in the quartz tube accounted
for less than 10 mg of material.

Another rather interesting observation was made during
these phdtolyses. Inspectionbof trap contents at -70° after
about 30 hrs of irradiatibn revealed the trapped material
had a bright red color. As the trap and its contents were
warmed to room temperature the color rapidly disappeared
and only a yellow liquid remained., Such behavior could be
characteristic of a reactive species which is stable at -70°
but decomposes at room temperature,

As was done with the vapor phase experiments conducted
in bulbs, the stability of o~hydroxyacetophenone was checked

under the conditions of the flow system irradiations of
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phenyl acetate., A 0,70 g sample of purified o-hydroxyaceto-
phenone was passed through the system over a period of 18,3
hours., Relative to the phenyl acetate runs, the quartz tube
remained considerably cleaner in this irradiation, Extraction
of the trapped material ﬁith ether, followed by gas chromato-
graphic analysis established that none of the major photo-
products observed in the irradiations of purified phenyl

acetate were formed by photochemistry of o-hydroxyacetophenone,
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IV, DISCUSSION

Discussion of Gas Phase Results

amab—

The results of our studies of the gas phase photolysis
of phenyl acetate clearly indicate a radically different
photoproduct composition than that obtained in solution,
"Most noteworthy is the fact that phenol makes up 65% of all
the photoproducts., This suggests that C=0 bond cleavage is
the major reaction of phényl acetate in the gas phase,
Furthermore, the virtual absence of either o- or p-hydroxy-
acetophenone from the gas phase product mixture, despite
their proven stability under the conditions, also suggests
the photochemical pathways of phenyl acetate in solution
and vapor . are substantially different., The following
scheme is pfoposed to explain formation of five of the

six major photoproducts isolated in this studys
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In the first step (1), absorption of a photoh results
in promotion of a phenyl acetate molecuie to an excited
state, Discussion of the nature of thisvexcited state will
be temporarily defered, and it suffices to say that PhOAc¥*
is an ester molecule containing enough energy to break the
C-0 bond, This excited molecule may lose its energy through
collision with another gas molecule and revert back to an
unexcited state (2)., Alternatively a significant number of
the activated phenyl acetate molecules must escape collision-
al deactivation, and undergo C-0 bond homolysis (3), The
phenoxy radicals may abstract hydrogen from a suitable
hydrogen donor such as isobutane and form phenol (5), or
be involved in one of the numerous successive steps in the
scheme which results in the other five minor photoproducts
from the reaction, Based on the fact that phenol composes
65% of all the photoproducts formed, the majority of the

phenoxy radicals follow step (5) to become phenol,
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There is good reason to believe that the acetyl
radicals formed with the phenoxy radicals in the homolysis
step (3) rapidly decarbonylate giving methyl radicals and
carbon monoxide,

The results of studies on the photochemistry of alkyl
carbonyl compounds in the gas phase indicate facile
decarbonylation of acetyl radicals should take place at
these temperatures and pressures,58:59 From these results,
decarbonylation to give methyl radicals is proposed as the
major chemical pathway of the acetyl radicals in the
mechanism (4).,

This hypothesis is backed up by the detection of
considerable quantities of carbon monoxide from the phenyl
acetate irradiations. In addition, two of the minor
photoproducts, o- and p-cresol are considered to be derived
from the reactions of methyl radicals (8,9 and 12,13),
Attempts at detecting either ethane or methane, the expected
products from hydrogen abstraction and coupling of methyl
radicals Were:notxnade (6,7). Nevertheless, they are expected
products in this scheme,

As an alternative to the hydrogen abstraction and
coupling reactions, methyl radicals may react to form the
o- or p-cresols which were isolated in this study and make
up 7.5% and 6.,0% of the total photoproduct yield respectively,

Parallel reactions exist in the mechanistic scheme by which
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methyl radicals can form these products, One pair of
pathways involves the coupling of methyl and phenoxy
radicals (8,9), while the other forms the cresols by attack
of methyl radicals on phenyl acetate (12,13), 1In a similar
way the above scheme provides a mechanism for the formation
of o= and E~hydr0xydiphenyl‘ethers by reactions of phenoxy
radicals with either other phenoxy radicals (10,11) or phenyl
acetate (14,15),. In both the reactions involving phenoxy
and methyl radicals with a phenoxyl moiety, 2- and 4-
substitutéd cyclohexadienones are formed as intermediates
(8-15), Just as in the mechanisms of the solution rearrange-
ment of this and other phenyl esters, a rapid enolization
of these intermediates is proposed, giving the substituted
phenols observed in this work (16-19). It is conceivable
that this enolization may not take place in the gas phase
(althdugh some may occur on the wall of the reaction vessel),
but instead during the work up when the trap is warmed,
Behavior of this tYpe would provide a possible explanation
for the color chaﬁqe which accompanies the warm-up of the
trap contents,

As outlined in this scheme, two parallel pathways
exist for the reaction of methyl and phenoxy radicals to
give the cresols and hydroxydiphenyl ethers respectively,
In one route, the products result from the coupling of a

phenoxy radical with either methyl radicals or other phenoxy



88

radicals, The other pathway involves reaction of the
radicals with a molecule of phenyl acetate, In this later
route, radical attack is followed by expulsion of an acetyl
radical which with step (4) constitutes a chain reaction
with a methyl radical as the chain carrier, We have no
evidence which would demand a distinction between the
sequence of steps (1), (3), (4) and (8-11), or the sequence
(1), (3), (4) and (12-15)., Nevertheless, the factors
favoring each pathway mérit discussion,

The radical attack on phenyl acetate is postulated for
several reasons, The concentrations of phenyl acetate are
at least twenty times greater than any other possible
reactant (with the exception of isobutane) in the wvapor
phase under the conditions of the experiment, On a statis-
tical basis, the collisions of radicals with phenyl acetate
molecules will occur with a much higher frequency than
collisions with other radicals, Of course for increased
cdllisionél frequency to be effective in causing higher
rates of reaction, the energetics of the reactions must be
favorable,

The proposed chain reaction between methyl radicals and
phenyl édetate can be shown to be nearly isoenergetic by the

following calculation,
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CH,- + — +  "CCH,

CH,

The heats of formation of phenyl acetate and 4-methyl-2, 5-
cyclohexadien-l-one were not found., However, roughly
speaking, the transformation involves the bréaking of two
C-C single bonds and one C-C double bond, the formation of
two C-C single bonds and one C-0 double bond, and the

difference in resonance energy between the two compounds,6O

Broken ~ Formed Total
2 C-0 77 = 154 2 Cc-C -66 = =132 -294
1Cc=C 113 1 cC=C . =162 267

: 267 -294 - 27

The result of this calculation, taken with the addition-
al requirement of 36 kcal/mole6l'for the resonance enerqgy of
the phenyl ring, gives a value of +4+9 kcal/mole for the
reaction, This amount may easily be less than the resonance
energy of the dienone, and the heat of reaction is probably
slightly exothermic, Furthermore, a small activation energy
for this reaction is expected on the grounds that the rate
of addition of methyl radicals with benzene and other aromatic

62

compounds is known to be fast, Hence a chain reaction

involving methyl radicals and phenyl acetate is plausible on
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thermodynamic grounds. However, a similar estimate of the
energetics of a chain transfer step between phenoxy radicals
and phenyl acetate predicts that the reaction is quite
endothermic, and therefore unfavorable,

The failure to find significant quantities of anisole
among the photoproducts, can likewise be interpreted by
means of the chain mechanism, In this mechanism, methyl
radical attack on a phenyl acetate molecule must necessarily
give only ortho and para cresols, Attack at the oxygen
atom, which would yield anisole, is blocked in the ester by
the acetyi.group which in this scheme functions as a
homolytic leaving group. Products resulting from phenoxy
radical éttack are of course expected only in the o- and p-
_positions because oxygen attack results in the very stable
diphenyl peroxide.,

Alterhatively, the cresols and hydroxydiphenyl ethers
may result from the reactions of phenoxy radicals with methyl
radicals of other phenoxy radicals respectively, The
bimolecular reaction of two free radicals is expected to
be very favorable on energetic grounds, One would expect
that a relatively few collisions between such species would
be requiréd for reaction in contrast to reactions between
radicals and phenyl acetate. This higher reactivity of a
biradical reaction is however balanced by a much lower

concentration of radicals with respect to phenyl acetate,
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Since the rate of reaction to form the hydroxydiphenyl
ethers and cresols will involve a term for both energy

and concentration, it is difficult to predict which pathway
provides'the faster route, However, based on the well-
established high reactivity of methyl radicals, one would
expect that reactions with other molecules would probably
pre—emptvany build-up of significant concenﬁrations of
methyl rédicals,' As é result, the alternative step involv-
ing the reaction with phenyl acetate may be the predominate
pathway in the formation of cresol, Phenoxy radicals, in
contrast, are probably present in the gas phase in consider-
ably higher concentrations than the methyl radicals because
of their relatively lower reactivity. Higher concentrations
will favor the biradical process, and in view of the
unfavorable energetics for a reaction with phenyl acetate,
it seems likely that the hydroxydiphenyl ethers result from
the coupling of phenoxy radicals,

At first glance a reaction between methyl and phenoxy
radicals would be expected to give not only o- and p-cresols
but also a measurable amount of anisole, which as we have
pointed out earlier was not observed, Based on the pre-
diction that relative reactivity might correlate with the
free electron densities in the o~ and p- ring position and
the oxygen, some anisole would be expected, The relative

spin densities obtained from the EPR proton coupling
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constants®3 have been calculated to be o- = 0,63 ¥ .06,

p- = 1.0 and oxygen = 0.26.%% our values for the relative
amounts of o- and p-cresols isolated from the gas phase
photolysis of phenyl acetate are 7.5% and 6% or a ratio of
o- to p- of 1,25 % .25 and the calculated spin densities
predict a value of 1,26, The failure to isolate anisole
(spin density calculations predict about 2%) and for that
matter, other, morebvolatile, compounds may be the result

of the experimental set up., The -70° dry ice trap may
simply not be cold enough to lower the small partial
pressure of these compounds sufficiently for collection,
However, an alternative explanation may be that the relative
reactivity of methyl radicals with phenoxy radicals is

lower than expected at the phenoxy oxygen, The results of
Mulcahy and Williams indicate that this is the case for
thermally generated radicals, 64 Phenoxy and methyl radicals
were generated in the gas phase at 445 - 547°K by the
reaction of t-butyl peroxide on phenol in a stirred reactor,
As in this study, the major products resulting from reaction
between phenoxy and methyl radicals were o- and p-cresol
which were isolated in the relative ratio of 1.1, The yield
of anisole from this reaction was considerably smaller with
a relative yield of 0,17 compared to p-cresol, The predicted

value from the EPR data was 0,26,
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The correlation between the predicted ortho/para

ratio and measured values from the gas phase photolysis

of phenyl acetate could indicate that a reaction between
radicals is the predominate pathway to cresol formation,
However, the alternate route in which radicals react with
phenyl acetate molecules cannot be discarded for reasons
outlined earlier, Until the time when evidence is available
which clearly indicates a choice between the two, both
pathways must be considered as pléusible mechanistic
alternatives for the formation of the cresols and perhaps
the hydroxydiphenyl ethers, Of course there is good
probability that both processes will contribute to product
formation.

Irradiation of purified phenyl acetate in the gas phase
failed to produce significant quantities of o- and p~hydroxy-
acetophenone, which would be expected if similar reactions
occured with the acetyl radical. A small amount of o-
hydroxyacetophenone has been isolated, however it was
derived from the irradiation of impure samples of phenyl
acetate.v Although a step similar to (6) involving acetyl
instead of methyl radicals, or a concerted formation cannot
be rigorously ruled out, there is a far more plausible
explanation, It is very likely that the small amount of
o-hydroxyacetophenone results from the irradiation of phenyl

acetate liquid in the vaporizer of the flow system, This
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section of the system is exposed to the UV light of the
lamps, and although it is made of pyrex, it is probable
~that a small amount of solution photochemistry results on
extended irradiations, Phenyl acetate which remains in the
vaporizer after a several-day irradiation does have a slight
vellow color'characteristic of the o-rearrangement product,

. Furthermore, in those runs in which freshly purified phenyl
acetate (and not exposed to room light for long periods) was
irradiated,'the yields of o-hydroxyacetophenone were
essentially nil,

One of the products isolated from the vapor phase
irradiations of phenyl aéetate in 7% yield was p-benzo-
quinone.  This compound, in contrast to all the other
ma jor photoproducts, is not seen aé arising from the
photolysis of stafting material. Rather, p-benzoquinone
must arise from a secondary photolysis of one of the primary
gas phase photoproducts, The only attractive scheme that
has occurred to us is the one in which p-hydroxydiphenyl
ether, excited by light absorption, undergoes homolysis of
the ether-phenyl bond to give a phenyl radical and a
semiquinone radical., The alternative homolytic bond fission
which is the reverse of step (7) would yield two phenoxy
radicals., Excellent evidence from the literature on the

agueous solution photochemistry of p-hydroxydiphenyl ether
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HO

suggests the former method of cleavage to give the semi-
quinone radical is preferred.45 The semiquinone radical, in
the presence of other radicals, would‘be expected to act as
an intensely reactive source of hydrogen, Abstraction of
this hydrogen by collision with a radical (probably phenoxy)
results in formation of the photoproduct, p-benzoguinone,
Several observations from the phenyl acetate vapor photolysis
support this scheme., First, fluctuations in the yields of
p-hydroxydiphenyl ether and p-benzoquinone over a wide range
of conditions appear to generally offset each other., 1In
other words, higher yields of quinone are accompanied by

generally lower yields of the diphenyl ether and vice-versa.
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Gas chromatographic analysis of the product yields shows a
peak which has a retention time equal to that of benzene,
although it is present in relatively small yield., However,
as noted earlier, isolation of volatile components with this
equipment is subject to question and perhaps more benzene
was formed but escaped the trap, Finally the brown polymer
build-up in the quartz tube could be compatible}with the
secondary photolysis of p-hydroxydiphenyl ether, This
compound is the least volative of all the photoproducts
isclated in this‘work, andthefeforeit.is not unreasonable
to expect that it is the most likely to condense on the
walls of the>reactor, Secondary photolysis of p-hydroxy-
diphenyl ethervcould occur in the condensed phase, giving
reactive intermediates similar to the solution photo-
chemistry of the compound, In addition to causing the
formation of benzene and p-quinone, a fraction of the
radical intermediates may react with other molecules of
,E-hydfoxydiphenyl ether resulting in formation of the brown
phenolic polymer build-up on the walls of the reactor,

It is worthwhile to note that the gas phase pyrolysis
of phenyi acetate has been studied at 625°,%5 The investi-
gators reported finding phenol and ketene as the major
products of reaction and the following radical chain reaction

was proposed to explain these results,
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Comparison of Hurd's results with those obtained in
this work suggests that the mode of excitation is important
in determining the chemistry leading to products, Although
it would be difficult to obtain, we have found no evidence
in our studies that would cause us to postulate existence
of ketene as an intermediate, If any ketene is formed in
the gas phase irradiations, it must react only with phenol
to regenerate phenyl acetate and not with any of the other
phenolic products since no acetate esters other than phenyl
acetate were isolated, With the flow rates used in our
experiments, any Ketene which might escape reaction in the
irradiation chamber would not be collected in the trap.
Furthermore, significant ketene formation from the irradia-
tions is incompatible with the relatively high concentrations

of carbon monoxide detected in this work,
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It is difficult to explain why similar products are
not isolated in both the pyrolysis and photolysis if they
do in fact involve the same radicals (namely phenoxy). It
is even harder to explain our results with anything but a
mechanisticvscheme involving radicals. However, the results
of Hurd ané Blunck from the gas phase pyrolysis of phenyl
acetate seem to be equally compatible with a cyclic molec-
uiar rearrangement, In such a rearrangement ketene and
phenoxy radicals could be formed by the transfer of hydrogen

in a six-membered ring transition state,

OYO OYO ﬁHz
Ly | — + C

H
H

It is interesting to note that Trecker, et al, have
proposed that ketene formation may be involved in the
solution photochemistry of p-tolyl acetate in ethanolic
solvents, 35

Our study of the vapor phase photolysis of phenyl

acetate is, to our knowledge, the only detailed investigation
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of the gasxphase photo reactions of phenyl esters, However
several studies of a related problem, the photoanilide

39-41,66,67 g ,uka

rearrangement, are relevant to this work,
et al. have extensively studied the photochemistry of
acetanilide49,41,66,67 ynich closely parallels the photo-
chemistry of phenyl acetate, One of their publications
réports that the vapor phase irradiation of acetanilide
fails to give the fearrangement products formed in solution:
in their place, ethane and carbon monoxide were detected
from the gas sample,4l Shizuka's interpretation of the
vapor phase photochemistry of acetanilide is very similar to
ours for phenyl acetate since the mechanism he proposes
includes steps for homolysis of excited acetanilide into
anilino aﬁd acetyl radicals, decarbonylation of the acetyl,
and methyl radical coupling and hydrogen abstraction reac-
tions, Our results have been explained with a mechanistic
scheme involving identical steps. The close analogy between
the results of the gas phase photochemistries of phenyl
acetate and acetanilide provides additional evidence in
support df the proposal that the photochemical mechanisms
of the two compounds are identical,

Recently, Shizuka has reported results of a study of
the solution photochemistry of g-acetylcarbazole.68 In a
footnote in this paper it is stated that the vapor phase

irradiation of phenyl acetate gave no rearrangement products,
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This finding is of course in agreement with our results
which indicate substantial differences in the composition
of the photoproduct mixtures resulting from solution and

gas phase irradiation of this compound,

Relevance to the Liguid Phase Studies

As was indicated in the introductory section of this
thesis, two different mechanistic schemes have been pro-
posed to éxplain the solution photochemistry of phenyl
esters, and both have gained considerable popularity among
workers in this field, One scheme involves a molecular
rearrangement to give o- and p-hydroxyphenones, the photo-
Fries rearrangement products, and a separaté, competitive
reaction to give phenol, The alternate méchanism pictures
both the phenol and the rearrangement products as resulting
from the same reaction., The proponents of this hypothesis
propose a solvent cage recombination of acetyl and phenoxy
radicals to give the o~ and p-hydroxyphenones, and cage
escape followed by hydrogen abstraction steps to give phenol,
The controversy over which mechanism represents a more valid
explanation of the experimental results has gone on largely
unsettled for nearly a decade, It is our belief that these
results of the gas phase irradiation of phenyl acetate
contribute wvaluable evidence in favor of the radical

recombination mechanism proposed for solution,
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In this scheme, irradiation of a phenyl ester such as
phenyl acetate results in homolysis of the acetyl-oxygen
bond and yields a radical pair., Formation of significant
quantities of the rearrangement products, o- and p-hydroxy-
acetophenones depends upon the coupling of the acetyl and
phenoxy radicals while they are in close proximity to each
other, Since, on the average, many collisiéns with each
other are required for coupling, the confining influence of
neighboring solvent molecules becomes very important in
keeping the radical pair together. Thus, a greater confining
force exerted by a solvent results in a higher yield of the
rearrangement products, Our gas phase experiments represent
the extréme opposite case, In the vapor phase, the confining
force isivery small, and in effect, a solvent cage does not
exist, As a result, most of the acetyl and phenoxy radicals
diffuse, with a relatively few of them coupling to give
either o- or E—hydroxyacetOphenones° This would explain the
failure to isolate éignificant amounts of either of these
compounds in this study, despite their proven stability
under the conditions,

Furthermore, the isolation of phenol as the major
photoproduct and phenoxy radical-derived products as minor
photoproducts in our irradiétions is consistent with pre-
dictions of gas phase reactivities made from the radical
recombination mechanism proposed for solution, It follows

that since the phenol formed in solution is the result of
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cage escape followed by hydrogen abstraction, phenol formation
should be very important in the vapor phase irradiations, 1In
parallel fashion, it is predicted that the reactions of free
acetyl radicals will be of major importance in the gas
phase, and this is born out by the detection of considerable
amounts of carbon monoxide and methyl radical derived
products, |

Such results are, of course, in direct contrast to the
predictions of a molecular rearrangement mechanism, Since
the acetyl and phenoxy portions of the rearranging ester
molecule never become free of each other in a molecular
mechanism, formation of o~ and p-hydroxyacetophenones from
gaseous phenyl acetate might be expected to occur with about
the same quantum yields as in solution, The 65% yield of
phenol isolated from the photoproducts in the gas phase,
coupled with a virtually zero yield of rearrangement products,
constitutes at least a 300—fold change in the ratioc of phenol
to rearrangement pfoducts in going from solution to the gas
phase, Such a large disparity between this value and the
prediction clearly indicates our results are inconsistent
with a molecular rearrangement mechanism for the photo-Fries
rearrangement. Implicit in the above discussion is the
assumptionAthat the mechanism which explains gas phase
results is valid in solution. Although we have no evidence

which would exclude the possibility of an additional
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mechanism occurring in solution, we believe that such a
view is unnecessary to explain the photochemistry of phenyl

acetate,

Discussion of the Results of Experiments in Solution

A large fraction of the studies involving the irradia-
tion of phenyl esters in solution were aimed at chemically
trapping the acyl radicals which are proposed in this
mechanism as the counterparts to the phenoxy radicals which
undergo cage escape and become phenol, At the time this
study was begun, there was no evidence establishing the
fate of these radicals, To date, in fact, there has been
only one unambiguous report in the literature of the formation
of a compound derived from a free acyl radical.?9 (Bradshaw
has found in only one of several photochemical runs a sméll
amount of benzaldehyde which wés derived ffom photolysis of
a benzoaté ester in benzene), In an attempt to chemically
trap butytYl radicalé'by forming the stable n-butyraldehyde,
phenyl n-butyrate was irradiated in the presence of high

concentrations of reactive hydrogen donors,

0
I
CH,(CH,),.CO00 b CHylcH,),co- + 9O

CH,(CH,),.CO- + RH —3 CH4CH,,CHO + R-
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n-Butyl mercaptan and triethylsilane were chosen as reagents
because of their well-established reputation as good hydrogen
donors.56 As a result of irradiations in several different
solvents, a trend in the amount of product formation quickly
became apparent: the highest yields of photoproducts were
always from irradiations in alcoholic solvents, In addition,
alcohols, unlike hydrocarboh solvents which gave only o- and
p-hydroxybutyrophenone and phenocl, caused formation of
additional photopréducts. Simiiar findings by others suggest
that the additional compounds may be the result of reactions
of the solvent with the excited phenyl ester resulting in
ester exchange and carboxylic acid formation,8,13,35

Despite a wide variation of solvents and conditions,
none of the irradiationé produced detectable amounts of the
aldehyde, A check of the stability of n-butyraldehyde
indicated that under conditions of the irradiations, photol-
ysis was very fast, making detection of butyryl radical-
derived aldehyde virtually impossible,

Nevertheless, it was clear from the analysis of
hydrocarbon gases resulting from the irradiations of the
phenyl-n-butyrate solutions, that decarbonylation of butyryl
radicals accompanies the usual photo reactions of rearrange-
ment and phenol formation. To our knowlege this is the
first report which has unambiguously identified hydrocarbon

gases as coming from the acyl radical. A careful analysis
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of the gases revealed that exposure of phenyl n-butyrate
solutions to ultraviolet light produces mainly propane with
lesser amounts of ethane and ethylene., In contrast,
irradiaticnbof similar solutions of n-~butyraldehyde resulted
in highef amounts of ethylene than propane, It has been
well established that n-butyraldehyde displays two modes of
decomposition which iead to different products°59 The
aldehyde may underéo a type I cleavage in which the bond
connecting the alkyl chain to the carbonyl group is severed,
resulting in the formation of a propyl radical and a formyl
radical, Hydrogen abstraction by the propyl group results

in propane formation,

CH,(CH,),CHO by cHyeH,),” + -cHO

CH;CH,),- + RH —» CHCHCH, + R-

Alternatively the excited aldehyde molecule may decompose
via a type II cleavage since it has a y-hydrogen, This type
of homoiysis results in the formation of a molecule of
ethylene, In contrast, the major mode of decarbonylation

of a butyryl radical results in the formation of mainly

58

propyl radicals, which may also form propane by hydrogen

abstraction.,
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H
hy H, d 0 *
CH,(CH,),cHO i/ EH

HO
| HZC/J'LO"V‘ ]
I —» CH,=CH, + CH,=CH
' E&E>J:H

Based on these results, the higher relative yields of
propane from solutions of phenyl n-butyrate in comparison
to those from n-butyraldehyde may mean that the majority
of butyryl radicals which are formed from the photolysis of
the ester decarbonylate faster than they abstract hydrogen
and form the aldehyde., Furthermore, it is interesting to
note that the decarbénylation reaction which is a major
reaction‘pathway of excited phenyl acetate molecules in the
gas phasé, still occurs to some extent in solution, Such a
finding supports the assumption that the gas phase mechanism,
proposed earlier, is consistent with the solution photo-
chemistry of phenyl esters,

Similar to the studies with phenyl n-butyrate, the
irradiation of p-isopropenylphenyl acetate was designed to
obtain evidence for the involvement of acetyl radicals in

the rearrangement, The q-methyl styryl group on this
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molecule was expected to be especially vulnerable to attack
by a free radical. In addition, by haviﬁg this group on
the same molecule undergoing reaction, attack at this
position, it was hoped, would be extremely competitive with
rearrangement, Unfortunately such was not the case because
irradiation of the ester resulted in three products, The

ma jor one which accounts for 80% of the photoproducts has

(80%)

Spectral data compatible with the structure of the o-
rearrangement product, One of the other photoproducts
accounting for ca. 10% of the yield was the only one

in which the nmr showed that loss of the double bond had
occurred, Attempts to further identify it and the other
product were not pursued because of the minor roles these
compounds play in the photochemistry of the ester, It is
somewhat surprising that this compound failed to trap acetyl
or methyl radicals in view of our results with phenyl n-
butyrate and the vapor phase studies of phenyl acetate,

However, the only likely explanation which comes to mind is
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that the free electron density on the styryl group is
lower in this compound than is expected,

During the course of our studies, the qﬁantum yvields
for the photo reactions of phenyl benzoate in ether were
determined: Q;ester = 0,85 & .04, ¢§ = 0,30 % ,Ol,;b = 0,28
* .01 and &py = 0.14 = .01, The value for o- rearrangement
is in good agreement with Trecker's values for p-tolyl
benzoate, No values for p- rearrangement of benzoate esters
are available for comparison, Our value for the quantum
yield of ester disappearance is slightly higher than
other's (0.65),1'35 however fhis difference could simply
be due to the difference in solvents, Careful analysis
indicated that benzene, which would result from the decar-
bonylation of benzoyl radicals, was not observed, However,
this result is not surprising in view of the high energy
required to break the carbonyl-phenyl bond, Furthermore,
studies involving hydrogen abstraction reactions with
benzaldehyde indicate that benzoyl radicals do not readily
decar'bonylate,7O The fact that the quantum yield for p-
rearrangement is almost as high as the value for o- rearrange-
ment (o-/p- = 1.1) fits in rather well with a mechanism in
which the rearrangement follows the observed free electron
densities in the o- and p- positions for the phenoxy radical
(o-/p~ = 1.26)., In contrast, due to the strained nature of

the concerted intermediate proposed by Anderson and Reese,
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a molecular rearrangement mechanism of this sort would be
expected to favor a greater ratio of o-/p- rearrangement,
While pursuing these quantum yield studies the possibil-
ity (although remote) occurred to us that rearrangement to
give p-hydroxybenzophenone could result from a two step,
two photon process with 2-benzoyl-3,5-cyclohexadien~l-one
as an intermediate, The low guantum yield of 0,28 is, of
course, low enough to permit a biphotonic mechaniém for
p- rearrangement, In this hypothetical mechanism, absorption
of a photon by phenyl benzoate would be accompanied by
rearrangement to the 2-substituted cyclohexadienone, However,
before enolization converts this compound to a phenol, a
significant fraction of 2-benzoyl-3,5-cyclohexadien-l-one
molecules might absorb another photon and rearrange to the
four position of the ring,
The lifetime of the 2-benzoyl-3, 5-cyclohexadien-l-one
is the crucial factor in this mechanism, It is clear that
enolization mﬁst not be so fast that the probability of
absorption of a second photon is negligible, or only o-
hydroxybenzophenone will result from the dienone, The test
of this mechanism was quite simple, Two sets of samples
containing phenyl benzoate in ether were prepared, one of
the sets contained only the ester while the other contained
ester and a 1M concentration of acetic acid. Irradiation

of both_sets followed by analysis indicated identical wvalues
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for the ratio of the o-/p- quantum yields, This result was
taken as evidence against a biphotonic mechanism since if
one were Operativep the lifetime of 2-benzoyl-3,5-cyclo-
hexadien-l-one would have to bé relatively long in the ether
solution to permit sufficiént light absorption by this
Species,'lAddition of acid to some of the'samples would
accelerate the rate 6f enolization and thus significantly
shorten the lifetime of this species causing higher relative
quantum yields of the o-hydroxyacetophenone in the acidic
samples, The unchanged value in ratio of quantum yields of
o~/p~ products in neutral and acidic media indicates that
2-benzoyl-3, 5-cyclohexadien-l-one is probably not an
intermediate in the formation of the p- rearrangement
product of phenyl benzoate,

A number of attempts were made to observe spectro-
scopically any short-lived intermediates from the solution
irradiations of phenyl esters. In particular it was hoped
that diréct evidence for presence of phenoxy and/or acvl
radicals,could be obtained through the techniques of flash
lamp speétroscopy, and EPR spectrometry, The results of
irradiations of phenyl acetate in the cavity of an EPR
spectrometer produced a single, weak, structureless peak
having line width of 48 gauss and a g value of 2,0, However
because of the poor quality of the signal, it can only be

stated that the signal is not inconsistent with the line
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widths reported for acetyl and phenoxy radicals,63'7l
Similarly the results of flash spectroscopy experiments on
a number of solutions of pheﬁyl esters were generally
inconclusive, and therefore we were unable to obtain reliable
data for the presence of phenoxy radicals as intermediates

in these irradiations,

Emission Spectra and Excited States

The emission spectra of several different phenyl esters
in these studies has provided important information relating
to the excited states of these compounds, - The most obvious
' result from this work was that alkyl phenyl esters of
aliphatic carboxylic acids all displayed measurable emission
while phenyi benzoate, the only phenyl ester of an aromatic
acid studied, showed none, The failure to observe emission
from phenyl benzoate is in accord with several other
fragmehtary reports which together indicate a general lack
of either’fluorescence of phosphorescence from phenyl esters
of aromatic acids.l’26 Furthermore, the general failure to
sensitize or guench a triplet reaction is compatible with
the results of emission studies., 1In view of the high wvalues
of the gquantum yields for ester disappearance for these
compounds, it is likely that the rate constant for reaction
(from the singlet) is very high and therefore consumes

excited states at a rate so fast that emission is pre-empted,
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The emission spectra obtained from the three phenyl
esters of aliphatic carboxylic acids all display strong
phosphorescence bands at almost identical wavelengths, The
onset of the phosphorescence which is taken as a rough
indication of the 0-0 transition lies at about 335 nm or
85 kcal/einstein., Similarly a less intense fluorescence
emission has been observed in these esters which is a
reasohably good mirror image of the first absorption band,
The 0-0 transition from comparison of emission and absorption
spectra comes at about 270 nm or 106 kcal/einstein, These
values are in excellent agreement with the reported emission
spectra of phenyl acetate,37 It is worth noting that the
quantum yields for ester disappearance reported for phenyl
acetate (® = 0.38)37 and p-cresyl acetate (&= 0,35)33 are
considerably lower than those values reported for the
benzoate esters (&d = 0,.,65-0,.85) el' 35 These phenomena are all
consistent with the proposal that the rate constant for
reaction of phenyl esters of aliphatic acids (PhOCOR) is
smaller than that for reaction of phenyl esters of aromatic
carboxylic acids (PhOCOAr). In the case of PhOCOR the
lower value of the rate constant for reaction places it in
competition with those rate constants for emission and
intersystem crossing., Consequently, a significant fraction
of excited singlet states of PhOCOR emit and intersystem

cross as well as react to give photeoproducts,
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We believe, as is evident from the above discussion,
that the photo reactions of phenyl esters originate from an
excited singlet state of the molecules, (This belief is
based in part on the general failure by others to obtain
any convincing evidence which would implicate an excited
triplet state as the reactive electronic state,) The
reaction itself is viewed as an exaggerated anharmonic
vibration of the C-0 bond in the electronically excited
ester molecule which ultimately ends in bond homolysis. 1In
this sense, the reaction may be considered as a form of
radiationless decay from the singlet excited state, Whether
this form of decay hypothetically involves intersystem
crossing to a dissociative triplet o'*state,37 or crossing to
a dissociative singlet state is in our opinion largely a
matter of semantics, since both states provide the same end

result, dissociation into acyl and phenoxy radicals,

Discussion of Peripheral Results

From the results of the irradiation of n-butyl mercaptan
the following mechanistic scheme is proposed to explain the

formation of the observed products:72

CH3(CH) 3S-H—=CH3(CHp )3 + <SH (1)
°SH + CH3(CH,)3SH =»>CH3(CHy)3Se + HpS (2)

2CH3(CH2)3S~——»[CI—I3(CH2)3S:I2 (3)
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CH3(CHp)35° + CHB(CHZ)3°—=-%>[CH3(CHZ)3]ZS (4)
CH3(CHp )3 + [CH3(CH2)38]2__»[CH3(CH2)3:]23 + CH3(Ciip)35. (5)
CH3(CH2)359'+ CH3(CH2)38H——¢{¢H3(CH2)3]25 + oSl (6)
CH3(CHy ) + CH3(CHp)3SH~—>CH3(CHy)3H + CH3(CHp)3S* (7)

The steps leading to the formation of hydrogen sulfide
and the dibutyl disulfide have been proposed before.73v74 The
dibutyl sulfide which has not been previously reported may
arise from reactions (4-6), ‘Step (4), the coupling of butyl
and thiyl radicals has a large negative value for the heat of
reaction, however the high reactivity of butyl radicals and
relatively low concentrations of thiyl radicals makes this
step unlikely. The reactions of butyl radicals with dibutyl
disulfide (5) or thiyl radicals with butanethiol (6) are far
hore likely on the basis of reactant concentrations, The
work of Pearson in establishing quantum yields for the
formation of.dibutyl disulfide and dibutyl sulfide indicate
that step (5) is not occurring to any great extent, since the
quantum yields of dibutyl sulfide does not increase with time,
In conclusion, attack of a thiyl radical on butanethiol
maybe the major pathway for the production of dibutyl sulfide,

Photochemistry of o-Hydroxvacetophenone (vapor). The

gas phase irradiations of o-hydroxyacetophenone produced the
rather surprising result that this compound photolyzes, In

solution the o-hydroxyketone is essentially photo-inert by
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virtue of a reversible intramolecular enolization,75176

Although photolysis is known to take place for a number of

aromatic ketones in the gas phase, these compounds do not
have the option of expending the excitation energy in the
form of a reversible, non-degrading step such as enoliza-
tion,77”79 It was therefore rather striking to find that
the photochemistry of this compound changes in going from
solution ﬁo the gas phase, Furthermore, the photochemistry
of o~hydroxzyacetophenone in the gas phase appears to be
pressure sensitive, At low pressures the major photo
reaction is cleavage of the carbonyl-phenyl bond to give
phenol, and at higher pressures the carbonyl-methyl bond is
apparently severed giving salicylaldehyde, These results
are interpretable with a model in which the electronic
excitation is qguickly converted to excess vibrational energy
by the réversible enolization step, However, at low pressures
the number of collisions are relatively few and the excess
vibrational energy is removed from the molecule by molecular
collision at a slow rate, As a result, a significant

fraction of these "hot" molecules retain sufficient excess
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vibrational energy long enough to sever the strong C-C bond
to the phenyl ring., An increase in the pressure of an inert
gas increases the collisional frequency with these hot
molecules, lowering their average energy content to the
point where homolysis of the phenyl-carbonyl bond is no
longer a faﬁorable process, However, the energy content of
a significant fraction of these molecules is sufficient to
sever the methyl--carbonyl bond and formation of salicyl-
aldehyde results,

The solution results maybe rationalized as the extreme
example of the "cooling-off" process, Molecular collisions
in solution will occur with a much higher fréquency than
they do at the pressures stﬁdied in the gas phase, As a
result, the hot molecules are quenched so quickly that the
average energy content of the molecules is lowered to a
level insufficient for bond homolyéis at a rate much faster

than the rate of photolysis,

Conclusions

We believe that the results of this work make a
valuable contribution toward the understanding of the
photochemistry of phenyl esters, Our results are most
compatible with the hypothesis that electronic excitation
populates a singlet energy level from which reaction occurs,
Homolysis of the C-O bond is regarded as a form of radiationless

decay of the excited singlet to form acyl and phenoxy radicals,
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In the gas phase, all the products isolated from the
photolysis of phenyl acetate are explainable on the basis
of the established modes of reaction of these radicals., 1In
support of this conclusion, the evidence gathered from the
gas phase studies is completely incompatible with a molec-
ular rearrangement mechanism which has been postulated for
solution, Furthermore, the gas phase results strongly
support the alternative solution mechanism which regards
all photoproducts as arising from the reactions of acyl
and phenoxy radicals, Although, as noted earlier, dual
mechanisms might be operative in solution, we believe
that a radical recombination mechanism is all that is
necessary to explain the known photochemistry of phenyl

esters,
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PROPOSITION 1

This proposal outlines a study of electronic enerqgy
transfer between organic sensitizers and transition metal-
containing compounds., Specifically, I wish to assess the
basic importance of, and determine the critical parameters
involved in the transfer of electronic excitation energy
from a number of organic photosensitizers to group VI

transition metal carbonyls and substituted carbonyl complexes,

Thermally induced ligand substitution of transition
metal carbonyls is a general reaction for electron rich
ligands and has been the subject of extensive investigation.l“3

A large variety of ligands have been shown to replace the

carbonyl groups of the transition metals in groups V - VII,
L + M(CO)p—E—s M(CO), 1L + CO

In an analogous fashion, photochemical excitation has been

shown to also cause similar ligand substitutionssl,4,5,6,16-22

M(CO), + L —2—s M(CO)p_1L + CO

Irradiation of these complexes with light in the wave-
length range of 350-500 nm‘causes reaction with a quantum
yvield &= 1,0 for all transition metal carbonyls.4,6 This
photochemical reaction is particularly useful in causing

reaction (with unity quantum yield) of the group VI complexes
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which do not undergo thermal ligand substitution,l.4 The
mechanism of this photochemical reaction has been the subject
of consideréble study, and it has been shown for several
carbonyl complexes that the first step involves the S,1
elimination of carbon monoxide to give a chemically reactive

imtermediate:4'24'25

M(CO)p by M(CO)p_1 + CO

In a second step this intermediate attacks either another

ligand in solutions
M(CO)p~y + L =———s M(CO)p-3L

or recombines with carbon monoxide in solution to give

starting material,
M(CO)p.1 + CO —— M(CO),

This intermédiate has been characterized by both chemical
and spectral techniques and shown to have a half-life of a
few minutes,7'8024'25

Despite the rather large number of papers that have
appeared concerning the photochemical reactions of these
compounds, the emphasis has been toward determining the
scope and mecﬁanisms of the ligand addition reaction, 1In

contrast, it appears as though very little is known about

the excited states capable of producing ligand expulsion,
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In particular, studies of the sensitization of the photo-~
chemical reactions of transition metal carbonyls are non-
existent, In fact, there have been only a very few papers
concerned with electronic energy transfer in all of transition
metal photochemistry.9'12'23 Because experiments involving
intermolecular energy transfer can provide very important
information about the characteristics of the excited states
giving rise to reaction, such studies are critical to the
understanding of the mechanism of the photochemistry of
transition metal carbonyls and transition metal phtochemistry
in general,

For this reason, the experiments outlined in this
proposal are intended to probe the excited states of transition
metal carbonyls to determine the nature of the excited states
which lead to reaction, Specifically they are designed to
answer the following questionsg 1, Can the ligand substi-
tution in group VI carbonyls be sensitized by organic triplet
sensitizers? 2, What is the energy of the triplet electronic
state causing photochemical reaction? 3, Do physical
differences exist in the excited states of substituted metal
carbonyls which can be manipulated so as to control their
chemistry? Each of these questions will now be considered
in terms of the actual proposal,

Selection of an approporiate inorganic system is a

major factor in determining the feasibility of a study of
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energy transfer processes between organic and inorganic
molecules, For this reason a number of considerations have
gone into the choice of the compounds to be sﬁudied,

The generally high quantum yields and relatively well
understood mechanism of ligand substitution makes transition
metal carbonyls excellent candidates for a study of energy
transfer in metal-organic molecules, In addition, the good
thermal stability, and large number of well-characterized
derivatives of group VI metal carbonyls makes such a study
experimentally feasible°3v6 ‘No details of the synthesis of
either the substrates or expected products is discussed since
they have all be synthesized and characterized elsewhere,3r4

The existence of a triplet pathway for ligand substitution
can be determined by measuring the efficiency of photo-
chemical sensitization of ligand exchange in Cr(CO)g. The
ground state configeration of the diamagnetic Cr(CO)6 is
singlet, It is reasonable to expect then, that direct light
absorption by the complex would cause singlet excitation
while enerqgy transfer from the excited triplet state of an
organic sensitizer would produce an excited triplet state in
the metal carbonyl, If a mechanism exists by which this
triplet energy can be turned into chemistry, ejection of
carbon monoxide is likely to occur, followed by the second
step, ligand incorporation. If no such pathway exists, the

triplet excitation energy will be lost through radiationless
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decay or phosphorescence from the complex, It is my belief
that the triplet energy will find a pathway by which the
carbon monoxide will be expelled, My feelings are based to

a large extent on the observation that within the same groups,
W(CO)g does in fact, labilize CO upon irradiation,!3 The
important difference between the two compounds is that
tungsten is a much heavier atom than chromium, with many
more electrons, and therefore considerably more spin-orbit
coupling,14 Increased spin-orbit coupling results in a much
increased intersystem crossing ratio for the tungsten atom,
This means that the direct excitation of W(CO)6, unlike
Cr(co)6, would be expected to cause considerable population
of the triplet state., Since the quantum yield for ligand
substitution of W(CO)gz is unity, one would expect the triplet
state to expel CO with very high efficiency,

In this determination, the experimental techniques
involved are rather straight forward, however, I will describe
them briefly since this type of experiment is common to the
entire study. Solutions of Cr(CO)g will be prepared in
hexane, THF or some other appropriate solvent, containing
an organic triplet sensitizer such as benzophenone or
acetophenone, Concentrations of Cr(CO)g and sensitizer will
be adjusted so that 99% or more of the incident 1light
(monochromatic) is abosrbed by the sensitizer. (This can

be achieved even for very strongly absorbing complexes,)
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The solutions will be degassed by standard freeze-pump-thaw
techniques and irradiated at the appropriate wavelength,
Under these conditions one can be certain that any excitation
of the metal complex must come via the triplet sensitizer,
and thus if ligand exchange is observed, it must be due to
intermolecular triplet energy transfer,

The ligand exchange process could be monitored in a
number of ways, A rathef sophisticated and very sensitive
technique involves carrying out the photo-sensitization in
a solution saturated with 14C carbon monoxide, Following
the irradiation, the chromium Lexacarbonyl is isolated and
its activity measured by standard B-scintillation techniques°
The amount of activity in the isolated complex would provide
a direct measure of the amount of ligand substitution which
has taken place,

A somewhat less complicated procedure for determining
the extent of ligand substitution involves replacement of a
carbon monoxide ligand by a non-absorbing photochemically
inert ligand like acetonitrile, By carrying out the sensiti-
zation of Cr(CO)g in the presence of high concentrations of
acetonitrile (or even in neat acetonitrile) one could observe
the formation of the substituted complex Cr(CO)sCH3CN which
is known to form and has been characterized,15 The usual
spectral techniques of ir and nmr would be employed to
monitor formation of such a complex, By combining these

techniques with ferrioxalate actinometery it will be possible
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to obtain a gquantum yield for the sensitized ligand
substitution in Cr(CO)g. This quantum yield is a direct
indication of the importance of a triplet pathway for ligand
substitution in Cr(CO)g.

Having outlined the experimental details of obtaining
quantum yields of reaction, the second major goal of this
study can be considered; namely, the determination of the
energy of this triplet state; This value can be obtained
in a straight forward manner, One simply correlates the
value of the quantum yield for the sensitized 1igand exchange
as a function sensitizer triplet energies, As the energy
of the sensitizer falls below that of the triplet state of
the complex, energy transfer becomes endothermic and the
efficiency of sensitization falls to zero, A plot of quantum
yields as a function of sensitizer energy will show a sharp
drop-off at that energy corresponding to the triplet state
of the substrate,l6 Since there are a large number of
organic molecules with triplet energies corresponding to
electronic transitions in UV and visible range, it will be
a relatively simple procedure to determine the energy of this
triplet excited state of Cr(CO)g.

The final phase of this proposal involves the study of
the sensitized photochemistry of substituted metal carbonyls
of group VI, in particular the reactions of Cr(CO)4 diene,

Direct photolysis of these olefine-metal carbonyl complexes
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has been shown to cause ligand substitution of not only the
carbon monoxide ligands, but exchange of the hydrocarbon
ligand was observed as well, 17,18 These observations suggest
to me that the photochemistry of such compounds may have
great potential, It is particularly exciting to consider

the differences‘existing between the excited states leading
to elimination of the diene ligand and the states causing
expulsion of the carbon monoxide., A careful choice of
sensitizer might succeed in preferentially removing only one
ligand, For example, differences in the reactivity of the
singlet and triplet excited states of the complex could give
rise to very different product ratios for the direct and
sensitized irradiation of Cr(CO)4 diene, Similarly, the

two ligand elimination reactions could arise from separate
excited states of different energies, and in such a situation
a sensitizer with a triplet energy intermediate between these
levels would provide a means of controlling the photochemistry
of the complex, Other factors such as a variation of the
quenching rates due to structural changes in sensitizer

might likewise prove to be important in understanding the
characteristics of the excited states responsible for the
photochemistry, Although, as yet, no precedence exists for
such effects in the photochemistry of transition metals,
there are numerous examples in which the photochemistry of

organic compounds can be controlled by manipulation of
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sensitizer parameters,l6 The potential value of these
studies lies in the ability to draw important conclusions
about the nature of the excited states responsible for

chemical reactions,
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PROPOSITION 2

Proposedg A direct method to determine the importance of
the d,-p, interaction in back-bonding between mercury

and cyanide is suggested,

' Introduction

Back-bonding is a fairly common phenoﬁenon observed
in metal-ligand systems in which pi bonding exists between
the atoms of the ligand (eg. M(CO),, M(CN),). The process
is thought to occur through the donation of electrons from
the d orbitals of the metal into.the empty antibonding
orbitals of the ligands, Despite the generality of the
phenomenon, no example exists which does not also involve
sigma bonding between metal and ligand. Thefefore a dis-
tinction between d,-p; donation and inductive effects
through the sigma structure is by no means clear, and most
attempts to separate these effects involve rather elaborate
explanatiéns of the experimentai results,l'2

Since this back-bonding process involves donation of
d electrons into the ligand antibonding pi orbitals, the
bond between the two ligand atoms is weakened, or in other
words, the force constant for the bond is smaller, As a
result, the absorption in the infrared region corresponding
to the ligand diatomic stretching frequency occurs at

longer wavelengths for the complexed ligand relative to an
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an uncomplexed one, As an example, in Hg(CN), the CN
stretching absorption appears at 2180 cm=1 3 while in
HCN and other organic nitriles in which back-bonding is
not possible, the CN absorption occurs at ca, 2250 cm—l,4'lO
Thus the weakening of the CN bond in Hg(CN), could be
explained by invoking a d,~pn type of interaétion between
the mercury d electrons and the cyanide ¥ orbitals.

In an effort to evaluate the importance of dq=Pq
donation between mercury and éyanide the following model
compound (la) has been conceived in which no sigma bond

exists between metal and ligand (Fig, 1). Measurements

Figure 1

HgCl
(la) ' (1b)

from molecular models indicate that the 2,7 g separation of
the cyanide and mercury in this compound places the d and x*
orbitals well within the van der Waals contact distance
between the two groups, In fact, the 2,7 X distance is
precisely that measured for Hg--NC-bonding in solid Hg(CN)g,ll

Hence one would expect that on the basis of overlap, A =P
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interactions should readily occur in this compound if they

are important in the bonding of Hqg(CNW), (Fig, 2).

"lT\\CfV , NI/ > Cﬁ
AN
/R JE / |
I '

The results of recent studies have placed a new im-
portance on pi bonding in metal nitrile complexes, The
complexes of short carbon chain dinitriles with manganese
and rhenium are believed to involve Q=P bonding.12:13
In these éomplexes, the nitrile appear to be bonded via
C~N m-coordination rather than through the lone pair of
electrons on the terminal nitrogen as is the case with
most organonitrile complexes,4 In addition, there is some
precedence that mercury is capable of intramolecular
coordination from work with bromoaromatic mercury compounds,,,15

The proposed synthesis of compound (la) is elaborated
in Fig. 3. Measurement of the infrared CN absorption
frequency of (la) would establish the importance of the
dn-Pn interaction., A suitable reference compound (1b) is
also obtained from the synthesis of (la) thus providing a

convenient C-N stretch reference frequency. The difference
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between thé infrared absorptions around 2200 em™1 of (la)
and (1lb) would provide a direct indication of the extent of
dq—pq interaction between mercury and the cyano group. If
the type of interactions proposed in Fig, 2vare important,

a decreased ir stretching frequency for (la) is expected
relative to (lb)e Based on the value of Hg(CN),, a reduction
on the order of 80 cm~) might be expected, although the f—
bonded nitrile complexes exhibit much lower shifts (ca.

200 cm’l);' If instead an interaction occurs primarily
through the carbon atom of the nitrile group, the frequency
would be shifted considerably lower due to the rehybridiza-
tion to a sp2 geometry., In this case absorptions of (la)
would be eXpected at 1600 - 1700 cm'l,l3 Alternatively,
bonding between mercury and cyaﬁide could occur primarily
through the nitrile nitrogen, In this case the C-N stretch-
ing frequency in (la) should be similar to the acetonitrile
complex of Hg(II) which bonds via the lone pair of electrons
on the terminal nitrogen, Hence terminal nitrogen bonding
would be indicated by an increase of ca. 24 cm™! for the

C-N stretching freguency of (la) relative to (lb).16 of
course, one other possiblity exists in which the C-N stretch-
ing frequencies for (la) and (1lb) would be identical and
hence indicate no interaction at all. However, based on
the work of Farona, et §l°l2rl3 the first possibility is

probably the most likely,
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It would be exceedingly interesting to synthesize
similar dérivatives of metals such as platinum, palladium
and osmium to assess the importance of various atomic
parameters such as the number of d electrons, the oxida-
tion, andvthe coordination states with regard to dg ~p,
interactions, However, the synthetic problems of obtain-
ing metal éarbon bond formation in these compounds would

be tremendous,

SYNTHESIS

AB—NO, H.o AB—NO, 1. SO,CI, AB—NO,
/ HO. et e
COOCH, A~ COOH 2. NHOH  CONH,
. 7 + 8
 AB—NO, 1.SnCl,  AB—NH,'1.H,SO;H.0, @; _AB—N, )
CONH, 2.HCT > én 2.NaNO, CN  (HgCISO,)
3, HgCl,
+ 9
—N AB—HgCl
AB 2 Cu f Y g

CN (HgCiso)  shake  CN

Figure 3
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PROPOSITION 3

Prosposeds A direct chemical probe is presented to
determine the nature of energy transfer in singlet

quenching,

Despite considerable study, the mechanism of fluorescence
guenching of aromatic hydrocarbons by dienes and other com-
pounds is still not well understood,b In addition to cyclic
and acyclic dienes,1'4:12“14 alkyl aryl sulfoxides,8r9
multicyeclic hydrocarbons,5°7 azo compoundslO and alkyl
azidesll have been shown to guench the fluorescence of
napthalene and other aromatic hydrocarbons. Because the
details of this process are still unclear several interpre-
tations of the mechanism have been advanced,

From the results of gquenching with dienes, gquadricyclenes
and sulfoxides, Hammond and coworkers have proposed a
mechanistic scheme in which the quenching step involves
exciplex formation (Fig. 1). This exciplex catalyzes
radiationless decay of the excited singlet, and the electronic
energy of the aromatic hydrocarbon is transformed into excess
vibrational energy in the quencher, resulting in the isomeri-
zation of sulfoxides8:9 or the conversion of quadricyclene
into norbornadiene.5=7 Recently Solomon, et al. have

reported that they believe the results of experiments with
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ASO — v Asl absorption

Asl + 0 —Xa o (AQ)* singlet quenching
(AQ)* — A+ Q exciplex decomposition
ast ke o as0 4y fluorescence

Asl —_—Xa ASO internal conversion
ast —Kic, att intersystem crossing

Where ASO and Asl are the ground and first excited
singlet stategs of the aromatic hydrocarbon, respec-
tively and Atl is the first excited triplet. Q is
the quencher (either a diene or a triene), (AQ)* is
the excited complex, the nature of which could be
either electronic or vibrational excitation.

Figure 1

strained multicyclic hydrocarbons are better interpreted
with an eXciplex which is purely an excited Charge transfer
complex. |

Still another interpretation postulates that fluores-
ence quenching occurs via endothermic electronic energy
transfer, ’Lewis and Daltonll explain their results of the
singlet sensitized decomposition of n-hexyl azide with a
mechanism in which the azide is electronically excited by
colilisional energy transfer from excited aromatic hydro-

carbons (Fig. 2).

ast v+ o kg . ol 4as®
ol — products
Ql e Q

Figure 2
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It is apparent from these varying interpretations of
the mechanism of fluorescence quenching that more information
about the nature of the energy transfer step is necessary,
It would be particularly valuable to determine the character
of the energy transferred in the quenching processes, that
is whether electronic or vibrational energy is specifically
involved., Despite the fact that several studies have
indicated that singlet quenching results in chemical reactions
of the quencher,s“ll in.none'of the systems.studied was the
reaction sensitive to the kind of energy transferred, It is
proposed that the nature of the energy transfer step in
singlet guenching can be probed chemically by examining the
products from the electrocyclic reactions of diene and triene
quenchers, |

Woodward and Hoffman have demonstrated that the stereo-
specific nature of the electfocyclic interconversions of
conjugated trienes and 1, 3-cyclohexadienes can be predicted
by considering the overlap of the highest filled molecular
orbitals.13/1® Thus the electronic excitation of trans-cis-
trans-2,4,6-octatriene is predicted to give trans-5,6-dimethyl-
1, 3-cyclohexadiene, while the thermal activation should give

cis-5, 6-dimethyl~-1, 3-cyclohexadiene and vice-versa, Both the

thermal and photochemical cyclizations of the octatriene to
give the dimethyl-1, 3-cyclohexadienes are well documentedl?,18

(Fig. 3). By applying this reasoning in reverse order, the
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CH3 cH:’ h
\u::\\__—/f:=u/ LLAES
Figure 3

stereochemistry of the dimethyl cyclohexadiene formed in the
singlet quenching of aromatic hydrocarbons with trans~cis-
E£§g§;2,4,6—octatriene would indicate the form of energy
transfer,’

- Although the postulated fluorescence gquenching by this
triene is unprecedented,_it is quiteklikely such compounds
will prove.to be éfficient singlet quenchers.19 In compar-
ison with the isomerization of quadricyclene the energy
required for the cyclization of the triene (~30 kcal/mole)20
is less than that required to form norbornadiene (38,3
kcal/mole).2l on this basis, one would predict that

cyclization of the triene should accompany quenching of

fluorescence in aromatic hydrocarbons (Fig., 4).

1 CH CH,

A+ 3

Figure 4
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It is suggested that a series of aromatic sensitizers
of various singlet energies be used in conjuﬁction with this
quencher, By investigating such a series in which the
sensitizer singlet energies span a range extending well
above and below the spectroscopic singlet of the triene
(which by analogy to the trienes common to Vitamin D chem-
istry, probably lies at a wavelength slightly greater than
320 m (~89 kcal/mole)) any trend in the enerqgy transfer
process with regard to the reiative energies would be
revealed, -For example, with éromatic sensitizers having
singlet energies greater than that of the quencher, it will
probably be necessary to include an additional step for

classical quenching in the Hammond mechanism (Fig, 5). -

0 1
ast 4 ¢ Keg o~ 45" 4+ 057 classical quenching

Figure 5

In contrast, such a step seems unlikely (although Lewis
and Dalton propose exactly this) when sensitizer energies
drop below the level of the quencher singlet, and it is at
this point that trends may become apparent, In short, the
question .is whether electronic energy transfer will continue
in the exciplex, or whether a vibrational energy transfer
process will take over, and by investigating the product
stereochemistry of the proposed triene cyclization reaction,

a simple and direct answer would be provided.



145

The following aromatic hydrocarbons along with their

singlet energies comprise the series of sensitizerssl,22

Benzene (Sl = 108 kcal/mole)
Naphthalene (Sl = 89 kcal/mole)
2,3-Benzfluorene (sl = 83.8 kcal/mole)
1,2-Benzanthracene (Sl = 74,3 kcal/mole)

Experimentally, the procedures involved in singlet
quenching With the above compounds are essentially the same
as those used by others,l One point of particular impor-
tance is that the concentration of the quenching 2,4, 6-
octatriene‘be ad justed so as to quench all the aromatic
fluorescenée, and in this way eliminate problems of triplet
reactions, The method of product analysis is by VPC and
has been esi:ablished.,6

Thus by combining the studies of electrocyclic
reactions of trienes with techniques of singlet quenching,
one can construct a simple method of probing the energy
transfer step in the fluorescence quenching of aromatic
hydrocarbéns. This, it is hoped, will provide valuable

information about the mechanism of singlet quenching,
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PROPOSITION 4

Proposed: A system in which to observe the 1,2-free radical

shift of silicon in solution is suggested,

1,2-Free radical shifts of alkyl groups across carbon-
carbon bonds have not been observed to take place even in
the gas phése, However, 1,2-shifts in solution have been
observed when the migrating group is phenyl,l Cl,2 RS,3 or
Br.4 To date, literature includes no mention of a free
radical 1,2-shift of silicon across carbon-carbon bonds,

It is therefore proposed to study a system in which a 1, 2-
silicon shift might be expected, and assess the importance
of the d-orbital expansion of the valence shell in this
rearrangement.

As stated above, no systems have been studied in which
the 1,2~radical shift of silicon coﬁld be detected. However,
there are,casesfin which a radical has been generated ad-
jacent to a carbon-silicon bond, but because of the geometry
of the starting material, the products corresponding to a
silicon 1,2-shift would be identical to those formed from
the initial radical., Thus no information could be obtained
about silicon migrations from their studies,5'6

The proposed system (Fig, 1) suffers from neither of
the shortcomings of those in the literature, Since no

symmetrical relationship exists between the initially
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formed radical (2) and the proposed rearranged radical (3),
the products arising from a 1,2-silicon shift will be

different from those coming from the initially formed radical,

R3Si o R3S1 O
(CH3)2C=CHy=C~0p~C(CH3)p —2— (CH3)2C-CH,C~0° + <0-C(CH3)3
(1) |
R3Si O R4Si
(CH3)5C~CH,C-O- > (CH3),C-CHy* + COp
R5Si SiRj
(CH3)2C~CH5 e (CH3)25-CH2
(2) " RH | (3) RH
R3Si \\\n SiRj
(CH3)2C~CHg (CH3)5CHCH,
(4) (5)

(R = CH3, CHyF, CFyH)
Figure 1

Not only would.the rearrangement products from (3) be
discernable, but there would also be a significant driving
force in forming the more stable tertiary carbon radical,7
Generation of a free radical of the form (2) is therefore
proposed to provide information about the migratory

aptitude of silicon in a 1,2-free radical shift,
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Jaffe has demonstrated that increasing the electron
affinity of the central atom in compounds of the form BA,4
caused increased values of the overlap integrals for the
BA bond due to greater 3d orbital interactions with the
electrons éf the A atoms,?

Thus if the nature of the R groups on radical (2) is
such that they increase the silicon electron affinity but
cannot increase the overlap integral through back-bonding,
there should be enhanced interactions between the adjacent
free electron and the silicon d orbitals, The greater the
interaction between silicon d orbitals and the adjacent
free electron, the more stable the transition state inter-
mediate., This lower transition state is then, in turn,
reflected by a higher migratory aptitude, It is suggested
that fluo:omethyl groups would cause such interactions due
to their electron withdrawing ability., The importance of
the 4@ orbital interaction and therefore the migratory
aptitude, would be expected to grow as R was successively
changed from CH3- to CHFy-, Since the relative steric
bulk of these groups increases only slightly with increased
fluorine content, the steric effect would probably provide
little driving force for rearrangement,

Thus by investigating the series of compounds just
elaborated, one would have a clear indication of the
importance of 4 orbital interactions of silicon for 1,2-

free radical rearrangements,
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The experimental methods required to investigate the
proposed 1,2-shift would involve the thermal decomposition
of (1) in dilute chlorobenzene solutions containing small
quantities of a hydrogen donor., Analysis by nmr of the
product mixture would provide an adequate means of monitoring
the»fdrmation of (5), the product of the proposed rearrange-
ment, An alternate means of analysis is offered by vpc
since the silane (5) can be easily synthesized by an

independent method, 10

Synthesié:
Clz3Si ' 11
CH=C-CH5CN + C13SiH EtgNi CH3-C-CH5CN
CH3 CH3
Cl3-‘.|5i R3Ii
CH3—?-CH2CN | MR (CH3)5C-CH,CN
CH3
R35i R35i1
T AN 1l, Hydrolysis
(CH3)pC-CH,CN 7. S0C1, (CH3),C-CH,COC1
R3Si R3Si 5

(CH3)2i—CH2COCl + NaOpC(CH3)3 —— (CH3),C-CHpCO3C(CHE3)3

(1)
(R = CH3, CHzF, CHFj)
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Proposition 5

Proposeds An experimental method is proposed which would
permit the direct detection of free radicals and other
unstable species resulting from photochemical processes

in the gas phase,

Classically, studies of the mechanisms of chemical
reactions have, out of necessity, involved the clever
manipulation of experimental parameters or molecular
architecture in order to distinguish between hypothetical
molecular pathways. The study of photochemical processes
is a typical example in which kinetic rates of product
formation, sca&enging, sensitization and many other indirect
tests have been used to elucidate mechanisms,., Although
these studies are valuable, too often they fail to distin-
guish betwéen a number of possible molecular pathways,

This problem is clearly delineated in Hoare and Pearson's
review of gas phase photo—oxidations,l A far more desirable
method is, of course, to observe the reactive intermediates
responsible for the chemistry by some direct means, This is
usually very difficult on an experimenﬁal basis mainly
because their very nature insures that they will have short
lifetimes and low concentrations, Nevertheless, the value
of such techniques in photochemistry is amply demonstrated
by the widespread use of emission spectrophotometers, flash

lamp spectroscopes and spectrographs, and electron
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paramagnetic resonance spectrometers, Although these
methods have been extremely valuable to study solution
photochemical problems, their application to gas phase
studies, although possible, are very difficult. The
difficulties arise to a large extent from sensitivity
problems, however other limitations also exist.

The mass spectrometer provides a potentially very
useful technique for studying free radical formation from
. photodissociation, and is ideally suited for studying gas
phase reactions since it has the potential for measuring
extremely small concentrations and can easily handle the
moleculér weight range encountered in almost any gas phase
experiment, For this reason it is proposed that an instru-
ment be constructed to study the radicals resulting from
gas phase photodissociation reactions directly,

Mass spectrometry of free radicals is a well-established
te’chnique‘,2 and others have used this technigque to study gas
phase photochemical reactions,3-6 However, because of
limitations in the experimental apparatus, generally only
mercury sensitized reactions can be observed,3,7-10 1t is
of interest to construct an instrument which would study
fragmentation reactions resulting from the direct irradia-
tions of mblecules. Until recently, the experimental
requirements of such an apparatus have been prohibitively

complex, Although the construction of the instrument in
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this proposal constitutes a major commitment of time and
funds, recent advances in mass spectrometry and molecular
beam technology make the operation of such an instrument
by a photochemist on a "semi-routine'" basis feasible,

The proposed experiment is quite simple. A high
denéity molecular beam of substrate molecules is inter-.
.cepted by a second beam of photéns of a wavelength which
is known to cause chemical reaction, The interaction of
the light with these molecules causes a small fraction of
them to bécome excited and dissociate into radicals, These
radical fragments recoil out of the beam and drift without
collision into the ionizer section of a quadrupole mass
spectrometer where they are ionized by electron bombardment
and discriminated by the mass analyzer on a mass/e basis,
In this way, free radicals and other unstable intermediates
resulting from the photodissociation of the substrate
molecules in the gas phase can be detected directly, As
pointed out earlier, there is ample precedence in the
literature on the successful mass spectrometry of free
radicals to insure that their detection by this method is
possible,

The major obstacle in carrying out experiments of this
type is machine design. Careful consideration of all the
parameters involved in the experiment is necessary to

insure sufficient detection sensitivity to make the
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experiment workable, The following description of the
apparatus is an attempt to briefly layout its design and
point out the critical factors of its construction, and
in this sense, represents a feasibility study, A large
portion of this design is the result of critical discus-
sion with several people considerably more knowledgeable
than myself in the areas of mass spectrometry and molecular
beam design: their suggestioné are gratefully acknowledgedcll

The instrument consists of basically three vacuum
chambers in which the molecular beam is formed, bombarded
with light, and the fragments from photodissociation detected
(Fig, 1). The three chamber system has the inherent
advantage over other designs by permitting three stages of
differential pumping, Since each chamber has its own
separaté vacuum system, a much higher vacuum is attainable
in the finai detection chamber., This is desirable because
avhigher vacuum at the detector means a lower background‘
noise level for the experiment, All three chambers of the
vacuum sysﬁem would be fabricated from stainless steel
with metal seals at the major flanges, The entire system
would be wrapped with heater tape making it bakeable to ca,
300°C for efficient outgassing.

A high density molecular beam of substrate molecules

is formed within the source chamber (Fig., 2). A heated
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inlet system supplies vaporized substrate molecules in a
pressure range of about 0.1 - 5 Torr to the beam-forming
noZzle, The nozzle suggested for this apparatus is an

effusive type made up of a mosaic of fine capillary tubes

10 This capillary array, as it is

of 10-25 u diameter,
called, has the desirable property of producing a high
density molecular beam which is necessary for this experi-
ment, Beams with densities of'~1013 mdlecules/cm3 have
been obtained with this device,4:l3:l4 Calculations
indicate that a 25u pore capillary array~4 mm in diameter
will produce a beam of density of about 1013 molecules/cm3
in the experimental chamber., A collimator, which removes
all molecules with angular trajectories greater than a
small angle from the beam, is placed close to the source
nozzle (ca. 1 cm). To keep molecular scattering of the
beam to a minimum, this chamber must be kept in a pressuré
range of 10‘4 - 10=5 Torr, Because 99% of the molecular
flux from the effuser will probably be trimmed before
entering the experimental chamber, a calculated minimum
pumping capacity of 3300 1/s is necessary in the sample
chamber, The entire sample inlet system and capillary
array is enclosed within the sample oven which allows wide
variation of the source temperature,

T:anshission of the beam through the collimator places

it in the second vacuum chamber, the experimental chamber,
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The intersection with the photon beam should be as close

as possible to the entrance from the sample chamber (~2-3cm)
so that a beam density of about 5 x 1013 molecules/cm3 is
attained.? 'At‘this point a collimated beam of ultraviolet
light intersecté the beam causing photochemical excitation
of a fraction of the molecules in the beam, Based on the
absorption cross section énd quantum yield for photo-
dissociation, a certain number of the molecules (1012, see
calculations) will dissociate and the fragments will recoil
out of the beam.” Because the density of these fragments
will fall off as the square of the distance from the point
of intersection, it is crucial that the orifice into the
detection chamber be placed very close to the molecular
beam., With careful design, and a reasonably wide aperature
(~1 cm) perhaps 10% of the recoiling fragments will enter
the detection chamber, and the ionizer of the mass spectrom-
‘eter, Although certainly higher numbers of fragments

would enter the ionizer of the mass sPecﬁrometer if it

were positioned on the axis of the molecular beam, just
behind the point of intersection, the configuration with
the mass spectrometer perpendicular to the plane of the two
intersecting beams is preferred for several reasons, Since
the ionizer voltage will be at a relatively high level

(70-100 ev), electron bombardment of the parent molecules

will produce the same fragments as photodissociation in
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most cases. Although phase sensitive detection will be
used to discriminate the photo-fragments, a component of
those fragﬁents produced by electron bombarbment of parent
molecules can be expected to have the same periodicity, and
therefore it is necessary to exclude as much of the parent
beam from the mass spectrometer as possible, Furthermore,
the perpendicular configuration results in a minimum of
scattered light entering the mass spectrometer and striking
the electron multiplier,

Because the detection of fragments depends on their
free recoil out of the molecular beam into the mass spectrom-
eter pressures ih this second chamber should be maintained
around 10-6 - 10-7 Torr., & pumping speed of ~5000 1/sec
is calculated to be sufficient to hold this pressure.16

Usihg a 2.5 kw mercury-xencn high pressure lamp with
a suitable quartz lens system as the light source, assuming
an optical density of about 200 1l/moles cm, and a gquantum
vield fof dissociation of about 0,5, a value of 1 x 101l
radicals/sec is calculated for the number of fragments
entering the ionizer,

The vacuum chamber which contains the mass spectrometer
is maintained at the lowest pressure of the entire system,
10-8 -~ 10-9 Torr by means of both conventional and cryoscopic
pumping, The ionizer should be placed as close to the

orifice of the third chamber as possible to obtain the
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