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ABSTRACT

PHOTOENOLIZATION AND TYPE II PHOTOREACTION
OF ORTHO-ALKYL PHENYL KETONES

By

Andy Chi-Peng Chen

Photochemical studies of a series of ortho-alkyl sub;
stituted phenyl ketones were conducted primarily to deter-
mine the mechanism and kinetics of photoenolization reaction,
particularly conformational effects on photoreactivities.
The other major objective was to determine the substituent
effect of an ortho-methyl group on type II reactivity. The
low type II quantum yields for O-methylbutyrophenone, o-
methylvalerophenone, and o-methyl y-methylvalerophenone re-
sults from a combination of low yield of long-lived triplet,
low probability for product formation from the biradical in-
termediate, and competing enolization. An ortho-methyl sub-
stituent decreases the type II rate constant by a factor of
3.3, which is comparable to the decrease produced by a meta-
methyl stustitution.

The ability of ortho-methyl phenyl ketones to photo-
sensitize the cis-trans isomerization of 1,3-pentadiene
indicates that such ketones form two triplets, one short-
lived (0.3 nsec) and one long-lived (~35 nsec). Quantita-
tive studies of the type II photoelimination of ortho-alkyl
ketones indicate that the reaction proceeds from the long-

lived triplet. The competing reaction of this triplet is
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presumed to be photeonolization, but its rate (ke = 3 x lO7

sec 7) 1s the same for ortho-CH CD, and C.H Since ke

37 3 2°5°

is independent of C-H bond strength, it must be concluded
that the rate determining step for enolization of the long-
lived triplet is not hydrogen abstraction. 8-Methyl-1-
tetralone, a model for syn-o-methylacetophenone, also sen-
sitizes the cis-trans isormerization of 1,3-pentadiene, but
displays a linear reciprocal quantum yield plot, and there-
fore has only one short-lived triplet.

It is concluded that the photoenolization of ortho-
alkylphenyl ketones is dominated by conformational factors,
in particular the ground state syn/anti ratio and the rate
for anti-syn rotation in the excited state. The gquantum
vield for formation of long-lived triplet in fact measures
the percentage of anti ground states in what is presumably
a rapid conformational equilibrium. The rate-determining
step for enolization of the anti triplet is rotation to a

syn conformation (ke = 3 x lO7 sec _l) in which enolization

is very rapid (k > 10° s_l).

Although the 2,6-disubstituted phenyl ketones probably
have only one principal ground state conformation, two kine-
tically distinct triplets have been observed in sensitiza-
tion studies. The long-lived triplet decays with a rate of
5 x lO7 sec_l but does not produce benzocyclobutenol; the
short-lived one forms benzocyclobutenol with a rate of v

lO9 sec-l.
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INTRODUCTION

I. Photophysical processes

The creation of an electronically excited molecule re-
sults in the occurrence of photochemical as well as photo-
physical processes. An understanding of the photophysical
processes is essential to fully appreciate the photochem-
ical processes, and vice versa. A modified Jablonski dia-
graml is shown in Figure 1 to illustrate the photophysical
processes for a typical organic molecule. Selection rules
require that the spin angular momentum of the ground state
be conserved in the light absorption process,2 so that trip-
let states are generally populated by intersystem crossing
from the directly excited singlet. Because of rapid vibra-
tional relaxation in solution, only the lowest singlet and
triplet excited states generally participate in chemical
reactions.
II. Photochemical Processes

1. The Norrish Type I Photoprocesses

The Norrish type I process of ketones involve the homo-
lytic scission of the bond between the carbonly carbon and
the a-carbon to give acyl and alkyl radicals3 which go on
to form various stable products.

(¢} [0}
L

R-C-R' ——> R-C" + -R'



INCREASING ENERGY

(1117 ABSORPTION TO SECOND SINGLET

GROUND STATE

%Internal conversion.

bIntersystcm crossing.

Figure 1. Photophysical transitions bctween elcctronic
states in a typical organic molecule.



It is known that pivalophenone undergoes type I cleavage in
solution through its triplet excited state.4 Many investi-
gations of type I reactions of cycloalkanones have been con-
ducted.5 The photochemical reaction pathways of cyclic ke-

tones in solution are summarized in the following scheme.6

(CH

In the case of ketones with differing degrees of a-alkyl
substitution, type I cleavage generally results in the
formation of the more stable alkyl radical and the corres-

ponding acyl x:adical.S The introduction of either a-methyl



substituents,7 or ring strain8'9 in cyclic alkanones in-
creases the rate constant for a-cleavage from the triplet
state; it is likely that the rate constant for a-cleavage
from the singlet excited state also increases.10 Di-t-
butyl ketone undergoes the type I process with a rate con-

stant of 6 x 107 sec-l from the singlet excited state and

with a rate constant of 7 - 9 x 109 sec_l from the triplet
state.ll An analogous difference of at least two orders
of magnitude is also observed in the reactivities of the
singlet and triplet excited states of cyclic alkanones
toward a-cleavage.lo

2. The Norrish Type II Photoprocesses

a. Definition

Carbonyl compounds containing y C-H bonds undergo,
upon electronic excitation, characteristic 1,5-hydrogen
shifts to yield both cleavage and cyclization products.
The cleavage reaction is commonly called Norrish type II
photoelimination, after its discoverer.12 Cyclobutanol
formation, which generally accompanies cleavage, was first

13

reported by Yang in 1958. Together they are called the

type II photoprocesses.14 (Equation 1).

f
RCCHR2 + CR2=CR2

0]

1 hy
RCCR,CR,CHR, Gii a (1)



b. Multiplicity of Reactive Excited States

It is well established that aliphatic ketones undergo

*
type II elimination from both singlet and triplet n,T

15917,

states. The evidence is that only part of the reaction

can be quenched by conjugated dienes, which are very effi-
cient triplet quenchers but inefficient singlet quenchers.14
Cyclobutanol formation, however, occurs mostly from the tri-

i This fact is evidenced by a significant

plet state.
decrease in the ratio of cyclization to elimination products
with increasing concentrations of triplet quencher. The Type
II cyclization and elimination reactions of aromatic ketones
apparently occur only from triplet states since intersystem
18

crossing quantum yields are generally unity.

c. The 1,4-biradical Intermediates in Triplet-State

Reactions
A 1l,4-biradical intermediate has been demonstrated,
with little doubt, to intervene in triplet state type II
reactions.l9 The fact that this intermediate can undergo
reversal of the hydrogen abstraction process, as well as
product formation, was not taken into account by early
studies which tried to compare quantum yields to triplet

20-22

reactivity. Wagner has shown that added Lewis bases

maximize quantum yields by eliminating the reverse hydrogen
transfer.23 Furthermore, the biradical of y-methoxy valer-
ophenone was actually trapped using alkyl thiols as trap-

ping agents. Using the photoprocesses of valerohenone, V,

as an example, the following scheme reveals the mechanism
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of the type II process in phenyl alkyl ketones.19

F
hv 1* ~100% 3% %1004 j\/l/
Vo, ——— ¥ v Ph-*

2. Pw’t:}\H (trans)

The partitioning of the biradical between the various
processes varies according to the structure of each spe-
cific ketone.

d. Effects of Ring Substituents in the Type II

Photoreactions
The effects of ring substituents on the type II re-
actions have been studied to ascertain structure-reactivity
relationships. For meta and para substituents, there are
two effects which determine quantum yields in type II reac-

tions. The first is an inductive effect on the



disproportionation of the biradical and the second is the

lowering of the reactivity of the triplet through inversion

24 . f
The increase in re-

of the 3(n,w*) and 3(n,ﬂ*) triplets.
activity for the strongly electron withdrawing groups seems
to be an inductive effect on the already electrophilic

25,26

triplet. It is now well established that ketones with

m,T* lowest triplet are appreciably less reactive than

27,28 Since

those with n,n* triplets in type II reactions.
the 3(n,w*) lies only a few Kcal above the 3(n,n*) in phen-
yl alkyl ketones, electron donating substituents or a high-

ly polar solvent can invert the ordering of the states.zg'31

32433 of the two

It has been suggested that vibronic mixing
triplets might induce n,m*-like reactivity in the lowest
triplet. Wagner has shown that when the two triplets are
close enough in energy to equilibrate thermally before de-
caying, hydrogen abstraction can occur from low concentra-
tions of n,m* triplets even when themw,n* triplets are

28,34

lower. The effects of ring methyl and polymethyl sub-

stitution on photoreactivity of butyrophenones and valero-

32 The effect

phenones has been determined by Wagner et al.
of a meta or para methyl is to increase the energetic sep-
aration between the reactive n,n* triplet and the lower
m,T* triplet. As the energy difference Ep between n,m*
and m,7m* triplets of the methylated ketones increased, the
observed rate constants for the type II reaction decreases

and is proportional to (—AET/RT). These results seem to

indicate that reactivity arise from equilibrium levels of



the upper n,T* states, rather than from vibronic mixing
of the n,m* and m,7* states.

For ortho substituents, a steric effect will be oper-
ative along with the electronic effect. The substitution
of an o-alkyl group also introduce a competing enolization
reaction. This reaction has been known for a long time
and has been subjected to flash spectroscopy studies but
not to a combination of quenching and sensitization tech-
niques. Further evidence concerning the mechanism and kin-
etics of the photoenolization reaction comprises a major
part of the research presented herein. The photoenoliza-
tion reaction will be reviewed and the kinetics involved
will be derived in the next two sections.

III. Photoenolization Reaction

1. Early Observations

In 1904 Collie>®

observed that crystals of pyrone %,
upon exposure to sunlight, turned brilliant yellow and that
the color faded upon melting the crystals or disolving them

in a solvent. This early report of photochromism was fol-

lowed by Ullman's observations on some chromone derivatives

2.37

2 Aryl ketones with ortho alkyl substituents are




noteworthy for their photochemical stability. For example,
the photoreduction of benzophenone to benzopinacol is mar-
kedly suppressed when the ortho position is substituted by
an alkyl group containing an a-hydrogen (—CHRZ). Thus,

for o-methylbenzophenone, 0.055 in 2-propan-

38

¢reduction=

ol In contrast, both 3-methylbenzophenone and 4-

methylbenzophenone show high quantum yields, ¢reduction:
ca. 0.5.

ek Yang and

In an important paper published in 1961,
Rivas showed that this effect was due neither to adverse
electronic interactions nor to steric hindrance, but

rather to an internal hydrogen abstraction which yields

an enol isomer of the ketone (Equation 2). Photoenoliza-

CH2R
hv
7\ c=o0 R (2)
= A
CGHS
%a, R:C6H5 4a, R=C6”5
b, R=H b, R=H

tion of this type has been demonstrated by the following
observations. When a solution of 3a in Ch3OD was irrad-
iated, the recovered 3a was found to contain 1.04-1.09
atoms of deuterium per molecule. By nmr spectrometry
all the deuterium atoms were found to be located at the
benzylic position. Also, the photoenol 4b or o-methyl-
benzophenone reacts smoothly with dimethyl acetylenedi-

carboxylate, a dienophile, to give an adduct é in



-
o

excellent yield. The structure of » was established by
its conversion to l-phenylnaphthalene-2,3-dicarboxylic

acid g, identical in all respects with an authentic sample.

CH}OD Oc6H5
——— (O
&8 !
CHDCGHS
Cells _om
CO,CHy y oF
B e oy 9 —2 >
. CO,CH,
c-co.CcH R
i o
c-CcOo,CH G2 H

2. The Mechanism

Most early studies of photoenolization were centered
around 2-alkylbenzophenones. Detection of the triplet ke-
tone species in a photoenolization reaction was first re-

29 Thus, flash photolysis of 2-

ported by Yang et al.
benzylbenzophenone produced two species of lifetimes ca.
10 S and 500 pus. The longer-lived species was assigned
as a dienol and the shorter-lived species as the n,7*

triplet (Equation 3).

CHE H g

CH2C6HS . ) 5”
-0 hv i HiSE. sy A
c” — K — K¥'—— C\ (
~
; G HS CGHS

6

3

)
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The latter assignment, however, was subsequently dis-
counted by Porter and Tchir41 on the basis of known lifetimes
of triplet states for benzophenone in hydrogen donating sol-
vents. In a more extensive investigation, Porter and

41,42 detected five transients in the conventional and

Tchir
laser flash photolysis of 2,4-dimethylbenzophenone. The
transients observed and their lifetimes in ethanol and cyclo-

hexane are listed in Table 1.

Table 1. Transients observed with 2,4-dimethylbenzophenone

Lifetimes

Transient Amax./nm Cyclohexane Cyclohexane—02 EtOH

(a) 535 38 ns 38 ns 28 ns
(B) 420 67 ns 67 ns 1.7 us
(Cc) 390 250 s 20 ms 1.9 s
(D) 430 3.9 s 9.5 ms DT S
(E) 390 Hours Hours

The reaction pathway and structural assignments of the
transients is given in the following scheme. The initial
n,T* singlet state is extremely short-lived (10 ps) and un-
dergoes intersystem crossing with unit efficiency.

The corresponding triplet state has a lifetime of 40 ns
(A) and further decays to a transient of lifetime 67 ns (B) .
The nature of this species will be discussed later. The tran
sients C and D were assigned the two isomeric enol structures.
The isomer C decays more slowly than D presumably because it

cannot undergo internal tautomerization. The absorption
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H2C \0
A | |
triplet r/A\\//?\\
i ;\C)/’ C
T = 40 ns
HBC
B
T =70 ns
|
|
Ho l Lo
H C o]
A
singlet
pe o=k
(1< 10ns) =3
HyC = H Hp
N D C
T=4s T = 250 s
H T
P 4 OH
3 A !
'
0, N N
'
=
Vo
E
product

spectrum of transient E is the same as that reported by
Ullman43 for an intermediate to which he assigned a dihy-
droanthrone structure. The formation of transient E, by
a "photo-Elbs" reaction, would be avoided when light of
longer wavelength was filtered out.42'44 A low yield of
anthrone was isolated on addition of oxygen to this inter-
mediate and further photooxidation would eventually give

anthraquinone.
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In a study of the photoenolization of some photo-
chromic chromones, Ullman et §£.37 suggested that a triplet

state of enol intervenes between the triplet state of the

ketone and the ground state of the enol (step 3). This
Ko lK
lK g 3K (step 3)
3K 3E
3E Eo

proposal was based on the fact that although the chromone
%a undergoes photoenolization, the corresponding 2-methyl
analogue 2b does not. Ullman argured that since the chro-
mophores of two compounds are virtually identical, their
reactvities must be controlled by the nature of the pro-
ducts. However, the energies of the ground states of the
two corresponding enols should be comparable since both
have energy levels lying well below the level of their
triplet state precursors. On the other hand if excited
states of the enols were feormed as intermediates, the more
conjugated excited photoenol of the benzyl derivative %a
might be expected to be substantially less energetic than
that of 2b.

Porter and Tchir suggested later41 that this species,
corresponding to transient B observed in flash photolysis,
might be a "twisted" or "orthogonal" triplet state, a mole-
cule which might be described as a 1,4-biradical. However,
the destabilization of this species by a phenyl group and

its insensitivity to oxygen would argue against this
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assignment. A further complication was that no single
transient arising directly from the decay of this species
was observed. Therefore, no definite assignment of this
species was made.

The most commonly accepted mechanism for photoenol-

ization is outlined in the following scheme.

R R B
oy 5
B
0 hv = i e Gl \\Of
y — —
~ i 0 YH
R R &
R R &
= OH /Y OH = Xy
R — —_ NG ]
o N ~
R R

The introduction of a second ortho-substituent into
the ketones causes a drastic change in photobehaviour. For
example, the transients observed in the flash photolysis
of 2,6-dimethy1benzophenone41 are not at all similar to
those observed with ortho-substituted benzophenones and no
assignments were suggested. In an extensive study of 2,4,6-
trialkylphenylketones, Matsuura and Kitaura45 noted that
cyclobutenol formation was the preferred course of reac-
tion. Even though no Diels-Alder adducts were observed,
deuterium exchange was noted when the ketones were irra-

diated in CH,OD fo long periods. They deduced that di-

3
enols were first formed and then underwent ring closure to
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give the cylobutenols. The following scheme describes

some of the reactions of 2,4,6-trialkylphenylketones.

CH, R CH
3 >
| //3H3 X > R
~ I(/ﬁi}o N ow O -
> >
PR /J\\//i\\ S
CH //«\CH ST N CH ~
3 3 3 3
7b
v
h\)/O2
a: R=CH : R=
1 - 3 fa: R=CH,
b: R-¢2H5 | £ b: m=C_H,
C: R=1-C3H7 Cc: R=i-~C3H7
d: R=t-C,H, d: R=t-C, Hg
e: R=H e: R=H
f: R=Ph
]
N
Ph CHB
H H i C.H
3 COOH ? 3 ’ %\E,OH
~ /CH\ /‘\
O] O] > (O %
N ~ é
CH
3 CH, CH3 CH, CHJ -
9 10 11
AV vy

Since the photoinduced encls are hydroxy-o-quinodime-
thanes (o-xylylnes), it is worthwhile to examine the nature
of the electronic structure of oxylylene. Commonly asked
questions about its electronic structure involve the relative
importance of structures such as l2a-12c in various electronic
states; preferred geometry; and reaction modes of each state.

46,47 48,49

Both theoretical arguments and spectroscopic studies

suggest that o-xylylene has a ground state singlet. Its Sl
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state 1s planar (tight biradicaloid geometry, i.e., the two
nonbonding orbitals in the same general region of space),
while in T, loose geometries are preferred, i.e., one CH2
group twisted out of the plane of the ring and the two orbi-
tals in separate regions of space. Recent calculations based
on Pariser-Parr-Pople (PPP) approximations suggest that the
ground state of 12 deviates from the image of a "perfect" bi-
radicaloid molecule.48 The ionic configurations A12b and 12c
make a noticeable contribution (v18%) to Sy. In standard
symbolism, formula %% then is a fair representation of the
ground state Sg, although the contribution of structure %%a

is higher than usual.

3. Singlet versus Triplet Reactivity

The photoenolization reaction of o-alkylbenzophenones
and 3-benzoylchromones seems to proceed cxclusively via the

37,40 since addition of a triplet gquencher can

triplet state,
completely quench the reaction. The lack of signlet reaction
probably results from the rapid rate of intersystem crossing

in these ketones.

Exclusive triplet reaction is, however, not always true

for alkyl phenyl ketones. 1In a study on the photoenolization



17

for 2-methylacetophenone?O addition of 0.25 M cis-piperylene
resulted in only a 20% depression of the enol formation ob-
served by flash photolysis. Lindquist argued that since pip-
erylene is a very efficient acceptor for the energy of ketone
triplets, while it does not quench their singlet excited
state?O it is apparent that the photoenolization of 2-methyl-
acetophenone occurs to a large extent via the excited singlet
state of the ketone. Since only a single concentration of
piperylene was employed and also since the unguenchable
species could either be a short-lived triplet or singlet, a
conclusion50 that 80% of the enolization occurs from the
singlet state is not warranted.

SammesSl further substantiated the participation of the
singlet state by the following argument. It is known that alkyl
phenyl ketones containing -H atoms on the aliphatic chain

undergo the type II process only from the triplet state%9

and
the efficiency of the type II reaction is much reduced for 2-
methyl substituted phenyl alkyl ketones because of competing
photoenolization. Because the observed triplet decay rate of
2-methylacetophenone is slower than those of analogous ketones
bearing a y-H atom it would be surprising if hydrogen abstrac-
tion from the ortho-methyl group in the triplet ketone could
compete efficiently with that from a y-C atom in the aliphatic
chain. The singlet state pathway was then suggested as the
alternative route.

However, Bergmark et al.52 demonstrated a 30:1 prefer-

ence for g—benzyliczy—CH2 in the corresponding alkoxy radical
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(Equation 4 . If the alkoxyl radical could serve as a model
CH3
?Cl CH3 CH3 0
- hv CH (4)
I — 3 CH
CH3 3
30 : 1

for the n,n* triplet state of the corresponding ketone, the

rate of o-methyl hydrogen abstraction should be at least 109

sec™! instead of the 210’ sec” T found by flash photolysis.
This result indicates that the unquenchable species observed
by Lindgvist may well be a short-lived triplet rather than a
singlet or a combination of the two. Further experiments are
needed to ascertain the quantitative participation of the

singlet state in photoenolization processes.

4. n,n* versus mw,n* Reactivity

The relatiVe reactivities of the n,r*and 7,7* states in
the Norrish type II reaction have been well studied.27_34
Since the photoenzolization process strongly resembles the type
II process in that y-hydrogen migrates to the carbonyl oxyger,

x38, 39, 41, 45 triplet was

it is not suprising that the n,mw
assumed to be the reactive species in the photoenolization
reaction.

However, hydrogen abstractions are known for systems
where a m,T* excited state must be reacting. For example the

olefin 14 undergoes hydrogen scrambling53 and chemical trapping

with maleic anhydride to give %Q (Equation 5). Similarly,
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Ph Ph
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6-benzylbenzanthrone kZ' which would be expected to posses a
low-lying w,7* triplet, does form a photoenol, as determined
by formation of yellow coloration at low temperature and

deuterium exchange at the benzylic position (Equation 6).

By
2 N Yj,jli/a yellow color
o
o (6)
— W\‘
2Oy

(0]
=
CHD
7 = i::
\

-

o~

Similar w,n* state appears to be involved in the hydrogen

abstraction reaction of the ketone %%, which produces the

alcohols 19 and %Q by a 7-membered transition state55 (Equa-

tion 7). The 7,n* character of the excited state was
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demonstrated by the small bathochromic shift for the 0-0 band
in the phosphorescence spectrum of 18 when a non-polar solvent

was replaced by a polar solvent.56

There has been, however,
little work done to determine quantitatively the relative re-
activities of n,n* and n,n* states in the photoenolization

process.

5. Conformational Effects

There is an increasing number of photochemical reactions

for which the product composition apparently depends upon

57

ground-state molecular conformation. The first example where

such a relationship was postulated is the sensitized dimeriza-

tion of butadiene57a

(Equation 8). Formation of vinylcyclo-
hexene only upon excitation of the s-cis diene requires that

the cis and trans triplets do not interconvert prior to addi-

tion. Conformational control of product in the photoisomeri-

zation of 1,3-cyclohexadienes to 1,3,5-hexatrienes has also
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been investigated.38

Lewis has reported that y-hydrogen abstraction in poly-
cyclic ketones %% and %% is more rapid than in acyclic ketone
%k 59 It was suggested that the rate increases are due to the
increased number of "frozen" C-C bonds in the reactant based

on the activation parameters (Table 2).

Table 2. Activation parameters of phenyl ketones

8 =1 Rt
Ketone ky,lo sec Ea,Kcal AS ,eu
%k 1.2 305 =422,
o
6.0 -— =
(@)
%{ 70 3.7 -4
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In an elegant study of the photochemistry of 1l-benzoyl-
l-methylcyclohexane gé, Lewis et §£.60 have provided an exam-—

ple of a system in which excited state reactions are faster

than conformational changes. Excitation of %i yields two
Ph
=0
[0}
=
P
4 A2
24e ;
ihv
13
hv Ph

7 3o
sec which

discrete triplets: one with a lifetime of 10~
undergoes only g-cleavage to radicals, and one with a much
shorter lifetime which undergoes only y-hydrogen abstraction
and cyclization. The rate of cyclohexane ring inversion
(NloS sec"l) is too slow to equilibrate excited conformers
with the benzoyl group equatorial and axial. In this case,
the excited state reactions are determined by ground state
conformational preferences.

Cyclobutyl ketones provide another example of confor-
mational effects on photochemistry. The quantum yield for
the type II processes of benzoylcyclobutane is 1ow61 presuma-
bly because hydrogen abstraction can occur only when the
benzoyl group is in a pseudoaxial conformation. The rapid y-

y 62
hydrogen abstraction of exo-5-benzoylbicyclo[2.1.1]hexane,
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a good model for g, certainly supports this interpretation.
However, little attention has been given to conforma-
tional effects on photoenolization processes.
IV. Sensitization and Quenching Kinetics
The quantum yield is a measure of the cfficiency of a
photoreaction. It is also the only kinetic parameter which
can be measured under steady state cinditions since photoreac-
tions generally follow zero order kinetics. For a triplet

reaction, the gquantum yield may be defined as follow.

@II = @T . @R- Pp (9)
éII = kiscfs . krTT . Pp (10)
- = T
1/LT kg (11)

i: all the chemical and physical pathways for T.

The intersystem crossing yield b, 1s the probability of

P

triplet formation from its singlet precursor. It is defined

as kis Tor where kisc 1s the rate constant of intersystem

C

crossing and TS is the lifetime of the singlet. a the

RI
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probability that the triplet will react, is defined as kr Tapr

where k. is the rate constant for the reaction and Tp is the
lifetime of triplet. If an intermediate exists between the

) should also

triplet and the final products, revertibility
be considered. Hence, the factor Pp is necessary to describe
the probability that the intermediate will form product. If
there are competing reactions from the triplet, the lifetime
of the triplet will be determined by the rate of all reac—
tions undergone by the triplet (Equation 11).

The lifetime of a particular excited state can be de-

rived from quenching studies analyzed by the Stern-Volmer

expression (Equation 12).

¢ /o =1+ k _(QiT (1:2)

®o is the quantum yield in the absence of quencher, ¢ is
the quantum yield in the presence of some quencher, and (Q)
is the concentration of the quencher. There is a linear rela-
tion between &5/% and the quencher concentration, with slope

qu, kq being the bimolecular rate constant for quenching and

L5 being the lifetime of the particular excited state being
quenched.

The general Stern-Volmer quenching equations for systems
in which two different excited states both react and are quen-
ched by a given quencher has been derived and analyzed by
Wa@]ner.64 Similar kinetic analysis has been developed by

65 66

Dalton and Synder and by Shetlar.

Intersystem crossing yields and lifetimes of triplets
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can he obtained by measuring the efficiency with which the

ketones sensitize the cis-to-trans isomerization of various

concentrations of 1,3-pentadiene. Equation 13 describes the

-1 _ -1 -1 1
¢sens B Qisc o (L + quTiQ]) (13)

reciprocal dependence of sensitized quantum yield on quencher

concentration, where 9. is the intersystem crossing quantum

1lsc

yield for the sensitizer, a is the probability that the quen-

cher triplet will yield the observed product, T, is the sen-

T
sitizer triplet lifetime, and {Q) is the diene concentration.
With acetophenone as sensitizer, & | equals 0.56,67 and this

c-t

system can be used as an actinometer.
In systems where two conformers give rise to different

photoproducts, the kinetics will be more complicated (Equa-

tion 14).
k.,
A h\) A* .—k..._) X
1 L
n ka“ k! ) (14)

There are three boundary conditions of interest: 1) excited
state conformational changes are faster than triplet decay;
2) conformational changes are slower than triplet decay;
3) conformational changes are rate-determining.

In case one the activation energy for conformational
isomerization is lower than those for formation of X or Y
(ké ,ké >> kx ,ky). In this case the ratio of products will

depend upon the difference in enerqgy for the transition states

leadingto)(and?f(Curtin—Hammettprinciple68). The observed
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rate is the rate for each conformation times the equilibrium

percentage of molecules in that conformation.

obs:
obs:

There is only one lifetime, which is defined as follows:

In case two (k' ,k,! << k_ ,k_) the ratio of products de-
a b X vy
pends upon the ground state populations of A and B and the
efficiencies of product formation from their excited states.
The lifetimes of A* and B* need not be the same. If the 1life-
times of the two excited states differ greatly, the simple Stern-
Volmer equation (Eg. 12) would be obtained for both excited states.
In the last case where conformational change is rate de-

b
different from that of B*, with l/rA* = k

termining (k,! << kX ,ké Qv ky), the lifetime of A* would be

—_ 1
,l/rB* = ky + k..

The boundary conditions and product ratios are summarized in

X

the following scheme.

Conformational Equilibrium

k' k
X a X
k' ,k'. >> k_ ,k S =
~ Y ) ]
a b X Yy kb ky
Ground State - Control
- 4 ﬁk
X AT By Tax
k! k& << k_ ,k —_— = o
a b X Y Y LB;BJky T
Rotational Control
fA "RIK! <
k) << kKl ok x  _TaxrTA A rEgBIkET Ry
c Y Y e IBJk T
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V. Research Objectives

The purpose of this research was to further investigate
the photoenolization of o-substituted aryl ketones to provide
more information about the relationship between molecular con-
formation and photochemical reactivity. The ring substituént
effect of an o-methyl group on type II reactivity was also of
interest.

The type II reaction was chosen as the monitoring system
because certain problems inherent in other system can be

69 The C-H bond strengthat the y-carbon can be varied

avoided.
without significantly changing the environment of the excited
state of the ketone. In addition, the type II reaction 1is
well understood and the products of this reaction can, 1in most
case, be easily analyzed by VPC.

The photochemistry of a series of o-methyl substituted
butyrophenones, valerophenones, and yY-methylvalerophenones was
studied. These compounds, upon irradiation, have two chemical
options avallable: abstraction by oxygen of an ortho methyl
hydrogen (photoenolization) or of a y-hydrogen from the alkyl
chain (type II reaction). The rate constant of enolization can
be calculated if both the lifetime of the triplet and the rate
constant of the type II reaction are known. In addition, o-
ethylvalerophenone and deuterated 2,4-dimethylvalerophenone
were studied to determine the effect of C-H bond strength on
the photoenolization processes.
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