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ABSTRACT

PART 1

DEACTIVATION OF TRIPLET PHENYL ALKYL KETONES BY CONJUGATIVELY
ELECTRON-WITHDRAWING SUBSTITUENTS

PART II

REGIOELECTRONIC CONTROL OF INTRAMOLECULAR CHARGE-TRANSFER
QUENCHING IN VARIOUS EXCITED TRIPLET PHENYL KETONES

By

Elizabeth Jane Siebert
PART 1

Substituent effects on both photoreactivity (y-hydrogen abstrac-
tion) and triplet energies (n,n* and w,m*) of phenyl alkyl ketones were
determined for conjugatively electron-withdrawing substituents (cyano,
carbomethoxy, and acyl). Spectroscopic results indicate that para
(-R) substituents stabilize the m,n* triplet much more than the n,n*
triplet, resulting in m,m lowest triplets. Conversely, meta (-R)
substituents do not stabilize w,m* triplets sufficiently to invert
the triplet levels. Ortho (-R) substituents are dominated by steric
factors: o-cyano stabilizes the n,n* triplet, whereas o-carbomethoxy

stabilizes the w,n* triplet. These results support a largely
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1,4-biradical structure for the w,n* triplet and suggest resonance
stabilization by the para (-R) substituents.

Since only the n,n* triplet is reactive toward hydrogen abstrac-
tion, substituent effects on triplet energies can also be determined
from triplet photoreactivities. In agreement with the spectroscopic
results, para (-R) substituents and ortho-carbomethoxy (w,m* lowest
triplets) decrease triplet reactivity, while meta (-R) substituents
and ortho-cyano (n,m* lowest triplets) increase reactivity in both
benzene and acetonitrile.

A11 (-R) substituted ketones undergo charge transfer quenching
at nearly diffusion controlled rates. Various correlations involving
Hammett parameters, reduction potentials, and n,n* triplet energies

for various substituted valerophenones are presented.

PART II

Intramolecular charge transfer (CT) quenching rates were determined
for amino-ketones in which the amine moiety was permitted only limited
access to the site of triplet excitation. Rapid internal quenching
(kCT NS X 108 s°1) was found in para-valeryl g-dimethylaminoethyl
benzoate (p-2VB), which has a m,m* lowest triplet. The conformation-
ally similar para-benzoyl g-dimethylaminoethyl benzoate, p-2BB, (n,n*
lowest triplet) displayed slower internal quenching (ch n 105 s'])
as determined from its phosphorescence lifetime and quantum yield.
Para-valeryl y-dimethylaminopropyl benzoate (mw,nm* lowest triplet) also

undergoes rapid CT quenching whereas both m-2VB and m-2BB (n,m*

lowest triplets) undergo 1ittle internal quenching. Since the amine
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moiety cannot possibly come into contact with the carbonyl in any of
these molecules, the results suggest that excitation in w,m* triplets
is centered on the phenyl ring and excitation in n,n* triplets is
localized on the carbonyl.

Rapid CT quenching was observed for p-methoxy-y-dimethylamino-

butyrophenone in both benzene and acetonitrile (kCT " 108 - 109 s']),

7 s']) was observed

while significant internal CT quenching (kCT v 10
for p-(3-dimethylaminopropoxy)valerophenone only in acetonitrile. These
results suggest charge separation in the w,n* triplet, stabilized by

polar solvents.
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INTRODUCTION

A. Photophysical Processes

Molecules can undergo a wide variety of photophysical and photo-
chemical processes upon the absorption of 1ight. In order to under-
stand better the photochemical reactions that phenyl alkyl ketones
undergo, the many available photophysical processes will be discussed
briefly.

A modified Jablonski diagr-am.| for phenyl alkyl ketones shows the
photophysical processes which can occur in the absence of photo-

chemical reactions (Figure 1). In this diagram the absorption and

Sn

hv

So—

Figure 1. Modified Jablonski Diagram for Phenyl Alkyl Ketones.



emission of 1ight are depicted by straight lines whereas radiation-
less transitions are shown as wavy lines. A molecule absorbs a
photon and is excited to an upper singlet state which rapidly under-
goes internal conversion (k1c ~ 1012 s']) to the lowest excited singlet
51.2 Sy can then undergo fluorescence (k¢ 108 s']), radiationless
decay (kd ~ 107 s']). or intersystem crossing to the triplet state.3
The rate of intersystem crossing depends on the amount of spin-
orbit coupling which allows the singlet to attain some triplet
character.4 The extent of spin-orbit coupling depends both on the
energy gap between S] and the triplet state3 and the nature of the
singlet and triplet states.4a Both experimental observations and
selection rules derived from electronic overlap integrals suggest
that intersystem crossing from an n,n* singlet to a w,n* triplet is
approximately 103 times faster than from an n,n* singlet to an n,n*
triplet.%:¢
For phenyl alkyl ketones, which possess n,t* lowest singlets, the
rate of intersystem crossing is extremely fast (kIsc ~ 1010 s'l).5
Thus, fluorescence and radiationless decay are too slow to be com-
petitive singlet processes. Essentially all the singlets undergo
spin inversion to populate the upper vibrational states of the
triplet(s). Again, rapid internal conversion (k1c " ]0]2 s']) leads
to population of the lowest vibrational level of the trip1et(s).2
In many phenyl alkyl ketones, two triplets (n,m* and w,n*) are in

5

close proximity and undergo vibronic coupling” or thermal equilibra-

6 pefore undergoing reaction or decay. The triplet(s) can then

1

tion

undergo phosphorescence (kp ~ 1077 to 103 s~1) or radiationless



decay if other photochemical processes are unavai]abIe.3 For many
phenyl alkyl ketones, hydrogen abstraction is very fast compared

to both radiationless decay and phosphorescence, and thus photochemi-
cal reaction leading to product formation is the major pathway for

deactivation of the triplet state.

B. Norrish Type II Photochemical Reaction

The Norrish Type II photochemical reaction is the major decay
process for most phenyl alkyl ketones possessing y-hydrogens. This
reaction was first discovered in 1934 by Norrish and App]eyard7
when they found that methyl butyl ketone photodecomposes to give
acetone and propene in the gas phase. Further investigation of
other ketones showed a characteristic a,R-bond cleavage to give a
smaller carbonyl compound and an o1efin.8 In 1958 Yang and Yang9
reported the formation of cyclobutanols as minor products in addition
to cleavage produ¢ts and suggested the formation of a 1,4-biradical
intermediate to explain the results. Further evidence supporting the

10 and others.]]

intermediacy of a 1,4-biradical was provided by Wagner
Thus, y-hydrogen abstraction by the triplet state to form a 1,4-bi-
radical, followed by cleavage or cyclization is the generally ac- -
cepted mechanism for the Norrish Type II photochemical reaction
(Scheme 1).

The 1,4-biradical also can undergo reverse hydrogen transfer to
give ground state ketone.loa The addition of a Lewis base suppresses
the reversion of the biradical to starting ketone by hydrogen bonding

the hydroxyl hydrogen, thus slowing down reverse hydrogen transfer
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Scheme 1. Norrish Type II Photochemical Reaction.

and enabling cleavage or cyclization to occur exclusively.mb’]2

The quantum yield for cyclization products averages only approxi-

13

mately 10-20% of the quantum yield for cleavage products. Also,

the rate of y-hydrogen abstraction is dependent on both the stability

of the incipient radical center'.m’]5

and the reactivity of the triplet
state toward hydrogen abstraction. Both the electronic nature of the
triplet state and the effects of substituents determine the reactivity

of phenyl alkyl ketones.'10»16-26

C. Triplet States of Phenyl Alkyl Ketones

Phenyl alkyl ketones possess two triplet states which differ
significantly in their electronic distribution. An n,n* triplet

results from excitation of a non-bonding electron of the carbonyl to



a m-antibonding orbital, thus producing electron deficiency at the

oxygen atom. The n,m* triplet resembles an alkoxy radical and under-
goes typical radical reactions such as hydrogen abstraction.]6’17
Analogously, a w,n* triplet results from excitation of a r electron
to a r-antibonding orbital, resulting in increased electron density

18,19 Consequently, the r,n* triplet is not re-

at the oxygen atom.
active in typical electrophilic radical reactions. Valence bond

representations of the two triplet states are given below.

* (4 " (4
- <>
3n,r*
2 ~\ w
/] ? e
e )L
3mr,1mr*

Many examples in the literature indicate that phenyl ketones with
n,m* lowest triplets are reactive towards hydrogen abstraction re-
actions; whereas, ketones with w,n* lowest triplets are either un-
reactive or display substantially decreased reactivities. Yang and

20

Dusenbery™ reported that substituted benzophenones (4-methyl or

4-trifluoromethyl) that retain an n,m* lowest triplet are easily



phoforeduced by 2-propanol. Conversely, 4-phenylbenzophenone, which
possesses a m,m* lowest triplet,ZI displays a 103-fold decrease in

reactivity compared to benzophenone i 1:self.22

Similarly, the photo-
reduction of 4-trifluoromethylacetophenone (n,m* lowest triplet) dis-
plays a six-fold increase in the rate of hydrogen abstraction, whereas
4-methylacetophenone (m,m* lowest triplet) shows a tenfold decrease in

23,24 Likewise, the Norrish

reactivity, both compared to acetophenone.
Type II photochemical reactions of substituted butyrophenones and
valerophenoneé follow a similar trend: ketones with n,m* lowest
triplets undergo intramolecular y-hydrogen abstraction readily, while
ketones with definite m,m* lowest triplets are essentially unreac-
tive,11b,25-29

In the past two decades the determination of substituent effects
on the photochemistry of phenyl ketones has received considerable
attention. The effects of ring-substituents on both the triplet
energies and triplet-state photoreactivity have been investigated

extensively.]]b’Z]’23»24’27s28,30

In general, the effects of ring-
substituents on the energies of both triplets, thus determining the
nature of the lowest triplet, overshadow their electronic effects on
the individual triplet states. In benzophenone the n,r* triplet is
far enough below the w,r* triplet such that most substituents do not

31

cause an inversion of the two triplet states. In unsubstituted

phenyl alkyl ketones the n,r* triplet lies only approximately 2.8

30b Polar solvents

kcal below the w,m* triplet in nonpolar solvents.
stabilize the w,m* triplet and destabilize the n,n* triplet, since the

n,n* triplet has a lower dipole moment and the w,n* triplet has a



higher dipole moment than the ground si:ate.”b’30d Electron-donating
substituents stabilize the w,n* triplet and destabilize the n,m*
triplet, resulting in inversion of the two triplets and decreased
reactivity.28 Conversely, electron-withdrawing substituents stabilize
the n,m* triplet relative to the w,n* triplet and also make the n,n*
triplet more electrophilic, thus making such triplets more reactive

than those of unsubstituted ketones (Scheme 2).

3Tmr?*
" : ‘~‘~ 311-’#*
3n;n‘" /
\ /,
\
'\
» /N0 Bpar*
3‘";1’- / \ nIr .
N -
\‘\._EEE!!___.
e~ DONOR -H 6 WITHDRAWER

Scheme 2. Substituent Effects on Triplet Energies for Phenyl Alkyl
Ketones.

It is generally accepted that w,n* triplets are much less re-
active than n,m* triplets towards hydrogen abstraction, and ketones
with 7,n* lowest triplets derive their reactivity primarily from
equilibrium populations of upper n,r* triplets.28’32 Nagner28 has

provided evidence for photoreactivity from upper n,n* triplets for



p-methoxyphenyl alkyl ketones, since their rates for hydrogen ab-

. straction exactly parallel the rates for unsubstituted phenyl alkyl
ketones (n,rm* lowest triplets) with similar y- or §-substitution.
Also, the variation of photoproduct distribution with temperature for
1-benzoyl-4-p-anisoylbutane is consistent with thermal equilibration
of the two nonconjugated chromophores, and reaction of the anisoyl
moiety from an equilibrium population of its n,r* triplet.32b At

a certain temperature, T, the equilibrium population of both triplets
is dependent upon the energy separation between the two triplets,
AET. and follows a Boltzmann distribution (Equation 1)
-AET/ RT

—_—1— = e

1
%o (m

where X is the equilibrium fractional population of a given triplet
state. At room temperature the two triplets must be in close prox-
imity (AET < 3 kcal) in order for thermal equilibration to occur. If
the observed rate of hydrogen abstraction reflects reactivity from

both triplets, then Equation (2) describes the reaction kinetics.

obs n T
Ky = Xn,oky * X oky (2)

When AET < 3 kcal, reaction occurs primarily from population of the

upper n,n* tripIet.28

obs _ n
kp = Xn,nkr (3)

If the two triplets are in close proximity then vibronic coupling



can induce some n,n* character into the w,m* triplet and vice versa.5

Therefore, the wave function ¥ of the lowest triplet is a linear
combination of the two unperturbed wave functions y, with the mixing
coefficients a and b dependent upon both the energy gap between the

triplets and symmetry considerations.5

¥y = ay(m,m*) + by(n,m*) (4)

Thus, some reactivity possibly can occur from the vibronically induced

n,m* character of the w,n* triplet.23b

D. Energy Transfer and Charge Transfer Processes

1. Energy Transfer Processes

a. Intermolecular - Energy transfer is an important photo-

chemical process involving a radiationless transfer of electronic
excitation from a donor molecule to a suitable acceptor molecule.
Triplet-triplet energy transfer (Equation 5) is the most common type
of energy transfer, since the lowest triplet state of a molecule is
Tonger-1ived than the corresponding lowest singlet state and therefore
has a greater probability of transferring its electronic excitation

energy to a suitable acceptor mo1ecu1e.32

D*(T,) + A(S.) + D(S,) + A*(T,) (5)

Triplet energy transfer can occur when the acceptor has a lower
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triplet energy than the donor molecule.33 Usually, the efficiency
of an acceptor or quencher is determined solely by the position of
its lowest triplet level and not by its molecular structure.34 In
general, triplet energy transfer in solution occurs via an electron-
exchange mechanism which requires diffusion of the donor and acceptor
molecules t6 within collisional separation as a rate-limiting step.33
Thus, in relatively viscous solvents is triplet energy transfer

diffusion controlled and described by a modified Debye equation.35’36

K. =k, .=8RT/2000 n 1-mo1™ -5 (6)

et  dif
Only in solvents of low viscosity, the exothermic transfer of triplet
excitation energy is not completely efficient, and an excited donor
and an acceptor molecule can diffuse apart before energy transfer can
occur.33’37 Since every collision between donor and acceptor does
not result in energy transfer, then a conformational requirement for
effective orbital overlap may be necessary in order for energy trans-

38 Wagner and coworkers39 have indicated that efficient

fer to occur.
energy transfer occurs at van der Waals separation (approximately

4 Kk for m-system overlap with a carbonyl moiety) between donor and
acceptor molecules. In order to gain more insight into the conforma-
tional requirements involved in energy transfer, several researchers
have studied intramolecular energy transfer in systems containing
isolated chromophores having known spatial dispositions relative to

each other.“"o'43
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b. Intramolecular - There are many examples of intramolecular

triplet-triplet energy transfer reported in the literature. Hammond
53,31.40 found that triplet energy transfer from a benzophenone
chromophore to a naphthalene moiety separated by one to three methylene
units (the distance between the carbonyl carbon and the center of the
naphthalene group is at most 10 R in all three cases) occurs with

100% efficiency with a rate constant greater than 10]0 s’].

Cowan and Baum4

Likewise,
1 investigated a series of compounds in which aceto-
phenone and trans-B-styryl chromophores were separated by one to four
methylene units and found efficient isomerization of the styryl group
upon irradiation of the benzoyl chromophore. However, the reported
20-fold decrease in the rate of triplet energy transfer in going from
two to four methylene groups (k.. = 7.2 x 10'% 577 for n = 2 and Koy =
3.3x 107 57! for n = 4) suggests that an increase in the number of
methylene units results in a decrease in the number of desirable con-
formations (donor and acceptor in close proximity) relative to the
number of available conformations. Thus, it appears that the two
chromophores have to be in close contact in order for energy transfer
to occur.

Also, there are a few examples of intramolecular triplet-triplet
energy transfer occurring in compounds containing two isolated chromo-
phores held at fixed distances in rigid molecules. Zimmerman and

McKelvey42

investigated the phosphorescence emission of 1-benzoyl-4-
(a-naphthyl)-bicyclo[2.2.2]octane, in which the benzoyl chromophore
(donor) and naphthyl moiety (acceptor) are separated by approximately

7 R. and found that intramolecular triplet energy transfer occurs *
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with 100% efficiency. In contrast, Keller and Dolby43 found that the
rate constant for triplet energy transfer from benzophenone to a

naphthalene group held approximately 14 R apart by a rigid steroid

bridge was only 25 s71.

43

Of even greater interest is the fact that
these authors '~ also discovered that energy transfer from a carbazole
donor (w,m* lowest triplet) to a naphthalene acceptor held at a com-
parable separation (approximately 15 ) was 103 times slower (ket =
0.04 s']). Thus, the conclusion was reached that triplet-triplet
energy transfer is not only distance dependent but also may be struc-
ture dependent, with w,n* + w,r* triplet-triplet energy transfer

being slower by three orders of magnitude than n,n* -+ w,nm* triplet-

triplet energy transfer for the same donor-acceptor separation.

2. Charge Transfer Processes

a. Intermolecular - Carbonyl compounds can be photoreduced

44 45

alkanes,
49

by a wide variety of hydrogen sources including alcohols,

45,46 47 48

alkyl benzenes, tributylstannane, * ethers, -~ and amines.

It is well established that hydrogen abstraction from alcohols and
alkanes by triplet carbonyls involves the simultaneous cleavage of
the R-H bond and the formation of the 0-H bond to give two radical

species.50

3R2c = 0% + R'-H » RyC-OH + R’

However, there are many differences in the photoreduction of ketones
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by amines as compared to alcohols, alkanes, and many other hydrogen
donors. For example, the rate of hydrogen abstraction for triplet

benzophenone with alkanes depends upon the hydrocarbon C-H bond

51 whereas the photoreduction of benzophenone by N-alkylated

52

strength,
diphenylamines displays 1ittle dependence on donor bond strength.
Cohen and Litts3 reported that the photoreduction of benzophenone by
triethylamine is 103 times faster than with isopropanol as hydrogen
donor. Also, Cohen and Green54 found that the rate of photoreduction
of acetophenone with a-methylbenzylamine was twenty times greater than
the rate of photoreduction with a-methylbenzyl alcohol. Both fluor-
enone and p-aminobenzophenone (w,m* lowest triplets) are not reduced
by alcohols, but are readily photoreduced by tertiary amines.ss’56
In order to account for the greater reactivity of amines, Cohen and

56 proposed the following mechanism involving the initial trans-

Cohen
fer of an electron from the nitrogen atom to the excited carbonyl,

followed by proton transfer and electron redistribution.

3R C=0* + R',NCH,R" -EQT (R,C-0" R"ﬂbn R"]
2 22 2 2k 2
v Ke

RyCOH + R',NCHR"

The charge transfer complex can also undergo spin and charge destruc-
tion to give ground state ketone.57 Thus, charge transfer interaction
between the excited carbonyl moiety and the amine can result in

+ k
~ A" D " q - ) "
[RZC-O R ZNCHZR ] & RZC-O + R ZNCHZR
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either radical formation or deactivation to ground state ketone,
depending on the nature of both the donor and acceptor molecules in-
volved in the charge transfer complex.58
Rates of charge transfer interaction between donor and electron-
ically excited acceptor have been found to be dependent on their
thermodynamic properties. In 1968 Heller59 related the rate of fluores-
cence quenching of aromatic hydrocarbons by amines to the change in
free energy involved in electron transfer, AGCT’ which was found to
be dependent on the oxidation potential of the donor, the reduction
potential of the acceptor, the singlet excitation energy of the ac-
ceptor, and a Coulombic term related to the free energy gained by

bringing the ions to the encounter distance (Equation 7).
8. = E(D/D*) - E(AT/A) - a'E(A) - eZ/e (7)
CcT o’ “a

Hellerso determined that in solvents with large dielectric constants,
the rate of charge transfer quenching of singlets produces free
radical ions, and is diffusion controlled when AG.; < -10 kcal/mole.
The rate constant of charge transfer quenching decreases with increas-
ing A6y and becomes proportional to exp (-AGCT/RT) when AG.r > 5
kcal/mole. Thus, when AGCT is endothermic, a plot of log kCT versus

' AGCT has a slope of -16.5 eV for processes involving full electron
transfer. Mataga g;,gl.sl observed the fluorescence from pyrene and
N,N-dimethylaniline in various solvents. From the fluorescence
quantum yields and lifetimes they concluded that in polar solvents

the emission was due to a strong charge transfer complex, while the
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emission in nonpolar solvents was due to a weak CT complex (only
partial electron transfer). Davis and coworker562 showed that the
rate of fluorescence quenching of fluorenone by various amines was
inversely proportional to the ionization potential of the amine.
Thus, Weller's equation appeared to be applicable to a large number
of systems.

A similar relationship was sought for the reaction of excited-

63 reported that for the

state triplets with amines. Cohen and Stein
photoreduction of sodium 4-benzoylbenzoate by tertiary aliphatic

amines, the rate of interaction between ketone triplets and amines
increased as the ionization potential of the amine decreased. In

1972 Guttenplan and Cohen64

related the rate constant for donor-
acceptor charge transfer interaction, kCT’ to the change in free
energy, AGCT, for carbonyl excited triplet states and various donors.
A modified "Weller's Equation" was proposed which related AGCT to
the ionization potential of the donor, the reduction potential of
the acceptor, and a constant (Equation 8).

3

log kep v 86y v IPp - E(A"/A) - A c (8)

Eo,o *
The use of the more readily available ionization potentials instead
of the oxidation potentials of the donors only changes the value
of the constant term. Thus, for a series of donors with a constant
écceptor, log RCT ~ IPp + C' and for a series of acceptors with a
constant donor, log kCT n -E(A"/A) - A3E°,° + C". Guttenplan and

Cohen64b proposed a linear correlation between log kCT and the excited
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state reduction potential (-E(A"/A) - A3Eo o) for the quenching by
triethylamine of various carbonyl acceptors, which possessed widely
differing reduction potentials, triplet energies, and triplet con-

64a also reported a linear inverse rela-

figurations. These authors
tionship between log kCT and the donor ionization potential for the
charge transfer quenching of benzophenone by various donors includ-

ing amines, sulfides, mercaptans, ethers, alcohols, aromatic hydro-
carbons, and olefins. Two lines were obtained, one for aliphatic
donors (slope = -0.067 mole/kcal) and the other for aromatic donors
(slope = -0.105 mole/kcal), on a graph of log kCT versus IPp. The
values of the slopes are much smaller than that observed in systems
involving full electron transfer (slope = -0.74 mole/kcal).65 Also,
only small polar solvent effects were observed for the charge trans-
fer quenching rate; (a factor of 2 in acetonitrile compared to benzene).
A 13-fold increase in the fluorescence quenching rate for a correspond-
ing process involving full electron transfer was reported.66 Many
studies indicate that full electron transfer is not involved in charge
transfer complex formation between carbonyl triplets and amines. The
small polar solvent effects and the decreased slopes of log kCT

versus IP, plots suggest that at most only approximately 20% electron

transfer is involved in the charge transfer complex formation.64a’67’68

69

Bartholomew et al. -~ later conducted flash studies on the photoreduc-

tion of benzophenone with tertiary amines and found that a charge
transfer complex forms in acetonitrile solvent; an exiplex may be

70

formed in less polar solvents. Shaefer and Peters’ ™ used picosecond

absorption techniques to confirm the initial formation of radical
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ions from benzophenone and triethylamine in acetonitrile, followed
by either proton transfer to form the benzhydrol and amine radicals
or decay back down to ground state molecules. Also, Amouyal and

n used laser flash absorption techniques to investigate

Bensasson
the photoreaction of triplet duroquinone with tertiary amines and
proposed that an exiplex is initially formed in both polar and non-
polar solvents, followed by the formation of a charge transfer com-
plex in solvents of high dielectric constant.

The rate of charge transfer interaction between tertiary amines
and tarbonyls is fast, since these donors have relatively low ioniza-
tion potentials.72 Tertiary amines undergo charge transfer complex
formation with n,m triplets of ketones such as benzophenone and
acetophenone at nearly diffusion-controlled rates, leading to both

quenching and radical formation.57’73 Mue]]er74

quenched the type
I photoeliminatfon of many ring-substituted valerophenones with tri-
ethylamine in both benzene and acetonitrile solvents and observed
diffusion-controlled quenching rates for those ketones with rela-
tively low reduction potentials. Also, Wagner and Kemppainen75
reported an order of magnitude decrease in the quenching rate of
.va1erophenone with triethylamine in methanol as compared to benzene
and acetonitrile solvents. The decrease was attributed to the de-
creased availability of the hydrogen-bonded lone-pair electrons on
the nitrogen atom.

In addition to amines, other types of compounds are suitable
electron donors for excited ketones. Kochevar and Hagner76 have

investigated the quenching of the type II photoelimination of
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butyrophenone with a wide variety of olefins and determined that
charge transfer quenching predominates for electron-rich olefins,
while energy transfer quenching is dominant for electron-deficient

7 reported that in the photoreduction

olefins. Wagner and Leavitt
of a-trifluoroacetophenone with alkylbenzenes, both charge transfer
complex formation and direct hydrogen abstraction are involved. Cohen
and Guttenplan78 determined that thioethers quench the triplet benzo-
phenone in benzene and acetonitrile (kCT n 107 - 109 ! s']), but at
a slower rate than tertiary amines, since sulfides have higher ioniza-
tion potentials than tertiary amines. Also, both aromatic and ali-
phatic mercaptans quench the phosphorescence of benzophenone with rate

1, respectively. In addition,

constants between 107 - 10% M1 s~
‘phosphorus, antimony, arsenic, and bismuth are thought to quench the
type II photoelimination of butyrophenone by a charge transfer mechan-
1sm.50 Thus, charge transfer complex formation is a common type of
interaction between molecules capable of donating or accepting addi-

tional charge in the excited state.

b. Intramolecular - Due to the limited number of conformations

possible in bifunctional molecules, the study of intramolecular charge
transfer interactions in these compounds can provide insight into

the structure of the CT complex and the differences in charge trans-
fer interactions with n,n* and w,n* triplets. In the past decade a
number of studies concerning intramolecular charge transfer complex
formation have been published.73’75’79'84

The photochemical reaction of dialkylphenylacylamines was used as
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a synthetic route to 3-hydroxyazetidines in only modest yields (9-22%),
since type II photoelimination products (30-55% yields) were also ob-

d 79

tained. Later, Padwa and coworkers80 investigated two N,N-dibenzyl-

phenacylamines having either an n,m* or w,m* lowest triplet and found

il :

© \C'"ZPHLD @ + PhCH=NCH2Ph

where R=H,Ph
similar type II quantum yields (°II = 0.14 and 0.12, respectively)
in ethanq]. The lack of quenching by 1,3-cyclohexadiene and piperylene

and the low type II quantum yields suggested that a charge transfer

complex was formed at a rate exceeding diffusional quenching followed

Y ‘FHPh
A N+ . y
@j\/ cHpph ——» "CHzPh
R R



20

by either back electron transfer to regenerate starting ketone or
_proton transfer to generate a 1,4-biradical. Padwa 33'31.8] found
that 3-aroylazetidines, which possess either an n,m* or w,m* triplet,
give only arylpyrroles as photoproducts in low quantum yields

(& ~0.1). The authors proposed the rapid formation of a charge
transfer complex, followed by proton transfer and electron reorganiza-
tion to form a biradical, bond closure, and elimination of water to

give the observed products. The corresponding hydrochloride salts
’ -
—:2% —’E "’51’

were found to be photochemically inert, since the nitrogen lone pair

- ‘)(a

is no longer available. Thus, it appears that both n,n* and m,n*
triplets can undergo charge transfer interactions.

Wagner and coworkers73’75 investigated the photoreactions of
a,y, and &-dialkylaminoketones in a variety of solvents. The inter-

system crossing yields for these ketones are less than unity, with

(CH2),NRo n=134
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lower values for decreasing values of n (°ISC ~ 0.01 forn=1 in
benzene or acetonitrile). When n = 1, an unquenchable singlet state
is responsible for all the photoelimination in benzene and aceto-
nitrile and two-thirds of the photoelimination in methanol. In
contrast, the photoelimination in compounds where n = 3 or 4 results
from direct triplet-state y-hydrogen abstraction. Rapid intra-
molecular charge transfer quenching is a competitive triplet-state
process which results in deactivation of the triplet state to form
ground-state ketone. Charge transfer quenching is 3.5 times faster
for n = 3 than for n = 4, and five times faster in benzene or aceto-
nitrile than in methanol. Since charge transfer quenching of the
triplet does not result in biradical formation, the nitrogen lone
pair must be held near the carbonyl and the y-hydrogens away from
the carbonyl moiety in the charge transfer complex.

67 also investigated 4-benzoyl-4,N-dimethyl-

Wagner and Scheve
piperidine (n,m™ lowest triplet) in which the nitrogen lone pair is
held approximately 4-6 R from the carbonyl group. The two possible
conformers formed distinct, non-interconverting triplets: the triplet
having the benzoyl group axial underwent rapid y-hydrogen abstraction,
followed by cyclization of the 1,4-biradical, while the triplet having
the benzoyl group equatorial underwent only gq-cleavage. When the
nitrogen lone pair is axial, the relative orientation and overlap
of orbitals is poor and charge transfer quenching does not occur.

The rate constant for CT quenching of the other triplet cannot exceed
2 x 10° 571

s '. This rate is slower by a factor of 103 as compared to

the rate of CT quenching in the acyclic y-amino ketones.77 From these
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j% .

results the authors concluded that CT quenching in acyclic y-amino-

ketones occurs solely by through-space rather than through-bond inter-
actions.

Wagner and Ersfe1d67’82 photolyzed g-naphthyl-y-dimethylamino-
propyl ketone and found inefficient photoelimination (°II = 0.008)
in both benzene and acetonitrile solvents due to a w,n* lowest triplet
and efficient CT interaction between the triplet state and the amine.
The authors proposed that the cyclic charge transfer complex formed
must be restricted to conformations in which the hydrogens a to the
nitrogen are kept away from the carbonyl such that 1,5-proton transfer

cannot occur. In contrast, bimolecular photoreduction of triplet
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naphthyl ketones by amines results in efficient radical fbrmation.83

In methanol the photoelimination proceeds at moderate efficiency
(°II = 0.17) and it was suggested that protonation of the oxygen atom

in the CT complex by methanol leads to diradical formation and type

I1 photoproducts.82

84

Winnik and Hsiao = studied a series of benzophenone derivatives

in which the benzophenone chromophore and an ethenyl moiety were

separated by one to nine methylene units and found significant intra-
molecular quenching of benzophenone room temperature phosphorescence
emission when n = 9. The authors concluded that charge transfer
quenching occurs only when the double bond approaches a van der Waals
distance from the benzophenone carbonyl moiety and that CT quenching
involves electron transfer to the electron deficient n orbital loca-
lized on the carbonyl oxygen. Later experiments performed by Mar

and WinnikS®

with an extension of the methylene chain showed an in-
crease in the quenching rate until n = 12, and then a rapid decrease
in quenching (n = 13 to 21) due to the rapid increase in the total
number of chain conformations as compared to the only modest increase
in the total number of chain conformations which lead to quenching.
Thus, these experiments suggest that a specific geometry is required

in order for efficient charge transfer to occur.
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Masuhara g;_gl,ss used laser spectroscopy to study systems in

which benzophenone and N,N-dimethylaniline are connected by a methylene

O OLO™

chain. The transient absorption spectra observed in acetonitrile
could be reproduced by superposition of those of the benzophenone
anion and DMA cation, and the spectra in benzene were similar to
those of the benzophenone ketyl radical or triplet benzophenone.
Thus, the authors proposed that intramolecular hydrogen abstraction
resulting in the formation of benzophenone ketyl radical occurred in
benzene whereas intramolecular electron transfer occurred in aceto-
nitrile, and both processes were almost completely independent of the
number of methylene units. Thus, they concluded that a definite,
restricted structure was not necessary for electron transfer or
hydrogen abstraction, since these processes occurred rapidly both in
a loose structure (n = 1,2) or in a sandwich-type structure (n = 3).
These results contradict those of previous researchers and seem suspect
to error, since when n = 1 the lone pair on the amine cannot possibly
come close to the carbonyl and the possibility for intramolecular
hydrogen abstraction seems remote when n = 1.

Thus, many unanswered questions still remain concerning the con-

formational requirements involved in charge transfer complex formation.
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E. Stern-Volmer Kinetics

Phenyl alkyl ketones undergo Norrish Type II photoelimination by
v-hydrogen abstraction to give a 1,4-biradical which then undergoes
cleavage, cyclization, or disproportionation back to ground-state
ketone (Scheme 1). The triplet lifetime, t, is dependent on both the
rate constant for y-hydrogen abstraction, kr’ and the rate constant for

radiationless decay, kq (Equation 9).
_ -1
T = (kr + kd) (9)

Quantum yields for type II photoelimination are determined by
competitive excited state reactions and by partitioning of the bi-

radical:

kp * Pp ° T (10)

1 < %1sc
where °ISC is the quantum yield for intersystem crossing, k, is the

rate constant for y-hydrogen abstraction, and P_ is the probability

P
that the biradical will go on to form product. The addition of a

Lewis base usually results in solvation of the biradical, thus in-
hibiting disproportionation back to ground-state ketone, and conse-

quently maximizing the type II quantum yield (Equation 11).

Pmax = %1sc ke o T (1)

87

Stern-Volmer quenching kinetics™° can be used to determine



26
triplet lifetimes:

/0 = kg - T fQ] +1 (12)

where ¢° and ¢ are the quantum yields for acetophenone formation in

the absence and presence of external quencher, respectively and kq is

the rate constant for bimolecular quenching by external quencher, Q.
Intersystem crossing yields can be determined by using the ketone
to sensitize a well-known triplet reaction, such as the cis + trans

isomerization of 1,3-pentadiene:

-1

. = a~] 1
o * eang = Orgc (1+ E;—T_?_T_IET (13)

where o = 0.55 and k, = 5 109 m! 7!

plot of 0.55/%_’t versus [cis 1,3-pentadiene]"] gives a straight line
88

T.

at 25° in benzene. Thus, a

with 1/intercept equal to ®1sc and intercept/slope equal to kq

F. Research Objectives

1. Part I: Deactivation of Triplet Phenyl Alkyl Ketones by

Conjugatively Electron-Withdrawing Substituents

Although the effects of ring substituents on the triplet-state
photoreactivity and energies of phenyl alkyl ketones have been in-

21,23,27,28,30 one important class of sub-

vestigated extensively,
stituents (conjugatively electron-withdrawing) virtually have been

ignored. Since electron-withdrawing substituents stabilize the n,n*
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triplet by only a few kcal/mole89

while p-CN and p-COZCH3 substituents
stabilize the w,n* triplet of benzonitrile and methyl benzoate by

5-6 kcal/mole,go the possibility exists that resonance stabilization
of the w,n* triplet by these substituents can cause inversion of the
two triplets. Thus, conjugatively electron-withdrawing substituents
may represent a unique class which inductively make the n,n* triplet
more electrophilic in all cases, while resonance stabilization of the
m,m* triplet may cause inversion of the two triplets and consequently
make these ketones less reactive in Type II photoelimination than the
parent compound. Thus, the synthesis of a series of valerophenones
containing conjugatively electron-withdrawing ring-substituents was
undertaken and triplet-state reactivities and triplet energies of
these ketones were determined. Suitable models were used to predict
both n,t* and w,n* triplet energies (only the energy of the lowest
triplet can be measured spectroscopically), so that correlation of
photoreactivity with relative triplet energies could be accomplished.
This investigation completes the systematic study of ring-substituent
effects on the photochemistry of phenyl alkyl ketones already con-

ducted by Wagner and coworkers.28

2. Part II: Regioelectronic Control of Intramolecular Charge-

Transfer Quenching in Various Excited Triplet Phenyl Ketones

Charge-transfer interactions represent an important type of excited

state quenching process. Even though many studies have been conducted

53-86

in this area, there are still many unanswered questions concern-

ing both conformational and electronic requirements involved in the
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formation of a CT complex. The study of intramolecular charge-trans-
fer quenching in bifunctional molecules limits the number of possible
conformations between donor and acceptor. Thus, intramolecular cﬁarge
transfer quenching studies of g-dimethylamino esters of valerylbenzoic

acid were undertaken, since the COZCH3-subst1tuted valerophenones

Me2N(CHo) n=23

previously synthesized and studied could serve as suitable models.
Consequently, both the triplet lifetime in the absence of CT quenching
and the rate of intermolecular CT quenching could be determined.
Since the previous studies on the m- and p-carbomethoxyvalerophenones
indicated that the meta-compound has a definite n,n* lowest triplet,
whereas the para isomer has a probable w,n* lowest triplet, informa-
tion on CT interactions with triplets of different electronic con-
figurations also can be obtained.

Similarly substituted benzophenones were investigated since these

compounds have n,r* lowest triplets in all cases.

MeoN(CH2)nC

Analogously, the m- and p-COZCH3 substituted benzophenones served as



29

models for determining triplet lifetimes in the absence of CT inter-
actions and estimating the rate of intermolecular charge transfer
quenching. Triplet lifetimes can be determined by quenching the
room temperature phosphorescence of these compounds.

In order to determine the general applicability of the observed
intramolecular CT quenching of the w,n* triplet for para-valeryl 8-

dimethylaminoethyl benzoate, the corresponding ether analogue was

v~

synthesized and studied. Likewise, model studies on p-methoxyvalero-
phenone enabled the determination of triplet lifetime in the absence
of CT quenching and the rate of self-quenching. Also, solvent effects
were studied for many of these ketones, and in the ether case provided

somewhat surprising results.



PART I

DEACTIVATION OF TRIPLET PHENYL ALKYL KETONES BY CONJUGATIVELY
ELECTRON-WITHDRAWING SUBSTITUENTS

30



RESULTS

A. Photokinetic Studies

1. Stern-Volmer Quenching Studies

In general, 0.04 M ketone solutions containing varying amounts
of 2,5-dimethylhexa-2,4-diene or 1,3-pentadiene quencher in benzene
or wet acetonitrile (2% water) solvent were irradiated at 313 nm to
5-10% conversion. Acetophenone photoproduct was measured and linear
correlations were obtained for Stern-Volmer plots of ¢°/¢ versus
quencher concentration. The slope is equal to kqt, where t is the
triplet lifetime of the ketone. Thus, the triplet 1ifetimes can be

-1 s-l 35

easily calculated, since k_ =5 x 109 M in benzene”™ and 1 x

1010 M1 571 4n acetonitri?e.gl Duplicate runs usually agreed to
within 10% of each other and the average values are reported in Table
1 and Table 2. The Stern-Volmer plots for these substituted valero-
phenones are depicted in Figures 2-6. Also, the experimental data
for the various p-cyanophenyl alkyl ketones are given in Table 2 and
plotted in Figure 15.

In order to determine the rate of charge transfer quenching,
0.04 M ketone solutions containing varying amounts of triethylamine
in benzene containing 0.5 M pyridine or in wet acetonitrile were ir-
radiated at 313 nm to <10% conversion (acetophenone photoproduct was

measured). In all cases linear Stern-Volmer plots were obtained

3
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Table 2.

Function of y-Substitution.2

O onens

Photokinetic Parameters for Phenyl Alkyl Ketones

L 7.-1

X R] R2 ¢II Qmax‘ kqt,M 1/t,10"s
H H H 0.23 - 560° 1.8

H H CH, 0.33¢ 0.85 4741 1.

H CHy CH, 0.259 0.90 10¢ 50.

CN H H 0.12 0.31 40040 2.5

CN H CHy 0.17 0.47 7431 6.7
CN CHy CH, 0.13 0.47 18 28.

a0.04 M ketone in benzene irradiated at 313 nm to ~10% conversion.

b.
formation.

cValue in Reference 15 is 625.

dValues taken from Reference 15.

Values determined from Stern Volmer runs monitoring acetophenone
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Figure 2. Stern Volmer Plots for Substituted Valerophenones in
Benzene with Diene Quencher (OH;@o-CN;Am-CN;Hp-CN).
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Figure 3. Stern Volmer Plots for Substituted Valerophenones in Aceto-
nitrile with Diene Quencher (QOH;@o-CN:Am-CN;Hlip-CN).
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Figure 4. Stern Volmer Plots for Substituted Valerophenones in
Benzene with Diene Quencher (Oo-COZCH3;D m-C0,CH4;



38

1.0 . +

0.0 0.02 0.04 0.06 0.08 0.10
Ql,M

Figure 5. Stern Volmer Plots for Substituted Valerophenones in
Acetonitrile with Diene Quencher (O o-C02CH3;|:] m-CO,CH43

[\ p-C0,CH) .
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Figure 6. Stern Volmer Plots for Substituted Valerophenones in
Benzene with Diene Quencher (/\ p-COCH 3 01 p-COC4Hy 5
O m-C0C,Hg; @ m-COC,Hy in acetonitrild).



(Figures 7-12). In those cases where the intercept was below 1.0,
qu was determined by dividing the slope by the intercept. The
values obtained are also included in Table 1.

2. Quantum Yields

Quantum yields for acetophenone formation were determined by
parallel irradiation at 313 nm of 0.04 M ketone solutions and usually
benzene solutions of 0.1 M valerophenone as actinométer in a merry-
go-round apparatus.91 A1l samples were degassed prior to irradiation
and conversion was usually kept below 10%. In all cases both the
ketone solution and the actinometer absorbed all the incident irradia-

tion. The values are included in Tables 1 and 2.

3. Maximum Quantum Yields

Maximum quantum yields for acetophenone formation were obtained
by adding various amounts of Lewis bases to 0.04 M ketone solutions
in benzene. For most ketones a maximum quantum yield of unity for
total product formation could not be attained, since the addition
of Lewis base up to a certain value maximized the quantum yield and
further Lewis base either had no effect or slightly decreased the
quantum yield. The values are given in Tables 1 and 2 and Figures
13 and 14 show the effects of added pyridine, t-butyl alcohol, and

dioxane on the Type II quantum yield for p-cyanovalerophenone.



41

0.04 0.08 0.12
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Figure 7. Stern Volmer Plots for Substituted Valerophenones in
Benzene (0.5 M Pyridine) with Triethylamine Quencher

(O H; OO m-CN; A p-CN)..
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Figure 8. Stern Volmer Plots for Substituted Valerophenones in
Al&etoni 1):rﬂe with Triethylamine Quencher (O H;[J m-CN;
p-CN).
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(Ql,M

Figure 9. Stern Volmer Plots for Substituted Valerophenones in
Benzene (0.5 M Pyridine) with Triethylamine Quencher

(O 0-C0,CH43 0 m-COZCH3;Ap-C02CH3) .
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Figure 10. Stern Volmer Plots for Substituted Valerophenones in
Acetonitrile with Triethylamine Quencher (O o-C02CH3;

[\ p-C0,CH,) .
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Figure 11. Stern Volmer Plots for m-Divalerylbenzene in Benzene
(0.5 M Pyridine) O and Acetonitrile[] with Triethylamine
Quencher.
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Figure 12. Stern Volmer Plot for p-Cyanovalerophenone in Benzene
(0.5 M Pyridine) and Low Triethylamine Quencher Con-
centrations.
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Figure 13. Maximization of °II for p-Cyanovalerophenone in Benzene
with Added t-Butyl Alcohol QO and Added Pyridine/\ .
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Figure 14. Maximization of °II for p-Cyanovalerophenone in Benzene
with Added Dioxane. :
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Figure 15. Stern Volmer Plots for p-Cyanophenyl Alkyl Ketones in
Benzene with Diene Quencher ([] p-Cyanobutyrophenone;
p-Cyanovalerophenone; O p-Cyano-y-methylvalerophenone).
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4. Disappearance Quantum Yields

Disappearance quantum yields were determined for a few of the
ketones in order to confirm that the Norrish Type II reaction and
normal cyclobutanol formation are the major photoreactions that
occur. The errors involved are fairly large, but the results are
accurate enough for this purpose. The ketones were usually photolyzed
to greater than 20% conversion. The results are included in Table
1.

5. Intersystem Crossing Yields

The intersystem crossing yields for p-cyanoacetophenone and p-
carbomethoxyvalerophenone were determined by comparing the relative
abilities of the ketones and acetophenone or valerophenone, respec-
tively, at sensitizing the cis-trans isomerization of 1,3-pentadiene
under conditions where both the ketone and acetophenone or valero-
phenone absorb all the incident irradiation. The intersystem cross-
ing yield for both acetophenone and valerophenone are known to be

88

unity " and those measured for p-cyanoacetophenone and p-carbomethoxy-

valerophenone were also unity. The length of the alkyl chain does
not affect °ISC' In general ring substituted valerophenonesloa
have intersystem crossing yields equal to one and since there are
no structural differences which would be expected to affect the

intersystem crossing yield in the other ketones studied, ®1sc for

these ketones was also assumed to be unity.
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6. Photoreduction Experiments

Photoreduction experiments were conducted on p-cyanoacetophenone
both with toluene and p-xylene as donor, and Figures 16 and 18 show
the variation in bibenzyl and di-p-tolylethane, respectively, formed
as a function of donor concentration (slope/intercept = kd/kr)'
Stern-Volmer quenching studies of 0.05 M acetonitrile solutions of
p-cyanoacetophenone containing 1.0 M toluene or 1.0 M p-xylene as
donor and naphthalene quencher gave linear plots (Figures 17 and 19)
with slopes of 2200 and 4750, respectively. Since 1/t = kd + kr
and the results from the previous experiments gave kd/kr values of 10
5 -1

and 0.2 for toluene and p-xylene, respectively, kd =4 x10° s

in both cases.

B. Spectroscopy

1. Phosphorescence Emission Spectra

Phosphorescence spectra were taken in various nonpolar and polar
solvent glasses at 77°K in order to determine the energy of the
lowest emitting triplet from the 0,0 band of the spectra and to ob-
serve a polar solvent effect, if any, on the triplet energies. The

values are given in Tables 3 and 4. Triplet energies for the model

90b 90 89)

compounds (benzonitriles, methyl benzoates, a and benzophenones
used in this study are presented in Table 5. Representative spectra

are given in Figures 20-22.
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Figure 16. Results from Reaction of p-Cyanoacetophenone and Toluene
in Acetonitrile (Formation of Bibenzyl Monitored).
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