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ABSTRACT

PART 1

The photochemical reactions 3-methyl-1-phenoxybut-2-ene (§)
have been investigated in solution and in the gas phase. Irradiation
of 8 results in the formation of phenol (g), 3-methyl-3-phenoxybutene
(10), 1-(2-hydroxyphenyl)-3-methylbut-2-ene (11), 1-(4-hydroxyphenyl)-
3-methylbut-2-ene (12), 3-(2-hydroxyphenyl)-3-methylbutene (13), and
3-(4-hydroxyphenyl)-3-methylbutene (14). Formation of 10-14 in the
gas phase is efficiently quenched by nitric oxide. The results sug-
gest that all products are formed by a dissociation-radical recom-
bination mechanism and that none are formed by concerted processes.
The absorption spectrum of 8 and its quantum yields of photo-
chemical reaction and fluorescence are used to estimate the rates
of the processes which deactivate its lowest-lying excited singlet
state. The results suggest that O-C bond homolysis need not
occur via intersystem crossing from an S,(m,7*) to a 3o(C-O) state.
Fragmentation to radicals, and perhaps nonradiative decay without
chemical reaction, probably involves excitation to high vibrational

levels of the C-O bond. Weak electronic interaction between the

aromatic and olefinic chromophores may also be important.
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PART II

The fluorescence of 1,4-dimethoxybenzene (DMB) in aceto-
nitrile is quenched by a number of organic compounds having
lowest-lying excited singlets higher in energy than that of DMB.
The rate constants show a structure-reactivity pattern which
implicates charge transfer as an integral process, but they do not
agree qualitatively with rate constants predicted from a Kkinetic
formulation involving the intermediacy of radical ion pairs. The
results suggest that charge transfer provides the binding energy of
the exciplex, while the internal conversion of electronic excitation
involves a vibronic mechanism which depends primarily on the type
of quencher (organic chloride, acetate, or mesylate) and not on its

reduction potential.

PART III

A method is described for the determination of intersystem
crossing quantum yields which is especially useful for benzene
derivatives. The experimental procedure involves measurement of
relative fluorescence intensities of the aromatic compound and
relative yields of isomerization of a 'triplet counter' in solutions
with varying concentrations of a heavy atom fluorescence quencher
such as xenon. }Intersystem crossing quantum yields for anisole,
mesitylene, and toluene in isooctane solution are 0.74, 0.60, and

0.52, respectively.



ABSTRACTS OF PROPOSITIONS

Proposition I

It is proposed that a study of the quenching of naphthalene
fluorescence by stereochemically labelled bicyclobutanes could give
insight into the radiationless decay processes in fluorescence

quenching interactions.

Proposition 1II

It is proposed that trialkylboranes could quench the fluores-
cence of electronically excited aromatic hydrocarbons by a charge
transfer interaction in which the electronically excited aromatic
molecule is the electron donor and the trialkylborane is the electron

acceptor.

Proposition III
Experiments are proposed to elucidate the pathways of phenyl
ester decomposition reactions.
Proposition IV

A set of experiments is proposed to elucidate the structures

of the products obtained by reduction of porphyrins with metal ions



xi

in aqueous solution.

Proposition V

It is proposed that the ring-contracted intermediate suggested
for photochemical rearrangements of 2-arylthiophenes could be

trapped with alkyl Grignard reagents.



PART 1

The Photochemistry of

3-Methyl-1-phenoxybut-2-ene
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INTRODUCTION

The first reports of the photochemical rearrangement of
aryl esters to o- and p-hydroxyarylphenones by Kobsa (1) and by
Anderson and Reese (2) introduced an active area of photochemi-
cal research. Reactions formally analogous to that of phenyl
acetate have since been observed upon irradiation of acetanilide
(3), phenoxyacetic acids (4), allyl aryl ethers (4-6), diaryl
ethers (7), aryloxyacetones (8), alkyl benzyl ketones (9), acetyl-
salicylic acid (10), benzyl enol ethers (11), benzhydryl- and
benzylamines (12), o-benzyloxystyrenes (13), alkyl phenyl carbo-
nates (14), and arenesulfonanilides (15). The reactions may all
be illustrated by the generalized reaction scheme below:

Scheme I

AH AH AH
-B B
hv 5 + +
B _
1 2 3 4

o~ o~ —~ o~

The observation that 4 (e.g., phenol when the reactant is
phenyl acetate) is usually a reaction product suggests that at
least some electronically excited molecules decay through path-
ways involving A-B bond dissociation. The nature of the steps
leading to the formation of 2 and 3 has been the subject of con-

troversy for almost a decade.
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Kobsa (1) suggested that a bond homolysis--radical
recombination mechanism was sufficient to account for all of the
observed products. Anderson and Reese, however, preferred
bridged biradicals as intermediates (16). Because of the steric
requirements of such species, Trecker and coworkers (17) dis-
counted this model and suggested concerted photochemical sigma-
tropic rearrangements for the formation of the ortho and para
products.. Such pathways are "allowed" by the "Woodward-
Hoffmann rules' (17).

To determine which mechanism operates, Meyer and Ham-
mond investigated the photochemical reactions of phenyl acetate
in a gas phase flow system (18). They found essentially no
o- or p-hydroxyacetophenones; products isolated from the
photolysis were attributable to recombination reactions of phenoxy
and methyl radicals--the latter being formed by decarbonylation
of the acyl radical. These results suggested that the bond dis-
sociation pathway was the only one operating in the gas phase
and strongly implicated it as the predominant pathway in
solution.

The reactions analogous to phenyl acetate listed above have
been less exhaustively investigated. While bond dissociation--
radical recombination pathways have been suggested for many of
them, there is a priori no reason why concerted sigmatropic
rearrangements could not be operating, either wholly or in part,

for some of these reactions.



4

The existence of concerted photochemical rearrangements
in some systems has been established. Woodward and Hoffmann
have discussed numerous examples in their papers on orbital
symmetry control of reaction pathways (19). One pertinent
example is the series of photochemical [1,7]-sigmatropic hydrogen
shifts seen among the isomers of 1, 4-di(cycloheptatrienyl)-
benzene (20). A concerted [ 1, 3] -sigmatropic rearrangement
has also been seen in the rearrangement of 5 to 6 and 7 (21).

CN

CN hv

3 D
N

CN CN CN_ CN

+

5 g 7
In spite of the cis,trans isomerization about the deuterium-
substituted olefin function, the total lack of inversion of the
migrating deuterioallyl group indicated strongly that bond
cleavage to allyl radicals, followed by recombination, was not
the course of the reaction. This reaction suggests that other
concerted photochemical reactions might occur. |

The question as to whether the photochemical analog of the
Claisen rearrangement (the thermal rearrangement of a.lljrl phenyl
ethers to o-allylphenols) proceeds in part by concerted pathways
had not previously been conclusively resolved. The first report
of the photochemical reaction of phenyl allyl ether indicated only

phenol and p-allylphenol as products (22). Subsequently, Schmid
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and Schmid found that 3-1%

C-prop-2-enyl 2, 6-dimethylphenyl ether
rearranged photochemically to give i'oughly equal yields of
4—(1—14C-prop—2-eny1)- and 4-(3-14C-prop-2—eny1)-2,6-dimethy1-
phenol (23). Although Woodward and Hoffmann have cited this
work as evidence of a [3,5]-photochemical sigmatropic rearrange-
ment (24), these results suggest a bond dissociation--radical
recombination mechanism for the formation of p-allylphenol.
Later reports have indicated that o-allylphenol is also formed in
the photolysis of allyl phenyl ether (5,25). Product ratios from
preparative irradiations, which generally showed slightly more
ortho than para isomer and two to three times as much of each
as of phenol, support the view that a radical mechanism operates
in the formation of ortho products, but‘ do not conclusively estab-
lish it as the only source of ortho product. It is conceivable
that concerted [1, 3] -sigmatropic suprafacial rearrangements
could give rise to some or all of the ortho product. A [3,3]-
sigmatropic rearrangement antarafacial with respect to the allyl
group is formally allowed by orbital symmetry and would give
rise to ortho product with inversion of the allyl group, but the
transition state for such a pathway seems sterically unfeasable.
Another reason for interest in the allyl phenyl ether system
was its potential utility as a probe into the pathways of photo-
chemical o bond dissociation reactions. Although the absence of

concerted photochemical product formation has been conclusively

demonstrated only for phenyl esters, the reactions mentioned
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above are all related in the sense that the products are consis-

tent with a bond homolysis--radical recombination mechanism:

Scheme II

-B A’
hv 5 ©/ + B S Products

A fundamental question applicable to this formulation is the
following: how is the energy of the electronically excited aromatic
chromophore conVerted into the relative translational energy of
the two fragments released when a bond is broken?

Shizuka et al. (3,26,27) have proposed that acetanilide and
phenyl acetate dissociate via predissociative o* triplet states of
the N-C (acyl) or O-C (acyl) bonds which arise by intersystem
crossing from the aromatic S, (m,7*) states. Figure 1 illustrates
the energy levels of the states involved as a function of the A-B
bond distance, as proposed by Shizuka. A similar mechanism
had earlier been advanced by’ Porter (28,29) to explain the forma-
tion of benzyl radicals in the photolysis of toluene. Even though
such a transition is spin-forbidden, Porter concluded that the
quantum yield was sufficiently low (ca. 10_2) to be in qualitative
agreement with known rates of intersystem crossing. In
applying this same model to their studies, Shizuka et al. have
concluded that the considerably larger quantum yields for photo-
dissociation of acetanilide and phenyl acetate (0.25 and 0.61,

respectively) result from enhanced intersystem crossing due to



POTENTIAL ENERGY

Figure 1
Predissociative Triplet Model

for o Bond Dissociation

$4 ¢Ao + Be

So

r(A---B)

H. SHIZUKA, BULL. CHEM. SOC. JAP.,
42, 52 (1969)
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vibronic coupling of the aromatic S, (m,7*) and carbonyl T, (n,7*)
states.
Of the compounds which give photochemical reactions analo-

gous to that of phenyl acetate, the allyl phenyl ethers are of

interest since there is no obvious basis for expecting inter-

chromophoric coupling to enhance the rate of intersystem crossing

to excited triplets.

The purpose of this study was to investigate qualitatively
and quantitatively the photochemistry of 3-methyl-1-phenoxybut-
2-ene (y,y-dimethylallyl phenyl ether), 8. This particular com-
pound was chosen because the two methyl groups provided mar-
kers to show whether the allylic group was inverted during the
photochemical reaction. If, as seemed highly probable, all
products arose from radical recombination pathways, product |
ratios would be of interest since products from dimethylallyl
radical recombination reactions have not been previously
reported (30).

Comparison of the reactivity of § with that of phenyl ace-
tate and acetanilide, the only systems for which quantum yield
measurements are available, was expected to provide insight

into the steps in o bond dissociation.
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RESULTS

Preparative Irradiations and Product Isolation

Irradiation at 254 nm of a solution of 1 mi of 8 in 100 mi
of cyclohexane or isopropyl alcohol led to the disappearance of 8
and to the appearance of six photoproducts as determined by
vapor phase chromatography (vpc). The solvent was removed
from the isopropyl alcohol solution and the residual oil was
chromatographed on silica gel. Products 9, 11, and 13 were
isolated by this technique. Products ,l\g and 14 were obtained as
a mixture and were separated by preparative vpc. For the iso-
lation of 10, a solution of 1 ml of 8 in 100 ml of cyclohexane
was irradiated to less than 10% conversion. Removal of the
solvent left 1 ml of brown oil. This procedure was carried out
eight times and the combined residues were distilled under vacuum
through a spinning band column. The first 0.25 ml of distillate
was found by vpc to contain one major component, the retention
time of which matched that of product 10. Pure 10 was iso-

lated from this distillate by preparative vpc.

Identification of Products

Product 9 was found to be phenol by comparison of its vpc
retention time and pmr and ir spectra with those of an authentic

sample (commercial material).
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Products 11 and 12 were identified on the basis of their
pmr and ir spectra as 1-(2-hydroxyphenyl)-3-methylbut-2-ene and
1-(4-hydroxyphenyl)-3-methylbut-2-ene, respectively. They had
been previously reported from the photolysis of 8, and the spec-
tra of the products obtained here agree with those in the
literature (25).

Products 10, 13, and 14 were identified on the basis of
their pmr and ir spectra. In addition, mass spectral and ele-
mental analyses were used to confirm the identity of 10.

Both }3\ and }i show peaks in the ir at frequencies
characteristic of O-H stretching vibrations. In carbon tetra-

chloride solution, 14 shows a free O-H stretch at 3620 cm'1

1

and a broad peak at ca. 3400 cm™ ~ for intermolecularly hydrogen

bonded O-H stretch. 1In carbon tetrachloride solution l§ also

shows a small free O-H stretch at 3620 em™!.

A much larger
peak appears at 3500 cm"l, however, and is somewhat less
broad that the intermolecularly hydrogen bonded O-H stretching
peak seen for 14. Such absorptions are characteristic of intra-
molecularly hydrogen bonded hydroxy compounds and commonly
appear at 3600-3450 cm-1 when an OH group is situated near a
proton acceptor function such as a heteroatom or a double bond
(31). The ir spectrum of 10 shows no O-H stretch absorption.

1

It does, however, have a strong absorption at 1280 cm ~ which

suggests ai'yl-O—C stretching.
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The pmr spectra of 10, 13, and 14 each show the charac-
teristic pattern of a monosubstituted ethylene function. The
spectra of these systems have been discussed in detail by Pople,
Schneider, and Bernstein (32), and the chemical shifts and appar-
ent coupling constants seen for the vinyl protons of 10, 13, and
14 are consistent with the published values. The numbering of

the protons is indicated below:

~. e

H
e e
Hz/ \H3

The pmr spectrum of 10 shows aromatic absorption at
5 7.0 (m, 5H) and aliphatic absorption at 1.40 (s, 6H) ppm in
addition to the vinyl protons at 6.10 (H,), 5.08 (H;), and 5.12
(H,) ppm (J,, = 10 cps, J,, = 19 cps, J,, = 1.5 cps). This
spectrum and the appearance of a C-O-C absorption in the ir
spectrum suggested that 10 was 3-methyl-3-phenoxybut-2-ene.
The pmr spectrum of }\g displays aromatic absorption at
& 7.0 (m, 4H) and aliphatic absorption at 1.44 (s, 6H) ppm in
addition to the vinyl proton absorption at 6.20 (H,), 5.25 (H,),
and 5.28 (H,) ppm (J,, = 19 cps, J,, = 10.4 cps, I, = 1.5 cps).
With the ir spectrum, the data suggested that 13 is 3-(2-hydroxy-
phenyl)-3-methylbutene.
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The pmr spectrum of 14 exhibits aromatic absorption at
6 7.0 (m, 4H) and aliphatic absorption at 1.35 (s, 6H) ppm in
addition to vinyl proton absorption at 6.05 (H,), 5.10 (H,), and
5.10 (H,) ppm (J,; = 10 cps, J,, = 18 cps, J,, = 1.8 cps). This
spectrum and the ir data suggested that }i was 3-(4-hydroxy-
phenyl)-3-methylbutene.

The products from the photochemical reaction of 8 are
shown in Scheme III.

In order to confirm the structure assignment of 10, an
elemental analysis and a mass spectrum were obtained. The
elemental analysis found 81.51% C and 8.68% H, in good agree-
ment with the 81.44% C and 8.70% H required for C,H,,0. The
mass spectrum of 10, shown in Figure 2, is distinctly different
from that of 8, which is shown in Figure 3 for comparison.
Both compounds show a parent ‘peak at m/e 162. The base peak
in the spectrum of 10 is m/e 94, corresponding to the fragment
(CGHSOH)T. Alkyl aryl ethers commonly show this peak, which

is thought to arise from the fragmentation shown below (33a):

+' +'

O—CR, OH
@ 4\\>| AT CH,=CR,R, @
H1-CH, >

m/e 94

In the case of 10, CH,=CR,R, is isoprene, so the elimination is

especially facile (33b).
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CH,
p l e
O-—C-—-CH=CH, OH
G aN g
m/e 94

Wwith 8, CH,CR,R, is an allene, and the neutral fragment is much
less stable than the fragment released from the radical cation of
10. As a consequence m/e 94 is almost absent in the mass

spectrum of 8.

Syntheses of 13 and 14

In order to confirm the structural assignments made to ,131
and 14, they were synthesized by unambigous routes as shown in
Scheme IV. Treatment of p-anisaldehyde, }.,53\’ with i-propyl-
magnesium bromide gave 1-(4-methoxyphenyl)-2-methylpropanol
(16a) in high yield. Dehydration of 16a to 1-(4-methoxyphenyl)-
2-methylpropene (/1]&) was carried out by heating the neat alcohol
with oxalic acid and distilling off the water, a procedure which
had been described by Conant and Blatt (34). Epoxidation of the
olefin with peracetic acid gave 1-(4-methoxyphenyl)-2-methyl-
propene oxide (/1\2}31) in fair yield. The acid catalyzed rearrange-
ment of 18a to 2, 2-dimethyl-2-(4-methoxyphenyl)-acetaldehyde
(192) went in high yield in refluxing 90% formic acid (35). This

procedure was found to give a better yield than that described by
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Scheme 1V
. OH
@—cn—uo )i-PrMgBr, @—CHCHMez
MeO 2) H30 MeO
15 a: OMe is para 16a,b
b: OMe is ortho
Oxahc Acid
@_}g’ CH3COOOH @_)‘
CH2C|2, O Meo
18 a,b 17a,b
90% HCOOH
REFLUX
G®+CHO _ﬁﬁz_, @_}__//
Me MeO
19 a,b 20a,b
20 a 40% aq. CH3NH2; HO /
1852 24 hrs D I
14
20b NaSCH,CHg R /
DMF, 150°
OH

13
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Reif and House (36), who used boron trifluoride-etherate as the
bacid catalyst. A Wittig reaction with the ylid derived from
methyltriphenylphosphonium iodide and 19a gave 3-(4-methoxy -
phenyl)-3-methylbutene (20a).

Several attempts were made to cleave the methyl phenyl
ether 20a by standard techniques. Use of HI solution or BBr,
(37) gave products in which the monosubstituted ethylene function
was lost, as determined by pmr. Apparently acid catalysis moved
the double bond into conjugation with the phenyl ring. It was
therefore necessary to carry out the cleavage under basic condi-
tions. Use of 40% aqueous methylamine in a sealed tube reac-
tion, as described by Lockhart and Webb (38), gave sufficient syn-
thetic 3-(4-hydroxyphenyl)-3-methylbutene for comparison with 14
isolated from the photochemical reaction. The two samples had
identical pmr and ir spectra. Furthermore, they had the same
retention time under analytical vpc conditions; a coinjection of
the two gave only one peak with no apparent broadening.

The set of reactions detailed for the conversion of 15a to
20a was also carried out on 15b. All reactions proceeded
generally as above, except the dehydration of ,119\,12 to 17b, which
went in relatively poor yield. The methylamine cleavage of ,2\9\‘9\
was unsuccessful. The method used for this cleavage was the
reaction of the ether with sodium ethylmercaptide in N, N-dimeth-
ylformamide, a procedure recently reported by Feutrill and

Mirrington (39). The product, 3-(2-hydroxyphenyl)-3-methylbutene,
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was isolated by preparative vpc. The pmr and ir spectra and
vpc retention time of the synthetic material were identical,

respectively, with those of 13 isolated from the photolysis.

Quantum Yield Determinations

The quantum yields for the photochemical reactions of §
were determined in both cyclohexane and isopropyl alcohol solu-

tions. A 6 x 10"3

M solution of 8, containing tetradecane as an
internal vpc standard, was prepared and 4.0 ml was pipetted

into each of seven quartz tubes (13 mm o.d.). In the case of
isopropyl alcohol solution, four of the tubes were degassed by
the freeze-pump-thaw technique and were sealed under a pressure
of <5 x 1,0'4 Torr. The cyclohexane solutions were not degassed.
The tubes were irradiated for different lengths of time, the
longest irradiation causing ca. 10% conversion, at 254 nm in a
merry-go-round apparatus (40). The contents of the tubes were
analyzed by vpc. The disappearance of 8 and the appearance of
photoproducts, relative to tetradecane, were plotted versus
irradiation time. Straight lines were obtained and slopes were
calculated by the least squares method. Quantum yields for
degassed and nondegassed isopropyl alcohol solutions were found
to be identical within experimental error. This result was not
surprising, since the singlet lifetime of 8 is so short that oxygen

quenching is not a serious problem (vide infra). The experimental



20
uncertainty in the measured quantum yields is estimated to be
+ 10%, due primarily to uncertainty in the analytical method.
Table I summarizes the results obtained. The difference between
the disappearance quantum yield and the sum of the appearance

quantum yields is probably due to polymerization of 8.

Gas Phase Irradiations

The photolysis of 8 was also carried out} in a gas phase
flow system which has been previously described (18a,c).
Approximately 1 g of 8 was swept through the flow system each
twenty-four hours; 1000 cc/min of nitrogen was used as the car-
rier gas. Isobutylene (32 cc/min) was added to the flow system
to trap any unstable radicals, but no such trapping products were
observed. Photolysis products and unreacted 8 were trapped in a
Dry Ice-cooled, glass helices-packed column and were extracted
with ether. The ether solutions were analyzed by vpc and the
results are shown in Table II. Control experiments confirmed
that passing § through the flow system in the dark did not cause
chemical change.

When the trap was removed from the Ixy Ice after each
photolysis, it was noticed that the first few centimeters of glass
helices were colored bright red. As the trap warmed to room
remperature, the color faded. It did not reappear upon cooling.

A similar observation had been made in the gas phase photolysis
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TABLE II. Relative Product Yields from Photochemical

Reaction of §

Conditions Products: g 10 11 12 13 14

2-Propanol 1.0 0.31 1.64 1,36 0.51 0.82
Solution

| Gas Phase 1.0 0.43 1.27 1.18 0.10 0.29
Gas Phase with 1.0 <.01 <.01 .01 <.01 <.01

25 Torr Nitric
Oxide
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of phenyl acetate in the same flow system (18a).

The gas phase irradiation of 8 was also carried out in the
same apparatus with 30 cc/min of nitric oxide, instead of iso-
butylene, as a trapping agent. Photolysis products and unreacted
8 were trapped, extracted with ether, and analyzed by vpc as
above. As shown in Table II, the addition of nitric oxide effici-
ently quenched the formation of products 10-14. Some phenol and
several new products were detected by vpc; the new products
were not characterized. Control experiments confirmed that
passing 8 and nitric oxide through the flow system in the absence

of light did not give rise to the new products.

Attempt to Sensitize the Photorearrangement of 8

In an attempt to sensitize the photorearrangement of 8, ace-
tone and 8 were dissolved in isopropyl alcohol and the solution
was deoxygenated by purging with nitrogen. As determined by
vpc, even prolonged irradiation through Pyrex at 305 nm did not

cause any observable chemical reaction of 8.

Irradiation of lQ

Some of the 3-methyl-3-phenoxybutene, 10, isolated from
the photolysis of 8 was dissolved in cyclohexane and irradiated

at 254 nm. Appearance of 8, 9, and 11-14 was determined by
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vpc. Because of impurities having retention times similar to
those of products 11, 12, and 14, it was not possible to deter-
mine accurately the relative yields of these products. At approxi-
mately 10% conversion of 10, the ratio of 8 : 9 : 13 was seen to

be1:2.5:1.5.

Comparison of Absorption Spectra of 8 and of Anisole

The absorption spectra of 8 and of anisole were taken under
identical conditions in cyclohexane solution. The spectra obtained
are shown in Figure 4. The position, shape, and intensity of the
lLb band in both compounds are essentially identical. The 1La

band of 8 is slightly more intense than that of anisole.

Determination of the Fluorescence Quantum Yield of 8

The fluorescence spectra of anisole and of 8 were obtained
in dilute degassed cyclohexane solution are are shown in Figure
5. The band shapes and positions of emission are identical,
respectively, for the two compounds. The excitation spectra of
the fluorescence of the two were also identical and roughly (on
an uncorrected instrument) showed the structure of the 1Lb band
of anisole. Under the condition that a 1.0 cm path length of
solutions of 8§ and of anisole had equal optical densities, two

separate determinations indicated that the intensity of anisole
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fluorescence was 22 times gréater than that of 8. The fluores-
cence quantum yield of anisole has been reported to be 0.24

(41). The fluorescence quantum yield of 8, therefore, is

¢ =1.1x 1072,

Attempt to See Phosphorescence from 8

Strong phosphorescence was observed from anisole in an
EPA glass at 7° K. Under identiéal conditions, no emission
from 8 was detected. It was estimated that the quantum yield
of phosphorescence of 8 must by ca. 10"3 that of anisole, or

less.
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DISCUSSION

Mechanism of the Photochemical Reaction

The results obtained both in solution and in the gas phase
suggest very strongly that the photochemical reaction of 8
involves scission to phenoxy and dimethylallyl radicals which
recombine to give all possible simple coupling products--the
isomeric ether, 10, and four dienones which can give 11-14 by
tautomerization. | _

The isolation of the isomeric ether 10 provides especially
satisfving evidence for radical processes. Products analogous
to 10 have not been previously reported from the photolysis of
allyl phenyl ethers or related systems.

The gas phase irradiations provide strong evidence that
radical pathways are the only significant route to products. In
the gas phase irradiation of phenyl acetate, decarbonylation of
the acyl radical provided a clear differentiation between concerted
and radical processes. The dimethylallyl radical generated in
the present study was considerably more stable and underwent
extensive recombination reactions with phenoxy radicals in the
gas phase. However, nitric oxide effectively quenched the for-
mation of all such coupling products. The reactions of nitric
oxide with alkyl radicals have recently been reviewed by Heicklen

and Cohen (42). While the total scope of mechanisms involved
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in the reaction of nitric oxide with the radicals generated in the
present study is probably complex, the scavenging of dimethyl-
allyl radicals by nitric oxide is in accord with known reactions.

There could, of course, be some concerted reactions
occurring in parallel with radical processes in solution, but there
is no evidence for such reactions from comparison of the relative
product yields in the two phases. The relative yields of ortho to
para products for the possible coupling positions of the dimethyl-
allyl radical are about the same in solution as in the gas phase.
Furthermore the ratio of 11 to 12, both in the gas phase and in
solution, is very close to the ratio of ortho to para products
formed in the photorearrangement of phenyl acetate (18,26) and in
the coupling of phenoxy and methyl radicals (43), suggesting that

all the processes have a common mechanism.

Recombination Reactions of the Dimethylallyl Radical

The conclusion that products 10-14 arise from radical recom-
binations prompts some discussion of radical recombination proc-
esses. Mulcahy and Williams noted that, in combination reactions
with the methyl radical, the reactivity of the ortho and para posi-
tions of the phenoxy radical closely parallels the relative free

electron density at these positions ( =1 = 0.63)

ppara » Portho
(43). Such correspondence may well be fortuitous. The activa-

tion enthalpy of radical recombination reactions is usually very
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small. It seems equally reasonable that the variation from
statistical product distribution (twice as much 11 as /13\) is due
primarily to slightly greater steric hindrance at the ortho posi-
tion. = Evidence for this argument is seen in the slightly greater
yield of 14 than 13; intuition suggests that coupling of allylic
radicals at a primary center will be faster than competitive
coupling at a tertiary center. The ratios 11 : 12 and 13 : 14
show little variation in the two solvents studied.

The difference in temperature between the solution and gas
phase reactions (see Experimental section) precludes quantitative
comparison, but the relatively greater ratio of (11 + 12) :

(13 + 14) in the gas phase may be in part a result of the nature
of solvation of the dimethylallyl radical. There is in fact a

small difference in this ratio in the two solvents isopropyl alcohol

and cyclohexane.

Comparison of Absorption Spectra

Comparison of the absorption spectra of 8 and of anisole
shows a close correspondence between the lLb bands of the two
compounds, suggesting that in 8 this transition is much like that
of anisole. The compounds should, therefore, have the same

%) 3.4 x 108
1

fluorescent lifetime (7 sec (41), and rate constant

8

for fluorescence (kf), 2.9 x 10'7 sec

intensity of the 1Laband of 8 over that of anisole may indicate

(44). The slightly greater
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some interaction of the two chromophores in this transition.
Similar coupling has been previously seen in some bichromo-

phoric molecules (45).

Comparison of Fluorescence Spectra

The spectra in Figure 5 show that the fluorescence of 8 is
identical in band shape and position to that of anisole. This
result suggests that the lowest-lying excited singlet of 8 cannot
have geometry greatly different from that of anisole. However,
the greatly diminished intensity of the emission indicates that
the lifetime of the fluorescent state of 8 is shortened. For ani-

9

sole, the observed fluorescence lifetime, Ts? is 8.3 x 10" ° sec

. For T, = =3.7Tx 10" sec.
(46). For 8, 7, = &/k; = 3.7 x 10710

Discussion of Lack of Phosphorescence from 8

There are two primary reasons for decreased phosphores-
cence yield from 8: 1) the short lifetime of the lowest-lying
singlet of 8 means that the quantum yield of triplet formation
will be reduced correspondingly, and 2) any triplets which do
form will likeiy be quenched by the olefinic portion of the mole-
cule at a rate much faster than the rate of phosphorescence.

The lifetime of anisole is the inverse of the sum of the
rate constants for processes which deactivate it: 1/ Ty =
ke + ko +kg=1.2x 108 sec™!

d , Where kd is the rate constant
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for radiationless decay. Since k. is 2.9 x 107 sec-1 (vide
supra), the sum of (kiSC + kd) is estimated to be 9 x 10'7 sec-yl.
The recent finding that @'isc for anisole is 0.74 + 0.05 (47)
suggests that intersystem crossing in anisole must account for
nearly all the S1 states that do not fluoresce. Radiat.ionless
decay, if it occurs, must do so with a quantum yield of 0.02 or

7 sec_l.

less. Therefore, kisc for anisole is about 9 x 10 The
maximum quantum yield for intersystem crossing in 8 is <I>iS c "
Kice X Tg = 0.03, which is more than an order of magnitude
smaller than the upper limit for dﬁsc for anisole.

The triplet energy of anisole is ca. 81 kcal/mole (48). The
triplet energies of simple olefins are not known with certainty,
but are estimated to be from 70-83 kcal/mole (49). | Acetone,
which has an 80 kcal/mole triplet, has recently been shown to
sensitize the isomerization of cis-2-pentene (50). Thus, the ole-
finic portion of 8 could act as a triplet quencher for the aromatic
moiety with a rate constant orders of magnitude faster than the

rate constant for phosphorescence.

Discussion of Acetone Sensitization Experiment

The lack of photochemical reaction in the case of acetone
sensitization can be easily rationalized. The triplet energy of
acetone is 80 kcal/mole, which is almost 2 kcal/mole less than

that of anisole. Acetone would not be expected to efficiently
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transfer triplet energy endothermically to 8. Triplet sensitiza-
tion of the olefinic group could occur, but it is likely to do so by
a Schenck mechanism (50). Sensitization of the 3¢ (O-C) state
should give rise to the photochemical reaction observed on direct
irradiation if the dissociation model proposed by Shizuka is cor-
rect, but failure to observe such reaction may only mean that the

efficiency of the transfer is low compared to that of other proc-

esses which destroy acetone triplets.

Discussion of ¢ Bond Homolysis Mechanisms

Anisole does not give a photochemical reaction analogous to
that of § upon irradiation at 254 nm (51). Thus, substitution of
either a dimethylallyl or an acyl function for the methyl group in
anisole produces a photoreactive species. The quantum yield for
product formation ffom phenyl acetate in cyclohexane is 0.38 (26),
which is not much greater than the quantum yield for product for-
mation from 8 in cyclohexane, 0.31. Since there is no evidence
for enhancement of intersystem crossing by olefins, which them-
selves undergo intersystem crossing very inefficiently (52), these
results suggest that the photochemical reactivity of 8 is incon-

sistent with a general model in which enhancement of intersystem

crossing is a prerequisite for photochemical dissociation. There
must be other features common to 8 and phenyl acetate which

lead to photochemical reactivity.
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In discussing the formation of benzyl radicals in the photolysis
of toluene, Porter suggested that in a representation of potential
energy curves as a function of CH,-H bond distance (Figure 1) the
30 (C-H) predissociative curve should intersect the Sy (m,m*) curve
near its minimum to facilitate intersystem crossing from one state
to the other. The rates of intersystem crossing are fast enough to
account for the rates of product formation observed in the present
study if there should be a close correspondence of the potential
energy curves of the two states.

It would be quite fortuitous, however, if the 30 energy levels
of the diverse compounds mentioned in the introduction showed such
correspondence. Furthermore, the utility of drawing potential
energy curves for w,s* states as a function of C~-H bond distance is
highly questionable, since the C-H bond distance is only one coordi-
nate of the multidimensional energy surface needed to describe the
molecular excited state.

For a further discussion of the dissociation reaction, it is
helpful to consider all the processes which deactivate excited 8. At
least some of the processes which depopulate the S1 state of 8 are
quite similar to those of anisole. The values of kf have been shown
to be identical. There is little a priori reason to expect the rate
constant for intersystem crossing to increase upon substitution of a
dimethylallyl group for the methyl group (vide supra).

An additional deactivation process is the obvious path of

chemical reaction (including the 'trivial' but perhaps significant
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back reaction--cleavage into two radicals which recombine to give
§). The rate constant for product formation, kr’ can be calcu-
lated from the quantum yield and knowledge of the lifetime of the
excited state involved.

The quantum yield for the appearance of products from
photolysis of 8 was 0.31 in cyclohexane and 0.6 in isopropyl
alcohol. The extent of the back reaction is not known. Consid-
eration of the data in Table I suggests that in cyclohexane the
radicals recombine to give 10 roughly twice as often as to give
13 or 14. If the same ratio holds for the relative formation of
8 to ,1\1 or 12, the quantum yield for the back reaction in cyclo-
hexane might be ca. 0.10. The observation that photolysis of 10
leads to a ratio of 8: 9 : 13 of 1 : 2,5 : 1.5 in cyclohexane sug-
gests that the quantum yield of the back reaction may be between
0.03 and 0.04. The product distributions from photolysis of 8
and 10 need not be necéssarily the same, since extensive recom-
bination might occur before complete vibrational and rotational
equilibrium of the radical pair in the solvent cage occurs. Thus,
these values of Qba ck are only a very rough estimate. Further-
more, there is a real semantic problem in differentiating between
back reaction and radiationless decay through the vibrational
modes of the O-C (allyl) bond. For the purposes of this discus-
sion, it will be sufficient to consider in kr only the steps which
lead to formation of products 9-14. In cyclohexane solution, the

rate constant for product formation is thus calculated:
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_ _ 8 -1
k, = <I>r/'rS = 8.6 x 10° sec

The processes of back reaction and radiationless decay must
account for the deactivation of the remainder of the 81 states of

8. K Back is no larger than 0.10, then the rate constants for

o~

these processes may be calculated:

8

k sec-1

back <I‘Dal.ck/'rs = 2.7x10

_ _ 9nn-
ky = 1/'1'S - ko - k. - ko, = 1.5x 10%sec

The conclusion to be drawn from these calculations is that non-

1

chemical, nonradiative decay and chemical reaction are both
markedly accelerated in 8, relative to anisole.

The two accelerated nonradiative decay processes may be
closely related. Several authors have recently pointed out that
anharmonicity in a bond vibration can increase the Franck-Condon
overlap between initial and final states and thus can make that
bond a better acceptor of energy in an internal conversion process
(53-55). Stretching of the allyl ether O-C (allyl) bond must
become highly anharmonic in the energy region near the dissocia-
tion energy in the ground state. The transfer of charge from
oxygen into the aromatic ring which accompanies the excitation
(56) should increase the anharmonicity of the vibration and per-
haps weaken the O-C (allyl) bond. The presence of this very
weak bond could enhance the radiationless decay rate of the
excited singlet state even when the process does not lead to
dissociation, perhaps because the vibrational energy is less than

the dissociation energy or because internal vibrational relaxation
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occurs in the dissociative mode before separation occurs.

Another deactivation path, available in 8 but not in anisole,
would invoke weak electronic interaction between the olefinic and
excited aromatic groups, thus allowing decay by way of vibronic
mechanisms similar to those that lead to rapid nonradiative decay
of simple alkenes. Such a mechanism has recently been proposed
by Morrison to account for the short fluorescent lifetime of
6-phenylhex-2-ene (57), and the quenching of anisole singlets by

1 sec'l,

olefins, with bimolecular rate constants of ca. 102 1.m"
has recently been demonstrated (58).

Bond homolysis also could occur as a radiationless transi-
tion from the initially populated excited singlet via vibronic inter-
action of the aromatic and olefinic chromophores. Recent theo-
retical treatments of dissociation reactions and other radiation-
less transitions have described the initially populated excited
electronic state as being weakly coupled with an intermediate
electronic state which is also strongly coupled with the vibra-
tional continuum (59,60). The "exciplex'" deexcitation mode pro-
posed above would provide a convenient vehicle for coupling the
aromatic excitation with the vibrational continuum. If this inter-
action leads to a lengthening of the O-C bond, then the excited
state could partition to ground state 8 or to radicals. In the
limiting case, as dissociation is approached, the multiplicity of
the O-C bond electron' pair would be of relatively little impor-

tance. While this description, like that of Shizuka, takes into
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consideration interaction of the two chromophores, it does not

demand multiplicity change as an integral step in the dissociation.

Conclusion

The conclusion of this study is that the photochemical
rearrangement of 3-methyl-3-phenoxybut-2-ene proceeds exclu-
sively through phenoxy and dimethylallyl radicals and that no
produéts are formed by concerted processes. Analysis of the
decay rates of 8 indicates that enhanced intersystem crossing
from an §; (m,m*) state to a 30 (O-C state is probably not
involved in the dissociation. Photochemical reaction may occur
as a result of radiationless decay of the Sl (m,m*) state through
anharmonic vibrations of the O-C (allyl) bond. Intramolecular
interaction of the aromatic and olefinic chromophores may also be

a significant deactivation pathway.
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EXPERIMENTAL

Instruments

Infrared spectra were recorded on a Perkin-Elmer Model

257 Grating Infrared Spectrophotometer, with either carbon tetra-
chloride solutions in a 0.1 mm path length cell or thin films of
neat liquid between sodium chloride plates.

Pmr spectra were taken on a Varian A-60A Spectrometer.

Deuterochloroform containing tetramethylsilane as internal standard
was used as solvent.

Ultraviolet spectra were taken in 1.0 cm path length cells

on a Cary 14 Recording Spectrophotometer or on a Beckman DU
Spectrophotometer.

Fluorescence spectra were taken an an Aminco-Bowman

Spectrophotofluorometer. The spectra are uncorrected for photo-
tube response or instrumental wavelength error.

Phosphorescence spectra were obtained on the Aminco-Bowman

Spectrophotofluorometer equipped with a phosphorescence accessory
and are uncorrected.

Analytical vapor phase chromatography (vpe) was done on

either a Hewlett-Packard Model 700 or a Hewlett-Packard Model
5750 Gas Chromatograph, both with flame ionization detectors and

with nitrogen as carrier gas.
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Preparative vapor phase chromatography was done with a

Varian Aerograph Model 90-P Gas Chromatograph with thermal
vconductivity detection and with helium as carrier gas.

Mass spectra were obtained by Mr. Ron Klefbeck on a Con-

solidated Electrodynamics Corporation Model 21-103C Mass Spec-
trometer. All samples were run under the following conditions:
electron beam current, 10 pa; electron beam voltage, 70 V;
sample pressure, 5 x 10-,7 Torr; sample temperature, 1000;
magnet current, 360.2 ma.

Boiling points were measured with standard thermometers

and are uncorrected. Pressures below 5 Torr were measured
with a Scientific Glass Apparatus Company McCloud Gauge and

are uncorrected. Elemental analyses were performed by the

Spang Microanalytical Laboratory, Ann Arbor, Michigan.

Materials

Isopropyl Alcohol was Matheson, Coleman, and Bell Spectro-

quality.

Cyclohexane, unless otherwise specified, was Matheson,

Coleman, and Bell Spectroquality.

Tetradecane was obtained from Calbiochem.

Acetone was Matheson, Coleman, and Bell Spectroquality.

1, 2-Dimethoxyethane (DME) was received from Matheson

H

Coleman, and Bell. It was distilled from lithium aluminum
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hydride and stored over sodium hydride prior to use.

1-Chloro-3-methyl-2-butene was Eastman Practical Grade.

Analysis by vpc showed one major (ca. 70%) and several minor
components.
n-Hexane was obtained from Phillips Petroleum Company.

Isobutylene and nitric oxide were obtained from the Matheson

Gas Company, Inc.

3-Methyl-1-phenoxybut-2-ene (8). Sodium methoxide (Mathe-

son, Coleman, and Bell, 14 g, 0.25 mol) was dissolved in metha-
nol (150 ml) under a nitrogen atmosphere. Phenol (Allied Chemi-
cal, 23.8 g, 0.25 mol) dissolved in methanol (50 ml) was added
to this solution with stirring. The solution was cooled to 0° and
1-chloro-3-methyl-2-butene (26.1 g, 0.25 mol) was added. The
solution was allowed to warm and a white precipitate appeared
before the solution reached room temperature. The mixture was
heated to reflux during one hour and was then refluxed for one
hour. The solution was cooled and the solvent was removed by
evaporation. The residue was extracted with ether and the ether
layer was Washed three times with 10% potassium hydroxide solu-
tion followed by two washings with saturated sodium chloride
solution. The organic phase was dried over anhydrous magnesium
sulfate and concentrated on the rotary evaporator. The yield of
crude product was 22.5 g (ca. 50%). Vacuum distillation yielded
two main fractions: 1 ml (bp 40-550, 0.25 Torr) and 23 ml (bp

55—600, 0.25 Torr). The product was passed through silica gel
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and bulb-to-bulb vacuum distilled prior to use. The material
used for preparative irradiations was greater than 99% pure. The
mass spectrum of 8 showed the following m/e ratios: 41 (100),
69 (73), 67 (11), 68 (10), 77 (10), and 162 (5) as shown in Figure
3. Anal. Caled for C,H,,0: C, 81.44; H, 8.70. Found: C,
81.26; H, 8.76.

Preparative Photolysis in Solution

Compound 8 (1.0 ml) was dissolved in isopropyl alcohol
(50 ml). The solution was placed in a quartz tube and was
purged with dry nitrogen for 10 min. It was then irradiated at
254 nm with an Ultraviolet Products PCQ-XI lamp. Samples were
withdrawn at intervals for analysis by vpc on a 16 in x % in column
of 10% Carbowax 20M (on 60/80 mesh Chromosorb G, AW, DMCS
treated). Disappearance of 8 and appearance of several products
was seen. After ca. 100 hrs irradiation, less than 1% of 8
remained.

The solvent was removed from the solution above and the
residue was chromatographed on silica gel (25 g) using benzene:
methanol (99 : 1). Fractions were analyzed by vpc. Products 9,
11, and 13 were isolated in pure form. Products 12 and 14 were
obtained as a mixture. They were separated by preparatave vpe

ona 4 ft x § in column of 10% Carbowax 20M (on 60/80 mesh
Chromosorb G, AW, DMCS treated) at 183°, The pmr and ir
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spectra of 9 were identical with those of an authentic sample.
The pmr spectra of 11 and 12 were identical with those previously
reported (25).

For the isolation of 10, 8 (1 ml) was dissolved in cyclo-
hexane (100 ml). The solution was purged with nitrogen and
irradiated, as above, to less than 10% conversion. The solvent
was removed to leave a brown oil (1 ml).

This procedure was carried out eight times and the combined
residue was distilled through a 50 cm spinning band column (pot
temperature, 800). The first 0.25 ml of distillate at 0.5 Torr
was found by vpc to contain one major and several minor compo-
nents. The major component, ,1\9\, was isolated by preparative
vpc on a 3 ft x ¥ in column of 5% Castorwax (on 60/80 mesh
Chromosorb G, AW, DMCS treated) at 80°.

The pmr spectrum of 10 shows the following peaks: & 7.0
(m, 5H); 6.1 (dof d [J =19 cps, J = 10.0 cps], 1 H); 5.08
(d of d [J =10.0 cps, J = 1.5 cps], 1H); 5.12 (d of d [J = 19
cps, J = 1.5 cps], 1H); 1.4 (s, 6H) ppm. The ir spectrum of
10 (neat) exhibits the following strong absorptions: s 995, 1600,
1495, 1230 (broad), 1130 (broad), and 690 cm ..

The mass spectrum of }\9\ (Figure 2) shows the following
m/e ratios: 94 (100), 41 (45), 69 (38), 65 (11), 53 (8), 77 (1),
and 162 (6). Anal. Calcd for C,;H,,0O: C, 81.44; H, 8.170.
Found: C, 81.51; H, 8.68.
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The pmr spectrum of 13 shows the following peaks: & 7.0
(m, 4H), 6.2 (d of d [{J =19 cps, J = 10.4 cps], 1H); 5.25 (d of
d [(J=10.4 cps, J =1.5 cps], 1H); 5.28 (d of d [J = 19 cps,
J = 1.5 cps], 1H); 1.44 (s, 6H) ppm. The ir spectrum of 13
(carbon tetrachloride solution) has strong absorptions at 3480
(broad), 2980, 1490, and 1190 (broad) cm -

The pmr spectrum of 14 shows peaks at & 7.0 (m, 4H);
6.05 (d of d [J =10 cps, J = 18 cps], 1H); 5.10 (d of d [J = 10
cps, J =1.8 cps], 1H); 5.10 (d of d [J = 18 cps, J = 1.8 cps],
1H); 1.35 (s, 6H) ppm. The ir spectrum of 14 (carbon tetra-
chloride solution) exhibits strong absorption at 3600, 3400 (very
broad), 2980, 1510, and 1170 (broad) cm 1,

Synthesis of 3-(4-hydroxyphenyl)-3-methylbutene (14)

1-(4-methoxyphenyl)-2-methylpropanol (16a). Magnesium

(40.2 g, 1.68 mol) was placed in ether (500 ml). 2-Bromopropane
(Matheson, Coleman, and Bell, 206.2 g, 1.68 mol) dissolved in
ether (300 ml) was added dropwise over 1 hr. p-Anisaldehyde
(Matheson, Coleman, and Bell, 228 g, 1.68 mol) dissolved in
ether (100 ml) was added dropwise over 2 hr. The mixture
turned white and solidified. It was allowed to sit for 2 hr, then
sufficient cold dilute hydrochloric acid was added to break up the
mass. The layers were separated and the aqueous phase was

washed with ether. The combined ether layers were dried over
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anhydrous magnesium sulfate. Removal of the ether left 320 g of
crude product. (Theoretical yield: 302 g. The crude product
contained some residual ether. Actual yield, ca. 95%) The pmr
spectrum shows peaks at 6 7.0 (m, 4H); 4.18 (d [J = 7 cps], 1H);
3.65 (s, 3H); 1.82 (d (J = 7 cps] of q [J = 6.5 eps], 1H); 0.95
(d [J =6.5 cps], 3H); 0.71 (d (J = 6.5 cps], 3H) ppm. The ir
spectrum (neat) shows strong absorption at 3400 (very broad),
2950, 1610, 1510, 1250, 1070, and 840 cm™!,

1-(4-methoxyphenyl)-2-methylpropene (17a). Crude 16a fram

the previous reaction (100 g) was added to oxalic acid dihydrate
(25 g) and heated. Approximately 10 ml of a clear distillate was
obtained at ca. 100°. The mixture was cooled and ether and
water were added. The organic layer was dried over anhydrous
magnesium sulfate and the ether was removed. The yield was
85 g (94%). The pmr spectrum shows peaks at 6 7.0 (m, 4H);
6.2 (s, broad, 1H); 3.7 (s, 3H); 1.8 (s, 6H) ppm. The ir spec-
trum (film) shows strong absorption at 2960, 1610, 1510, 1250,
and 1070 cm™L.

1-(4-methoxyphenyl)-2-methylpropene oxide (18a). Compound

17a (32.4 g, 0.2 mol) was dissolved in dichloromethane (220 ml).
The solution was chilled to 0° and a chilled slurry of powdered
sodium acetate trihydrate (10 g) in 70% peracetic acid (FMC
Corporation, 42 ml) was added dropwise over 15 min. The
reaction temperature rose to 2.5° during the addition. After the

addition was complete, the mixture was stirred at 0° for 10 min;
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it was then allowed to rise to room temperature during 10 min.
The solution was washed several times with water and then with
aqueous 5% potassium carbonate until no more carbon dioxide was
evolved. It was then washed with saturated aqueous sodium
chloride and dried over anhydrous magnesium sulfate. Removal
of the solvent left a yellow oil (23 g) which was vacuum distilled.
The fraction distilling from 76-78° at 0.10 Torr (10 g) was used
in the next step. The pmr spectrum shows peaks at 6 7.05 (m,
4H); 3.75 (m, 4H); 1.3 (s, 3H); 1.05 (s, 3H) ppm. The ir spec-
trum (film) shows strong absorption at 2950, 1610, 1510, 1250,
1040, and 800 em™L,

2, 2-dimethyl-2-(4-methoxyphenyl)-acetaldehyde (1 9a2). Com-

pound }&a(lO g) was dissolved in 90% formic acid (100 ml).
There was a very slight exotherm and a light orange color
appeared. Nitrogen was bubbled through the solution for 5 min
and the solution was refluxed for 1 hr, during which time it
turned red. A nitrogen blanket was maintained while the flask
was cooled. Water and ether were added. The ethereal layer
was washed several times with water, with saturated aqueous
potassium carbonate until no more carbon dioxide was evolved,
and then with saturated aqueous sodium chloride. It was then
dried over anhydrous magnesium sulfate. Removal of the solvent
left a cloudy yellow liquid (10.2 g) which was 90% pure by vpc.
1

(Analysis was on a 16 in x § in column of 10% Carbowax 20M on

60/80 mesh Chromosorb G, AW, DMCS treated, with temperature
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programming from 100° to 210° at 10°/min.) Distillation yielded
two fractions: 4.6 ml (bp 74-870, 0.04 Torr) and 3.0 ml (bp
86—870, 0.05 Torr). The pmr spectrum of the second fraction
shows absorption at 6 9.35 (s, 1H); 6.95 (m, 4H); 3.7 (s, 3H);
and 1.35 (s, 6H) ppm. The ir spectrum (film) shows the fol-
lowing strong absorptions: 2970, 1720, 1510, 1250 (broad), 1070,
840 cm™L,

3-(4-methoxyphenyl)-3-methylbutene (20a). The apparatus

for the reaction was baked dry with hot air from a "heat gun"
while dry nitrogen flowed through the system. Methyltriphenyl-
phosphonium bromide (Aldrich, 10.0 g, 0.028 mol) was suspended
in benzene (55 ml). Phenyl lithium (Alfa} Inorganics, 16 ml of a
2 M solution in 70 : 30 benzene : ether, 0.032 mol) was added
via syringe. Some orange color appeared but not all the salt
dissolved. The mixture was refluxed 1 hr. An additional 4 ml
of the phenyl lithium solution was added and an immediate dark-
ening of the orange color was seen. The mixture was refluxed
another 3 hr and allowed to cool. Compound 19a (4.6 g, 0.026
mol) was added dropwise; a white precipitate appeared and the
orange color of the solution became much less intense. The mix-
ture was refluxed for 3 hr, then the solution was cooled and the
benzene was removed. The residue was extracted with petroleum
ether (30—600), and the petroleum ether was dried over anhydrous
magnesium sulfate. Removal of the solvent left ca. 10 ml of

yellow liquid. Distillation of the residue gave two fractions:
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2.5 g (bp 51-58° at 0.05 Torr) and 1.7 g (bp 58-80° at 0.05
Torr). Vpc analysis (as in ,193) showed the first fraction to be
ca. 75% of one component with several impurities. The second
fraction was about 90% pure. The pmr spectrum of the second
fraction shows the following patterns: 6 7.0 (m, 4H); 6.0 (d of d
[J =18 cps, J = 10 cps], 1H); 4.94 (d of d [J‘= 10 cps, J =1.5
cps], 1H); 4.96 (d of d {J = 18 cps, J = 1.5 cps], 1H); 3.65
(s, 3H); 1.35 (s, 6H) ppm. The ir spectrum (film) shows strong
absorption at 2960, 1510, 1250, 1080, and 840 em™L,

3-(4-hydroxyphenyl)-3-methylbutene (14). Crude 20a (second

fraction from the distillation above, 0.4 ml) was placed in a
heavy-walled (3 mm) Pyrex test tube. Aqueous methylamine
(2.0 ml, 40%) was added. The mixture was degassed by the
freeze-pump-thaw technique (two cycles) and sealed under a
pressure of 5 x 10'4 Torr. The tube was heated at 185° for 24
hrs. After it had cooled, the tube was opened and the contents
were extracted with ether and water. The ether layer was
washed with 10% aqueous hydrochloric acid. It was then extracted
with 10% aqueous sodium hydroxide. The sodium hydroxide solu-
tion was acidified and extracted with ether. The organic layer
was dried over anhydrous magnesium sulfate and concentrated on
the rotary evaporator. The residue was taken up in deutero-
chloroform. The pmr and ir spectra were identical to those of
}\g isolated from the photolysis. Its vpc retention time under

analytical conditions (as in quantum yield determinations, vide
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infra) was also identical to that of 14 isolated from the photolysis.
A coinjection of the two gave only one peak; no broadening was

seen.

Synthesis of 3-(2-hydroxyphenyl)-3-methylbutene (13)

1-(2-methoxyphenyl)-2-methylpropanol (16b). Magnesium

turnings (24 g, 1 mol) were added to ether (250 ml). 2-Bromo-
propane (Matheson, Coleman, and Bell, 123 g, 1 mol), which had
been freshly passed through grade I alumina, was dissolved in
ether (250 ml) and added over % hr. The mixture was stirred

at reflux for 1 hr, then cooled to 0°. o0-Anisaldehyde (Matheson,
Coleman, and Bell, 136 g, 1 mol, freshly distilled--bp 60.5° at
0.0l Torr) in ether (50 ml) was added dropwise. The contents of
the flask solidified during the addition. After the addition was
complete, the reaction mixture was broken up and added to 250
ml of cold dilute aqueous hydrochloric acid. More ether was
added and the two phase system was stirred until all solids had
dissolved. The ether layer was washed with 10% aqueous sodium
hydroxide and with saturated aqueous sodium chloride. It was
dried over anhydrous magnesium sulfate and concentrated on the
rotary evaporator to yield an orange-yellow oil (166 g). The pmr
spectrum shows peaks at 6§ 7.0 (m, 4H); 4.6 (t [J = 7 cps], 1H);
3.8 (s, 1H); 2.9 (d [J =T cps], 1 H); 1.93 (d [J = 7 cps], 1H);
1.0 (d [J =7 cps], 3H); 0.85 (d [J = 7 cps], 3H) ppm, as well
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as peaks for ether and residual aldehyde.

1-(2-methoxyphenyl)-2-methylpropene (} '7_b). The crude 16b

from the reaction above was added to oxalic acid dihydrate (19g).
The mixture was heated and ca. 30 ml of volatile material was
distilled below 60°. Then 19 ml of distillate was collected (at
ca. 1000). The pot residue turned dark and syrupy. It was
cooled and water and ether were added. The ether layer was
washed with dilute aqueous sodium hydroxide and with saturated
aqueous sodium chloride. The organic phase was dried over
anhydrous magnesium sulfate and concentrated to yield a syrupy
orange oil (140 g). Distillation of the material yielded 20 g
(bp 60-67" at 0.5 Torr). Analysis of the pmr spectrum indi-
cated the product was ca.75% 17b and ca. 25% 16b. The pmr
peaks attributable to 17b are at 6 7.0 (m); 6.4 (s, broad, 1H);
3.70 (s, 1H); 1.9 (s, 1H); and 1.75 (s, 1H) ppm.
1-(2-methoxyphenyl)-2-methylpropene oxide (I8b). The crude

17b from the previous step was treated as in the synthesis of 18a.
The reaction workup was also the same and yielded a cloudy
product (6.4 g) which was used in the next step. The pmr spec-
trum shows peaks at & 7.0 (m); 3.75 (m); 1.5 (s, 3H); 1.05 (s,
3H) ppm.

2, 2-dimethyl-2-(2-methoxyphenyl)-acetaldehyde _(,1.9.121 The

crude 18b from the previous step was treated exactly as was 18a
in the previous synthesis of 19a. The yield was 6 g of cloudy

liquid. The pmr indicates an aliphatic aldehyde proton at 69.6
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ppm and an aromatic proton at 6 10.6 ppm in the ratio of 3 : 1.
Pmr peaks due to 19b are at 6 9.6 (s, 1H); 7.0 (m); 3.8 (s); and

1.43 (s, 3H) ppm.
Methyltriphenylphosphonium iodide. Triphenylphosphine

(Matheson, Coleman, and Bell, 26.2 g, 0.10 mol) was dissolved
in benzene (100 ml). Methyl iodide (Matheson, Coleman, and
Bell, 21.3 g, 0.15 mol), which had been passed through a plug of
grade I alumina, was added to the solution. A white precipitate
began forming within one minute. After 1 hr, the precipitate was
collected on a coarse fritted glass filter and washed with benzene
and with ether. After drying in a dark cupboard, the yield was
40 g (95%).

3-(2-methoxyphenyl)-3-methylbutene (20b).  Methyltriphenyl-

phosphonium iodide from the synthesis above (15 g, 0.037 mol)
was suspended in 1,2-dimethoxyethane (DME, 100 ml). Phenyl
lithium solution (16.8 ml of a 2.2 M solution in 30 : 70 benzene :
ether, 0.037 mol) was added via syringe. A light orange solution
formed over some remaining solid. The solution was refluxed
for 3 hr. An additional 1 ml of phenyl lithium solution was

added and the solution was refluxed for another 1 hr, by which
time all the solid had dissolved. The solution was cooled to OO.
Compound 19b (6 g , 0.034 mol) in DME (50 ml) was added drop-
wise over 15 min and a precipitate appeared. The mixture was

allowed to warm to room temperature during £ hr and was

refluxed for 15 min. The reaction was worked up as in the
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synthesis of 20a to yield 5.2 g (87%) of yellow oil.  The

pmr spectrum shows peaks for 20b at 6 7.0 (m); 6.28 (d of d
[J =18 cps, J =10 cps], 1H); 5.0 (m, 2H); 3.80 (s, 3H); and
1.45 (s, 3H) ppm, but impurities were present in about equal

integral count.

3-(2-hydroxyphenyl)-3-methylbutene (13). Ethanethiol (East-

man Organic Chemicals, 1 ml) was added to a suspension of
sodium hydride (Alfa Inorganics, 0.67 g of a 57% dispersion) in
N, N-dimethylformamide (DMF, 40 ml). Crude 20b from the
previous reaction (I ml, ca. 50% pure) was added to the solution.
The solution was heated to 150° during £ hr and held at that
temperature for another 3 hr. The solution became yellow and
some precipitate was seen. The reaction mixture was cooled
and was poured into cold aqueous 5% ammonium chloride. The
solution was extracted several times with ether. The combined
ether washings were dried over anhydrous magnesium sulfate and
concentrated to leave a yellow oil (1 ml), Vpc analysis (as in
the synthesis of /15)&) showed one major and several minor compo-
nents. The major compound was isolated by preparative vpc
(column as in photoproduct isolation) at 142°. Its pmr and ir

spectra and vpc retention time under analytical conditions were

identical with those of 13 isolated from the photolysis.
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Determination of Quantum Yields

Tetradecane (0.06 g) and 8 (0.05 g) were dissolved in iso-
propyl alcohol or cyclohexane (50.0 ml) A 4.0 ml aliquot of the
solution was pipetted into each of seven quartz tubes (i3 mm
o.d.). In the case of isopropyl alcohol solutions, four of the
tubes were degassed by the freeze-pump-thaw technique (3 cycles)
and were sealed under a pressure of <5 x 10'4 Torr. The
cyclohexé.ne solutions were not degassed. The optical density of
a 1.0 cm path length of each solution was seen to be > 2 at 254
nm on a Beckman DU Spectrophotometer. The tubes were
irradiated for different lengths of time (the longest irradiation
causing ca. 10% conversion) at 254 nm in a merry-go-round
apparatus (39). The light intensity was measured by potassium
ferric oxalate actinometry (60).

The contents of the tubes were analyzed by vpc. The
column used was a 3 ft x § in column packed with 6.65% Carbo-
wax 20M, 1.63% Castorwax (on 60/80 mesh Chromosorb G, AW,
DMCS treated) with temperature programming from 90 to 190° at
60/min. The detector response of g was found to be 61% of that
of 8. The disappearance of 8 and the appearance of photoproducts,
relative to tetradecane, were plotted vs. irradiation time. Straight
lines were obtained and slopes were calculated by the least squares
method. Quantum yields for degassed and nondegassed isopropyl

alcohol solutions were found to be identical within experimental
error.
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Irradiation of 10

o<

Product 10 (ca. 0.01 g) was dissolved in 10 ml of cyclo-
hexane. A 5 ml aliquot of this solution was irradiated through
guartz at 254 nm with an Ultraviolet Products PCQ-XI lamp.

Samples were withdrawn at intervals for analysis by vpc (as in

quantum yield determinations).

Gas Phase Irradiations

Gas phase irradiations were carried out in an apparatus
previdusly described (18a). Approximately 1 g of 8 was swept
through the flow system every 24 hrs. In the irradiation of 8
alone, nitrogen (1000 cc/min) was used as the carrier gas, and
32 cc/min isobutylene was added to the flow system. To keep
the starting material in the gas phase during the photolysis, the
quartz irradiation tube was heated to 80°. In some experiments
the isobutylene was replaced with 30 cc/min of nitric oxide.
Irradiation at 254 nm was with a battery of Ultraviolet Products
PCQ-XI lamps. In some experiments the procedure was repeated
exactly as in the irradiations except that the iights were not
turned on. DProducts of the photolysis were trapped in a Dry Ice-
cooled glass helices-packed column and were extracted with ether.
The ether extracts were analyzed by vpc as in the quantum yield

determinations.
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Attempt to Sensitize the Reaction of 8 with Acetone

A2x103 M solution of 8 was prepared by diluting 8
(0.0086 g) and acetone (10.0 ml) to 25.0 ml with isopropyl alco-
hol. A 5.0 ml aliquot of this solution was placed in a Pyrex
test tube and deoxygenated by bubbling in nitrogen. It was
irradiated at 305 nm with a UV Products circular lamp. Analysis
by vpc (column as in preparative photolysis) showed no decrease
in the height of the peak corresponding to 8 and none of the
products of photolysis of 8 appeared, even after irradiation

overnight.

Comparison of Absorption Spectra of 8 and of Anisole

All glassware used in these determinations had been cleaned
with soap and water. Immediately before use the glassware was
rinsed several times with distilled water and then with methanol;
it was then dried at 120°. Compound 8 was purified by prepara-
tive vpc on a 10 ft x § in column of 20% Carbowax 20M (on 60/80
mesh Chromosorb W, AW) at 1620, followed by bulb-to-bulb
vacuum distillation from lithium aluminum hydride. The anisole
had been doubly distilled by Dr. M. T. McCall. Samples were
prepared by diluting weighed amounts of anisole or 8 with cyclo-
hexane until the concentrations were in the range needed for uv

spectra (Cary 14 Spectrophotometer).
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Determination of Relative Fluorescence Intensities of 8 and of

Anisole

Anisole and 8 were purified by preparative vpc and bulb-to-
bulb vacuum distillation from lithium aluminum hydride, as
described above. Both were greater than 99.9% pure by analyti-
cal vpce (conditions as in quantum yield measurements). Solutions
of anisole and of 8 in cyclohexane (purified by the method of
Murray and Keller (62)) were prepared by dilution until a 1.0 cm
path length of each had equal O D (0.095). Three quartz tubes
(1.0 cm i.d.) fitted with grease seals and ground glass joints
were filled with solutions of Q or of anisole. They were degassed
by the freeze-pump-thaw technique and sealed under a final pres-
sure of < 10_4 Torr. The fluorescence spectra and excitation
spectra of both compounds were identical in band shape and
position. The intensity of the emission from anisole was 22

times that of § .

Attempt to See Phosphorescence from 8

Anisole (1 drop) was added to EPA (1 ml) and the solution
was added to a phosphorescence tube which was then immersed
in liquid nitrogen in the phosphorescence accessory of the Aminco-
Bowman Spectrophotofluorometer. Strong emission with onset at

ca. 350 nm was seen. The procedure was repeated with 8 but
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only very weak long wavelength emission was seen. The excita-

tion spectrum of this weak emission did not match that of anisole.
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PART II

The Role of Charge Transfer
Interactions in the Quenching of

1, 4-Dimethoxybenzene Fluorescence
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INTRODUCTION

One active area of photochemical research in recent years
has been study of the quenching of the fluorescence of electron-
ically excited molecules by compounds having lowest-lying excited
singlet states higher in energy than those of the quenchees.

A particularly active field of study has been the quenching
of excited singlets of naphthalene derivatives by conjugated dienes.
The problem had its origin in a method devised by Lamola and
Hammond (1) for measuring the intersystem crossing yields of
aromatic hydrocarbons. The energy of the lowest-lying singlet
of conjugated dienes, though not known with certainty, is thought
to be about 120 kcal/mole, considerably higher than that of naph-
thalene (ca. 91 kcal/mole) (2). However, the diene triplet, about
57 kcal/mole higher in energy than its ground state, is lower
than the energy of. the naphthalene triplet, 61 kcal/mole (2).

Thus when naphthalene is irradiated, decay of its S, states
should not be influenced by the presence of diene molecules; the
excited naphthalene should show the same quantum yields of
fluorescence, intersystem crossing, and radiationless decay as in
the absence of diene. The naphthalene triplets, however, should
be rapidly quenched by the diene to give the naphthalene ground
state and the diene triplet, which would then undergo a charac-
teristic reaction such as cis-trans isomerization or dimerization.

By measuring the amount of diene reaction, the number of
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naphthalene triplets which had been formed could be determined.
Dividing this number by the number of naphthalene molecules
which had been excited gave a measure of the efficiency of naph-

thalene intersystem crossing (® ). Lamola and Hammond used

isc
this technique to measure c,I)i sc for a number of aromatic com-
pounds (1).

A surprising observation in these studies was that the
intersystem crossing yield determined by this method was a
function of diene concentration (2). Above a certain level which
was required to quench all the naphthalene triplets, the value of
q)isc determined by the method of Lamola and Hammond decreased
with increasing diene concentration.

The problem was studied in detail by Stephenson, Whitten,
Vesley, and Hammond (2-5), who found that the intensity of
naphthalene fluorescence was decreased by the addition of diene.
This result suggested that diene molecules could interact with
excited naphthalene singlets in a process leading to decay of the

energy of electronic excitation. The kinetic data were consistent

with a very simple bimolecular mechanism (eq 1):

k
Ax + Q@ —4 -5 A + Q (1)

The rate constant kq is determined from the Stern-Volmer kinetic
formulation (eq 2) in which If and IfO are the fluorescence inten-

sities in the presence and absence of quencher, 7_ is the singlet

s
lifetime of the quenchee, and [ Q] is the quencher concentration.
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IfO/If = 1 + kq'rS[Q] (2)

Stephenson (2) proposed three general models to explain the
quenching phenomenon. The first was chemical quenching which
considered that an adduct between the excited naphthaiene and the
diene might decay to the ground states of both molecules. While
there was no firm evidence against this model, the extremely low
quantum yield for naphthalene disappearance (@diss < 0.01 when
90% of S, states are quenched) suggested that any intermediate
could not lie too far in the direction of chemical adduct along a
reaction coordinate.

The second model considered was a charge transfer inter-
action. Stephenson studied a large number of substituted dienes
and found that in general substitution of methyl groups on the
basic diene skeleton produced several changes: a lowering of
the diene S, energy, a lowering of the diene ionization potential,
an increasing of the electronic polarizability, and an increasing
of steric repulsion. Since molecular properties are so closely
related, correlating quenching rate constants with ionization poten-
tials for a simple charge transfer model (eq 3) gave fair corre-
lations, but not much better than correlations of quenching with
other molecular parameters, such as boiling points (2).

fast

K
a8 L p 4 (AD)* —> A + D (3
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The third model proposed by Stephenson was the exciton

delocalization model (eq 4):
A L Qs A%Q > AQY) —> A + Q  (4)

This model predicts that correlations between singlet excitation
energies and quenching rates should appear. The first excited
singlet energy level of dienes are not accurately known (2), but
the best available estimates gave structure-reactivity correlations
which were about as good as those obtained from the charge
transfer model.

The theoretical adva.ntage of this last model is that it con-
sidered the excitation energy of the naphthalene to have access
to the rapid non-radiative decay modes of the dienes (Conjugated
dienes typically show no fluorescence). That some of the energy
of the electronic excitation can be dissipated through the quencher
is evidenced by the rearrangement of quadricyclene to norborna-
diene (6) and the racemization of optically active sulfoxides (7)
when naphthalene fluorescence is quenched by quadricyclene and
aryl alkyl sulfoxides, respectively.

This specific description of the singlet quenching interaction
has provided the basis for a more general model of quenching
phenomena (8): quenching is thought to proceed through the
reversible formation of an exciplex (eqs 5 and 6) which can decay
to the ground electronic states of both quencher and quenchee by

dissipating energy through the vibrational modes of each.
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k

A+ Q@ —Is  (AQ* (5)
_1 exciplex
k . .
(AQ)* — 25 Ax iv1b) N ?* (vib) 6)

A Q or other products

The binding energy of the exciplex is seen to arise from many
factors, including exciton delocalization and charge transfer
interactions (eq 7), but binding interactions (eq 5) may be distinct

from radiationless decay processes (eq 6).
AQ* = A*Q e AQ* > ATQ > A Q" (1)

While this model was being developed, however, work being
done in related areas was advancing a quite different viewpoint
about the nature of singlet quenching. Weller (9), Van (10), and
others had been studying the reactions of excited molecules and
had observed quenching of the fluorescence of aromatic hydro-
carbons by aliphatic and aromatic amines. They had shown that
in many cases the quenching is accompanied by broad, structure-
less emission to the red of normal fluorescence. The results
suggested a charge transfer interaction in which the amine was
thought to donate a nonbonding electron to the excited molecule to
form an exciplex which could emit exciplex fluorescence or sepa-
rate into ion radicals (eq 8):

-+ - +
NR3

A* —=> (ANR) ——> A + NR, (8)
J hu Jhv
A A+ NRg
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The separated radical ions have been identified by flash spectros-
copy in some cases. When these radical ions are generated inde-
pendently and are allowed to diffuse together, emission is seen

which is identical to that seen from the exciplex formed from NR3

quenching of A*. As solvent polarity increases, two effects on
the exciplex emission are noted: (1) the polar exciplex is stabi-
lized, so the emission moves to longer wavelength and (2) the
stability of the radical ions also increases; more exciplexes
separate and the exciplex emission becomes less intense (9,10).

Since that time Weller and coworkers have begun to apply
this type of charge transfer description to an increasing number
of quenching processes. In 1969 Solomon, Steel, and Weller (11)
wrote the change in free energy for formation of a charge trans-
fer exciplex as eq 9, in which A and D represent an acceptor
and donor in an electron transfer process and lAE A is the singlet
excitation energy of A, IP, is the jonization potential of D, EA A
is the electron affinity of A and C is the Coulombic energy gained
by bringing A~ and D* from infinity to a distance X apart in

solution.

1
AF = -TAE, + IP, - EA - C (9)

Even though electron affinities are not accurately known, they may
be estimated from polarographic reduction potentials, E,, by eq
2

10 in which AFS g is the change in free energy for the reaction

Asolution t A gas > A solution Agas'
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EA = E, + AF +  constant (10)
2 Sg
Solomon, Steel, and Weller concluded that for a series of accep-

tors, a constant donor, and the same solvent, eq 11 should hold.

AF = constant - [1AEA + E-;—] (11)

These workers obtained a good correlation between log kCl and
the right side of eq 11 for quadricyclene quenching singlets of a
large number of naphthalene compounds and concluded that the

stabilization of the exciplex was largely charge transfer (eq 12):
(AD)* = (A*D) e—> (A'D") (12)

Since piperylene showed a similar structure-reactivity
pattern (eq 11) with selected naphthalenes, they concluded that
charge transfer stabilization might be significant in that case also.
They also suggested as an explanation for the observed naphthalene-
sensitized rearrangement of quadricyclene to norbornadiene that
the quadricyclene radical cation involved in the exciplex could, in
accepting an electron through radiationless decay of the exciplex,
relax either to quadricyclene or norbornadiene.

Subsequently, Evans (12) contrived another kinetic formula-
tion for analysis of singlet quenching processes. In this model
the concept of a "proximity pair'" (A*/Q) is introduced and irre-
versible radical ion pair formation is seen to occur at rate k'

q
(eqs 13 and 14).



(1) M A* kI‘ ATQT 13
A* + Q FE:;— (A*/Q) ———> (AQ") (13)
IO/I = 1 =+ kq"rs[ Q] (14)

The term k diff is the rate constant for diffusion of A* and @
together, k_ q is the rate constant for diffusion out of the solvent
cavity, and k. is the rate constant for the irreversible quenching

step. In this formulation kq' is given by eq 15:

k' = Kqir Kp | (15)

q
k_q+ Er

With this kinetic scheme, Evans arrived at the relation of
eq 16, where IP is the ionization potential of the donor and C is
the Coulombic term again.

K !
In R—d—l—f—f—q:—l—{?l.—- « IP + C (16)
The real difference between this model and that of Solomon, Steel,
and Weller (eq 11) is that this formulation straightens the curva-
ture in plots of log kq vs. ionization potential which appear as the
quenching rate approaches the rate of diffusion. For reactions in
which kr < kdiff in eq 14, the encounter complex need not appear
in the simplest kinetic formulation for the system (13).
Using eq 16 and published quenching rate constants, Evans

was able to obtain a linear correlation for quenching of acridine
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fluorescence by a series of amines. He then applied the same
equation to the quenching of naphthalene fluorescence by a series
of dienes, quadricyclene, and norbornadiene. The fit for the
dienes was fair--the linear correlation coefficient was 0.939.
Interestingly, however, quadricyclene and norbornadiene showed
great deviation from the diene line. This behavior was puzzling
in view of Solomon, Steel, and Weller's assertion that quadri-
cyclene quenched by a charge transfer interaction also (11).

Rehm and Weller (14) have since developed a more detailed
kinetic model which they have applied to a number of charge
transfer- interactions. This description is based on the premise
that electronic excitation, in raising an electron from a filled
orbital to an unfilled one, both decreases the ionization potential
and increases the electron affinity of the excited state over the
ground state. This property might then give rise to electron
transfer reactions between excited aromatic molecules and either
donor or acceptor molecules in solution. Rehm and Weller's
kinetic formulation (eq 17), like that of Evans, includes terms

for diffusion together (k,,) and apart (k,,) of the quencher and

quenchee.
k k :
F* + Q ——__.1.?__> F* DO-Q __i_; 2Fq: oo 2Qi (17)
\1,1/7 Ky K32 \Lk30
F F + Q

The rate constant k30 measures all possible paths for disappearance
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of the radical ion pair, such as diffusion apart or back transfer
of the electron to give triplet or ground states. The rate con-
stant k,; is the rate of the actual electron transfer which forms
the exciplex and kg, is the rate constant for the reverse step.

By applying the steady state approximation to the transient
species involved, Rehm and Weller were able to derive an expres-
sion (eq 18) for the experimental kq measured in a typical Stern-

Volmer plot.

k = 18
q Ko Kk, (18)

1 .
+ E;—g + 30 Kz_—;;

=
f—

The last fraction in the denominator has the significance given
in eq 19, where AG,; is the free enthalpy change for the actual
electron transfer in going from the encounter complex to the ion

pair.

Kis = ky/ky = exp(-AG,,/RT) (19)

This value can be calculated from eq 20 in which E[ D/D']
represents the oxidation potential of the electron donor, E[A™/A]
is the reduction potential of the acceptor, eoz/ €x is the change
in free enthalpy for bringing the two radical ions to encounter
distance x in a solvent of dielectric constant €, and AE 0,0 is the

energy of electronic excitation.
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AG,, = 23.06(E[D/D'] - E[AT/A] - e %/ex) - AE_ _ (19)

Through arguments about solvent properties, approximations con-

cerning the relative shape and size of reactants, and by fitting

enthalpic electron transfer, Rehm and Weller concluded that in

acetonitrile experimental kq values for all charge transfer

quenching processes would be given by eq 21:

2 x 1010 Msec"1
k = 7 — (21)
q 1 + 0.25(exp(aG,,*/RT) + exp(AG,,/RT))
where
8G, = [(aG,/2)% + (2.4 keal/mole)?] + AG,/2  (22)

It should be emphasized that eq 22 is an empirical formula
chosen to fit the experimental data. Nevertheless, Rehm and
Weller claim that eq 21 should predict within a factor of 2 the
rate constants for all quenching processes in acetonitrile which
proceed by a charge transfer mechanism. Using this equation
they report predicting from spectroscopic and electrochemical data
the rate constants for quenching in more than 60 donor-acceptor

systems with k, values ranging from 10% to 2 x 100 ﬂ"lsec_l.
Rehm and Weller did not consider the quenching of naphthalene
fluorescence by strained hydrocarbons or by conjugated dienes.

They did report the quenching of naphthalene fluorescence by
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tetracyanoethylene, 1,4-dicyanobenzene, and benzonitrile (in order
of decreasing rate constants)--interactions in which the excited
singlet was thought to act as the electron donor.

It was the prospect of investigating such quenchee to
quencher charge transfer interactions which gave rise to the
present study. The direct impetus for the present investigation
was a series of reports by Witkop and coworkers, who have been
investigating photocyclizations. They have reported a number of

reactions of this type, among them those in Scheme I (15).

Scheme I

H,CO c—CE,
/NH _hv
EtOH-H, O
) — H,CO
H,CO Clle \ 3
H, O H,

hv
NaOAc
aq THF

R = Hor CH,O

Although tne lower energy chromophore in each molecule is the
aromatic function, the results indicate that the chloroacetamide
function must interact with it. McCall, Hammond, et al. began

a study of the intermolecular interactions of chromophores such
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as those in Scheme I and found that chloroacetamide and methyl
chloroacetate were efficient quenchers of such 'electron-rich"”
aromatic molecules as indole or 1,4-dimethoxybenzene (16).
Table I summarizes the results of that study. The observation that
kq increases on going from naphthalene to 2-methoxynaphthalene
to 2,6-dimethoxynaphthalene, and from benzene to anisole to
1, 4-dimethoxybenzene, suggested that charge transfer from the
aromatic molecule to the quencher might accompany the quenching
process.

The purpose of the study reported in this section was to
extend the investigation of McCall et al. by determining the
structure-reactivity relationships for the quenching of 1, 4-dimeth-
oxybenzene fluorescence by other organic compounds and to use
the results to evaluate various models for the quenching inter-

action.
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TABLE I. Rate Constants for Quenching of Fluorescence by

Methyl Chloroacetate®® (1. sec™t mol'l)
Solvent

Compound Acetonitrile Hexane 'rob
Indole 2.2x10° 1.4x100 g5
Anisole 1.1 x10°  1.5x10° 9.5
1, 4-Dimethoxybenzene 5.5 x 109 1.2 x 1010 2 +1
N, N-Diethylaniline 8.9 x 10° 3+ 0.5
Naphthalene 4.0 x 106 95
2-Methoxynaphthalene 2.4 x 10'7 17.5
2, 6-Dimethoxynaphthalene 5.6 x 107 1.8 x 107 11.5

2Emission spectra from degassed solutions were recorded by
an Aminco Spectrophotofluorometer. bLifetime in nanoseconds
determined by a TRW Model 31A nanosecond spectral source
coupled to a Tektronix Type 556 dual beam oscilloscope. ®From
M. T. McCall, G. S. Hammond, O. Yonemitsu, and B. Witkop,
J. Amer. Chem. Soc. 92, 6991 (1970).
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RESULTS AND DISCUSSION

1, 4-Dimethoxybenzene (DMB) was chosen for further study
for several reasons. The fact that it is a solid at room tem-
perature makes it easy to purify and store. Since it absorbs
light at 310 nm, fluorescence studies can be carried out in Pyrex
glassware. Finally, it is suitable for use as a quenchee for a
study of this type because its fluorescence is quenched by a num-
ber of organic compounds.

Since the value determined experimentally from a Stern-
Volmer plot of relative fluorescence intensity vs. quencher con-
centration is the slope, kq'rS (cf., eq 2), it is necessary to know
Ty in order to know kq' McCall (16) used the value 2 + 1 nsec,
which he determined experimentally using a TRW nanosecond
spectral source coupled with a Tektronix Type 556 Dual Beam
Oscilloscope, as has been described (8). However, Berlman
reports T to be 2.9 nsec in cyclohexane and 2.7 nsec in ethanol
(17). These values were determined by the single photon counting
technique (18), which enables one to measure lifetimes of 1 nsec
or less with an accuracy of + 10%.

In order to determine more accurately the lifetime of DMB
in acetonitrile, the absorption spectra and fluorescence spectra of
DMB in ethanol and acetonitrile were compared. The absorption
spectrum of DMB in acetonitrile was approximately 2% less intense

and its absorption maximum was shifted 2 nm to the red compared
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to that measured in ethanol. The integrated absorption spectrum
of DMB in the two solvents is the same, within experimental
error (ca. + 10%). Thus, the natural lifetime, TSO, of DMB in
the solvents is the same within the experimental uncertainty of
+ 10% (19). The fluorescence spectra (corrected for phototube
response) were also identical within experimental error, although
the quantum yield of fluorescence in acetonitrile was 2% less than
that in ethanol and the fluorescence maximum was also shifted
2 nm to the red (21). Since 74 = QETSO, it must be concluded
that the lifetime of DMB singlets in acetonitrile is also 2.7 + 0.3
nsec. This value will be used below.

Early experiments demonstrated that the quenching of DMB
fluorescence was not limited to chloroacetamide and methyl
chloroacetate. A number of other organic chlorides were inves-
tigated, and the results are summarized in Table II. All
quenching studies were conducted in degassed acetonitrile solu-
tions. As evidenced by their absorption spectra, all the quenchers
had lowest-lying excited singlets higher than that of DMB. The
kq values were calculated from the slopes of Stern-Volmer plots
which are accurate to within + 10%. 1In all cases the unquenched
portion of the fluorescence had the same spectral distribution as
that observed in the absence of quencher. No new emission was
detected in either acetonitrile or benzene solution.

The k_'s for the para-substituted benzyl chlorides yield a

q
linear Hammett correlation with o, as shown in Figure 1.



81
TABLE II. Rate Constants for the Quenching of 1,4-Dimethoxy-~

benzene Fluorescence by Organic Chlorides

Quencher kq(_l\{[_—lsec-l)
C1-CH,CN 9.6 x 10°
p-Cl1C,H,CH,-Cl 8.9 x 10°2
p-FC,H,CH,-Cl 6.2 x 102
CH.CH,-Cl 5.6 x 10%2
p-CH,C,H,CH,-Cl 4.1 x 10%2
Cl-CH,COOCH, 4.1 x 109
CH,=CHCH,-Cl 2.0 x 102
Cl-CH,CONH, 8.9 x 10°2
C1-CH,OCH, 1.2 x 102
C1-CH,CH,CH, < 10%

4Corrected from the data of McCall (23). b

No fluorescence
quenching was detected. This is an estimate of the upper limit

of kq.
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The value of p calculated from this plot is 0.85.

It was also found that a carbon-chlorine bond is not a
requirement for efficient quenching. Table Illists the rate con-
stants for quenching DMB fluorescence by a number of additional
compounds. The kq values for the para-substituted benzyl ace-
tates also show a linear Hammett correlation, with p equal to
5.2. Attempts to prepare para-substituted benzyl mesylates were
successful only with p-chlorobenzyl mesylate and with benzyl
mesylate itself. While there is no certainty that a linear Ham-
mett plot would be obtained with the mesylates, the value of p
determined from these two points is 0.14. The dependence of kq
on para-substitution for the three benzyl systems investigated
here is summarized in Table 1IV.

These results suggest quite strongly that charge transfer
from the excited molecule to the quencher occurs during the
quenching process. A positive value of p in a Hammett plot is
usually considered as evidence for some degree of negative
charge at the transition state in the rate-determining step of the
reaction under consideration. The relative values of the p's in
TableIV do not, however, provide much insight into the precise
nature of the quenching interaction.

As was pointed out in the Introduction (cf.,eqs 5 and 6), in
general quenching interactions structure-reactivity relationships

may have an effect on either: (1) the binding energy of the

exciplex, (2) the radiationless decay of the exciplex, or (3) both.
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TABLE III. Rate Constants for the Quenching of 1,4-Dimethoxy-

benzene Fluorescence

Quencher k_ (M~

ju—
"

[y
o

p-C1C,H,CH,-OAc
C,H,CH,-OAc
p-FC.H,CH,-OAc
p-CH,C;H,CH,-OAc
CH,=CHCH,-OAc
p-Cl1C,H,CH,-OMs
C.H,CH,-OMs

~J = D e W W

U1 O O b W N O O N3
»
Job
o

CH,=CHCH,-OMs

ey

Trifluoroacetic Anhydride

Ethyl Trifluoroacetate 1.
Acetic Anhydride 1.
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TABLE IV. Substituent Effects on Quenching by p-XC,H,CH,-Y

X = CH,, H, F, Cl

Y p
OAc 5.2
Cl 0.85
OMs 0.14%

4petermined for X = H, Cl only.
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These effects are related kinetically to the rate constants k1 (and

k-l) and k2’ respectively, in eqs 5 and 6. In this formu-
lation the experimental rate constant kq has the significance
shown in eq 23:
kg, = _t1f2 (23)
k_1 + k2

If k2 is much larger than k-—l’ the relation for kq reduces to the

form shown in eq 24:

k = k1 (24)

In other words, the experimental kq will be governed by factors

which determine k., regardless of the nature of the radiationless

17
decay step, k2' On the other hand, if k2 is slow relative to k1

and k_;, the relation for kq reduces to the form shown in eq 25:

k= kko/k | = Kk (25)

That is, the rate .of radiationless decay of the excitation will be
attenuated by the equilibrium constant K. If eq 24 holds, the
effect of charge transfer on variations of kq may be attributed to
corresponding variations of kl‘ This is the assumption made by
Solomon, Steel, and Weller (11) and by Evans (12). If eq 25

holds, however, charge transfer effects might be observed on

e ither or both K and k2‘



817
The use of the term ''charge transfer interaction' in the
present discussion should not be interpreted to mean, as do

Solomon, Steel, and Weller (11) or Evans (12), the irreversible

formation of a radical cation--radical anion pair. Such an inter-
action must necessarily give rise to the thermodynamic formula-
tion of eq 9. For the quenching of one excited molecule by a
series of quenchers which act as electron acceptors, eq 9 reduces
to the form of eq 26; i.e., there should emerge a linear corre-

lation between log kq and quencher reduction potential,

log k = ¢ + CoE (26)

q

1
2

This relationship is the analog of the linear correlation expected
between log kq and quencher ionization potential when one

excited compound is quenched by a series of electron donors (11,
12). It follows directly from the equation for log kq in the
general charge transfer case (cf., eqs 18, 19, 20, and references
11 and 12) if the Coulombic term is constant for the series of
radical ion pairs. Rehm and Weller (14) have shown this to be
true for charge transfer complexes which show ranges of molecu-
lar dimensions and charge transfer exothermicity at least as
great as for those complexes which might be generated in the
present study (The application of the more detailed eq 21 to the

present study will be discussed below).
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If charge transfer leads to irreversible formation of a
radical ion pair in the quenching of DMB fluorescence, a corre-
lation in the form of eq 26 would be predicted. However, it
should be emphasized that although such a mechanism might
predict the relationship shdwn in eq 26, the converse is not true.
A similar correlation could arise from distinctly different inter-
actions (vide infra).

To evaluate eq 26 for the quenching of DMB fluorescence,
the reduction potentials of a number of quenchers used in this
study were determined. The measurements were made at a
carbon electrode in N, N-dimethylformamide (DMF) containing
0.01 M tetraethylammonium perchlorate as the supporting electro-
lyte. Control experiments in which reduction potentials of selec-
ted quenchers were determined at the carbon electrode in aceto-
nitrile containing 0.01 M tetraethylammonium perchlorate as
supporting electrolyte or at the dropping mercury electrode in
DMF containing the same concentration of tetraethylammonium
perchlorate ruled out significant solvent or electrode effects as
important factors in determining relative values of the reduction
potentials.

Table V lists the results for the chlorides, acetates, and
mesylates studied here, and Figure 2 shows a plot of log kq vS.
quencher reduction potential. It is clear that a linear correlation
for all the quenchers is not obtained. Within the various series

(chlorides, acetates, or mesylates) linear correlations do appear.
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TABLE V. Reduction Potentials of Quenchers

Quencher No. Quencher E% vs. S.C.E. (volts)
1 CI1CH,CN - -1.76 £ .03
2 p-C1C,H,CH,CI -1.79 + .03
3 p-FC,H,CH,CI -1.90 + .03
4 C.H,CH,Cl -1.93 + .03
5 p-CH,C,H,CH,Cl -1.90 + .03
6 CICH,COOCH, -1.84 + .03
7 CH,=CHCH,Cl -2.08 = .03
8 CICH,CONH, -2.12 + .03
9 C1CH,OCH, -2.39 + .10
10 p-CIC,H,CH,0Ms -2.03 + .03
11 C,H,CH,OMs -2.11 £ .03
12 CH,=CHCH,OMs -2.30 + .03
13 p-CIC,H,CH,0Ac -2.44 + .05
14 p-FC,H,CH,OAc -2.61 + .03
15 C,H,CH,OAc -2.60 + .03
16 p-CH,C,H,CH,0Ac -2.70 + .03
17 CH,=CHCH,OAc -2.86 + .05
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Figure 2

Correlation of log kq

with Quencher Reduction Potential .
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The points generally describe three straight lines. The curvature
at the top of the curves may be due to a leveling effect as kq
approaches the diffusion-limited encounter rate, kD' The results
shown in Figure 2 are inconsistent with the relation of eq 26 and
suggest that irreversible formation of a radical cation-radical
anion pair is not involved in the quenching of DMB fluorescence
by the quenchers used in this study.

The results shown in Figure 2 seem more compatible with
the kinetic formulation of eqs 5 and 6. That is, fluorescence
quenching is the result of enhanced radiationless decay of the
excited molecule with certain vibrational modes of the quencher
being involved in the dissipation of energy.

The photocyclizations of Witkop and coworkers (15) and the
observation of product formation in very low quantum yield from
one bimolecular quenching study of this series (16) suggest but
do not prove that the C-Cl, C-OMs, and C-OAc bonds are
involved in the singlet quenching process. It has not been con-
clusively shown that photoproducts do not arise from interaction
of the organic chloride function with aromatic triplets formed by
intersystem crossing from unquenched aromatic singlets. Quan-
tum yields were not determined in the photocyclizations of Witkop
and in the case of bimolecular product formation the quantum
yield was so low in the only case studied (16) that no clear-cut
evidence for either singlet or triplet reaction could be obtained.

Nevertheless, product formation implicates the vibrational modes
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of the C-Cl bond (for example) as a sink for the energy of elec-
tronic excitation. The suggestion is that coupling of the excited
state with these modes in an exciplex provides a facile path for
radiationless decay of the exciplex.

Some support for this view may be found in the work of
Ogata et al. (24), who find carbon-halogen bond homolysis upon
the direct irradiation of ethyl haloacetates. Furthermore, there
is a possible relationship between this study and the work of
Berenfel'd and Krongauz, who investigated the fluorescence of a
series of substituted benzyl systems and concluded that intra-
molecular charge transfer plays a role in determining the proba-
bility of their radiationless decay (25). Taken together, these
results suggest that C-Cl bond vibrational modes are involved in
the radiationless decay processes of the chlorides used as
quenchers in this study. By analogy, C-OMs and C-OAc bond
vibrational modes may be important radiationless decay processes
in the acetates and mesylates also. It is known that irradiation
of cyclohexyl mesylate produces cyclohexene via the cyclohexyl
cation and mesylate anion (26). Thus, as was the case with
conjugated dienes, compounds found to be effective quenchers here
have radiationless decay pathways which could be useful for the
dissipation of the electronic excitation of an excipiex.

If coupling of the vibrational modes of the C-Cl, etc.,
bond is important in the radiationless decay mechanism, then it

might be the same among a series of chlorides, acetates, or
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mesylates. In that case k2 would be roughly constant within a
series of chlorides, acetates, or mesylates.

While the decay rates of the exciplexes derived from DMB
may be invariant for a series of chlorides, etc., used as
quenchers, the equilibrium constants K need not be identical.
The straight lines in Figure 2 suggest a relationship between K
and the quencher reduction potential. In particular, if binding of
the exciplexes is derived only from rapid, reversible, resonance
charge transfer from the excited singlet to the quencher, and not
to any significant degree by exciton delocalization (AQ*) or
quencher-to-quenchee charge transfer (A'Q+), then the exciplex
might be described as shown in eq 27, and K might be a function
of the change in free energy of formation of the charge transfer

species exactly as was predicted for kq in eq 26.
AQ* = A*Q —— (A'Q) (27)

If in the logarithmic form of eq 25, the right side of eq 26

is substituted for the log K term, eq 28 is obtained.

log kq = ¢ ¢+ czE% + log k, (28)

This is the kinetic formulation for the situation in which the
binding energy of the exciplex is derived from charge transfer
resonance interactions, but the actual radiationless decay of the
exciplex occurs with rate constant k2 through modes which are a

function only of the type of quencher and not of its reduction
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potential. The correlations shown in Figure 2 are entirely con-
sistent with this formulation.

It is interesting at this point to compare the experimental
values for kq with those predicted from the more elaborate model
of reversible electron transfer proposed by Rehm and Weller
(14). In eq 21 the value of AEo,o is 3.97 eV from Berlman's
data (17). E[D/D'] for DMB is reported by Rehm and Weller to
be 1.34 eV (14). The e ®/ex term at 4A is 0.10 eV. Table VI
summarizes the results. It may be seen that the comparison
between kq(calc) and kq(exp) is not altogether bad, although most
calculations fail Rehm and Weller's test of being within a factor
of 2 of the experimental value.

This close correspondence between predicted and experimental
kq values does not necessarily invalidate the conclusions of the
previous discussion, however. While showing a close fit to the
gross value of kq, application of eq 21 fails to predict success-
fully the variation of kq from one quencher to another. In gen-
eral, eq 21 predicts all the chlorides to quench with the same
rate constant. This is not at all the case. As is seen in Figure
2, the kq values of the chlorides show a systematic variation with
E 1 which is successfully predicted by eq 28.

Perhaps eq 21 fails to predict the ordering of quenching
rate constants because the quenching process in the present study

is different from that studied by Rehm and Weller. Evidence that

radical ion pair formation and exciplex charge transfer resonance
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Calculation of kq from the Formulation of Rehm and

Quencher -AG,, AG,,¥  cale Obs
eV(kcal/m)

1 CICH,CN .78(18.0)  0.3145 14 9.6
2 p-ClC4H,CH,Cl .75(17.3)  0.3267 14 8.9
3 p-FC.H,CH,Cl .64(14.8) 0.3794 14 6.1
4 CyH,CH,Cl .61(14.1) 0.3973 13 5.5
5 p-CH,C,H,CH,Cl .61(14.1)  0.3973 13 4.1
6 CICH,COOCH, .67(15.5) 0.3631 14 4.1
7 CH,=CHCH,CI .43(9.9)  0.5511 12 2.0
8 CICH,CONH, .39(9.0)  0.6000 12 0.89
9 CICH,OCH, .12(2.8)  1.378 5.6 0.12
10 p-ClC,H,CH,0Ms .51(11.8)  0.4694 13 6.1
11 C.H,CH,OMs .43(9.9)  0.5511 12 4.4
12 CH,=CHCH,OMs .24(5.5)  0.9000 9.3 0.74
13 p-CIC,H,CH,0Ac .10(2.3)  1.511 4.7 4.1
14 p-FC4H,CH,0Ac -.07(1.6)  3.32 0.27 0.52
15 C.H,CH,0Ac -.06(1.4) 3.20 0.34 0.37
16 p-CH,C,H,CH,OAc -.16(3.7)  4.88 0.02 0.030
17 CH,=CHCH,OAc -.33(7.6)  8.29 0.00005 0.010
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may be distinctly different interactions may be surmised by con-
sidering those points which fall off the lines in Figure 2. One
such point is p-methylbenzyl chloride. The electrochemical
reduction potentials for substituted benzyl chlorides have been
reported by Streitwieser (27), who found that all substituents
made the reduction potential more positive--i.e., a linear Ham-
mett correlation was not obtained. The relative values of the
reduction potentials of the benzyl chlorides reported in Table 5
are in good agreement with those of Streitwieser. Streitwieser
concluded that in the transition state for reduction the benzyl
system had both anionic and radical character (eq 29). The polar
effect, which is measured by o, affects g; radical stabilization

effects, which are in no way measured by o, affect 1.

ArCH,C1 —2—> ArCH,"Cl~ «—> ArCH,Cl" (29)
1 2

—~ ~

If this explanation is correct, then there is clearly a distinction
between the electrochemical reduction of the compounds used as
quenchers in this study and the type of charge transfer involved
in the exciplexes they form. If electron transfer formed a benzyl
chloride radical anion, intuition argues that the rate constants for
quenching and the electrochemical reduction potentials should vary
in the same systematic way upon para-substitution. That they do
not suggests that there are fundamental differences between the

two processes.
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Although the reduction potential of p-methylbenzyl acetate
was found to be more negative than that of benzyl acetate, the
E% values do not yield a linear Hammett correlation. Effects
such as those proposed by Streitwieser for the electrochemical
reduction of benzyl chlorides (eq 29) may also be operating--
though to a lesser degree--in the reduction of benzyl acetates.

The reason for the apparent success of eq 21 in predicting
the magnitudes of kq values may be seen in Table VIL which shows
the relative influence of AG,; and AGr%i on kq. Table VII also
shows the relative effect of "AG,,(0)™"-_i.e., 2.4 kcal/mole--in
determining kq. It is interesting to note that those quenchers
for which the predicted and experimental kq's show closest
correspondence, the benzyl acetates, are the only ones for which
exp(AG23I/RT) and exp(AG,,/RT) outweigh exp(2.4/RT). The point
is that the values of kq calculated from eq 21 depend primarily
on AG23(O)I, which in turn depends on an empirical value chosen
by Rehm and Weller to fit experimental quenching constants for
the systems they studied.

It might be possible to modify eq 21 to make its predictions
more closely match the experimental results, but any such change
will have to make kq more heavily dependent upon AG,, (or E L
since that is the only variable in the present study) and will have
to include a dependence on the type of quencher, whether it be

chloride, acetate, or mesylate. In other words, eq 21 will have

to be modified to look more like eq 28. In view of the success
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TABLE VII. Comparison of Factors which Determine kq(calc)

from eq 21

Quencher  exp(AG,./RT) exp(Asti/RT) exp(2.4/RT)

-14

1 6.39 x 10 1.70 57. 44
2 2.08 x 10713 1.74 57. 44
3 1.42 x 10711 1.90 57,44
4 4.62 x 10711 1.96 57, 44
5 4.62 x 10711 1.% 57. 44
6 4.35 x 10712 1.85 57. 44
7 5.54 x 107 2.53 57. 44
8 2.53 x 107" 2.75 57. 44
9 8.86 x 1073 11.23 57. 44
10 2.24 x 1072 2.21 57. 44
11 5.53 x 1078 2.53 . 57.44
12 9.30 x 107° 4,57 57, 44
13 2.06 x 1072 12.8 57. 44
14 14.89 271. 4 57. 44
15 10.62 221.6 57. 44
16  515.4 3.77 x 10° 57. 44
17 3.72 x 10° 1.19 x 10° 57. 44
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eq 28 has in correlating rate constants, there appears to be no
great utility in such a modification.

The Rehm-Weller calculations were originally applied to a
large number of organic compounds which were, in general,
fairly rigid aromatic compounds which (a) showed fluorescence
and (b) had available 7 electron systems for interaction and
extensive electron delocalization. For some of the quenchers
studied in this investigation, e.g., chloromethyl methyl ether, it
is difficult to imagine the existence of a radical anion as a
species with a finite lifetime.

The results of this study are entirely compatible with the
general kinetic formulation of eqs 5 and 6, which were originally
written for quenching by conjugated dienes. | The results in
Figure 2 suggest an explanation for the deviation of quadricyclene
and norbornadiene from the diene quenching plot of Evans (12).

If the binding energies of the exciplexes formed from excited
naphthalene singlets and a series of conjugated dienes or strained
hydrocarbons varies only with the ionization potentials of the
quenchers, then a plot of log k.  vs. ionization potential should

q
be linear only for those compounds which have the same ko; i.e.,

for compounds whose structures are closely related. If the
radiationless decay of such exciplexes occurs primarily through
twisting about the carbon-carbon double bonds (28), then k2 rates
for a series of dienes might be roughly the same. Norbornadiene

and quadricyclene, however, might have different Ky's, the
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relative magnitude depending on their radiationless decay efficien-
cies, and might not fit the diene line. These same compounds
would still show correlations with quencher electron affinity for
quenching a series of naphthalene compounds, exactly as was
demonstrated by Solomon, Steel, and Weller (11). This explana-
tion is strongly supported by a recént report by Taylor (29) that
a series of olefins and dienes show a good correlation of log kq
with quencher ionization potential, but that a series of strained
hydrocarbons (quadricyclene, norbornadiene, tricyclo [4.1.0.02’7]-

heptane, and bicyclo-[2.1.0]-pentane) show a distinctly different

linear correlation.
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CONCLUSION

The conclusion of this study is that the experimental data do
not allow exclusion of either the radical pair quenching model
which results in the kinetic formulation of eq 21 or the enhanced
radiationless decay model which predicts the kinetic formulation
of eq 26, though they are qualitatively more consistent with the
latter. It can be concluded, however, that caution should be
observed in interpreting structure-reactivity relationships in
fluorescence quenching. For example, if only organic chlorides
had been studied here, the results would have been consistent
with eq 26. Consideration of mesylates and acetates also sug-
gests that it is necessary to consider radiationless decay
processes of the exciplex in any complete description of singlet

quenching interactions.
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EXPERIMENTAL

Materials

Soilvents. Acetoniirile was Matheson Coleman, and Bell

Spectroquality grade. 1,4-Dimethoxybenzene (Aldrich) was recrys-

tallized twice from hexane by Dr. M. T. McCall. Ethanol (U. S.
Industrial Chemicals Co.) was absolute reagent grade.

Quenchers. Chloroacetonitrile (Matheson, Coleman, and Bell)

was distilled twice from phosphorous pentoxide; a center cut
(bp 120-121°%) was taken each time. Analysis by vpc on both QF-1
and Carbowax 20M columns showed the material to be >99% pure.

Chloromethyl methyl ether (Aldrich) had been previously distilled

by Dr. M. T. McCall. It was filtered through anhydrous potas-
sium carbonate and redistilled. A center cut (bp 57.2-58.5°)

was taken. Allyl acetate (Eastman Organic Chemicals) was dis-

tilled and a center cut (bp 116-1170) was passed through grade I
alumina (25 g) and further purified by bulb-to-bulb vacuum dis-

tillation. Benzyl acetates were synthesized by treating the cor-

responding benzyl alcohols (commercial materials) with acetic
anhydride in pyridine, as illustrated by the synthesis of
p-fluorobenzyl acetate: pyridine (5.5 g) was added to acetic
anhydride (6.6 g, 0.065 mol). p-Fluorobenzyl alcohol (8.0 g,
0.059 mol) was added slowly with swirling, and an exotherm was

noted. The solution was heated on a steam bath for 2 hrs; then
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it was allowed to cool. Water was added and the two phase sys-
tem was extracted three times with 50 ml portions of ether. The
ether extracts were washed five times with 10-15 ml portions of
aqueous 10% hydrochloric acid, twice with saturated aqueous
potassium carbonate, twice with saturated aqueous sodium chloride,
~ and then dried over anhydrous magnesium sulfate. The solution
was concentrated on the rotary evaporator. The products were
distilled under vacuum and a center cut was taken in each case.

Ethyl trifluoroacetate (Calbiochem) was distilled and a cen-

ter cut (bp 59.9-60.1°%) was taken. 2-Chloroacetamide (Matheson,

Coleman, and Bell) was recrystallized twice from water by Dr.

M. T. McCall. Benzyl chloride (Matheson, Coleman, and Bell),

p-chlorobenzyl chloride, p-fluorobenzyl chloride, and p-methyl-

benzyl chloride (Aldrich) were distilled by Dr. M. T. McCall.

Methyl chloroacetate (Matheson, Coleman, and Bell) was doubly

distilled by Dr. M. T. McCall. Allyl chloride (Matheson, Cole-

man, and Bell) was distilled by Dr. M. T. McCall. Acetic acid

(Du Pont), acetic anhydride (Baker), and trifluoroacetic anhydride

(Matheson, Coleman, and Bell) were used as received.

The mesylates were prepared from the corresponding alco-
hols by the procedure of Hudson and Withey (30) except that
sodium hydroxide was omitted from the reaction mixture. Com-

parable yields were obtained. Allyl mesylate was vacuum dis-

tilled (bp 52-53°, 1.5 Torr). Benzyl mesylate was purified by

bulb-to-bulb vacuum distillation. p-Chlorobenzyl mesylate, a
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solid, decomposed upon attempted vacuum sublimation. The
product was recrystallized repeatedly from 30 : 70 benzene :

hexane and had mp 48-53°,

Instruments

Fluorescence spectra were taken on an Aminco-Bowman
Spectrophotofluorometer. Absorption spectra were obtained on a

Cary Model 14 Recording Spectrophotometer.

Measurements

Samples were prepared in duplicate or triplicate in 13 x 100
mm Pyrex test tubes using 3 ml of solutions of ca. 1.5 x 1072 M
DMB and varying concentrations of quencher. The tubes were

degassed by the freeze-pump-thaw technique and were sealed

4 Torr.

under a pressure of <5 x 10~
Relative fluorescence intensities were determined and values
of kq were obtained from linear plots of IfO/If VS. quencher

concentration.

Determination of Reduction Potentials

Reduction potentials were determined in the laboratory of
Professor F. L. Lambert of Occidental College, Los Angeles,
California. The solvent was doubly-distilled N, N-dimethyl-
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formamide (Eastman) containing 0.01 M tetraethylammonium
perchlorate (G. Frederick Smith) as the supporting electrolyte.
Potentials were determined in conventional fashion using a Beck-
man Electroscan 30 in a three electrode configuration with plati-
num wire as the auxiliary electrode and a saturated calomel
reference electrode. The working electrode was the end of a
vitreous carbon rod (3 mm in diameter) obtained from the Tokai
Electrode Manufacturing Company, Tokyo, Japan, mounted via
heat shrinkable polyolefin tubing in a glass tube with a drop of
mercury making contact between the lead wire and the carbon
rod. The normal resistance between working and auxiliary
electrodes was 2000 ohms; all half-wave potentials were corrected
for internal resistance. Prior to each run the carbon electrode
was cleaned by gentle manual polishing on Linde 3A alumina
wetted with DMF; it was then rinsed with DMF and mounted in
the electrolytic cell. Ten ml of 0.01 M tetraethylammonium
perchlorate in DMF was added, after which the calomel reference
and the platinum auxiliary electrodes were put in place and the
cell was flushed with nitrogen. A blank run was made to estab-
lish the absence of reducibles. About 1.5 pl of the liquid sample
(or an appropriate volume of DMF solution of a solid sample) was
added via Hamilton syringe. The solution was again flushed with
nitrogen and a number of polarograms were recorded in the
repetitive mode of the Electroscan 30. The half-wave potential

was determined in standard fashion for the three polarograms
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after the initial run.

For some measurements (as indicated), acetonitrile which
had been distilled from phosphorous pentoxide and redistilled
from anhydrous potassium carbonate was used as solvent. Some
half-wave determinations (as indicated) were made at the dropping
mercury electrode. The capillary characteristics were m = 1.20

mg/sec and thax = 4.9 sec (open circuit, Hg height = 66.1 cm)

ax
with the electrode immersed in 0.01 M tetraethylammonium

perchlorate in DMF.
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PART III

A New Method for the
Determination of Intersystem

Crossing Quantum Yields
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INTRODUCTION

knowledge of the fate of the energy of electronic excitation. A
molecule excited by light to its first excited singlet state may
undergo a number of processes, including fluorescence, chemical
reaction, radiationless decay to the ground electronic state, energy
transfer, or intersystem crossing to an excited triplet state (1).
The excited triplet state may exhibit chemical reaction, phosphor-
escence, radiationless decay to the ground electronic state, energy
transfer, and other processes. Quantum yields of fluorescehce may
be measured without great difficulty (2,3). Quantum yields of
photochemical reaction induced by direct excitation may also be
determined. Although it is not always certain whether chemical
change occurs from the excited singlet or triplet state (4), the
multiplicity of the reactive state may often be assigned on the
basis of sensitization with triplet sensitizers. Determining the
fraction of singlets which undergo radiationless decay from the
first excited singlet is much more difficult since no emission or
photochemical product appearance which can be conveniently
measured is directly associated with this pathway.

It should be possible to determine the fraction of excited

singlets which undergo radiationless decay by subtracting the sum
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of the quantum yields of fluorescence (&), intersystem crossing
((I)isc
tunately, quantum yields of intersystem crossing are often not

), and singlet state photochemical reaction from unity. Unfor-

known with certainty; this is especially true in the case of benzene
derivatives.

A number of procedures have been devised for the measure-
ment of intersystem crossing quantum yields. Lamola and Ham-
mond (5) used the sensitized isomerization of dienes to determine
<Ii se for polycyclic aromatics, aromatic amines, and aromatic car-
bonyl compounds. The method involved measuring the amount of
cis-trans isomerization sensitized by an organic compound relative
to that caused by benzophenone (q)isc =1.0) under identical condi-
tions. The values measured by this technique must be corrected
for aromatic singlets quenched by the diene, however (6).

Cundall has used the sensitized isomerizatidn of olefins to

measure values of & for benzene in the gas phase (7) and for

isc
benzene, toluene, and o-xylene in solution (8,9). This procedure
will be discussed in more detail below.

Gouterman and coworkers have applied the method of flash
calorimetry to the determination of @isc for anthracene. The
intersystem crossing yield is calculated from the ratio of slow to
total (10'5 cal) heating following flash excitation of the sample (10).
Because of the specialized instrumentation required, the method

has not found general use.
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Eisinger et al. (11) used the method of esr absorption inten-
sity, relative to that of triphenylene as standard, to determine a
value of 0.44 for the intersystem crossing yield of naphthalene.
This is about half the presently accepted value (12). Furthermore,
the method is only applicable for aromatics with triplet lifetimes
> 1072 sec.

Triplet-triplet absorption in flash spectroscopy was used by
Porter (13) to determine qfs c for anthracene and other polycyclic
aromatics, but the method requires that triplet state extinction
coefficients be known accurately.

Parker and Joyce (14) measured delayed fluorescence from a
triplet energy acceptor, such as perylene, to determine intersystem
crossing quantum yields for several sensitizers, but the method is
complicated by competitive absorption and the resultant direct pro-
duction bf triplets by the triplet acceptor.

Sandros (15) measured the intensity and lifetime of sensitized
biacetyl phosphorescence at varying biacetyl concentrations and
calculated values for sensitizer <Ii sc assuming that the biacetyl
phosphorescence quantum yield is unity. The method is compli-
cated by photodecomposition of biacetyl. In addition, for com-
pounds whose triplet lifetimes are not much longer than their
singlet lifetimes, biacetyl fluorescence must also be measured to
correct for singlet energy transfer.

Another method, reported by Kellogg and Bennett (16) and by

Ermolaev and Sveshnikova (17), involved measuring long range
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triplet-singlet energy transfer from aromatic hydrocarbons to
fluorescent dyes in plastic films. One requirement for this pro-
cedure is that the hydrocarbon phosphorescence must show spec-
tral overlap with the dye absorption spectrum.

Wilkinson and coworkers have developed an elegant method
for the determination of intersystem crossing yields (12). The
method requires the measurement of relative fluorescence intensi-
ties of flash spectrscopic triplet-triplet absorption in solutions
containing constant concentrations of the aromatic hydrocarbon and
varying concentrations of a heavy atom additive, ‘such as xXenon,
which quenches fluorescence by inducing intersystem crossing.
When F and F° are the fluorescence intensities with and without
the heavy atom additive and DT and DTO are the corresponding
triplet-triplet absorption intensities, it can be shown that

FO/F = (F°D/FDL° - 1) + 1. Using this relationship,

q’isc
Wilkinson has measured <I>i se for a number of polycyclic aromatic
hydrocé,rbons .

Although these methods for determining intersystem crossing
yields have been developed, values of <I>i se for benzene derivatives
remain largely unknown (18). Most of the methods described
above are only marginally applicable in these cases. The singlet-
triplet energy transfer method of Kellogg and Bennett (16) has not
been extended to such compounds, probably because of the poor

spectral overlap of triplet phosphorescence with suitable acceptors.

The sensitized delayed fluorescence technique fails because the
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triplet energy acceptor absorbs at longer wavelengths than do the
benzenes. The method of absolute flash spectroscopic triplet-
triplet absorption intensities of Porter (13 )‘ and the heavy atom
perturbation technique of Wilkinson (12) fail because benzene
derivatives typically do not show triplet-triplet absorption in
flash spectroscopy (19).

Morrison (20) has used the method of Lamola and Hammond
(5) to measure Y. for toluene in solution. However, since the
sensitizer must be irradiated at wavelengths at which the diene
also absorbs, the results are complicated by the necessity of cor-
recting for light absorbed by the diene and the resulting diene
isomerization (21), as well as for toluene singlets quenched at
nearly the rate of diffusion by the diene. Recent preliminary evi-
dence suggests that singlet-sensitized isomerization may be an
important complication also (22).

Cundall's use of sensitized isomerization of simple olefins in
solution is based on the assumption that &, , + &_, = &.-
Actually, the sum of (I)c—’t and (bt——* e is the product of the intersystem
crossing yield of the sensitizer and the efficiency of triplet energy
transfer to the isomeric olefins. Cundall's assumption that the
efficiency of energy transfer is 100% ﬁay be true for benzene, but
it is clearly not the case for toluene. Morrison (23) has shown
that the efficiency of triplet energy transfer from toluene to cig-2-
heptene is 50% greater than that for transfer to the trans isomer.

Furthermore, the decay ratio--the relative yield of trans to cis
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isomers from olefin triplets——which is 1.0 for benzene sensitization,
is 1.15 when toluene is used. Since t;,here is no obvious reason
for expecting a ''pure" olefin triplet to remember what molecule
sensitized it, the intermediate responsible for the olefin isomeri-
zation may not be precisely the same when benzene and toluene
are used as sensitizers. The results are reminiscent of the dif-
fering decaiy ratios of 2-pentene triplets reported for acetone and
acetophenone sensitization, which Saltiel et al. presented as evi-
dence for the involvement of chemically bonded intermediates in
the isomerization (Schenck mechanism) (24).

The different results for benzene and toluene sensitization
may be a result of the different triplet energies of the two com-
pounds, 84 kcal/mole and 83 kcal/mole, respectively (25). The
triplet energies of olefins are not known with certainty. That of
.ethylene is thought to be about 82 kcal/mole (26), and the triplet
energies of substituted olefins are presumed to be somewhat lower
(27). An alternative explanation is that substitution of the phenyl
chromophore introduces steric hindrance which decreases the
efficiency of energy transfer from the aromatic triplet to one or
both olefin isomers. Since substitution will in general both lower
the triplet energy and increase steric hindrance in the benzene
derivative, the origin of the decrease in efficiency cannot be
resolved on the basis of available data. |

However, it would appear to be a reasonable conclusion that

substituted benzenes which have lower triplet energies and greater
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steric hindrance than toluene might be even less efficient sensi-
tizers. In the absence of convincing evidence to the contrary,
values of q’is c measured in solution for such compounds, e.g.,
o-xylene (9), by Cundall's method should be interpreted with caution.

The one method discussed above which may be applied with
any confidence to benzene derivatives is that reported by Sandros,
who measured @is c for benzene, toluene, p-xylene, and fluoro-
benzene. For these compounds, however, the singlet lifetimes are
greater than the triplet lifetimes (15), and the analysis is thus
complicated.

Most of the methods described above suffer from the require-
ment of specialized instrumentation and experimentally tedious
procedures. In order that the decay of electronically excited
singlets be better understood there is a need for a general pro-
cedure for the determination of intersystem crossing yields,
especially for benzene derivatives, which is both convenient and
accurate. The next section describes such a method and presents

the results for some substituted benzenes.
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THE METHOD AND RESULTS

The Method in Principle

The method presented here combines features from the pro-
cedures of Lamola and Hammond (5) and Horrocks and Wilkinson
(12). The aromatic compound (A) which is to be studied is
irradiated in solutions containing a 'triplet counter" (Q). In prin-
ciple, C may be any molecule which exhibits a reaction, such as
cis-trans isomerization, dimerization, or reaction with another
species, which may be sensitized by é*(s). It will be shown that
the present method, unlike those of Lamola and Hammond or Cun-
dall, does not require knowledge of either the efficiency of energy
transfer from 1}*(3) to C or the efficiency of g*(3) in producing
sensitized product (T). One restriction on C is that it should not
absorb at wavelengths at which A is irradiated. In principle, cor-
rections for such absorption and singlet photochemical reaction, if
any, could be made (cf., ref. 20), but with the great variety of
triplet counters available it should be possible to choose a system
in which these complications are avoided. To solutions of A and C
are added varying concentrations of a heavy atom fluorescence
quencher (E) which quenches fluorescence by inducing intersystem
crossing. Determining the relative decrease in fluorescence inten-

sities and the relative increase in quantum yields for the appearance
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of T allows determination of the intersystem crossing yield of é
The kinetic formulation below lists the processes considered

in the derivation of the relevant equations:

hy o A*(1)

A —> A excitation 1)
k
é*(l) ———-2—> A + h fluorescence (2)
1) 53
A —> A singlet radiationless decay (3)
(1) K4
C + A —> A + C singlet quenching by C ~  (4)
k
f}\*(l) —5—> é*(3) intersystem crossing (5)
k
* *
H + A (1) —6> A (3) + H enhanced intersystem (6)
crossing
*3) %1
A —> A triplet radiationless decay (7)
k
*
C + A (3) —-i> A+ g*(3) triplet energy transfer (8)
k
c'® 25 ¢ decay of ") without ()

chemical change

decay of g*(3) with (10)

yH

chemical change

In the notation used here, asterisks represent excited states and
superscript numbers in parentheses indicate multiplicities of

electronically excited states. Some steps which are written as
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unimolecular processes, e.g., eqs 3, 5, and 7, may be more
complex, but at constant concentrations of A they will be pseudo
first order.
The effect of fluorescence quenching by C in the absence of

H (eq 4) is given by eq 11:
' ' (o)
FO/F' = 'rfo/'rf = 1 + k7, (C] (11)

F° and F' represent fluorescence intensities in the absence and in
the presence of C, respectively. The corresponding singlet life-
times are 'rfo and 'rf'. Singlet quenching will be discussed in more
detail below.

Equation 12 describes the relative fluorescence intensities of
solutions containing constant concentrations of A and C, but

varying concentrations of H.
F'/F = 'rf'/Tf = 1 + kGTf'[I:I\] (12)

F and 7; are the fluorescence intensities and fluorescence lifetimes,
respectively, of A at constant concentrations of A and C, but with
varying concentrations of H.

In this kinetic formulation the quantum yield for appearance

of T (&p') in the absence of H is given by eq 13:

] kgl C] k10

' c E{ T 43
T 5'f
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The first term in parentheses is the intersystem crossing quantum
yield attenuated by singlet quenching. The second term represents
the efficiency of energy transfer from 1}\*(3) to C. The last term
is the fraction of g*(S) states which lead to the formation of T.
The quantum yield for the appearance of T in the presence of H
(<I>T) is given by eq 14:

ko[ C] k
[k5'rf + RGTf[Iii} 8t < 10 (14)
k7 + kg[g] kg + klO

iy

The first term in parentheses is the quantum yield for the produc-
tion of triplets in the presence of H, and the other terms have the
same meaning as in eq 13.

Dividing eq 13 by eq 14 gives the ratio of quantum yields for
the appearance of T with and without added fluorescence quencher
(eq 15). |

k5Tf + k67f[§] (15)

Yp/Yp' = 8p/% = —
57f

If all samples receive the same light dose, the ratio of quantum

yields (cI;T/ &) will be equal to the ratio of chemical yields
(YT/YT') for the appearance of T. Combining eqs 11, 12, and 15

gives eq 16, which predicts that a plot of (FO/F')(F'/F - 1) vs.
(YT/YT')(F'/F) - 1 should be linear with slope Y
0 Y
F(r _ - g |- T -E _4 (16)

T
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The method requires measurement of relative fluorescence
intensities of 1}\ and relative yields for isomerization of Q in solu-
tions with constant concentrations of A and C, but with varying
concentration of H. The ratio FO/F' is determined from the
relative fluorescence intensities of solutions with the identical con-
centrations of A but without C. Since only rela.five measurements
with the same sensitizer are involved, neither the efficiency of
energy transfer nor the triplet counter decay ratio need be known.
This feature is a major advantage over other methods employing

sensitized cis-trans isomerization (5, 8).

Assumptions in the Present Method

Before discussing the experimental test of eq 16, it is neces-
sary to consider some assumptions which were implicit in its deri-
vation. Specifically, processes represented by eqs 17-20 were not
considered above.

k

H  + f}\*(l) -—11—9 A+ H quenching without enhance- (17)
ment of intersystem
crossing
k
*3) _ 18 . *(3)
H + A —> A + H quenching of A (18)
*3) K19 *(3)
H + C —> C + H quenching of C (19)

(decreased yield of T)
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- *(3)
—=> T + H quenching of C (20)

(increased yield of T)

Intuition suggests that the last two processes will probably not be
significant. The lifetimes of olefin triplets are not known with
certainty, but in fluid solution they must be very short. If either
of the two processes should be important, curvature should appear
in plots based on eq 16; the curvature would be upward if the
process represented by eq 19 is the more important, downward
if that suggested in eq 20 predominates (vide infra).

Equation 18 represents the quenching of é*(B) by H. This
process seems unlikely for several reasons. Even if energy trans-
fer does not occur on every collision, sensitization of "triplet
counters'’ (eq 8) must provide a fast trapping process for aromatic
triplets; in the presence of a reasonably high concentration of C,
the lifetime of 1}\*(3) is likely to be short enough that quenching by
H is not significant. Furthermore, McGlynn and coworkers (28)
found that the rate constant for radiationless decay of naphthalene
triplets was essentially the same in ethyl bromide solvent as in
ethyl alcohol. This result provides more evidence that heavy atom
enhancement of T1—>S0 intersystem crossing is not important in the
present case. If such quenching should occur, however, upward
curvature in plots based on eq 16 would be predicted (vide infra).
This discussion assumes that H is not a species which will react

chemically with aromatic triplets.
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The interaction represented by eq 17 seems intuitively the
least likely, but it is the most difficult to rule out experimentally.
If such a process is important, it may be shown that eq 16
becomes eq 21; i.e., the values of & ., determined from linear

plots of eq 16 will be too large by the factor (kg + k17)/k6.

(F°/F)(F'/F - 1) = &, (kg + k1 n)/le)(YpF' /Y 'F - 1)
(21)

Since the energy difference between S1 and S o is even larger than
that between SO and Tl and since the heavy atom fluorescence
quencher functions through spin-orbit coupling (29), which shows its
greatest effect on spin-forbidden transitions, it does not seem
likely that this process can be much more important than that in

eq 18. Medinger and Wilkinson (30) considered this process in

their study of the intersystem crossing yields of anthracene deriva
tives, as determined by flash spectroscopic triplet-triplet absorp-
tions with enhancement of triplet production by bromobenzene.

They found that for many compounds

@ + <I>T(1 + k17/k6) = 1 (22)
within experimental error. Since it followed that

®, + QT(I + k3/k5) = 1 (23)

for these compounds, the authors concluded that either k17 < k6 or

k17/k6 = k3/k5 for all the compounds studied. Since the latter
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condition seemed unlikely for a series of anthracene derivatives
with triplet yields ranging from 0.75 to 0.12, they concluded that
singlet quenching by the heavy atom fluorescence quencher as
represented by eq 17 was probably not an important process. The
assumptions that the processes in eqs 17-20 may be neglected will

be considered further in the discussion section.

Fluorescence Quenching by Olefins

A quenching process which can have a significant effect on
values of <I>iS c measured by the procedure described here is that
of singlet quenching by olefinic triplet counters (eq 4). The rates
at which simple olefins quench the fluorescence of benzene and its
simple derivatives is the subject of some controversy in the litera-
ture. Cundall has reported that 'pure olefins, free from dienes
and oxidation products' quench the fluorescence of benzene and

5 M_'l sec"1 (

toluene at about 2 x 10 8), while Morrison has
reported that trans-2-heptene quenches toluene fluorescence at
1.5 x 10'7 _lvf1 sec—1 (23). In order to evaluate the importance of
singlet quenching by olefins which could be used as triplet counters
in the present investigation, singlet quenching was investigated
using cis- and trans-2-pentene freshly distilled from lithium
aluminum hydride. Analysis of the olefins by glpc indicated that
1, 3-pentadienes were present in less than 0.01% in each isomer.

The results are summarized in Table I. While the value observed
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TABLE I. Fluorescence Quenching by cis- and trans-2-Pentene

AT ANTT

Compound cis-2-Pentene

k4(yI_'1sec'1) x 1077 k4(M-1

sec'l) x 1077
Anisole 10 3.4
Toluene 3 0.65
Benzene 4

EI'These values were determined with the aSsistance of Dr. L
Lorenc.
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for quenching toluene by the trans olefin is somewhat less than that
reported by Morrison, all the quenching rate constants are con-

5 lseel reported by

siderably larger than the value of 2 x 10° M~
Cundall. It is concluded that singlet quenching may be an impor-
tant process when the 2-pentenes are used as triplet counters.
(Actually, it is of little consequence whether singlet quenching
occurs through the process indicated in eq 4 or whether impurities
are involved. As long as the decreased number of 1}\*(1) states
which results from the addition of C are taken into consideration,
the result is the same.)

Assuming for the moment that the values indicated in Table I
do represent singlet quenching by C, the ordering of the rate con-
stants there does not provide much insight into the nature of the
quenching interaction. The larvger rate constant for quenching ani-
sole fluorescence than for quenching that of toluene seems incon-
sistent with structure-reactivity relationships observed in the
quenching of substituted naphthalenes by conjugated dienes. In
those cases some authors have suggested quencher to quenchee
charge transfer as an important factor (31). The slightly greater
rate constant for quenching benzene than toluene fluorescence by the
cis isomer is consistent with those views, but greater steric hin-

drance in toluene may mask more fundamental variations affecting

k, values (32).
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The Experimental Method

The heavy atom fluorescence quencher used in this study was
xenon, which has been shown to quench singlets by inducing inter-

.

7). cis-2-Pentene was used as the "triplet

counter;’ and the appearance of trans-2-pentene (T) was monitored
by glpc. Concentrations of the aromatic compound in isooctane
solution were chosen so as to give an optical density of 2.2 or
greater at 254 nm, the wavelength which was used both for
fluorescence measurements and for irradiation for sensitized olefin
isomerization. Solutions of identical concentrations of A, one con-
taining 0.05 - 0.10 M cis-2-pentene were prepared. The samples

4 Torr in

were degassed by four freeze-pump-thaw cycles at <10~
round quartz tubes (13 mm o.d.). After the fourth pumping, a
varying amount of xenon was bulb-to-bulb distilled into selected
tubes, one at a time. The maximum concentration of xenon
achieved must have been < 0.1 M, the solubility limit of xenon in
isooctane (33). The tubes were sealed and were allowed to warm
to room temperature over several hours before fluorescence spec-
tra were recorded. The tubes were then irradiated simultaneously
at 254 nm in a merry-go-round apparatus (34) to < 4% conversion.

Appearance of trans-2-pentene, relative to n-pentane as an internal

standard, was determined by glpc.
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Results

. In order to evaluate the method described above as a pro-

cedure for the determination of intersystem crossing yields in

Anisole was of interest because of its relation to another investi-
gation (35). 1Its low triplet energy, 80.7 kcal/mole (18), is prob-
ably less than that of cis-2-pentene, so it could not be studied by
the Cundall technique. Toluene had been studied by a number of
investigators (8,15,20) so the experimental results could be com-
pared with the values in the literature. Mesitylene was selected
because it has both lower triplet energy, 80.1 kcal/mole (18), and
greater steric hindrance than toluene. It was argued above that
either or both of these factors would make the Cundall method even
more unreliable than it is in the determination of ®.sc for toluene.

Table II summarizes the results in isooctane solution at room
temperature for the three compounds studied, and plots of
(F°/F')F'/F - 1) vS. (F'/F)(YT/YT') - 1 are shown in
Figure 1. Straight lines with linear correlation coefficients =.995
are observed in each case. Values of chisc obtained from the slopes
are shown in Table II.

The estimated error limits in Table III are primarily the
result of uncertainties in the relative fluorescence intensities.
Fluorescence from solutions in round quartz tubes was observed at

90° to the exciting light. Slight variations in tube diameter can
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TABLE II. Effect of Xenon on Fluorescence and Sensitized

Cis-Trans Isomerization

Compound [C] FO/F F'/F YT/YT'
Anisole 0.10 M 1.16 1.00 1.00
1.21 1.10
1.41 1.18
1.60 1.26
2.00 1.27
Mesitylene 0.05 M 1.02 1.00 1.00
1.14 1.06
1.19 1.10
1.27 1.14
1.39 1.19
Toluene 0.05 M 1.05 1.00 1.00
1.24 1.16
1.33 1.30
1.74 1.45
1.86 1.47
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Figure 1

Determination of Intersystem Crossing
Quantum Yields of Anisole (o),
Mesitylene (&), and Toluene (O

in Isooctane Solution
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TABLE III. Intersystem Crossing and Fluorescence Quantum

Yields in Isooctane Solution

36 .
Compound g0 & oot & @is c(11terature)
Anisole 0.74 + .04 0.24 + .01 0.98 + .05
Mesitylene 0.60 + .03 0.13 + .01 0.73 + .04
Toluene 0.52 + .03 0.14 + .01 0.66 + .04 0.53 (15)
0.46 (8)

0.34 (20)
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have significant effects on the fluorescence ratios observed since
‘the optical densities of the solutions were greater than 2 at the
exciting wavelength.

Table III also shows fluorescence quantum yields for these
compounds in isooctane solution; they were determined by com-
paring the respective fluorescence intensities to those of cyclo-
hexane solutions of equal optical density and were corrected for
solvent index of refraction (36). Values of ®; are essentially the
same in both solvents.

The only one of the compounds studied here for which q’isc
had been reported is toluene, and literature values are also shown
in Table III. The present determination, 0.52, agrees well with
that of Sandros (0.53) but is larger than the other two values.
Cundall's value of 0.46 (8) is probably low because of the ineffici-
ency of energy transfer to the trans isomer. Cundall measured

only & ®, . was calculated assuming the ratio of §_ /&, ;

c—t’
is the same for toluene as was observed for benzene (0.95). In
view of Morrison's report (23) that the ratio is really 1.15 + .15,
Cundall's value may be corrected to give @isc = 0.49 + .04.
Another complicating factor may be that Cundall's value was
measured in neat toluene. Recent evidence indicates that singlet
excimers may increase benzene intersystem crossing yields (37);
however, Morrison reports no concentration dependence of ‘I’is c
for toluene in the range 0.02 - 5 M.
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There are no obvious reasons why the value of <I>i se reported
by Morrison should be in error. The value of 0.34 was measured
with piperylene isomerization and may not be adequately corrected
for singlet quenching and other complicating factors. (The '‘uncor-
rected" value was 0.076) Another reason may be that Morrison's
degassing procedure involves purging solvents with argon, which
may not remove all oxygen from the solutions. Although it is pos-
sible that Morrison's value of 0.34 is an accurate measurement,
it seems inconsistent with the values measured in this study and
two others by three quite different methods.

It may be seen from Table III that the sum of <I>1 se * <I>f is
unity, within experimental uncertainty, for anisole, but that the sum
is considerably less for mesitylene and toluene. A significant
fraction of the excited singlets of these two compounds must decay
without fluorescence or intersystem crossing. This result is in
contrast to that obtained for polycyclic aromatics, for which the
sum of (I)isc + & generally is near unity (17).

Table IV shows the fluorescence, radiationless decay, and
intersystem crossing rate constants for the compounds studied here
(calculated from the relationship k - Tf°/¢n, where 'rfo has the
meaning indicated on page12l). It is interesting to note that values
for k3 show only a slight variation among the three compounds, and
that the variation in k5 is not much greater. It would be premature
to speculate on the origins of these differences. Further study with

a number of benzene derivatives may provide a more secure basis
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for the discussion of singlet radiationless decay processes.

Accuracy of the Method

The lack of curvature in the lines in Figure 1 suggests th

at
quenching processes described in eqs 18-20 are not significant
sources of error. The good agreement of the value of q’isc
measured for toluene with two of the three previously reported
values does not entirely confirm the accuracy of the method, but
it is a satisfying indication that intuitive concepts about the type
of quenching in eq 17 are probably correct. It may be concluded

that the method presented here is a reliable, convenient procedure

for determining intersystem crossing quantum yields.
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DISCUSSION

Extension of the Method to the General Case

In principle the present method may be extended in a variety
of ways. For example, the determination of relative fluorescence
intensities might be replaced by determination of relative yields of
singlet photoproduct. Any process which is characteristic of the
singlet state may be used as the ''singlet counter]' and any process
which is characteristic of the triplet state may serve as the "trip-
let counter.'" By using lower energy triplet counters, such as
dienes, intersystem crossing yields for compounds with triplet
energies much lower than those of simple olefins may be determined.
Other heavy atom additives, such as bromobenzene, may serve as
H in these cases if they do not absorb light at the wavelength at
which A is excited. Quina (36) has determined (I)isc for naphthalene
using cis-1, 3-pentadiene as the triplet counter and ethyl bromide
as H. His value, 0.79, is in good agreement with that reported

by Horrocks and Wilkinson, 0.82 (12),

Other Applications of the Method

After the work described here was completed, it was learned

that somewhat related studies have been described. Cundall (38)

has reported that the fluorescence of o-xylene and its
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photorearrangement to m-xylene are quenched with the same rate
constant by xenon and has concluded that the rearrangement occurs
from the singlet state. Bensasson et al. (39) used added xenon to
increase the intensity of a transient absorption in the pulsed laser
photolysis of benzene. Using a kinetic formulation which was
essentially that of Horrocks and Wilkinson, these workers presented
evidence that the transient absorption was due to a benzene triplet
excimer,

Further possibilities include application of intersystem
crossing enhancement to elucidate the mechanisms of photochemical
reactions in bichromophoric systems (40-42) and other systems in
which the multiplicity of the reacting states is not clearly defined.
In addition, it should also be possible to apply the principles dis-
cussed here to the study of photochemical and photophysical pro-

cesses in the gas phase.

Concluding Remarks

The results of this study indicate that the method presented
here can be a convenient, useful technique for the determination of
intersystem crossing yields of aromatic compounds and should thus
be helpful in understanding the decay processes of electronically
excited states, especially for benzene derivatives. In addition, the
use of the enhancement of intersystem crossing as a photochemical

tool to identify the multiplicities of excited states which lead to
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photochemical products is a particularly attractive potential

application of the present method.
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EXPERIMENTAL

Instruments

A Hewlett-Packard Model 700 gas chromatograph with flame
ionization detectors was used for gas-liquid phase chromatography
(glpc). Integrals were recorded on a Hewlett-Packard Model 3307B
electronic integrator. Fluorescence spectra were recorded on

Aminco-Bowman or Perkin-Elmer Model MPF-3 spectrophotometers.

Materials

Xenon was Airco analyzed research grade; the analyéis sup-
plied with the sample indicated 10.4 ppm krypton as the only
impurity detectable by mass spectrometry. Benzene (Matheson,
Coleman, and Bell, Spectroquality) and toluene (Harleco, Fluoro-
metric grade) were used as received. Mesitylene (Aldrich, Gold
Label, 99+%) was distilled from sodium (bp 162.9-163.0°). Anisole
had been purified for another study (35). Pentane had been purified
by the method of Murray and Keller (43) and distilled from lithium
aluminum hydride. Isooctane (Eastman Organic Chemicals, Spectro
grade) was used as received,

cis-2-Pentene (Chemical Samples Co., 99%) and trans-2-
pentene (Chemical Samples Co., 99.9%) were distilled from lithium

aluminum hydride and stored at < 0° until used. The cis isomer
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used in isomerization measurements was from a lot which, for-
tuitously, was > 99.8% pure. Both isomers were seen by glpc to

contain levels of diene impurity too low to measure (< 0.01%).

Determination of Singlet Quenching by Olefins

Isooctane solutions containing equal concentrations of the
aromatic compound (O D ca. 0.2 at Ama.x) and varying concentra-
tions of olefin were added to 13 mm round quartz tubes equipped
with grease seals and ground glass joints. The solutions were
degassed by the freeze-pump-thaw process, and the tubes were

4

sealed under a pressure of = 5 x 10°~ Torr.

Determination of Intersystem Crossing Quantum Yields

Two isooctane solutions with the same concentration of the
aromatic compound were prepared; one of these also contained 0.05

3 M

or 0.10 M cis-2-pentene as the triplet counter and ca. 2 x 10~
n-pentane as internal standard. Aliquots (4.0 ml) of the solutions
were transferred to quartz tubes (described above). The solutions
were degassed by four cycles of the freeze-pump-thaw process at
pressures of 2 - 5 x 10-4 Torr. After the fourth pumping, xenon
was admitted to some of the tubes, one at a time, in the following
manner: a glass tube with known volume (2.5 ml) between two
stopcocks was used to connect the xenon bulb to the vacuum line.

By alternately opening and closing its stopcocks, any number of
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aliquots of the same volume of xenon gas could be bulb-to-bulb
distilled into a selected tube. (The pressure inside the xenon
flask, originally 754 Torr, decreased slightly with each addition,
so the number of moles of xenon added decreased slightly during
the course of the experiments described here. This simply
required adding more aliquots of xenon in the later experiments
than in the earlier experiments.) All tubes were then sealed with-
out being reopened to the vacuum line.

After they had warmed to room temperature over several
hours in the dark, the relative fluorescence spectra (excitation
wavelength 254 nm) were taken with the Perkin-Elmer spectro-
photometer. The solutions were then irradiated at 254 nm for
14 - 18 hrs in a merry-go-round apparatus (34). Solutions were

analyzed at least twice by glpc using a 22 ft x 3 in column of 25%

B, B'-oxydipropionitrile coupled with 15 ft x § in of 5% silver
nitrate in B, 8'-oxydipropionitrile, both on 60/80 mesh Chromosorb

W, operated at room temperature.
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