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ABSTRACT

The detailed mechanism of the sensitized and unsensi-
tized addiiion of maleic anhydride (MA) to benzene has been
determined, By sultable quenching studies on both additions
and use of a variety of sensitizers a triplet mechanism has
been established. Studles of the variation of initial
quantum yield with concentration of reactants showed the
benzene and MA effects to be independent. This informatlon,
together with the fact that the benzene-MA charge transfer
complex is a better quencher of benzophenone tripiets than
free MA by a factor of 13 led by elimination to the follow=-
ing mechanlsm. Energy transfer or direct absorptlon leads
to the triplet state of the complex which can aecay to a
cyclohexadiene~like intermediate or dissoclate to triplet MA
and benzene, The major energy losgs in the sequence comes
from decay of MA triplets before they recombine with benzene,
Competition between Diels-Alder addition of MA and dissocla-
tion of the intefmediate provides the other energy loss and
the MA concentration effect,

By comparison of the rates of energy transfer from
three ketones to MA or the complex determined by photo=-
reduction or flash photolytic techniques and from the phos-
phorescence spectrum of MA we calculate that the triplet

state of the complex is ~ 2 keal./mole lower than that of MA.
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INTRODUCTION



Since the nearly simultaneous discovery by three groups
that irradiatlion of solutions of maleic anhydride (MA) in
benzene with (1) or without (2,3) a sensitlizer leads to the
formatlion of the diadduct III, a comprehensive study of the
detalled reaction mechanism has not appeared. TIn their

IIT.
first paper on the subject, Angus and Bryce-sSmith (2) pro-
posed a mechanlsm ilnvolving primary excltation of benzene
followed by 1-2 addition of malelc anhydride. They favored
& 1-2 rather than a 1l-4 addition as the first step because
ITI would be a higher energy intermediate than I. If I were
an lntermediate in the dieddition, III would have to be
Tormed by a Diels~Alder additlon; however, formation of III
-via II would heve to be a photo-process at room temperature,
Shortly afterwards (4), the same authors proposed that MA
abgorbs the light which initiates the reaction. Initlal

@;_w_{[}]*_@_;@f[} or @ — 111

excltation of benzene was eliminated when 1t'was found that
the presence of acetone in the benzene solution of MA did not
depress the yleld of diadduct, whereas acetone does quench
the photolsomerization of benzene to fulvene (5). Implicilt

in this reasoning was the assumption that the same exclted
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state of benzene would be responsible for both reactions,.

In the next paper of the series (6) it 1s concluded that the
unsensitized reaction proceeds via the excited singlet state
of the benzene-maleic anhydride charge transfer complex (7,8)
on the basis of three experiments, First, oxygen 4dld not
quench the reaction; second, filtering out 574 of the light
absorbed by the charge transfer band wlith a Pyrex filter re-
duced the yield of dladduct by 55%. In the third experiment
it was found that irradiation of.a solution in which 32¢ of
the maleic anhydride present was complexed resulted in pro-
duct formation within four hours whereas from a solution in
which 34 of the anhydride was complexed no adduct was formed.
The interpretation of all three of these experiments is am-
biguous because in the firet case 1t 1ls quite probable that
a very fast intra-molecular decay to I by the excited complex
could not be quenched regardless of the multiplicity of the
excited state. While in the interpretation of the second
 experiment no consideration is given to the amount of light
absorbed by free MA that may have been cut out by the pyrex
filter. OConsideration of the concentrations of reactants in-
volved in the third experiment shows that the concentratlon
of complex in the solution which did not yleld product was
approximately 3.7 times that in the solution which did yield
the diadduct. This experiment merely shows that varying the
initial concentration of reactants changes the yleld of



diadduct,

Concerning the sensitized reaction, Bryce-Smith and
Lodge (6) proposed that benzophenone can transfer triplet
energy to the complex to initiate the resction and at the
same time can inhibit the "normal direct photosctivation
route"., Evidence for thls supposition was that with enough
benzophenone present to absorb only 30% of the light, no diad-
duct was formed with light of A>28003. However, when light
of A<28003 was used dladduct was formed in the presence of
benzophenone. The fact that passage of pure oxygen through &
golutlon of MA in benzene contalning 0.1M benzophenone using
light of A<28002 totally inhlbited the reaction, was taken as
proof that the sensitized reaction went through the triplet
state of donor and acceptor, When benzll (0,1M) was present
in a benzene solution of MA, no diadduct was formed. From
this experiment it was concluded that "the use of photosensi-
tlzers for thlis class of aromatic addition is & present
largely a matter of trial and error".

In & later note Bryce-Smith, et al. (9) aﬁate that the
dladduct 1s formed in the presence of benzophenone when light
of A>28002 18 used and that thelr earllier report wés incorrect.

Another mechanlism has besen proposed by Schenck and
Steinmetz (1) which invélveas addition of excited sensitizer
to MA to form a diradical which can attack benzene, The

Schenck mechanism is deplcted below usling benzophenone as the
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sensitizer. Flnally, 1t has been shown recently (10) that

$.CO" + [} NP

qbzc':o—-@é QO — {]ﬁ‘(j ———><b,co+©:[}

bbth MA and the complex can accept trliplet excitation energy
from appropriate sensitizers.

Chemical and spectral studies led Grovenstein, et al.
(3) to conclude that the stereochemistry of the diadduct 1s

that shown in IV. Angus and Bryce-Smith (4) had correctly

v

assigned the stereochemistry of the endo-anhydride unit on
the bagis of the cis-endo stereospecificity of Diels-Alder
reactions, but incorrectly assigned the anti-anhydride unit
affixed to the four membered ring. Although this study was
only made on the product of the unsensitized reaction, the
sensitized photolysis probably ylelds the same stereolsomer
for the decompositlion points of the two are identical and a
mixed melting point of the tetramethylesters prepared from

the adducts shows no depression (11).
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Other benzene derivatives which undergo the diaddition
are toluene, o-xylene and chlorobenzene (1). Nothing has
been published on the structure of the products of the lat-
ter three photolyses. Of the other attempts to add MA to
aromatices, irradiation of MA in nitrobenzene or o-dlchloroF
benzene gave nothing (12) and a polymer containing mostly MA
was isolated from photolyses in p-xylene and ethereal solu-
tions of durene, biphenyl, naphthalene and phenol (12).

In & closely related study Atkinson, Ayer and Bichi (13)
found that various olefins (both activated and unactivated)
photoadded to behzonitrile to produce monoadducts such as V.
Surprisingly, maleilc anhydride could not be added to benzon-
itrile. (12,13).

Q 0
cN_R ' R =-0CCHz, ~0CH,CHz, ~CCHz,

Q
- -COCH3, ~CHz, - (CHp) 5 CH3, =H

It has been supposed that an intermediate formed by 1-2
addition is present during the photoaddition of various ace-
tylenic compounds (13,14,15,16) and boron trihalides (17) to
benzene, but their existénce has not been demonstrated. 1In
the former case the products isolated are substituted cyclo-

octatetraenes such as VI. and in the latter case they are
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phenylboron dihalides (VvII).

. BXp
TN R=R'= -C0,Clx @ X=8r,I
K_ﬁﬂ' R =CHs,R' = C03CH,
= R=¢,”R'=H VII

VI

Other photoreactions of MA wnich have been reported
recently include dimerization (18,19), and 1-2 edditlion to
cyclohexene (20), various chloro-olefins (21) ani to phen-
anthrene,

These papers sre primarily descriptlive with the except-
1on of the cyclnhexene work, From & direct irradiation of
MA 1n cyclohexene, Ronson, et al. (20) 1solsted three stereo-
isomeric cycleonutsane type adducte, Their ratloanallzation of
these results involved absorptlion of light by a one to one
cherge transfer complex followed by & two step bond formation
sequence. Although the couplex 1ls reported to absort 987 of
the 1light, in the absence of & quantum yleld measurement or

other data participation of the complex i1s not proven.
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MATERIALS

All melting polnis were taken on a hot stage.

2-Acetonaphthone

2-Acetonaphthone (Matheson Coleman and Bell, Reagent

Grade) was recrystallized from acetic acid/water m.p. 54.0-
54.0%.

Acetonitrile

Acetonitrile (Eastman, Anhydrous Grade) was distilled
from phosphorous pentoxide until no discoloration was
observed - generally three to five times - and then distilled
from potassium carbonate. This procedure typlcally reduced

the initial volume of acetonitrile by 60%.

Acetophenone

Acetophenone (Matheson Goleman and Bell, Reagent Grade)
was distilled at about 0.5 mm. pressure, The fraction boll-
ing at 72° was collected and then recrystallized twlce from

ligroin/Ethanol at -5°¢.

2-Acetylfluorene

2-Acetylfluorene (Aldrich, Research Grade) had been
dissolved in benzene and chromatographed on alumina, treated
with norit (carbon black), and finally recrystallized twilce
from methanol by Dr. A. A. Lamola,
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Anisole

Anisole (Matheson Coleman and Bell, Reagent Grade) was
distilled at ambient pressure, The fraction bolling at
152°¢. was collected.

Anthracene

Anthracene (Matheson Coleman and Bell, Reagent Grade)

m,P. 213-214° was used without further purification.

Anthraguinone

Anthraquinone (Matheson Coleman and Bell, Reagent
Grade) was recrystallized from acetlc acid, m.p. 284-285°¢
(sublimes 272°¢).

Azulene
Azulene (Calblochem) was sublimed twice by Dr. A. Al
Lamola,

Benzene

Benzene (Matheson Coleman and Bell, Spectroquality
Reageht) was generally used without further purification.
This product rarely darkened sulfurlc acid and less than
0,1% of cyclohexane and/or toluene was observed by vapor

rhase chromatography.

Benzaldehyde

Benzeldehyde (Matheson Coleman and Bell, Reagent Grade)
was distilled twlce, the second time a spinning band column



was employed. The fraction boiling at 65°C (25mm.) was
collected,

Benzhydrol'

Benzhydrol (Matheson Coleman and Bell, Reagent Grade)
was recrystallized first from ethanol/water and then from

ligroin,

Benzil

Benzil (Matheson Coleman and Bell, Reagent Grade) was

recrystallized from ethanol, m.p. 96.5-96.8%.

Benzophenone

Benzophenone (Matheson Coleman and Bell, Reagent Grade)

was recrystallized twice from ligroin, m.p. 50°C.

Carbon Tetrachloride

Carbon Tetrachloride (Eastman, Spectro Grade) was used

without further purification.

Chelates:Ferric Diplivaloylmethide and Ferric Dibenzoylmethide

Ferric dipivaloylmethide and ferric dibenzoylmethide
were obtained pure from Dr. R.P. Foss. The preparation

and physical properties of these chelates have been reported.
(23)

Chloroform

(Matheson Coleman and Bell, Spectroquality Reagent) was
used wlthout further purificatlon.



chrysene
Chrysene was obtained from Dr. J.R. Fox. It had been

recrystallized and sublimed.,

gyclohexane

Cyclohexane {Matheson Coleman and Bell, Reagent Grade)
was purlfied by the method of Vinogradov (24). First, 300 ml.
was shaken twice with 100 ml. portions of a 1 to 1 mixture of
concentrated sulfurlc‘and nitric acids, then twice with
100 ml, portions of conecentrated sulfuric acild. The cyclo-
hexane was then washed three times with water, dryed over

CasS0y, and finally passed through a silica gel column,

p-Cyanobenzophenone

p-Cyanobenzophenone was obtained from Dr, Chin-Hua Wu.

It was recrystallized from Ligroin/benzene m.p. 115.5-116°¢.

p-Diacetylbenzene

p~Diacetylbenzene (Aldrich, Research Grade) had been
dissolved in benzene, chromatographed on alumina, and then

recrystallized twice from'methanol by Dr. A. A. lLamola.

4,4-Dichlorobenzophenone

4,4-pichlorobenzophenone (K & K Laboratories) was used
without further purification, 1lts phosphorescence spectrum

taken by Dr. A. A. Lamola showed no trace of benzophenone.
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1, 2-Dimethoxyethane

1, 2-Dimethoxyethane (Matheson Coleman and Bell, Reagent
Grade) was distilled from sodlium at room pressure. The

fraction boiling at 81-82°¢ was collected for use.

Dimethylaniline

Dimethylaniline (Matheson Coleman and Bell, Mono-free
Grade) was refluxed with one-half its volume of acetic anhy-
dride for four hours and then distilled, The fractlion which

boiled at 191-92°¢c (ambient pressure) was collected for use.

Dioxane

Dioxane (Baker and Adamson, Technical Grade or Eastiman,
white Label) was refluxed over sodium for 9-12 hours and
then distilled from sodium at room pressure. The fractlon

boiling at 101°¢ was collected for use.

Ethyl Iodide

Ethyl Iodide (Mallinckrodt, Analytical Reagent Grade)
was chromatographed on alumina and distilled immediately

before use, b.p. 71.000 at room pressure.

9-Fluorenone

9-Fluorenone (Matheson Coleman and Bell, Reagent Grade)
was recrystallized once from ligroin and once from ethénol,

mopo 83-8—8405000 .
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Isopropyl Alcohol

Isopropyl Alcohol (Matheson Coleman and Bell, Reagent
Grade) was distilled through a vigreaux column at ambient

pressure and the fraction boiling at 81°¢ was collected.

Maleic Anhydrilde

Malelc Anhydride (Matheson Coleman and Bell, Reagent
grade) wes sublimed at 45°C (about 0,.5mm) immediately

before use,

Mesitylene

Mesitylene (Matheson Coleman and Bell, Reagent Grade)
wag distilled at atmospheric pressure through & vigreaux

column. The fraction boiling at 162-163° was collected.

Naphthalene

Naphthalene (Matheson Coleman and Bell, Reagent Grade)

was recrystalllzed twice from ethanol.

Nitromethane

Nitromethane (Matheson Coleman and Bell, Practical Grade)
- was dried over drierite, distilled and then redistilled over

phosphorous pentoxide at atmospheric pressure, b.p. 10100.

2, 3-Pentanedione

2,3-Pentanedlone (Eastman, White Label) was distilled
through a spinning band column at atmospheric pressure. The

fraction boiling at 105-106°¢ was collected.
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Proplophenone

Proplophenone (Matheson Coleman and Bell, Reagent Grade)
was recrystallized from ligroin at -5°¢ and then distilled
at about 0.5mm, through a vligreaux column., The fraction

boiling at 63—6400 was collected.

Tetracyanoethylene

Tetracyanoethylene (Aldrich, Research Grade) was re-

crystallized from Ethyl acetate/chloroform,

Tetrahydrofuran

Tetrahydrofuran (Eastman, White Label) was refluxed
over lithium aluminum hydride for twenty-four hours and then

collected from a take off on the reflux condenser.

Thiloxanthone

Thioxanthone (Aldrich, Research Grade) was treated with
norit (carbon black) and then recrystallized twice from

methanol by Dr. A. A. Lamola, m.p.209°.

Toluene

Tolﬁene (Matheson Coleman and Bell, Reagent Grade) was
shaken three times with concentrated sulfuric acld, dryed
over CaCl, and finally distilled frgm sodium through a
vigreaux column, The fraction boiling at 110%¢ (atmosphéric

pressure) was collected,
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Trlphenylene

Triphenylene (Aldrich, Research Grade) was sublimed by
pr. J. R. Fox, m.p. 193.6-98°C.

Tetralln
Tetralin (DuPont, Technical Grade) was passed through a
dry packed alumina column twice to remove yellow colored

impuritles,

Xanthone
Xanthone (Aldrich, Research Grade) was passed through a
dry packed alumina column using benzene as the eluent and

then recrystallized twice from methanol.
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GENERAL PROCEDURE FOR IRRADIATIONS

The procedure described below was used for all irradla-
tions carried out on the "merry-go-round’ apparatus includ-
ing concentration effects, most of the quenching studies,
and evaluation of the various sensitlzers. 1In all cases the
pyrex culture tubes (13 x 100mm.) used were washed with
Orvus soap, rinsed with distilled water five times and once
with methanol, dried at 1250, and finally constricted about
20mm. from the open end.
| Solutions were prepared in 10 or 25ml. volumetric
flasks and 3 or 4ml. portions were added to the anlseptic
culture tubes, The samples were then degassed, usling three

4mm. and

freeze-degas-thaw cycles at pressures of 5 x 10~
sealed at the constriction.

Simultaneous irradiations of as many as 24 tubes could
be carried out on the "merry-go-round" apparatus deslgned by
Mr. F. G. Moses, This equlpment has been described by
Saltiel (25), but briefly it consists of a rotating turn-
table which is fitted with 18 holes in an inner ring and 24
in an outer ring surrounding the inner jacket of a quartz
Hanovia immersion reactor. For all irradiations described
in this work a Hanovia 450 watt medium pressure lamp was
used. Its output.characteristics are listed below together

with the transmittance of a typlcal pyrex culture tube em-
ployed throughout this work.
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Table 1. Properties of Hanovia 450 Watt Lamps

Wavelength Lamp Cutput Transmittance of

o watts /100mu one side of Pyrex
(A) tubes

2753 0.7 209

2804 2.4 30

2894 1.6 50

2967 4.3 63

5025 7.2 70

3130 13,2 78

3341 2.4 84

3660 25.6 87

4045 11.0 90

Without any added filters, it is evident that very
little light of A<28002 is passed by the pyrex tubes., Most
sensitized reactions were run with A>3300% provided by a
filter consisting of a cylindrical glass tube of uranium
glass., In the presence of sensitizers, essentially no light
of A>33002 was absorbed by either the complex or free MA.

In cases where the yleld of diadduct or dimer was
measured, the tubes were cracked open and the product col-
lected by suction filtration, washed with the solvent used
in the reaction, dried (20 min. at 115°¢ after which no

welight loss occured) and weighed on a Mettler balance.
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QUANTUM YIELD DETERMINATIONS

The quantum yleld of the diaddition was determined by
two similar methods which differed in the source of the
light and in the filter used.

Method (a) employed the apparatus described by Moore
(26) which consists of a Westinghouse (SAH 800-¢) 800 watt
short arc, medium pressure, mercury lamp mounted on an
optical bench., The light from this lamp was collected and
collimated by mirrors so that & parallel beam of light pass-
ed through a filter holder and fell on & Beckmann D,U,
ultraviclet spectrophotometer cell holder., This cell holder
held four 15mm. pyrex culture tubes which were rotated dur-
ing irradistions to insure equal exposure. The 3660%“11nes
of mercury were isolated with a filter system conslisting of
a Corning 0-52 and a Corning 751 glass filter in series.
These fllters transmitted a band with a broad maximum at
38002 (transmittance = 55%), half-heights at 3600 and.BQSOg,
and zero intensity at 3400 and 42003.

For method (b), the merry-go-round avparatus was used
with a Hanovia (L-679A) 450 watt medium pressure mercury
lamp surrounded by a uranium glass fllter which transmits
)\>33003. Since neither a 0,100M benzophenone nor a 1,00M
acetophenone solution absorbs bheyond 42002, the distribution
of light that the ketones see in the two methods is very
similar with the exception that some of the low intensity
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33413 line 1s passed by the uranium glass filter. Method
(p) however, has an intensity advantage of approximately a
factor of ten, probably resulting mainly from the fact that
the tubes are closer to the light source in method (b).

In both kinds of experiment ylelds were on the order of
10mg. corresponding to < 24 conversion of the MA, benzo-
phenone-benzhydrol actinometry was employed, and samples were

degassed by the freeze-degas-thaw method described earlier.
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ACTINOMETRY

Actinometry for 2ll quantum yield and benzophenone
quenching experiments was provided by monitoring the extent
of photoreduction of benzophenone by benzhydrol. This system
1s suitable for intensity measurements for wavelengths up to
38002, where 1t ceases to absorb. After preliminary experi-
ments using two or three actinometer tubes per 1rradiétion,
precislon was developed sufficlently to permit the use of
only one tube per run in the procedure described below.

Stock actinometer solutions, generally 0,100M in ketone
and alcohol, were prepared in 25ml. volumetric flasks with
benzene as the solvent. For certaln runs with 1.00M aceto-
phenone as a sensltlizer, 0.046M benzophenone solutions were
used in the actinometer so that the absorbance of benzo-
phenone and acetophenone at 36602 would be equal. 1In this
way we attempted to insure that the tall absorption by both
ketones would be the same, However, it was found that
benzophenone absorbed the same amount of light within experi-
mental errbr at the two concentrations.

Degassed actinometer tubes were usually irradiated for
no longer than two hours., If an irradiation took longer,
the actinometer was employed at the mid-point of the period.
After irradlation, the tubes were opened, diluted by a
factor of 14 (when concentration of ketone was 0.100M) with

methanol, and analyzed for reslidual benzophenone on a
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Beckmann D,U. spectrophotometer at 345,350,355 and 360mu.
Then the amount of ketone consumed and the average concen-
tration of alcohol were calculated and plugged into equa-~
tions 1 and 2 below. Typical intensitlies measured on the

"merry-go-round" with the uranium glass filter in place

G- 1 (1)
1, 0.033

Ho ave,

1= (AE) (V) (5;023 < 102%)

A[B] = change in concentration of benzophenone

(2)

= volume of sample

t = time of irradiation

15 quanta/sec. and 7 x 1016 quanta/sec,

15

ranged between 5 x 10
whereas the optlcal bench produced about 7 x 10 quanta/sec.
through the two Corning filters.

A different approach, namely one described by Foss (23),
was utilizéd for some of the acetovhenone and benzophenone
quenching experiments., Manipulation of the integrated rate
expression for production of acetone or consumption of
benzophenone in the absence of quencher yields equation 3.
Thus, a plot of Y vs. X ylelds the intensity as the ordinate
intercept and the ratio k:d/kr as the slope. Of course, the

samples contalning MA were irradiated simultaneously with
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tubes containing varying concentrations of alcohol so that
the values of intensity and kd/kr determined as above were

used in the calculation of the quenching rate constant.

kg
b et -1
(}; X (3)

where Y:% ( [mgf- [IHQ} o)
X='.l in E}izl.o
t [IH% £
t=tlme
I=1light lntensity

k =rate of H abstraction by ketone

=rate constant for radlation-less
deactivation of ketone triplet state
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ACETOPHENONE REDUCTION

All solutions were prepared in 25ml. volumetric flasks
using callbrated syringes to measure the quantities of
acetophenone and isopropanol. Samples were then added to
clean, conétricted culture tubes, degassed and sealed in
vacuo, Irradiations were on the "merry-go-round" apparstus
using the uranium glass filter for approximately 48 hours.
Analysis for acetqne and isopropyl alcohol was made by vapor
rhase chromatography using a 10' x 1/4" sluminum column
packed with 354 carbowax 20M on flrebrick at 95°¢. The area
ratios (R)'of isopropyl alcohol to acetone were converted to
concentration of acetone produced using the relation below.

l - x
= 4
- AR (4)

A =conversion factor, area
ratio to mol ratio 0.985

x = [acetone] formed

Vapor phase chromatography was also used for the product
analysis., The 10' column was used for acetone analysls as
above and & 16" x 1/4" column packed with 10% carbowax on
firebrick was employed for the acetophenone pinacol and
acetophenone. Using anlsole as an internal standard the
decrease in the amount of ketone was measured with the short
column at 100°C on a Loe Model 70 temperture programed

chromatograph. Then the temperature was raised to 210° and
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the acetophenone vlnacol was eluted. The retention time of
the latter was identicel with a sample of acetophenone
pinacol prepared by a preparative slze photolysls of aceto-
phenone 1n isopropyl alcohol and recrystallized from 85-~100°
ligroin (m.p. 122°¢)., Tt was shown that the latter did not
decompose on the column under the conditions of the analysis.
Pinacol was shown to be absent by comparison of chromatog-
raphy traces from the photolyses solutions with one obtalned
from pure pinacol. The acetone-1sopropyl alcohol analyses
were performed on a Loe Model 15B chromatograph. Both of
the Loe chromatographe were equlpped with a thermal conducti-
vity detector. Wwhen available, a Texas Instrument recorder
equipped with their disclintegrator was used to measure peak
areas, otherwise the peaks were carefully cut out and weigh-
ed. Area ratios obtained by the two methods agreed to
within 0.59%,
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DIMER - DIADDUCT

The samples were prepared by adding 8.9ml. benzene and
9.8g.MA and'the appropriate sensitizer to 50ml. volumetric
flasks and diluting with freshly purified dioxane. By Jjoin-
ing 13mm. tubing to 25 x 200mm, pyrex culture tubes sample
tubes large enough to hold 50ml. were constructed. After de-
gassing, the samples were sealed off at a constrictlion 1n the
small diameter tubes., Besldes the solutlions llsted in
Table 19 a 2.00M solution of M4 in dioxane was prepared to
provide samplés of the MA dimer.

The samples were suspended about the quartz inner jJjacket
of a Hanovia immersion reactor which held a 450 watt Hanovia
mercury lamp. 4 5000ml. beaker filled with water was used
as a coolling bath and this together with clrculatling water
through the jacket kept the temperature of the samples at
35-40°¢, After five days the four samples were opened, and
the product was filtered off and weighed. Yields from
samples 1,2,3 and the dimerization sample were 1.24, 0.95,
0.82 and 0.39g. respectively, The solutions in all of the
tubes had turned yellow.

The anhydrides were easily converted to the tetracar-
boxylic acids by refluxing for one~half hour in 40ml. of a
2:1 mixture of tetrahydrofuran and water. After filtration,
the solutions were carefully evaporated to dryness and the

s0lid acids esterified by refluxing elght hours with (20) x
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(welght of anhydride)ml. of methanol and (0.20) x (weight of

anhydride)ml. concentrated H2804. The resulting solutions
were concentrated and cooled to produce crystals which were
flltered and washed with benzene pfior to analysis. Second
crops of cerystals were obtained from samples 2 and 3.
Because of the very high boiling polnt of the tetra-
methylester of the diadduet, long (2 hours) retention times
and smeared out peaks hed to be accepted. The 16" x %"
carbowax column which was used for the acetophenone pinacol
analysis was employed in thls analysis at a temperature of
205°¢c. Under these conditions the tetramethylester of the
MA dimer was retained for approximately 6 minutes. Order of
magnitude estimates of the relative concentrations of the

two tetraesters were made from peak areas,
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LOW TEMPERATURE IRRADIATION OF MA 'IN TOLUENE

Three of the large tubes used in the dimer-dladduct
experiment were filled with a solution of 0.5M MA'and 0,05M
benzophenone in toluene. After degassing, the tubes were
hung about the pyrex inner jacket of a Hanovia immersion
apparatus through which cold methanol was circulated. The
clrculating methanol was cooled by passage through a coll of
copper tublng in a large dewar filled with dry lce - methanol.
Cooling of the samples was achieved by immersing the jacket
and tubes in a n'icer ice bucket filled with dry ice - meth-
anol. The heat generated by the 450 watt mercury lamp was
such that the dry ice in the dewar and bucket had to be
changed every one-half to three-quarters of an hour. Further-
more, after approximately six hours the circulating methanol
had become yellow and had to be changed. These requirements
placed a fifteen hour practical limit on the duration of the
experiment which further refinement of the experimentél
apparatus should overcome.

Immedlately after the lamp was switched off, the tubes
were opened and poured into a stirred solution of 6M tetra-
cyanoethylene in 50ml. of acetone, Acetone was required as
& cosolvent to dissolve TCNE in toluene. After reaching room
temperature and stirring for 24 hours, no precipitate had
appeared so the volume of the solution was reduced by one-

half and 1t was seeded with diadduct. Since this did not
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produce a precipitate in two days the solution was evaporated
to dryness, Durling this evaporation most of the TCNE pre-
cipitated and was filtered off. The residue was sublimed to
give 90% recovery of MA, but, no high melting material was
left in the sublimator., It is llkely that the rest of the MA-
was lost to the dry lce traps during the vacuum sublimation
or appeared in the polymeric material in the sublimator

residue.
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RESULTS
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BENZOPHENONE REDUCTION

The benzophenone-benzhydrol photoreduction system as
described by Moore, Hammond and Fbss (27) was employed in
an effort to determine the efficiency of energy tfansfer
to MA in various solvents, ' Analysis of the extent of photo-
reduction of ketone in the presence of small amounts of MA*

was carrled out with equation 5. 4 plot of 1/ - 1 -

1{cl/ kr [¢20H0@ ave, 'O [MA] / [¢2CHOH]ave. ylelds the rate

i1, ok *a ful (5)
) P I
where kq — second order rate constant for energy transfer
k.= " - " " ¥ hydrogen abstrac-
tlon
k; = first " " " " decay of $,C0
triplets

& = quantum yleld of $,C0 triplet state

¢ = n » m W §4gappearance

constant ratio kq/kr as the slope, or the relatlion may be
solved directly. 1In elther case we use the value kd/k£=0.033
determined by Foss (23) in the calculation of the data pre-
sented in Table 2. All of the values of (kq/kr)o tabulated
here were calculated using the initial concentration of MA-

in the numerator of the last term of equation 5.



Table 2 - Malelc Anhydrilde Quenchlng the Photoreduction of
0.100M Benzmophenone in Brmzene

Run  [P,CHOH], {ﬂﬁ]o x 10° ] (kq/kr)o (kq/kr)corgect-
e

1A 0.100M 2.0M 0.342 75 79

18 " 1.0 0.517 53 56

1¢C 0.050 1.0 0.314 56 59

1D 0,200 2.0 0,536 67 70

1E 0.100 0 0.73% -

ave.=65

When the photoreduction is run in benzene, one might
expect some MA to be consumed via the diaddition. We there-
fore attempted a calculation of the consumption of MA as a
function of length of irradiatlon. Equations 6 to 10 1llus-
trate this calculation for the $,CHOH system

~-dx _ (fraction of light absorbed by quantum yield
dt \02CO which 1s transferred to MA of dladditlon

1n$ensity (6)

~dx _ kg X ©8.01X
dt T\&g +Er [$,CH0H] + kg X 1+ 7.9%

6% Cd + & [@,cHOH] + 7. 9X (kg + k, [$2CHOH] ) + kX +7. 9k X
kqx2 (8)

=8,01 1 4%
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. X
- " kd'*kr-[‘ﬁgGHOH:LTlx [ T.9(kg + k. [$2CHOH] ) + kg o
k X X.X
%o s *o a ()
X, '
-/ 7.9 dx=[ 8.01T1 a4t

Xo o
a*kp [¢ocHOH])/ 1 1Y, [7-S0ka+ kp, [§CHOH] ) 41
(10)
Gn %>+7.9 (X, - X) =8.01I¢%

where I —intensity, einsteins 1,71
X =[Maleic Anhydride]

The first term of equation 6 is simply given by the ratio of
the pseudo first order quenching rate constant to the sum of
all pseudo zero and flrst order processes which can lead to
deactivation of benzophenone triplets; while the second term
is taken from the experimentally determined variatioﬁ of @
with the concentration of MA. 1In the latter determination
all of the energy absorbed by the sensitizer is transferred

8

to MA or the complex even 1f k. 18 as low as 1 x 10 l.mole'-:L

q
sec.-l. In order to evaluate the rate constants kq and kr

for the case of benzophenone and MA we take Bell and

Linschitz's (29) value of kg 1 x 105150% (obtained by flash
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spectroscopy), multiply 1t by kp/kd==l/0.033 to glve k. =
8

3 x 10° and then find kg =(3 x 106) (g/k,)=1.8 x 10°,
Using these numbers and [¢,CHOH],=0.10, equatlon 10 becomes
11 upon integratidn.

1

] ,
-3( = . .
2.2 x 10 % J+1.02 In X /X, + 7.9 (x, - X)
* Xy Xo " °/' ° (11)

=8,01 1 ¢

Now, we substltute the intensity measured using run 1lE of

Table 2, I=1.45 x 1013 quanta/sec.=7.76 x 10'7 elnsteins

"1 and csleulate the time required to consume one-half of

3

1,
the maleic¢ anhydride when @IA]O:J. x 107 °M. Equatlon 11 pre-
dicts that this wlll take 470,000 seconds or 5.4 days., For
comparlson we shall make a similar calculation using a
modified form of equation 7 obtained by replacing dx by x
and dt by t. Using X=1 x 107 °M 1n the first two terms of
the right hand side we find that it would take 7.2 days to
consume one-half of the MA. Thus we see the lmportance of
using the integrated form of the expression., By trial and
error methods using equation 11 it can be shown that 104 of
the malelc anhydride was consumed in all quenchling runs in
benzene listed in Table 2. Thus, the column headed
kq/kr)corrected was obtalned by employlng an average concen-
tration of MA which was less than [MA] , by 5%.

Slnce two specles are present 1n solutions of MA in



benzene - the complex and free ¥ - we attewpted to measure
the quenching rate constant for free MA. Two solvents,
carbon tetrachloride and cyclohexane, with whicin 4 does not
compleX were chosen. Before collecting quenching date in
elther sclvent, 1t was necessary to determine whether or not
there was a solvent effect on the ratio of triplet decsy to
the rate of hydrogen abstraction (kd/kr)' Accordingly, &
serles of photolyses 1n both solvents in which the concen=-
tration of benzhydrol wes veried between 0,010M and 0,200
were carried out,. 'The results of the carbon tetrachloride
determinations wiil be dlscussed first,

In Flgure 1 are dlsplayed the results of a detlersination
of kd/kr in carbon tetrachloride as caiculated using the un-
integrated form of the rate equstion (27). The slope 18
kd/kr:0.0QS anl the intensity of the light wes 1,18 x 1010
guanta/sec. by benzophenone - benzhydrel actinometry. 8ince
some of the points of Flgure 1 represent 40% conversion it
wsee deemed advisable tc employ the intepgretel form of the
rate equatlion as described in the experimental section of
thls work, A least squsree analysis of the data obtained i
thlis way gave gi/kr: 0,0526 end I=1.20 x 1016 guanta/sec. 1In
the calculation of the sets of quenching data presented in
Table 2, the latter value of ky/k, wes used. It 1s interesi
ing to speculate on the reason for the avnparent lncresze in uie
rate constant ratio by a factor of 1.6 over the corresjonding

ratio 1n benzene. Of course it could result from &n lncreasze
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Determination of ky/kn for ¢,CO-$oCHOH in CCly
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in kg and/or a decrease in kr' A reasonable rationallzation
for the former cause 1s enhancement of the rate of inter-
system crossing to the ground state because of the operation

of the heavy atom effect (30,31).

Table 3 - MA Quenching the Photoreduction of Benzophenone

a,b,c d
Sample®s P» Bug Solvent [i) kq/kr I
A-1 5 x 10~%M  go1y 0.6527 11  9.86 x 10%D
A-2 1x 1073 ccly 0.6364 11 "
A-3 - 4 Benzene 0.724 - " 15
B-1 5 x 10_4 CCly 0,6199 9.6 4,82 x 10
B-2 1 x 10 ey 0.6022 9.5 "
B-3 - Benzene 0,674 - "

ave.=5%5

(a) [¢,00]=[poCHOH] =0.100M

(b) 421,2,3 and B-3 are averages of two samples.
: _

(¢)A>33004, irradiations done on merry-go-round

(d) Benzophenone-benzhydrol actinometry was used.

Admittedly the agreement between the two experiments listed
in Table 3 is not good on a relative basis, However, in the
case of low quenching rate constants this is not surprising
for the ratio kq/kr becomes a small difference between two

large numbers. By assuming that kr in carbon tetrachloride

6 1

1s equal to the previously cited value, 3 x 11 £504 1. mole

1

gec. ~ found in benzene, we calculate kq==1.5 X 107i=100%.

The ratlos kq/kr and kd/kr together with the light



o
i

invensity were found in a single experiment usinig a solvent
mixture composed of 9% cyclohexane - 5% acetone. A anail
amount of acetone was necessary to dissolve &1l the M4 in
the quenchling samples, It seems safe to assume that tils
amount of acetone did not pnartlicipate in either energy treane-
fer or hydrogen abstraction resctions for its triplet wtate
energy la undoubtedly nislier then that of benzophenone by

5 - 7 keal./mole and it did not ahsorbt anyv 1light. Teable &
contalns thie data mertlinent to this experinent. Applicetion
of the integrated rote equation to the data from tie irst
four entries of Tsavle 4 as previously described rave the

Table 4 - Malele snhydride Quenching tne Photoreduction of
0.100N Benzophenone in Cyclohexane

Sauple & [#ocH0) Afpoco) (M4] k /K,
2 0.04 0.00935M
3 0.05 0.01325,
" 0.08 0.01%15
& 0.15 0.01640 -3
8 0.10 0.01728 1 x 1072M 1%1
9 " 0.01375 2 x 1073 4,2
10 " 0.01124 3 x 1073 13.4
11 L 0.010%4 4 x 10 13.9

ave,= K

(a) 34003<h>42002, irradiations done on quantum yield
merry=-go-round,
least squares line disgplayed on Flgure 2. The value of the
ratio kd/kr::0.0364 1s very close to that determined by Foss
in benzene (0,033) and tends to corroborate the previocus

essumptlion that the higher value in carbon tetrachloride is
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due only to an increase in ky. Furthermore, the value of
the quenching rate constant obtained in this experiment

2.4 x 107

+1004 is in substantial agreement with that obtain~
ed in carbon tetrachloride.

We are now in a position to calculate the rate constant
for quenchling by the complex assuming that the MA quenching
rate constant 1s not effected by the change in solvent from
cyclohexane or carbon tetrachloride to benzene. The contri-

butions to the measured kq/kr in benzene by free MA and the

complex are then given by equatlion 12. In order to evaluate

( )<K> +(1 - x)(—lﬁ% (12)
Kp Jtotal kr MA k

T ‘complex

X, the fraction of MA which 1s not complexed, the ultra-
violet spectrum of a 1 x 10™°M and & 2 x 107°M solution of
MA in benzene were taken with benzene in the reference beam
of & Cary Model 14. _Then, using € o7 =3140 given b&
Andrews and Keefer (7) for the complex it was found that
42,5% and 51,0% respectively of the MA in the two solutions
was complexed. Use of the value of 0.66 for the equilibrium
constant found by Andrews and Keefer for the complex using
cyclohexane as the cosolvent leads to a calculated 88% of the
MA complexed in both solutions. Since it is not clear
whether the extlnection coefficient or the equilibrium con-

stant method can best be extrapolated to neat benzene, the
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values of kq/kr in Table 5 were calculated from both values,

Thus, we find that the quenching rate constant for the com-

plex 1s between 4 x 108 1. mole™t sec. ™ l.and 2 x 108 1

mole~tgec. L,

Table 5 - Quenching the Photoreduction of Benzophenone by
the Complex

Run (4] Fraction MA Complexed (/%) L omplex
1 A 2 x 107N 0.510 - 0.88 149 - 89
1 B 1x 10”3 0.425 - 0.88 121 - 63
10 1 x 107D 0.425 - 0,88 130 - 66
1D 2 x 10™2 0.510 - 0.88 130 - 79

ave, = 133 - T2
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ACETOPHENONE REDI!CTION

Pre liminary experiments with the photoreduction euploy-
ed o-methylbenzyl alcchol in carbvon tetrachloride as thie
reducing agent so that only one kind of radical and thus one
pilnacol would be formed (4,1~ «-methylbenzyl alicohol wss
used so that the pinacol would be a mixture of optical
isomers), These exveriments showed that analysis for zceto-
phenone by ultraviolet'spectroscony wag not reliashle, that
some slde reactions leasding to yellow compounds were taklng
place, and thset tre recrction was about ten tlmes slower than
the reductlion of henzo-ncneone by benzhydrol., Tiherefore, we
turned to another alcohol, isonronyl aicohol, and gaother
golvent, cyclohexane. Since this particulsr system hes only
been cursorily (32) examined heretofore, 1t was necessary to
make & product study, and determine the limitling cuantum
yields, Tils was especlaily desirsble in lirht of the re-
sults of Testa (33) on the variation of § ketone With light
intensity and of reckett and Porter (34) on the varlation of
§ vetone With concentrrtion of ketonej both studies having
becn made on the benzophenone - 1sopropyl alcohol systern.
Testa found that the guantum yleld for disappearance ol
benzophenone depended linearly on (1ntensity)“%, varylng
between 1.2 at 3.3 x lolsquanta/sec. end 1.6 at 3.4 x 1013
quants/sec. These experiments were performed in nest

lsopropyl alcohol. The data of Beckett and Porter wes geti~
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ered in neat %losopropyl slcohol using a flash photolytle
technique; they found ldentlcal quantum ylelds using 36603

or 25372 light. 1In the latter work @ketdne varied between
0.84 =+ 0.06 and 1,90 = 0,08 whlle the cohcentration of
benzophenone changed from 8 x 1076 t0 1 x 10™1M. Nelther of
the above studlea included product analyses so that state-
menta concerning the mechanism of photoreduction by isopropyl
alcohol contained in both papers are actually educated
guesses,

We found that quantitative vapor phase chromatography
provided a suitable method for product analysis, The re-
sults shown in Table 6, make it evident that the reduction
is relatively clean snd susceptible to kinetlc analysis.
Following a modified Moore, Hammond and Foss (27) procedure
the ratio kg/k, and the limlting quantum yleld of acetone

Table 6 - Products of the Photoreduction of 1.00M Aceto-
phenone by Isopropyl Alcohol

Product or reactant®:P® 10M=[TH,)] 5.0M=[TH,]

$COCHz reduced 0.32M 0.22M

acetopbhenone pilnacol 0.16 0.14
Tormed

acetone formed 0.16 0.12

pilnacol formed 0 0

mixed pilnacol formed 0.5% 0.5%

(a) both samples degassed, A>33003
" (b) cosolvent wae cyclohexane

production were determined in cyclohexane. -Equations 13 to

20 provide the basis for the treatment of data. As in the
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case of the reduction of benzophenone, the reaction 1s

characterized by the ratios kd/kr and kq/kr‘

A .2.._) lA* _f'}.) 33% (13)
kd. .

Sp% ——> A (14)
3 kp

A® 4 IH, — IH®+ AH- (15)
2AH -ki—) AH-AH (16)

k
IH*+ A -—-2-9 BH*+ C (17)

where A= acetophenone, ground state
Lpn= " , Tirst excited singlet state
Spn — " R " " triplet state
IH2.—. isopropanol
C = acetone
a = fraction of excited singlets which
intersystem crose to triplet state
= 1(28)
Using the steady state hypothesls for excited states and

radicals we have:
[BA* __ 1 and [IH]:kr'[ng [35'%‘
I+ K, Emé |
and, the quantum yleld of appearance of acetone ‘becomes:
§__.k2 @HJEAJ & @Hé] ave,

I T kg+k, (18] ave. (18)
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or
1l ka (19)
=1+ —
(] kaIhE]ave.
Similarly, 1f a quencher is present:
1 kg kg [a] (20)
i kr{?HzJave. kr[IHa]ave.

From Figure 3 we see that at infinite alcohol concentration
the quantum yield of acetone can be taken as one and kg/k,
is 9.55. This implies that the quantum yleld of ketone
dlsappearance 1s nearly two and that a combination of faster
decay and slower kr compared with the benzophenone-benzhydrol
system operates to glve kd/kr ratios different by a factor of
9.5/0.033 = 290, 1In order to separate these two effects,
kd/kr was determined for the photoreduction of benzophenone
by lsopropyl alcohol in benzene. Analysis for the depletion
of benzophenone by UV spectroscopy ylelded data which fitted
equations 13 to 20 deduced for the acetophenone reduction.
Uslng the steady state hypothesis for all radicals and
excited states ylelds (21) as the expression for the gquantum

Yield of benzophenone depletion, When the experimental data

11 . 1 kg
i} 2 2 kp [TH,] ave. (21)

are put into this equation, Figure 4 results, Twice the
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Flg. 3. Determination of kgq/k,. for $COCH3-CHzCH(OH)CH3z
in CgHi2 '

] ] | i | |
64 4

48| -

32+ : -
slope=9.55

1.0 2.0 3.0 4.0 5.0 6.0

| e |

IHz)av.
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slope of the plot of 1/§ vs. 1/[IHy] e, 18 ko/k,=0.081

Tor the benzophenone reduction by isopropyl alcohol, 80 this
H - abstraction is slower by a factor of 2.5 than the H - ab-
straction from benzhydrol. As a check on the assumed
stolchiometry of the benzophenone reduction by isopropyl
alcohol, the yleld of acetone was examined by VPC. Unfortu-
nately this analysis took place several days after the
reaction tubes had been opened and alﬁhough they were stop-
pered, it 1s likely that some acetone evaporatéd. Inasmuch
as all the yields of acetone are low by about 0.0015M evap-
oratlon seems to be an adequate explanation for the low
values, VWhen the yields of acetone are adjusted accordingly,
the correspondence between the yields of acetone and benzo-

phenone are consistent with the assumed stoichiometry,

Table 7 - Comparison of [¢»co] consumed with[}cetoné]Formed

Sample®s P [:IH2]o [Acetone]a 2( [acetone] [¢)2co] consumed

+0.,0015)
1 . 0.015M 0.,00124M 0.0055M 0.00581M
4 0.10 0.0086 0.020 0.0205
5 0.20 0.0128 0.029 0.0285
6 0.50 0.,0171 0,037 0.0366

(ag all samples degassed
(b) solvent was benzene

Now, 1f we assume that acetophenone and benzophenone
abstract hydrogen at approximately the same rate we conclude
that the acetophenone triplet gtate has a lst order decay

rate larger than that of benzophenone by a factor of ~ 100.
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If this 1ls the correct order of magnitude, the aceltophenone

tr’.plet has the shortest lifetime (NILO-7

sec.) of any

ketone yet measured in solution. There 1s a possibility,
however, that the large value of k3/k. 1& due in part to a
quencher present in the acetophenone. Whlle 1t was carefully
purified by low temperature recrystalllzation and distilla-
tion, small amounts of impurities on the order of 0.01%

could be lmportant when the solution 1s 1.,00M in aceto-
phenone. That thls possiblillty has no effect on the value

of kq/kr determined for added quenchers can be seen by con-

sidering the quantum yleld expression for photoreduction of

1 K K k. [q"

—_—1 + ale] + a (9] (22)
] k. [THy]  kp[1Hp] i [1H,]

if kq[Q] is constant,

1 ks —k Q k Q’
owlnh aE o,

kp, [THp) k. [TH]
let (kg + kg [0] )=ky'
l 1 ] ]
_ £4 kg [Q1] (24)

T i) |k, (18,

acetophenone 1n the presence of two quenchers, Q and Q'., If
Q 1s present in the acetophenone, we can expect its concen-
tration to be constant during the course of all photolyses

and therefore kq[Q] can be combined with kg to produce k;'.
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Thus, the presence of a constant amount of quencher only
effects the absolute value of kg/k,, not the ratio kq/kr
for added quenchers,

As a means pf checking the vslldity of the high value
of kd/kr obtalned from this particular batch of acetophenone,
quenching studies were made using naphthalene, In this case
transfer of triplet energy ls exothermic by 12.7 kcal./mole
and is surely a diffusion controlled process., The slope of
the plot of 1/§ - 1 - ks/kp ﬁﬂél ave, V8. [napht.halene]/
@Hd ave., 18 4.3 x 107 (Figure 5). Taking k, for this system

6 1

as 3 x 106/2.5 = 1.2 x 10" 1l.mole sec.-l, we calculate

9 1sec."l. This rate is close to the cen-

kqg=5.2 x 10 l.mole”
ter of the range of numbers reported in the literature as
being characteristic of diffusion controlled processes in

benzene and cyclohexane, i.e. 1 x 109 to 8 x Zi.Ogl.mole’1

sec. . We can conclude that our value of k, for the ab-
straction of hydrogen by acefophenone is correct to within
a factor of two.

Two sets of quenching data are presented in Table 8
for the MA - acetophenone-isopropyl aslcchol system, Since
the two sets of experiments were done with different batches
of purified acetophenone, it is not surprising that the two
values of kd/kr differ by a factor of two. 1In the C series,
carried out in conjunction with Mr. Ping Scheng, the light

intensity and ratio kd/kr were determined from the first four



- 5] -

Fig., 5. ©Naphthalene Quenching the Photoreduction
of ¢COCH5 by CH3CH(OH)CH3
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Table 8 - Malelc Anhydride Quenching the Photoreduction of
1.00M Acetophenone in Cyclohexane

Run®s P [IHQ] [acetone] formed M Kq/Kp
c-2 0.392 0.0317 0 -
c-3 0.784 0.0564 : 0 -
c-4 2.00 0.1324 0 _3 -
c-5 " 0.1201 1 x 1077M 312
c-7 " 0.1193 2 x 107 181
c-9 " 0.,1170 4 x 10 126
D-1 3.00 0.0679 5 x 10‘2, 251
D=2 " 0.0649 1 x 10‘2 183
D-3 " 0.0638 2 x 107 103

ave,=193 =78
(a) Intensity and kyp for C series were 4.52 x lolsquanta/
sec, and 4.761./mole respectively and 7.68 x 1015quanta/
sec. and 9.55 1l./mole resprctively for the D series.

o]
(b) Irradlations carried out on merry-go-round with i »>33004,

samples usling the integrated rate equation as discussed 1in
the benzophenone sectlon. As before, the method of least
squares was employed to extract the slope and intercept of
the line obtained in thlis treatment, The D series samples -
were irradiated at the same time as the experiment which
determined k;/k, as shown in Figure 3. Within each series
the values of kq/kr seem to decrease with increasing concen-
trations of MA although the trend 1s not clear when the ex-
periments are consldered together. The best that we can do
1s average the six results and note that the relatlive stand-
ard deviation of the measurements is 0.40, Assuming that the
rate.of hydrogen abstraction from isopropyl alcohol by aceto-

phenone and benzophenone are equal, we calculate that



kq=2.3 x 10

8

== 100%.

- 853 -
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PHOSPHORESCENCE OF MALEIC ANHYDRIDE

From a methyl eyclohexane-isopentane (MCIP) glass at
77°% containing approximately 10~y MA, a very weak emisslon
was detected; The spectrum obtained after careful subtrac-
tion of a solvent background emission is reproduced in
Figure 6. 1If we assume that the shortest wavelength band 1s
that corresponding to the 0-0 transition, the triplet state
of MA lies 72.1 Kcal/mole above the ground state. While the
rest of the spectrum was obtained by subtraction, this peak
at 39653 was not present in the solvent and is considered
more rellable than the rest of the spectrum.

A second spectrum 1s shown in PFigure 7. In this case
the intenslty of the emisslon was approximately ten times
as great and there was virtually no background. The differ-
ence between the two spectra can be reasonably explained by
three faciors: (1) higher purity of the constituents of the
glass, {2) variations in the properties of the glass - such
as cracking, or crystallization énd (3) use of a better photo-
tube., Most importantly the position of the 0-0 band is un-
changed at 39653.

When a slight excess of benzene was added to an MCIP
solution of MA, no emission was detected under the same

condltlions as above.
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ETHYL IODIDE SPECTRUM OF MA

An attempt to substantiate the triplet state energy of
MA obtained from the phosphorescence study was made using
the external heavy atom effect (35) to enhance the proba-
bility of singlet-triplet absorption.

Solutlon of MA in purified.ethyl iodide gave rise to the
single absorption band ( Amax =348mu ), shown in Figure 8,
proper to neither MA’nor ethyl lodide. Unfortunately, there
is no sign of any vibrational progression in the peak and
no assignment of the 0-0 band could be made. It 1s possible
that the absorptioh corresponds to a charge transfer transi-
tlion of MA-ethyl lodide complex rather than the enhanced
singlet-triplet absorption of MA. This seems reasonable 1ln
view of the assertion by Medlynn, et al. (36) that charge
transfer 1s part of the process by which the external heavy
atom effect operates. According to Katzin and MeBeth (37)
the iodlne-ethyl i1odide complex absorbs at 275mu 8o this 1s

not the cause of the maximum at 348mu .
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Fig. 8. Absorption Spectrum of 0,067M MA in Ethyl Iodide
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FLASY PHOTOLYSIS OF XKANTHNONE

A8 & physlcal check on tne guenching rate constanvs
derived from tine photoreduction technique, the flash spect-
roscopy of benzophenone, acet.o-henone and xanthone was in-
vegtigated, OF the three, only xanthone gave a triplet with
a 11fetime long ensugh to permit reliable quenching studies.
Rate constants were obtained by computer analysis of dnte
taken from photorsrephs of the decey of trinlet-trinlet ab-
porption displeved on an oscllioscone, The compuler wsg
programued(35) to separste processes that are “iret order in
triplet stute Tram thore that are second order accordine to
equation 25. ‘Wnen MA 1s mresent in known corcentration o
is incressed by the addition of the term kq[MA]. Thus, tne

d A

210 22 a3 (25)
at A

where 4 = Absorbance due to the triplet-triplet
sbhaorntion at any time

Aozzﬁhaorbance due to the triplet absorption
at time zero

¢ =8um of Tirst snd psuedo first order triplet
decay rate constants

ﬁ = 4 second order rate constant for triplet
decay

analysis of two xanthone solutlons, one wlth and one wWithoni
MA yields the desired kq. In Table 9 the pertinent data are

gathered from the rlash photolysle experiment. From these
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; . .= -1 o
results we cslculate thav kq: 6.1 x 1071.m018 sec, ~ ., Taes

number represents quenching by uncomplexed Ma, for the

Table 9 - kg for MA Quenching Xanthone by Flash Thotolysis
Run®’® [xanthone] [14] o 1<
A-3 1.0 x 107y o _,  1.08 x 10} 4.18 x 19"
D - 11 " 2.0 x 10 M 2.30 = 104 1,29 % 10
D - 12 " " 2.30 x 10 9.35% x 107

ol
Sa) wavelength monitored was 55004
b) Power delivered to flash lamps
was 90 Jjoules
solvent in this exneriument was cyclohexane. Wien we attenpt-~

ed the sane sxperiment 14 beanzene no T-T sbscrption was de-

tected and formation of an unknown yellow compound cccured,
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QUANTUM YIELDS AND CONCENTRATION EFFECTS

Quantum yields for the diaddition were determined using
both benzophenone end acetovhenone as sensitizers. The fact
that intersystem crossing 1is 1004 * 2% efficient in both
sensitizers (28) permitted the use of benzophenone-benzhy-
drol actinometry (27) in the two determinations. 1In order
to insure that the same amount of light was absorbed 1n the
actinometer and the acetophenone solutions, the concentra-
tlon of benzophenone was ad justed so that the absorbance of
both solutions at 36602 was equal. As reported earlier (10)
the quantum yleld of diadduct was avproximately 0,09 for both
- gensitizers in the MA concentratlion range 1.,500M to 0,500M.
This data is collected in Table 10. Simultaneous irradiation

Table 10 - Quantum Ylields in the Photosensitized Diaddition
of MA to Benzene

Series® [ b )
with ¢,C0
A 2 0,500 0.088 £ 0,005
A 1.000 0,092 =0,001
A 1.500 0.096 %= 0,007
B 1.000 0.096
B 1.500 0.106
Cc 0.500 0.064
o] 1.000 0.075
c 1.500 0.082
with ¢COGH3
D 1.500 0.10
D 1.500 0.090

(a) series A irradisastions carried out on our
optical bench, the others on our merry-go-round.

(v) Benzophenone 0.10M and acetophenone 1.00M
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of two benzene solutions containing 1.00M MA, one with
0.100M benzophenone and one without, through pyrex gave 1.50.
and 0,55g. of diadduct respectively. Since a calculation
shows that benzophenone absorbed 10% of the light in the
first solution, we conclude that the quantum yleld of the
unsensitized reactlion was ~1/18 that of the sensltlzed re-
action. This caleculatlion consldered the extinetion coef-
ficlents of the complex and of benzophenone at all the mer-
cury lines between 2804 and 3660%.

The 10% decrease in gquantum yield with concentration
over the range reported in Table 10 prompted the further
studies of concentration effects which are displayed in
Tables 11 to 16, All of the irradiations reported in these
tables were carried out with a Hanovia 450 watt mercury arec
lamp filtered with a uranium glass filter which permltted
only light of )\>33003 to pass, Yields are reported as ihe
results from three degassed 4 ml. samples sealed in pyfex

tubes,

Table 11 -~ MA Concentratlon Effect, Benzophenone Sensitlzed

‘8 Yleld from

[M@ run no, 1 2 3
0.050M 8.59+=0.2mg '9.56 + 0.1lmg 7.45* 0.5mg
0.100 17.58+1.0 19.48 = 0.2 ~ 15,67 =%+ 0.5
0.250 28.43 = 1.5
0.500 25.26 £4 .0 41,58 =% 1,0 31.87=%= 1.0
1.00 24,9412 4.0 47,71 £ 1.5 35.39=%* 1.0
1.500 49,12 %+ 3,0 33.84 £ 3,0

(&) Concentration of benzophenone was 0.100M
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Table 12 - MA Concentration Effect, Acetophenone Sensitized

Yleld from
[M.A:l %run’ no.

1 2
0.050M 12,29 *+ 0.8mg 11.48 =+ 1,0mg
0.100 21,78 = 0,5 37.00 £ 2,0
0.250 25,78 £ 2.0 42,10 = 1.5
0.500 21.99 + 1.5 45,60 = 3
1.000 28.29 £ 0.5 45,45 = 3
1.5000 25.17 = 3.0 39.47 = 2

(a) Concentration of acetophenone =1,00M

Table 13 - MA Concentration Effect, Xanthone Sensitized
[MA]a\Yield from

\run no. 1 2
0.050M 9.97 &= 1.0mg 14,04 = 1,0mg
0.100 15,68 = 1,0 25,40 =+ 0,5
0.250 17.37 = 2.0 31,61 %= 1.0
0.500 18,13 &= 1.5, 33,02 £ 1.5
1.000 13.34 £ 1.0, 30,04 = 2,0
1.500 11.41 £ 1.0 25.85 = 1.0°

(a) Concentration of Xanthone = 0.050M

(b) Different cyrstalline form isolated
from these samples which had the same
deconmposition point

(¢) solution turned yellow

Table 14 - Benzene Concentration Effect, [MA] = 1.00M

a\Yleld when

_[Benzene] Diluent was Dioxane Chloroform Acetonitrile
1.1M 0

2.26 | 9.10 = 0.4mg 15.04 =+ 1,9mg
3.4 0

4.52 15.27 £0.2 42,11 *£1.9
5.6 23.20 £ 3mg

6.75 18.98 = 0.5 65.85 + 1.0
7.9 65.16 £ 4 82.71 3.0
9.0 27.06 £ 1.0 94,28 = 3,0
10.7 81.82=%x 5 33.45 £ 1.5 98,90 £ 1.0
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(a) Cconcentration of benzophenone was 0,100M

Table 15 - Benzene Concentration Effect, Benzophenone Sensl-

tized
Yvield
(Benzens] 3‘\ [u4] ® _ 5.500M (Ma) ® =~ 0.075x
2.26M 6.8 =0.4mg. | 5.24 = 0.2mg
4,52 10.95+0.5 8.87 = 1.0
6.78 13,29+0.5 11.03 = 0.7
9.04 15.63+0.6 13.67 = 0.5
10.4 16.03+1.0 14.78 = 0.7
(a) Concentration of benzophenone = 0,10M

(b) cChloroform was the diluent

Table 16 - Renzene Concentration Effect, Unsensitized

Reactlion
a.b Yield from
Benzene ° ™an no. 1 : 2
2,26M 36 3mg. 17.%mg.
4,52 28.2 13.4
6.78 , 29.6 14,0
9.04 29.8 12.8
10.4 30.4 13.3

(a) Concentration of MA was 1.,00M

(b) Chloroform was dlluent

When the yields in Tables 11,12 and 13 are normalized
at MA =0,500M and averaged, Figures 9,10 and 11 result,
From the yields of the benzophenone expveriments one can cal-

culate the dependence of yield on MA to be

Yield — 236 [
1+7.3 [

(26)
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to an accuracy of 104 which 1s close to experimental
error, or |

Yield = 36 [M4] 5 (27)
with an accuracy of 22% which is outside of experimental
error.

In Tables 14 and 15 are collected data on the benzene
concentration effect at different concentrations of MA and
in the presence of different diluents. These results are
shown graphically in Figures 12, 13 and 14. The discrepancy
evident in Figure 14 l1ls probably not real, for the experi-
ment at 0,075M MA contains ylelds which represent from 13 to
36% conversion of the MA. These ylelds were corrected with
the help of the MA concentration effect curve of Figure 9,
The ratio of the yield of disdduet from Figure 9 correspond-
ing to the initlal MA concentrations of Table 15 to the
.yield correspvonding to the average concentration of MA dur-
ing the run was taken as a correction factor. Thls tends to
convert all the ylelds of Table 15 to higher vaiues 1lndica-
tive of the situatlion at very low conversion. Figure 15
indicates the results of this treatment on the benzene con-
centration effect data taken at ﬁmﬂ = 0,075M. The effect
of this type of correction on the 0,500M MA curve of Flgure
14 is not so large; but in the same direction, whlle the
change in the 1.00M MA curve ls negliglible. We conclude

that the dependence of yleld of diadduct is of the followlng
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Flg. 12. Benzene Concentratlion Effect at [MA]= 1.00¥M,
(1)200 Sensitized, Dioxane Diluent
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Benzene Concentration Effect at [MA] = 1.00M,
¢oCO Sensitized, CHaCN Diluent

100

80—

YIELD OF DIADDUCT (mgq)

20—

60—

40—

i 1 |

N 1 | 1 |

2.0 4.0 6.0 8.0 10.0
[BENZENE] (m/1)



YIELD OF DIADDUCT (mg)

Flg. 14,

-71 -

Benzene Concentration Effect at Various
Concentrations of Ma, CH013 Diluent
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Fig. 15. (Corrected Benzene Concentration Effect at
[Ma]=0.075M, CHClz Diluent
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form, and that the 0.500M MA experiment is erroneous due to
Yiéld =K [Benzen_e] s X = a constant (28)

Incomplete crystallization or other unknown factors, The
anomalous behavior of dioxane as a diluent 1s assoclated
with the fact that the solutions tufn vellow and polymeriza-
tlon occurs at low concentrations of benzene.

In Table 16 may be found the results of two experi-~
ments on the effect of benzene éoncentration on the yleld
from the unsensitized reaction. There 1s no significant
difference in the amount of light absorbed in these solu-
tlons; elther all of the light 1s absorbed (at mercury lines
below 31303) or an insignificant amount (at 3341 and 36603).
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SENSITIZER CONCENTRATION EFFECT ON THE DIADDITION

Table 17 shows the results of an experiment in which
the concentration of benzophenone was varied by a factor of
ten. The amount of benzophenone present in all of the
samples was sufficient to absorb all of light emitted near
36603 by the mercury arc. However, the difference 1in the
anount of light absorbed between the principal emlssion
lines between 3700 and 41003 is probably enough to account

for the rise of 16% in yield.

Table 17 - Effect of Varying [Benzophenone] on Yield of

Diadduet
sanple | [c;baco] vield of Diadduct
1 0.03M 24,9 = 1,.2mg
2 0.06 24,2k 1,2
3 0,10 25.4 & 1,2
4 0.15 26,1 £ 1.3
5 0.20 : 28.3 & 1.3
6 0.30 20,1+ 1.3
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EFFICACY OF VARIOUS SENSITIZERS

By the use of a graded series of compounds which have
been obaserved to be effective as senslitizers, and others
which should be effective because they are known to cross to
the triplet state efficiently, it is often possible to gain
some knowledge of the triplet energy of the energy acceptor
of an energy transfer process. Accordingly some 18 differ-
ent hydrocarbons and ketones have been evaluated as sensi-
tizers for the diaddition. 1In all of the casés listed in.
Table 18 the sensitizer or inhibitor was the only species'in
solution which absorbed an appreciable amount of light. The
ylelds reported here are those from simultaneous irradiatlon

of two samples of ezch type on our "merry-go-round" appara-

Table 18 - Sensitizers and Inhibitors of the Diaddition

a Triplet Yield of c.d Triplet
Sensitizers®>P Energy® l/Diadduct Inhibitors®? Energy®
Kca
Propilovhenone 74.7 mole 26mg  Triphenylene 66,6
Xanthone T4, 2 14 Thioxanthone 65.5
acetophenone 73.6 41 Anthrsaquinone 62.4
benzaldehyde 71.9 36 2-acetyliluorene 62.6
benzophenone 68.5 - 46 naphthalene 60.9
4,4~3dichloro=- 68.1 59 2-acetonaphthone 59.3
benzene chrysene 56.6
p-diacetyl- 67.6° 35 Benzil 53.7
benzene Fluorenone - 53,0
p-cyanobenzo-  66.4 40

phenone

all sampgles carefully degassed

A 2 3300A was used

AD> 2900 i H 1

yields of 0.001lg can easily be detected
These values determined by Lamola,
Herkstroeter and Hammond (39)

P Y e e
OO0 UD
Nt N Nt Nt gt
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tus. They do not neceasarily reflect diflerences in quantum
Yields or 1n efficlencles of energy transfer, for the sensi-
tlzers do not all intersystem cross to the same extent and
they dld not 211 absorb the same amount of light. None of
the sensitizers used absorb beyond 40002 so that the wave-
length range of interest lies between 33002 and 40002.

Since the group of mercury emlssion lines about 36603 are
the major source of light in the experiment and since the
concentrations of sensitlzers were such that all 36603 light
was absorbed, differences in ylields due to variations in
light absorbed should be no greater than 10%.

Compounds which are llisted as inhibltors do not neces-
sarily quench the reaction, thelr essential characteristic
is that energy transfer from them (if occuring) must be at
least 25-50 times slower tpan from the sensitizers since
this 1s the minimum ratio of yield from sensitlizer to yleld
from inhibitor. Thus, the inhibition of the disddition
could be & result of internal filtering and/or quenching.

A sample of 1.00M MA in benzene vhen irradiated with
light of A:>33003 glves no product within a period twice as

long as that used for the sensitized reactions of Table 18.
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EFFECT OF LIGHT INTENSITY ON THE DIADDITION

The effect of light intensity of the dladditlion was
tested by cémparing the yleld of diadduct from two experl-
ments, In the first, degassed 1.00M aolutlions of MA 1in ben-
sene were irradiated through pyrex glass (A> 28003) for 32,5
hours; whille in the second, the same 450 watt lamp was sur-
rounded by a plece of 80 mesh stainless steel screenlng
which allowed 32.5% transmission between 2700 and 37003.
Under the latter conditlons, a yleld which was 33% £ 3% of
the yleld obtained without the filter was found after an
identical irradiation perlod.
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COMPETITION BETWFEN FORMATION OF THE
DIADDUCT AND THE MA DIMER

Although the sensitized and unsensitized dimerization
of MA and 2,3-dimethylmalelc anhyGride 1in dloxane and ben-
zene respectively have been reported by Schenck et al. (19),
no attempt to detect the MA dimer in irradisted solutions of
MA in benzene have been made. By irradiation of equinolar
solutions of benzene and MA in dioxane, competltidn between
addition of MA to benzene and to another moclecule of MA
should be observed. 1In fact, as shown by vapor phase
chromatography of the methyl esters of the products (Table
19) only small amounts of dimer are formed whether or not
the reaction 1s sensltlzed.

Table 19 - Dimer Formation From Eqimolar Benzene~MA Solu-

tions
Amount,

Sample {MA] = [Benzene] Sensltizer [Senaitizer] of Dimer

1 2.00M acetophenone 1.00M 3% 4 2%
2 " benzophenone 0.i0M 1% = 0,5%
3 " none 0 1% £ 0.5%
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DIMERIZATION OF MA

In order to evaluate the results of the dimer-dladduct
experiment and to obtain a stock of pure dimer, we performed
some orlenting dimerlzation in dioxane., These results may
be found in Table 20, Although the dloxane used 1in these
experiments‘was carefully purified, large amounts of polymer
formed in all of the reactions., In an effort to circumvent
polymer formatlon the same experiments were run in aceto-
nitrile with the results shown in Table 21, Agaln, there
wag polymer formation in both the sensitlized and unsensl-
tized reactions., Additlon of 107°M chloranil or hydro-
quinone to 1nh1bit polymerization was without success =~
higher concentrations were not practical for internal filt-

ering would become lmportant,

Table 20 - Yields of Dimer with Dioxane as Solvent;
' MA] =2,00M
o} O

A D 28004 ‘ ~[IAY3300A
Sensitizer run #1 #2 #3 #4 #5
acetone-0.50M 21.9 +1lmg
propiophenone-1.0M 17.8%1 7 .6ug 10.5+2mg 10.7Tmg
acetovhenone-1.0M 16,21 10.4 | 14.9 9.8 £0.5
benzophenone-0,10M | 0.292g 29,01 18.7 | 18.8 19.4%0.,3
none 0.254 22,72 -0
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Table 21 - Yields of Dimer with Acetonitrile as Solvent;
[M4] =2.00u

(@) U
' A > 28004 A 2330040

Sensitizer Tun #o #l #S #9 #10
acetone-0,50M 51.6 £1mg 33,0 £3mg 86 £10mg
vroplophenone-1.0M 3.5 0
acetorhenone-1,0M trace -0
benzophenone-0,10M | 18.2+0.7 20.5%1 43+ 5 o ©
mone 55.2%x0,6 42.0+1 116 0] 0

Examination of the spectra of Figure 16 shows that MA
forms a charge transfer complex in dioxane. When the
Ketelasr (40) treatment was applied to the data of Tabie 22
to determine the equilibrium constant of the complex the
results were unsatisfactory. From PFigure 17 it can be seen
that the points describe a curve rather than a straight Iline.

Table 22 -~ Equilibrium Congtant Determination, MA-Dioxane
Complex at 28004,

Sample? [Ma] [dioxane] -1 € ab (€g-€3) 1e
1 0.010M 4,om™1 30,7 0.0709
2 " 2.0 39.7 0.0474
3 n 1.0 59.9 0.0319
4 " 0.50 8.7 0.0151
5 " 0.33 104.7 0.0112
6 u - 18.6 -

(a) solvent was chloroform
(b) €, =Absorbance of solution/ [m4)
(¢) €q =extinctlon coefficient of Ma
For order of magnitude purposes, the slope and intercept of

the straight line give X=0.72 and €,595 =106 for the complex.

Behavior of this kind is expected if the complex is not en-
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Equilibrium Constant Determinatioh,
MA-Dioxane Complex
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tirely 1 to 1. In this case 2 to 1 complexes lavolving toth
oxygen atoms of & sinzle dioxane molecule are certainly
reasonable, If we agsume that the equillibrium constants
for both comnlexes are the same, there should be a larze
excess of 1 to 1 complexes in nest dioxane wnen[MQ = 1M,
Thus, the trestment of Moore and Anderscon (42) when applied
to the data of Teble 23 gives 0.9 as the slope of a vnlot of

log A ve. log [M@ . With substantial amounts of 2;1 comnlex

¥
Table 23 - Stoichiometry of the ¥A-Dioxane Complex at 28G02

Sample [Dioxane] [MQ Absorbance iog A log Eﬁ%
1 2.50M C,0G2 0,302 —C.S’j; _.2',59:;
: ; G004 0.5:7 -0.278 -2.29%
3 n 0.008 0,954 -0,0026 -2.057
4 f 0.012 1.459% G.152 ~1.921

present the nunber of nolecules of VA per cowplex would be
between 1 and 2, 1.e. the slope would fsil betwesen tiheze
limits. There is no evidence for cowplex Tormation in ace-
tonitrile; the spectrua of MA in thls solvent is laentical
with the spectrum in carbon tetrschloride in Figure 16,
Solution of MA in tetrahydrofuren produces u UV spectrua
similar to the dioxane snectrun and & yellow charge-transfer
band is obvious in verstrole, Frultless attempts were mele
to prepare the “A diaer rom benzophenone sensitized ilrrsil-
atlions in chloroform, tetrahydrofuran, and 1,2-dimethoxyetnane
a8 well as hy direct 1rradiations of 1.50% solutions ol VA

in 1,2-dimethoxyethane veratrole (1,2-dimethoxybenzene),
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methanol, tetrahydrofuran and tetralin, fcThe dimer is form-

ed 1n the direct reaction, though.



0
L

AODTTION OF M4 To migveLn (2,2,2] -5-
OCTENE-2, 3~ DICA&BOXILI" An.VDRIDE
A a test of the abllity of MA to add to the roasicle
intermedlate II we attempted the photochemical additian ol
MA to VITI, the product of the Diele-salder reaction ol ¥4

with cyclohexadiene, Derassed acetonitrile sclutions

-

approximstely O0.5% 1 74 ani .57 in VYIITI bots with and
vithout beazcophernone vere irrediasted for 10 days wiltih a 450
watt lamp, Small amounts (4mg. per 4ml. sanple) of white
crystuls precipitated after this time and vere found to be
fumaric acid in the unsensltized case and Tumarlc acld plus
en unknown compound which melted at 51500 in the tubes con-
talning benzopnenon:z, Althourh the compound wus not isolat-
ed we estirate that 1t comprised no nore than 1/3% of the
yield., o ul-sn aeltines compounds were lsolated from tne
Filtrate fro. either reaction. Assualng thet thls materia
1s an adduct of YA with VIII, we estimate that the mexlmum

guantum yleld for the addition 1is 0,007,
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ATTEMPTS TO TRAP THE INTERMEDIATE

In order to trap the supposed cyclohexadiene-like in-
termedlate formed during the diaddition, 1t was necessary to
find an active dienophile which would not inhibit the re-
action when employed in high concentrations. Ethyl acrylate
was found to be suitable for this purpose, and aécordingly a
benzene solution 1.00M in MA, 2.50M in ethyl acrylaté and
0.10M in benzophenone was prepared, degassed and irradiated.
After 229 conversion of the MA, the diadduct precipitate was
collected and its IR spectrum taken. It proved to be iden-
tical to that of diadduct. From the filtrate 527 of the MA
was recoVered, the remaining yellow goo was probably a mix-
ture of MA and ethyl acrylate polymers and copolymers.

This approach was gbandoned ané a preliminary low temp-
erature experiment using the addition to toluene was attempt-
ed. Tt was hoped that at -~77% a large enough concentration
of intermediate could be built up so that it could be trap-
ped by a dienophile added after halting the irradiation.
Tubes containing 0.5M MA and 0.05M benzophenone were irrad-
lated for 15 hours at dry ice temperature. Then, while still
cold, the contents of the tubes were mixed with a concentrated'
solution of tetracyanoethylene. After reaching room temp-
erature and standing for one day, no diadduct or cross ad-
duct was isolated, Fallure to observe any product probably

reflects the low quantum yleld for the addition to toluene,
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QUENCHING THE UNSENSITIZED DIADDITION

Although Bryce~-Smith and Lodge (6) had reported that
oxygen did not quench the unsensitized reaction, it was
deemed advisable to check this work in view of the previous~
ly noted discrepancy in their results. Indeed, our results
contradict the above observation in that oxygen at its
equilibrium concentration at atmospheric pressure 4did quench
the unsensitized réaotion. If we assume that the solubility
of oxygen in toluene and benzene is the same,'the concentra-
tion of oxygen in these experiments was 5 x 10-3M (41). The
numbers given 1n Table 24 as the fraction quenched represent
‘ratios of the average ylelds of ten sample tubes; five seal-
ed at room pressure and five degassed. Quenching experi-
ments with several other good triplet dquenchers (dne of
which-Fe(DBM)~ 1s a good singlet quencher also (23)) were
carried out as shown in Table 25. Little or no quenching
was observed in these experiments, probably this was é re~
sult of the low concentrations of quenchers employed to

obviate internal filtering.

Table 24 - Oxygen Quenching of the Diaddition

Run®’ P ’ ﬁ%@ Fraction Quenched
1 2,00 - 0.23+0.05
2 . 1.50 0.20x£0.07
3 0.200 0.31%0.07

(a) benzene was the solvent
(b) A >2800% used
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Table 25 = Quenching the Diaddition

Run® Quencher Yield of Diadduct(mg.)
1P one 1 2.3%0.5
1 x 107%M Fe(DBM)3 2.,1%0.7
b none 2.3
2 1 x 10™3M azulene 3.2
| 1 x 10744 Fe(DPM)=5d 3.5
3b one 2.5
5 x 10°™M azulene 2.3
one 21.9%+0.3
5 x 107%M naphthalene 22,2+0,8
e " 2-acetonaphthone 22.4%*1.0
4 H anthracene 19.0k£2.0
n azulene 16.6*0.8

(a) Benzene was the solvent, all samples degassed

(b) filter systey on optical bench isolated the
mercury 31304 line, ylelds are average of two
sample

(c) >\>2800§ used, yields are average of three
samples :

(@) Fe(DBM)= is ferric dibenzoylmethide and Fe(DPM)3
is ferric dipivaloylmethide

In an oxygen quenching experiment run simultaneously
’with Run 2 which contained 0.10M benzophenone and 1.50M M4,
247+ 7% quenching was observed. Assuming a diffusion con-
trolléd rate for oxygen quenching benzophenone triplets and

using the k_ for MA in benzene we find that less than 10%

q
quenching comes from direct quenching of sensitizer.
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DISCUSSION
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The mechanisms which have been proposed for the sensi-
tized diaddition fall into two broad categories based on the
mechanism assumed for the sensitization process, These pro-
cesses are addliion of excited sensitizer to MA (1) or
transfer of triplet energy from exclted sensitlzer to MA or
the complex (6,10). By considering the dlagram below which
just shows possible steps 1n the second category of mechan-

isms the complexity of the problem can be visualized. Tt is

X
B+M ———¢

g* s”
decay decay
#

_AB*

dinmer Produc‘b

> M+ B

where © B=benzene
M=malelic anhydride
C = complex
S=Dbenzophenone
MB= an intermediate consisting of a
"benzene-maleic anhydride adduct
poésible that all of the processes shown here occur: none can
be ruled out a priori, but hopefully one of the routes will
predominate to such an extent that the problem is tractable,.
As a beginning, we shall examlne the kinetlc consequences of
some of the routes by derliving the way in which the quantum
yield should vary with concentration of reactants and com-

pare the answers with the empirical results. For this pur-
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pose, the benzophenone data will be used because the benzene
ooncentratign effect was not studied with acetophenone or
xanthone. As collected, the concentration efféct,data are
not in terms of guantum ylelds as are the kinetlc expres-
sions., However, all of the tubes of a particular run were
irradiated simultaneously with light absorbed only by the
sensitizer. Under these conditions the relative‘yields
correspond to relative quantum yields, Furthermore, the
yields in most experiments involving variation of concentra-
tions were low enough so that the initial concentration can
be used in the rate expressions with no more than 10% error.
The features which the data demand from'anybmechanism
are; (1) a relatién between the cuantum yield and MA concen-
tration of the foliowing type where R is a constant, and (2)

__ *M (29)
1+7.3[M

a straight line dependenée of quantum yield on concentration
of benzene between 2M and 10M which could extrapolate to a
low, non zero intercept. Actually an expression of the form

S|B
T + [B]
vwhere § is a constant and T £ 20 would be indistinguishable
within the limits of error. Thus it is clear'that the

benzene and MA concentration effects are independent,
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KINETICS + SCHENCK MECHANISM

Let us first consider the Schenck mechanism. In this
discussion as well as in those kinetic analyses of other
categories to follow one model derivation will be presented,
Only the quantum yield expression, or a description of 1t,
will be presented for the rest of the mechanlisms,

Mechanism 1

The mechanism discussed in the introduction is shown
below along with the equation which describes the quantum
yield obtained by making the steady state approximatlion for
radicals, excited states and intermediates. The excited
sensitizer in the Schenck mechanism is treated as a biradi-
cal without specifying its multiplicity. Addition of the
excited sensitizer to MA gives an adduct biradical which 1s
denoted by +MS.. This mechanism is eliminated because 1t

predicts no benzene concentration effect.

Reaction Rate

s— 8" I

st s k4 (57

8"+ M—-MS* x; [59(M]
*MS* + B—MB + S k, [*MS] [B]

MB + M—>Product k3 [M] (M]
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6= ; [us)= Rl 5] ; B = 22 (5] Lse]

K+ 1 1] iz 5] k5 P

kO8] mp
= T o nD

Mechanism 2

If reversion of the intermedizate MB to benzene and MA

1s added to the above sequence as éhown, the quantum yleld

becomes
Reaction Rate
B —M +B g (8]
2 .
3 k3 [M]

== (kg +13 1] )(Ig + 3 o))

This 1ls eliminated for the same reason.

Mechanism 3

A benzene effect can be built into these mechanisms by
allowing the diradical, -MS., to revert to 8"+ M or tc S+M.
Since the former possibility is unreasonable, and requires
gimilar M and B concentration effects, it need not be con-
sidered. However, the second alternative. produces @3 which

can explain the data if k;[M]>>k,, ks/kg=7.3 and kj 2 20k,.
Reaction Rate
*MSe —M+8 ky, [+us-]

kleles (i) © 6]
(eq + 2 () (i, +15[0] ) (ey+ 2 [B])
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Mechanism &4

‘Mechanism 4 is identical with the previous one except
that there i1s no dissociation of the intermediate. With

ky/kg=7.3 and k, 2 20k, this is acceptable.

kyko ] [B]

0, =
= Crar i b)) (sp + 52 (5])
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KINETICS: ENERGY TRANSFER TO FREE MA

Next we shall treat mechanisms which have as their
first'step energy transfer to free MA., Since it was shown
thet only small amounts of the MA dimer are formed during
the irradiation of solutions of MA*in benzene, the dimeriza-
tion path was not.included in any of the kinetic analyses.
It will be shown later that the concentratlon of the inter-
medlate MB is too low to compete in energy transfer or light
absorption so these steps are left out, Also reversible
energy transfer as discovered by Sandros and BHckstrom (43)
is not included becausé its operation requires a decrease
in quantum yleld with increasing concentration of sensitizer.
wWe found that there actually was little or no effect,

In all of the followlng an asterisk indicates a mole—~
cule in its: first excited triplet state. It should be
recognized, however, that excitation of the sensitizer leads
first to excited singlet states, Intersystem crossing fol-

lows with high efficiency and is omitted in the derivations.

Mechanism 5

what 1s probably the most straightforward mechanism in
this class is derived below., Since the benzophenone quench-
ing studles show ktg/kdlz 200, this mechanism is lnconsis-
tent with the empirical ratlio of 7.3 obtained from the MA

concentration effect curve.



Reaction Rate
§—g I

CRe ey (57
8" MM+ 8§ Iy, o (87 1]
MM kd3 (]
M"+ B—MB kg [M*][B]

MB+M-—Product kg [mB] M)

w I “.__ktg[M][S]
e ]—kal kg, (M] b= ka5+ K¢ (5]
ke [B] []
el ks, (M]

= xgktp (] [B]
(gt 6 [B] (kg + ¥, [M])

Mechanism 6

When reversion of the intermedlate i1s added as before

(first order rate constant kg) @5 becomes

%6 - KKk [M] Z [5]
" ke, % B )i, g, (g 5 )

Since kt2 [M] » kdl throughout the concentration range studied
dg 18 reduced to $s'. With the restrictlions that

' - k5k6 [M] [B]
(kd3"‘ kg [B]) (kg + kg [M))

k5/kg=7.3 and kdj/ké 2 20, the mechanism is in accord with
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the results of the concentration effect work,

Mechanism 7

If instead of adding to benzene, exclted MA can react
directly with the complex to form the dladduct as indicated
below, §7 can be derived., Since Q7 demands that the MA and
benzene concentration effects have similar form 1t 1s not

& valld mechanism,

Reactlon Rate
M" + ¢ — Product e [17] c]
X = —-—-——[C]
(4] (8]
; gt ok ] 2 5]

7™ (s + kG ] [B]) Ciegy + g p M)

Mechanlism 8

By allowing formatlon of the lntermedlate by decay of
excited complex formed from exclted MA and benzene as shown

below another famlly of mechanlems 18 generated,

AReaction Rate
M"+ B=¢c" x.o[M*] [B],x;[c"]
¢ —MB ks [C]

3g = sk _oletp (1] [B] |
(kay+ ko [M)) [15(kq,+ k_o [B]) + "E’f‘dﬂ

The quantum yleld expression QB for the first member of
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this family predicts a very small MA concentratlon effect
(recall kt.g [M] >>kdl) so 1t 1s not considered farther,

Mechanlism 9

In mechanism 8 the dissoclatlion and reformatlon of the
excited triplet state of the complex was not considered as
an equilibrium., If the rate constants k, and k_, are much
greater than k3 and kd3 respectively we can use the equllib-
rium formulation, as below, For the same reason that mech-
anisms 5 and 8 were eliminated this must be lncorrect.

N
[w] (8]
K3k oK' (1] [B]
kdjckdl + k‘ba [M] )

Mechanlsms 10 and 11

- Agaln when the thermal reversion of the intermedlate
18 put into either of the two previous mechanisms the con-
centration effect data can be accomodated. Mechanism 8
becomes 10, and mechanism 9 becomes 11. In the case of @10
| - 2
we need k5/k9-—7.3 and (k3kd3+ kekd3)/k3k_2 Z 20 but §q4

only requires the former relstionshilp.

kgiegk_iy, 0] 2 [5] |
(kdl“" k-t.a [4]) (kg + kg [M]) {:k_s <kd -2 [B])”‘-'z"é%
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Baym 542 D
kg5 (g, * Ky, (M) (g g [M])

Mechanism 12

Instead of product formation by thermal reaction of an
Intermediate, a mechanism can be envisioned which forms
product by direct reaction of the exclilted complex with MA.
The quantum yleld for this mechanism together with the two
new reactions is written out below. By requiring that kdB/
k_, Z 20 and ky/ (k2+-kd2)::7,3 the concentration effeot
data are satlafled,

Reactlon Rate
¢ kg, (€]
¢*+ M— Product ky, [C'j [M]

B kyke ok [M] 2[8]
1 (g, + ey, []) (g, + ey, (] Xieg 5+ 1e_p [B]+ keoltg, ]

Mechanism 13

Equllibration of the exclited complex in the previous
scheme produces a mechanlsm which does not predict the cor-

rect MA'concentration effect (@13). It should be noted that

5. Faxtor [1)° [7]
> g+ e, )

in the schemes which led to Jg through 77 the first order
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decay c{—ac 1s surplanted by decay to the intermediate,
Since there are no competing second order processes, 1is
inclusion could not alter the dependence of the quantum

yield on concentration of reactants.
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KINETICS: ENERGY TRANSFER TO THE COMPLEX

Now, we shall examlne mechanisms which have as thelr
first step.energy transfer to the complex. Inasmuch as
energy trensfer to the complex is highly effigient (ktl/kdfz‘
3000, the term ktl[c]/ (kd1+'kt1[°]) which appears in all of
the following mechanisms is equal to unity. Obviously, no
concentration effects can arise from this step. The mech-
anism which Bryce-Smith and coworkers seem to favor is pre-

sented Tirst.

Mechanism 14

The mechanism derived here does not have any possible
concentration dependent inefficienclies except the energy
transfer step at MA concentratlons below 10'3M. It

is therefore eliminated,

Reaction Rate

s —g” I

s"— s N (57
S*+ C—C + 8 k. [59[c]
¢"— B i [07]

MB + M — Product k5 (8] (]

. I W _ Bty [s7][c]
s ]-kdl G (¢ = T
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_ Xk3[c]
= S h

__ (e
kdl + ktl [C]

9,

Mechanism 15

In order to produce the necessary concentration de-
pendence we must incorporate both dissoclation-recombination
of the complex and reverslon of the intermediate. The
gquantum yield expresslon in this case, §15, wlll reproduce
the concentration effect data if k_, EkdB, lcs/k9 =T.3 and
kg, (13 +k,)/kzk_p 220,

) kskgky [c] [M] (kaz+k_p [8])
15 (g + kg [M] Xkzq, + zi,cl [::])de3 rx_, By +kd3k2]

Mechanism 16

considerable slmplification of @15 18 achieved 1f the
excited complex 1s considered to be in equilibrium with ex-
clted MA and benzene. However the quantum yleld in this

case should not be effected by the concentration of benzene

($16) -

3o = ktlksg‘ﬂ [c] ]
16 "(kdl-s- kg [c])(kg + kg [M])

Mechanlsm 17

Now we shall look at several mechanisms which do not
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involve the formation of any intermediates., Thus, decay
from the exclted complex leads to the ground state of the
complex 1n the following. As we have seen, dlasoclation of
the exclted complex in thls type of mechanism is essential |
1f the concentration of benzene ls to effect the guantum
yield. The most straightforward of these (@17) is nearly
l1dentical with mechanism 12 except that sensitizer transfers
its energy to the complex rather than to MA. Accordingly
the quantum yield expression is similar, but has an import-
ant difference. Wlith kd3:>k_2 as needed to submerge the
benzene term 1n the denominator, the benzene concentration
effect line would be expected to extrapolate to a large;
non-zero ordinate.intercept. From Figures 13, 14, and 15 it
l1s evident that the intercept is small c§mpared with the

yield obtained 1in neat benzene,

eyl [0]M] (kg + k_5 [B])
(g, + ke [c] )de2+ k, [M] )(kd3+ k_, [B] + kdzkz]

517::

Mechanism 18

Formulating the dissociation and reformation of the

excited complex as an equilibrium gives which wouldn't

18
provide a benzene concentration effect.

_ kykyy [0] [i]
10 (g, + 1, [e]D(kg, + X, [])
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Mechanisma 19 and 20

Finally, two mechanlisms can be devised which form
product by attack of excited MA on the ground state of the
complex as in mechanism 7. The quantum ylelds for these
mechanisms with and wlthout equllibrium formulation of the
excited complex dlssocliation are é19 and §20 respectively.
Nelther one of the mechanisms can be valid for in the first
case there would be little effect of benzene concentration
and in the second case the benzene and MA‘effects must have
the same form.

_ kgeyy [0)°
B Kk, [B] <kd1+ ke 14))

919

- kglpky [6]2 |
(kdl+ k,, [c]) [(kgp+ ko) (k as* kg [C]) +kqk_p (5]

®20

After havling reduced the number of mechanlsms deserving
further consideratlion by comparison of thelr prediction of
the dependence of quanﬁum yield on inital concentration of
reactants, the absolute value of the quantum yleld will be
used as a further criterion., Using the value glven by Andrews
and Keefer for the equilibrium constant of the complex the

ratio of the pseudo first order quenching rate constants 1in

k., ™
a 1.00M solution of MA in benzene 1s Y1 ] — 0.012, This

ks, [€]

ratio becomes 0.067 Lf [M] = [C], certainiy an upper limit at
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these concentrations, Thus, even if only energj accepted by
MA were utilized in the reactlon, the maximum quantum yield
if all subsequent processes were 100% efficient would be
between 0.012 and 0,067. Since the quantum yield in a 1.00M
solution of MA in benzene 1s in fact 0.092, the hypothesis
‘is untenable and we conclude that the energy accepted by the
complex begins the sequence of chemical events which lead |
to a dladdition. 1In this way all but mechanism 15 of those
1nvolving’energy transfer can be eliminated.

The basis for the Schenck mechanism is the proposal by
Schinberg (44) that dye photosensitized sutoxidations in-
volve addition of the sensitizer to oxygén to fbrm a dirad-
lcal which can transfer oxygen to gubstrate. Recently, how-
ever, Foote (45) has shown that in several instances hydro-
gen perdxide-sodium hypochlorite-olefin systems in which
exclted singlet oxygen is formed give rise to the same pro-
ducts as the corresponding dye sensitized reaction. ‘Thus it
is becoming clear that the first step of the dye sensitized
oxidation is not addition, but energy transferyas ghovn,

Since there appears now to be no precedent for Schenck-type
| 3
Saye T og“‘*ldye'?IOQ

mechanisms and because of the generality of the energy

transfer concept as applied to photochemistry and emission
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spectroscopy, we prefer to discuss this reaction ia terms of
energy transfer. It must be emphasized that there is no
direct experimental evidence which can exclude the Schenck
mechanism for the reaction; only the above considerations,
It will now be necessary to examine mechanism 15 1n the
light of the other avallable evidence., First we shall ex-
emine the magnitude of the rate constants, then treat the

involvement of the complex and finelly consider the inter- .

mediate.
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MAGNITUDE OF THE RATE CONSTANTS

Rather than evaluate the rate constants uelng 5
obtained from 015 by canceling the ktl[C] term we shall

o kgks (] -(kd3+ k_o[B])
g +ie5 ) [5Cka g+ e [B] )+ Jepkg, |

fTormulate the quantum yleld as a product of efficlencies,
For ease of calculatlon we shall choose the concentratlon
of MA to be 1.00M, take that of benzene as 10M and use

0.092 as the guantum yield (Table 10). Efficlencies of the
Tfollowing steps wlll be considered: (1) energy transfer to
the complex, (2) partition of energy dellvered to the comp-
lex and (3) competition between reaction with MA‘and dis-
gociatlon of the intermedlate, At the concentrations cover-
ed by the concentration effect studles, process (1) 18 >99%
efficient. The efficlency of step (3) calculated ffom the
expression kg [M]/(k9+k5 M) uvsing k5/k9=7.3 is 88%. Thus,
the leaking of energy through the decay of MA triplets
arising from the dissociation of the triplet state of the
complex accounts for the major loss in the sequence. An ex-
pression for fraction of energy (f) receilved by the complex
which goes on toward product 1s given below, The summation

expresses the fact that a constant fraction of the exclited



f = x[l+~(l-x)y+~(l~x)2y2+ﬁ ~~~~~ }:: X %)
' 1 ~(l-%) v
, k.2 (B
ko + ko kd3+ K_o (8]

MA which dissorlates (l-x) recomblnes (y) rather than decay-
ing and 18 partitioned again and again, Since the dlsscclie-
tion of the intermedlate i1s responsible for merely 12% of

the energy loss we have

= 0,105 (30)

If the ratio k2/k3 1s arbitrarily set at 200 so thst
the term contalnlng benzene 1n the denominator ol @'15 18
completely damped out, k_g/k3 becomes 2.2. MNote Lhat ine
rate constant ratlo k-z/kd3 determines the intercept of the
benzene concentration effect line and that uss ol z.,2 woulid
lead to a predicted intercept of l.4uwg, for the 1.,00M Ma
line of Figure 14, This could easlly be accommodated. Thege
relationshlips between raete constants can reproduce tae quan-~
tum yleld at any concentration of MA or benzene to within
10%.

YWith the relationsihlps between kd3;k—25 k3 and k2 eg-
tablished we -can now calculate thelr magnltudes using tae
oxygen quenching result and an assumed value for the flrstl

order decay of triplet MA. Since the phosphorescope used

could see triplets with decay rates as fast as 5 x 104 sec”t
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and the intensity from MA was small we shell take kd3 as

5 x 105 sec'l. This number 1s probably a lower limit for
oxygen or small amounts of ilmpurities in solvent or solute
quenching at diffusion controlled rates could effectively
increase ky. Other numbers we shall need are 0.25 as the
fraction of energy quenched by oxygen (Table 24), 5 x 109
~as the second order diffusion controlled quenching rate
constant and 5 x 10_3M'aa the concentration of 05 (41). The
rates in Table 26 were calculated with equation 29 by assum-
ing that quenching C* led to MB and that the energy loss
came from quenching M*, It will be of interest later to

estimate the rate at which the intermediate is formed.

Table 26 - Rate Constants for the Diaddition

Resction Rate
Decay of excited MA- kdj: 5 i 105 sec-l
Dissocliatlon of the excited complex kp=4.6 x lOgsec’l

-1
Formation of excited complex (M#+3B) k_g;l.lntlosl.moqu.

_ sec
Decay of excited complex 3=:2.3 X 1065ec'1
This rate is
a [uz)
=k, [ 31
P 5 [ (31)

A ressonable estimation of @% can readily be deduced by
employing the steady state approximation as shown, OF

course, the ktl[Q] terms in the numerator and denominator
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have been cancelled out. Solution of equation 32 using

2.95 x 10~% einstelns 1.7t gee.”t as a typical intensity

yields [0%] =1.33 x 107134, Tals means that the rate of

formation of intermediate 1le approximsately 3.1 x 10-7 mole

1.71gec.”t

*

o = -2 [B) Thay) T
ks kg + a2 (B]) + g ko

(32)
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THE TRIFIET STATE OF THI COMPLEX

Hext the detells of the part played Ly the complex wili
be considered. 1In the sensltized dladdition snin concerva-
tion requlres that the energy accentor (the comniex) nmust
find iteelf in a triplet state inmedietely after the energy
transfer, According to mechanlism 15, the complex can tnen
dissoclate to yield MA In a trinlet state and ground stale
benzene, or collanse (decay) to a state whlch resembles oiie
of the two feasible intermediates, The dlesocletlon path is
assumed to yleld triplet MA because of the energetics of tlie
sltuation,

Bince the triplet stsate energles of MA and benzene are
at 72.1 and 84.4 kcal./mole, the lowest triplet state of tLhe
complex must be at or lower than 72,1 kcal./mole. Using the
latter value, we can estlimate that dissocliation from the
triplet state of the complex to give triplet benzene
is at lenst 12.3 kcel./mole endothermic. On the other hsnd,
if the binding energy of the triplet state of the caomnlex
i8 comparable to that of the ground state, the correspoadling
energy gap to triplet MA and benzene 1s probably less inan
4 kcal./molé. The possibllity of singlet energy transier
can be slmilarly ruled out, for the 0-0 bands of the 4,
benzene, complex and benzophenone singlet-singlel long wave-
length absorption are ~ 100, 108, 104, and 86 kcal/mole

respectively.
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The relationships between the various rate constants
which we must postulate in order to make mechanism 15 fit
the gquantum yleld and concentration effect data tell us that
in the case of benzophenone, dissociation is the more im-
portant of the two paths which depopulate the complex trip-
let state. However, they also tell us that over 90% of the
excited (triplet) MA formed in this way recombines to reform
the complex triplet state. It is appropriate at this time
to inguire as to the energy of the triplet state of the com-
plex. 1In the absence of any phosphorescence from the conplex
this can be 1little more than a rough estimate based on the
difference in»quenching rate constants between free and com-
plexed MA. For this purpose we introduce some results of
Sandros and BHckstrdm (43) iﬁ Figure 18, This data on the
quenching of the biacetyl phosphorescence by hydrocarbons
with widely differing triplet energies is the only study of
its kind in the literature. It shows the dramatic effect of
the difference in triplet energy level between donor and
acceptor 1n a triplet energy transfer process. The solid
curve and the outer limiting dotted lines were not on the
graph presented by Sandros and Backstrém, nor was the verti-
cal line denoting the triplet energy of the donor (biacetyl).
If we make the reasonable assumption that variations in
quenching rate constants caused by varying the size and sign

oT the energy dlfference between donor and acceptor in the

¥
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blacetyl system can be applied to our sysiem we can estimate
the gap between the triplet states of MA and the complex.
From the MA quenching rate constant 2 x 107 l.mole-lsec'l,
we estlmate that its triplet energy is from 2.0 to 4,1 kecal/
mole higher than that of benzophenone. The complex quench-
ing rate constant 3.0 x 108 liter mole lsec~l tells us that
the complex triplet staﬁe is between 1.2 kcal./mole below or
2.1 kecal./mole above the triplet energy level of benzophenors,
Slnce the triplet state of benzophenone is 68.5 keal./mole
we have 70.5 to 72.6 and 67.3 to 70.6 keal./mole as the
limits of the triplet states of Mi and the complex respec—-
tively. When the acetophenone and xanthone quenching data
are transformed in the same way, similar results for the
triplet energy of MA were obtained. From the quenching rate
constant for acetophenone we find limits of 72.6 to 75.9
kcal./mole and from xanthone, 74.3 to 77 kcal./mole. The
ranges for the triplet state energy of MA fixed by quenching
the triplet states of these three ketones seem to bracket
the value of 72.1 kecal,/mole obtained from the phospvhores-
cence spectrum. It should be realized that the latter
value can be coﬁsidered a lower limit, for the true 0-0
band might not have been detected in the emlssion experi—‘
ments, |

Even though the limits set by the benzophenone quench-

ing results for the triplet state energies of the complex



- 115 -

and of MA overlap slightly it seems safe to say that there
i3 an energy gap between them. Since the triplet state
energy of MA 1s placed close to the upper limit set by the
MA quenching data the gap can be estimated as 2 keal./mole,
This is pro. ..y ciose to the depth ¢ the energy minimum of
the ground state of the complex. This latter value is not
known but the MA-styrene complex which has a slightly lower
free energy has an enthelphy of 1.0 to 1.5 kcal./mole (8).
Further substantiation for our estimation of the triplet en-
ergy of the complex comes from consideration of the effi-
cacy of various compounds as sensitizers in light of Flgure
18.

From Pigure 18 we can estimate that energy transfer
razies will fall to 1 i 105 1.mole~L sec.-l when the transfer
is 4.5 keal./mole endothermic and to 1 x 104 1.mole™T sec.” T
when it 1s 5,5 kcal./mole endothermic. Taking the triplet
energy of the complex as 70 keal./mole we would expect the
psuedo first order rate of energy transfer in 1.00M MA
solutions to become competitive with decay of sensitizer
triplets for sensitizers having E; <65 kcal./mole. This
expectation is born out in Table 18, The fact that tri-
phenylene with Et==66.6 kcal,/mole does not sensitize the
reaction merely reflects the fact (obvious from Flgure 18)
that factors other than the energy gap between donor and

acceptor are important in triplet energy transfer,



It seems to be a well entrenched ldee that sbsorotion
o lieht by a complex often lesds 1a part to intersyst=an
crosging to a discoclative trinlet stsate (42,47). This
concept seems to be hased on the usual observation tnet ex-
citation of hydrocarbon-trinitrobenzene (TNB) comnlexecs (47,
48,49) and hydrocarbon-tetracanlorophthelie anhydride (7CPa)
complexes (50,51) in <lasses at 77°K resulta in phosphores-
cénce from the hvdrocarcon., [t 1s important to note, how-
ever, thct aearly always “he emleslon has less vibrationel
lstructure and is red-shifted with respect to free hydro-
carbon emimeion. The wave function of this triplet state lg
envisioned as belng Jormed from a linesr combination of ihe
wave functlons of triplet donor and ground state acceptor.
MeGlynn (47) has come to the theoretiecal concluslon tnat the
triplet stste which has the same space part as the excited
singlet {charge tranefer) state of the complex probably iles
above the later,

Not until the work of Medlynn, Boggus and Elder (52)
has a complete vibrational analysis been carricd out on t-e
phosphorescence from & vlass in which a8 complex was present
They found that certain skeletal bending, breathing, and C-2
gtretehing vibrations hed decressed in frequency by 2.5 Lo
4% in the anthracene - TR complex compared with free &ntin-
racene, Thls decresse correlated well with the calculsted

decrease in electron deneity in anthracene when complexed,
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Thelr explanatlion was that while dissoclation of the triplet
state of the complex occurs, the components recombline in a
time which 1s short compared with the lifetime of the phos-
phorescence of the donor, Since there 1s no evidence that
dissoclation occurs at ali, the former.explanation must be
based on the théoretical expectation (47) thet the lowest
triplet state of the complex is dissoclative, Needless to
say, such a treatment would lead to very interesting results
if applled to the numerous other similar cases in the liter-
ature. Briegleb and Czekalla (46) have reached what could
be called a compromise conclusion i.e, that partial disso-
ciation can occur during the lifetime of the triplet state
of a complex. Thelr conclusions were based on the observa-
tion of increasing red shirfts, loss of fine structure, and
intensity, and shorter phosphoresgcence lifetimes at 77°K as
they went from free donors in =z glass to complexes in a
glass, to the crystalline complexes of TCPA with various
aromatic hydrocarbons. A1l of the above parameters showed
the lérger change upon going from the complex in a glass to
the crystalline éomplex and the authors felt that the prop-
ertles of the system in the latter state were those of the
complex, On this basis the smaller changes in the emiasion
of the donor in the glass when aceptor was added indicated
partial dissocliation of the complex. On the contrary, these

effects may be merely assoclated with the change in the
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state i.e. triplet-triplet annihilation in the crystal can
account for large decreases in intensity and lifetime, and
loss of vibrational structure could be a result of aniso-
trople crystal structure or blurring of the donor level s due
to closer packing and stronger interaction in the crystal,
Furthermore the few red shifts in vibrational frequencies
‘which Czekalla, et al. (53) do report for donor emission
in the presence of acceptor are of the same order of magni-
tude as those reported by McGlynn (52) which were consist-
ent with emission from a ccmplex of comparable stability.
It is therefore not clear that even a partial dissociation
of the triplet state of the complexes has to be invoked to
rationalize the phosphorescence data.

It 1s important to note that in all of the above
casges the triplet state of the complex was reached by inter-
system crossing from the first excited singlet state of the
complex. From Figure 19 which is part of the potential ener-
gy dlagram for the TNB-~anthracene complex drawn by McGlynn
and Boggus (47), it i1s obvious that intersystem crossing will
lead to a triplet state with vibrational energy greater than
1ts dissociation energy. Although McGlynn and Boggus did
exclude one triplet state as stated previously, they did not
conslder the possibility that other triplet states may inter-*
vene between the lowest one and the singlet charge transfer

state. Such states might correlate with free acceptor plus
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Fig. 19. Energy Levels for TNB - Anthracene

Complex
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higher triplet states of the donor or free donor plus ac-
ceptor triplet states, Sgch states could provide a means of
relaxing the extra vibrational energy wlthout dissoclation,
In our system we have a case where the same product results
from the attainment of the triplet case both by intersystem
crossing and by energy transfer. Thus it appears that'vi-
bratiohal relaxation and/or internél conversion in either
the‘triplet states of MA or the complex occur before any
photochemistry occurs, Otherwlise, we could expect that pro-

ducts differing in stereochemistry, at least, would appear
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when the trinlet state of tne coumpiex 1e forumed wiliun an
excess of energy amounting to %4 (unsensitized), & (pro-
plophenone sensltized), or with little or no excess., JU 18
true that the guantum yield of inhe unasenslitlred resct.on L8
less by a factor of 18 than the seneitlized reaction. 7Tnls
can beaconandated in one of or &8 combination of any of
three ways. One le thet intersvstem crossiaw 1s much less
ef7icieant 1n the complex than 1t 18 in benzophenone. The
other two sre an incresase in tne ratlo k2/k3 or a decreagse
in the rstio k-z/kd3' Asslipning most of the decrease to wne
latter cause l1la corsistent wlith tihe lack of a benzZene con-
centretion effect in the unsensitized reactlon, Since tne
decoy rate of the MA triplet (kd3) 18 unlikeiy to change,
tinls decrease must come from k o Thisg change could be ra-
tionalized by consldering that k_, derlved {rom concentre-
tion effects on the sensitlzed reaction is abnormaily hich
due to a care effect (54), When exclted ¥4 1s produced by
intersystem crosging in the complex 1t must aquire sufficl-
ent energy to escane the "cage" and this lowers the apparent
recomiplnatlion rate,

The calculated magwnitudes of k2 and k. deserve speclal

3
comrent in connection witn our phosphorescence results,
Fallure to observe emleslon from MA 1n thne pressnce of

8lightly more then an egual amount of benzene can be atirlib-

uted to either or both of two reasons; (1) the extent of
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intersystem crossing in the complex is less than in‘MA, or
(2) the rate of radiationless decay 1s relatively faster
than the rate of radiative decay in the complex than in free
MA. These reasons are based on the reasonable assumption
that more than 90% of the light was absorbed by the complex
in the experiment. In a recent article Christodouleas and
feGlynn (55) reported that complexing with TNB or tetrahalo-
phthalic anhydrides increased the ratio of phosphorescence
to fluorescence quantum yields by factors of ~50 and ~5000
respectively 1n each of three hydrocarbon donors, Vhille
they did not determine whether emission emarated from Tree
or complexed donor, it was shown that the lncreases resulted
from increased intersystem crossing to the triplet state.
However 1t seems clear that at least the phthalic anhydride
results are a special case which can be explained by the
heavy atom effect which McGlynn, et al. (56) have shown op-
erates in the same fashion. If we take the TNB result as
Indicative of the effect complexing has on the phosphores-
cence io fluorescence ratio, we must conclude that something
different operates in the MA-benzene complex. This factor
could be the emergence of the very fast radiationless trans-
ition kz as the dominant mode of deactivation of the complex
triplet state due to a decreese in the rate of dissociation
at 77°K in a glass, That k3 1s so high is not surprising

when it 18 realized that intersystem crossing to states of
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the intermediate could well be compared with the often very
fast ( 107 sec'l) rates of intersystem crossing between ex-
cited singlets and triplets of the same molecule rather than

decay from a high energy triplet.state.
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THE INTERMEDIATE

The kinetlc schemes of the previous section excluded the
particip&tion of the intermediate II by not including a sec-
ond photoactivated step in any mechanisms., Since the quant-
um yleld of the diaddition is certainly not too high fof.a
two quanta process, Jjustification for the choice in two ways
will be given, First, the intensity experiment indicates
thet the quantum yield does nbt vary with intensity as ex-
pected for a two quanta process. Second, the guantum yield
of the addition of MA to VIII at [MA=[VIII]=0.5M is at least
six times lower than that of the addition at a benzene con-
centration of 0,50M., This is a lowerylimit because not only
is 1t not certain that an addition %o VIII occured, but it
1s unlikely that the concentration of the intermediate ever
approeches the initial concentration of benzene during a
diaddition photolysis where ﬁm@:: EBenzené]z:O.SOM. We must
consider the possibility thet the second double bond in II
could raise the quantum yield for MA addition enough to make
it compatible with the quantum yield for the diaddition. It
has been shown theoretically (57) that there is no inter-
action between the similarly placed double bonds of bicyeclo-
heptadiene in the ground state. However from the work of
several groups (58,59,60,61) it is clear that some inter-
'action develops upon radical addition because products with

both norbornene (IX) and nortricyclene (X) skeletons are
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formed. We therefore expect that there might be some an-
chilmerlc assistance to the rate of addition of triplet MA

to II. This probably does not occur for Trecker and Henry
(62) have shown that the rate of addition of trichloromethyl
radical to norbornene and norbornadiene is the same when
corrected for the statistical difference. Thus, 1t seens
unlikely that addition of MA to II could have a quantum

yield comparable to that of the diaddition. By & process

IX X

of elimination we can settle upon I as the intermediate in
the diaddition,

It is approprlate to ask why the valence tautomer XI
of the intermediate or products derived from addition to it

are not isolated. At 100%¢ Cope, et al.(63) found that the

equilibrium mixture of XII and XIIT contained 85% XII. .

— O O

XII XITT IV

However, these authors found that pure XIII gave a 100%
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yileld of adduct XIV with MA at 10°C whereas XTI gave none
under identical conditions. When the temperature of the
reaction was raised to 60-80°C so that the XII — XIII iso-
merlizatlon could take place, XIV was formed. It appears then
that I reacts with MA faster than it isomerizes to XI at
‘room temperature. The former rate can be estimated as
k5::l.53 X 10-41.m019'1 sze.c:.—1 1f we assume that the rate
measured by Crailg, et al. (64) for the addition of MA to
1l,3-cyclohexadiene applies here. This assumption also gives
us kg=2.1 x 10 2gec-1,

Now we shall calculate the concentration of the inter-
mediate from the intensity and quantum yield of a diaddition
experiment and see how 1t compares with the value obtalined
by making the steady state approximation on MB. From one
of the quantum yield experimen:s in which the light inten-
slty was 2.65 x 10”6 einsteins 1.7 % secfl, the gquantum
yield was 0.092, and the total concentration of Ms was 1,00Y,
the yield was 8.7mg. in 4 ml. Using equation 33 and 0.15X

as the concentration of free MA we calculate that the steady

kg (1] [y — 0.092

I (33)

state concentration of MB was 0.012M. This concentration
can be compared with the value of 0,0071M obtdined by em-
ploying equation 34 with the value of k3 [0# calculated in
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the previous section. The agreement between the two methods

d [u8]
dt

= k3 [ox] - (kgM]+xg)[uB] =0 (34)

of calculstion is excellent considering the assumptions as
to the oxygen concentration, the quenching rate constant,
the value of the equilibrium constant for the complex and
the magnitude of k5 which were made.

Oour failure to form any cross adduct in either the
ethyl acrylate or tetracyanoethylene experiments reflect the
lower activity of ethyl acrylate compared with MA as a die-
neophile and the low gquantum yield of the addition of MA to
toluene respectively. According to Sauer (65) the rate of
addition of MA to cyclopentadiene is faster then the rate of
methyl écrylate addition by a factor of 5 x 103 at 20°¢.
From Sauer's compilation of rate data we can estimate that
reactivity ratios are reduced by a factor of 5 to 10 rela-
tive.to cyclopentadiene when rates of addition to ecyclo-
hexadiehe are compared, Thus the rate of addition of ethyl
acrylate to IT is probably 500 times slower than the addi-
tion of MA and therefore cannot compete with thermal rever-
gion. If longer irradiation times at low temperature ﬁe-
come practical, the tetracyanocethylene technique holds the

best promise of success.
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THE UNSENSITIZFD REACTION

Up to this point it has been taciily assumed that the
mechanisms 6f the sensitlzed and direct diadditlion were
ldentlcal. after the light energy reached MA in solution. 1In
this section the evidence for thlis assertlion will be pre-
sented,

As stated 1n the introduction Bryce-Smith and Lodge (6)
dismissed the posslblility that absorption of light by MA’
could initiate the direct reactlon. However, a calculation
based on the intensity of the mercury emlssion lines from
2900 to 33412 shows that the complex absorbs ~ 120 times as
much light as MA in a 1.00M solution of MA in benzene., As-
suming all other processes to be completely efficlent, a
maximum quantum yleld of 0.0083 is indicated 1f only light
absorbed by MA 1s effective. Because this is very close to
- the quantum yleld of 00,0051 calculsted before for the direct
diaddlition we cannot eliminate the possibility that light
absorbed by MA 1s resnonsible for the reaction.

The kinetlc expresslons of first sectlon ecan be trans-
formned to show the form of the concentration effects expect-
ed 1in the unsensitized reaction by leaving out the kdl and
ktl[C] or ktz[M] terms, For example where energy was trans-
ferred from sensitlzer to free MA, the expresslon beqomes '
that for the direct diadditlon with MA absorblng the "effect-

lva light". It 18 clear that by making the proper assump-
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tions about rate constant relationshlps most of the mechan-
lems can explain the absence of a benzene concenﬁration ef-
fect. One of these 1s 15' as mentioned earlier. Glven the
fact that the unsensitized reactlon involves the triplet
state(s) of the excited species and the magnitudes of ko
and k_, compared with kd3 and k3, it 18 reasonable to assume

that both BM* and 30* wlll exlist in solution no matter which

entity absorbs the "effective 1light". For this reason and
because of the hlgh probabllity that the same product 1ls
formed 1n both reactlons, 1t 1s loglcal to assume that a
mechaniem anologous to elther mechanism 10 or 15 of the
first section operates. The pertinent quantum yleld expres-

glon for the former is given below, and Q'ls can be found in

the first section. Since the condition under which @‘15

ksksk_ 1] [B]
(kg+ kg [M]) [ k5(x a5t o (B]) + kakq,]

¢'10=

predicts a negliglible benzene concentration effect (kd3>'k_2)
has been dlacussed, mechanlsm 10' will be now examined, In
order to damp out a benzene effect we need k"2k3£:20 kd3(k2+‘
k3). Using values from Table 26 for kd3, ko and k3 which
should remsaln invarlant, we see that k_2 must be lncreased

to 1 x 109 in the unsensitlzed reaction, There 1s no reason-
able way of explaining a rise in k_o by'a factor of ~1000 so

we conclude that mechanism 15' describes the course of the
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unsensitized diaddition.

The argument concerning the Schenck - type mechanlsm
holds in this situation also, for the kinetics do not elim-
inate mechanism 3'. It 1s, however, necessary to assume
that the attack of the diradical .M. formed hy absorption

of light by M gives rise to the same intermediate as the
attack of °MS-,
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THE DIMERIZATION

As in the addition of MA to benzene, we find that the
dimerizatién of MA 1s strongly influenced by charge transfer
interactioné. It appears from our study of the dimerization
'in seven solvents that dloxane occuples a unique position as
the only solvent in which the dimerization can be accomp-
lished both directly and by sensitization. Since we only
have results for both direct and sensitized reactions in
chloroform, acetonitrile and dioxane; the discusslion to
follow is somewhat limited, and could be modified in the
light of more extensive data.

our results in these three solvents can be rationalized
by assuming that dimerization in both sensitized and unsen-
sitized cases involves triplet states. The lack of a sensi-
tized reaction in acetonitrile or chloroform can be sxplain-
ed in terms of quenching mechanisms other than energy trans-
fer. Two possibilities are shown below which illustrate
deactivation of triplet state sensitizer(g¥) by formation of
excited dimers (equation 35) or adduct biradicals after the

Schenck mechanism (equation 36). Failure of either of these
S¥4+M —> (SM)#* —> S+M (35)
S*4M —3 +S - Me—> S +M (36)

intermediates to dimerize would not be surprising., It 1s
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instructivé to maké an approximate calculation of the

amount of 1lnternal filtering to be expected from acetone and
benzophenone. For this purpose we added the product of the
individual ketone absorbance and the power of the mercury
emission lines between 2804 and 33413 and compared the sums
with the corresponding sum of products for MA. We found
that 8 and 43% of the light should be absorbed in solutions
contalning acetone and benzophenone respectively. From
Table 21 we see that in acetonitrile the ylelds of dimer are
reduced by 17 and 37% by these two ketones. This is agree-
ment within the experimental error and the uncertainty of
the calculation.

In dioxane we.conclude that the dimer is formed after
elJection of dloxane from a dissoclative triplet state of a
2:1 complex leaves adjacent molecules of MA in close prox-
imity. Polymerizatlion in dloxane could be initiated by ex-
cited MA produced directly (light absorptlon or energy trans
fer) or by dissoclation of the 1 to 1 complex,

As for the fallure of the unsensitized dimerization in
the rest of the solvents there is only sveculation. Two of
these (veratrole, 1,2-dimethoxyethane) are difunctional and
might be expected to form some 2:1 complex with MA. However
it is well known that the cyclic structure of dioxane allows
its nonbonding electrons unusual freedom from steric hind-

rance, Thus we expect larger concentratlion of all types of
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complexes in dioxane than in either veratrole or 1,2-dimeth-
oxyethane, ZLack of any dimerization, sensitized or unsensi-
tized, in tetrahydrofuran - a monofunctional analog of diox-
ane - suggests that a 2:1 complex is required for the sensi-
tized reaction, but tells us little about the unsensitized.
When the various results of irradiations of MA in dif-
ferent aromatic solvents are collected in Table 27 an inter-

esting pattern is apparent., Although MA forms complexes of

Teble 27 - Irradiation of M4 in Various Solvents

Solvent %maxa Triplet Diadduct Pol- Noth- Reference
’ Energy ymer ing
Benzene 254mu 84 ,0Keal/ x 1,2,3
Toluene 261 82.3mole x 1
Chlorobenzene 263%.5 81.9 x 1
Phenol ' 270 82,0 X 12
O-Xylene 81.9 X 1
Anlsole 269 80.7 b'e this work
P~Xylene 80.1 X 12
Durene 79.8 X 12
Hexamethyl- 79.0 X 66
benzene
Benzonitrile 271b 77 .0 b'd 12
Nitrobenzene --- 59.9 X 12

(a) A max, for secondary band ('ly) of benzene (67)
(v) The primary band 1s shifted more than that of
benzonitrile
varying stability with all of them, the addition reaction
only occurs with the less perturbed»benzene systems. Poly-
merization occurs in the more strongly perturbed solvents

which have avallable hydrogens and no photorecactions of MA

occur in the two most strongly perturbed systems., As a
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standard of eiectronloe intersctlion of eurstituents with tlae
benzene nucleus wWe have used the siaglet &nd triplet excl-
tation energies llsted in Table 7. From the differing re-
gulte emong the sterlcally simllar mono-substituted herzernes
we conclude thet steric effects are not as lmportant as
electronic effecta. Tnls trend with lnereassing electronic
perturbation suggests that no dladdition or dimerization
occurs via the triplet stste of VYA complexes (1f formed)
with the last slx compounds because decay from these states
gives ground stete complex rather than an intermedicte,
Polymerization could easily be initisted bv ener<y transier
to free MA, 1f hydrogen abstraction or radical-llke aadi-
tions are faster than formation of the excited triplet
stetes of the complexes.

There is some evidence in the work of Schenck et a.,
(19) on the dimerizatlon of analogs of MA, While they are
somewhat confusing, the quantum yields in Teble 28 enpnasize
that the addition of ¥4 to benzene 18 an exceptlonal case,
The sensitized dimerization in dioxane of metnylualelc
anhydride an? N-phenrlmalelmide follow the pettern, bul un-
1like YA no dimer 18 formed without sensitlzer., Tn the abn-
sence of furtner data no meaningful explanatlion for the iut-
ter anomaly or Tor the succeasful dimerization of melelumlie
and 1,2-dimethylmalelc anhydride in benzene can be glven.

We can, hovwever, present reasons for the fact that no addl-
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Table 28 - Quantum Yields For Dimerization of MA and

Derivatives |
Compound | 0 sens. D girect Solvent
MA | 0.26 ~0.14 dioxane
Methyl MA 0.23 0.000032 dioxane
1,2-dimethyl MA 0.18 0 benzene
Maleimide 0.39 ' 0 benzene
N-phenylmaleimide - 0.13 0 dioxane

tion to benzene by 1,2-dimethyl MA or maleimide occurs. 1In
the case of maleimide the final Diels-Alder reaction with an
intermediate can not be the source of inefficiency for MA
and maleimide have very similar reactivities in these reac-
tions (65). It is likely that either decay from the complex
does not oceur to an intermediate and/o’r’k__2 is}a factor of
ten lower than 1ls the case for MA. To explain thevreaction'
of 1,2-dimethylmaleic anhydride the same reasons plus its
lower reactivity in the Diels-Alder reaction serve. It is
likely that close scrutiny would show that some diadduct 1s

formed at least in the maleimide solutions.
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THE POLYMERIZATION OF MA

The homopolymerization of MA initiated by light or
radicai initiators has only recently been observed (67,68)

- although MA is easily copolymerized. It now appears'that
polymerization 1is an integral part of the photochemistry of
s .

In the presencevof sensitizers, one can always‘invoke
hjdrogen abstraction from solvent or addition to MA'as
chain initiators, however the direct photopolymerization of
MA in chloroform or acetonitrile, -forinstance, is another
question. One of the four likely mechanisms for this reac-

tion 18 shown below. Tn the unusual circumstance that

;F*-M - M- M (37)
addition of another MA i1s faster than ring closure, the high
yields of polymer from dimerization in acetonitrile could be
rationalized. The two other possibilities involve H-abstrac-—
tlion either from acetonitrile or from MA itself, This type
of mechanism is unlikely, for no polymer is isolated from
irradiations of MA in isopropyl alecohol (69). It appears
that H-abstraction leads to an as yet unidentified monomeric
compound. A final possibility is direct e jection of a

vinyl hydrogen atom from MA, for which there is barely

enough energy in light passed by pyrex.
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Proposition I

A study of solvent effects on the alkylation of enamin-
es 1s proposed.

%

P
S
*»
%
£

Enamines («,4 -unsaturated amines) are known to undergo
both carbon and nitrogen alkylations giving iminium salts or
normal ammonium salts respectively (1,2,3,4). The mechan-
isms of these reactlons are not known, but it 1s reasonable
to assume both products are formed via an 5,2 path when
methyl or ethyl iodide is the substrate, The limited amount
of date avallable indicate that enamines derived from the
condensation of aldehydes with secondary amines are N
alkylated by methyl and ethyl iodide while those formed from
cyclic ketones are ¢ alkylated. (5). Typical reactions are
shown in equations 1 and 2. ©No results of the alkylation of

o |® ©
RoC=CH—NZ_ + CH3I —-—>R20=CH—III—CH3 - (1)
I III.
CH3
.o @ @
O rm— =K
II. Iv.

enamines derived from straight chaln ketones have been re-
ported. There is no apparent relation between structure and

reaction path based on an Sn2 mechanlsm although substitu-
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tlon of the carboneto nitrogen could stehllize & transi-
tion state gimilsr to TV relative to the translition stelte
for the C alkyletion of T. This efl2ct would not ne edpecti-
ed to account for complete reversal of the ¥ to C alxkylation
ratio as 1s observed, However, feilure of a clesr pattern
Lo enersgy may be g result of differcaces in trensition state
(T7.S.) energles whnlch arices from solvent effTects.

Generaliy, tne siltviatlons of zldenyde derlvel enamnines
have heen carriei outl 1n nszxane or ether whereas the reac-
tlone of c¢ycllc kKetone derived encmines heve been performed
in dioxane or wmcthanol, The implicstlion beins tnst poorly
golvating solvents tend Lo produce N allkiyistlon wnlle strong-

ly solvating media give ¢ alkylation,

.

We expect llttle 2iflerence 1ln solvatlion energy belween

IIT and IV (T.8. like vproducts) or between v and VI (T.8.

<%

intermedlate between nroducts and reactants). Howsver, 11

H H b H
T N e N AR 5-
/N““C""'“:?""?“.'I /C:C.-..:I-.-.C....I
| 1
H H

v VI

— T e —C =
_C N /C C N ~

VII VITI

we examine the tvwo canonical forms VIT and VIIT of an
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enamine, we would predict that increasing solvation would
favor inecressed contribution teo the hybrid from tne poliar
form VI. Thus, with steric effects held reaconavuly coli-
gtent, transition states like VITI (T7.S. like reactents)

and thus ¢ slkylatlon should be favored as solveat solvating
novwer is incressed. This 1s the sort of hehevior observed
althoush there are surely other lactors acting.

To test this hynotheslis, a series of alkyletions of
aldehyde~ and ketone -derived enznines with slmllar subetl-
tution patteras should be carried out in solvents of varylng
solvating ability. sSuitalle earuminea would be IX and X,

and methyl 1lodlde would De a good subztrate, 1 oadequate

~

range of eolvatlng power would be covered Ty uslne hexane,

R
N ann Lo . R=CHy, CoH
RCH:CH-—~——3-3~[ ) RC"{“—’:C———N[ J 3725
N -/ R'=CHy, Gl
o< D
IX X

dlethyl ether, dioxene wund aceteonltrile. Alcohols are evold-
ed because of the noeciviliity thst hydrogen bonding to nitro-
gen would reduce thne extant of N elizylstion,

The results of these solvent studles should indicate lne
directlion for future proves into the mechuanlem of tne

enamine alkylation reaction.
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Proposition ITI

It is suggested that low-lying triplet states are
avallable in 1,2-dihalocyclopropanes which can be populated
by energy transfer from sultable sensitizers. Further, it
"1s proposed that such transfer of excitation energy will

cause cls-trans isomerization.

The recent work of Hammond, Turro and Leermakers (1)
on the sensitized isomerization of 1,2-dichloroethylene pro-
duced evidence for a significant barrier to rotation and
hence considerable n-1t* character in the lowest triplet state
of the olefin. fThis barrier would be associated with sta-
bilizatlion of the planar configuration relative to the per-
pendicular form. If the samé reasoning were applled to a
1,2-dihalocyclopropane, one would conclude that n-m* like
character in the lowest triplet state would lead to facile
_cis—ﬁrans isomerization, By n—Tﬁ'like is meant a state
derived from the excitation of a halogen n electron to én
- antibonding molecular orbital centered on the carbon atoms.

Ample evidence has accumulated during the last fifteen
years to support the assertion thaf there is electron de-

‘localization in cyclopropane (2). Several molecular orbital
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calculations wnich allow for delocalization have been made
and pood correlations with various physical properties have
resulted (3). Furthermore, the vacuum UV specta of cyclo-
propane and ethylene are similar; both have weax absorptlon
near 19502 and strong absorption from 16502 to shorter wave-
lensth (4}, No olher saturated hydrocarbon has comparabvle
low energy transitions. Evidence for the locatlion of the
lowest-1lying cyclopropane trinlet state at or below 113
kcal./mole comes from the Hg (BPl) sensitized lsomerization
of sym-cyclopropane-d, in the gas phase (5). This can be
compared with ethylene's lowest ("vertical") triplet at 106
kcal,/mole. (6)

The n-T" like cnaracter of the lowest chlorocyclopro-
pane optical transition 1s suggested by the work of Eberlin
and Plckett (7). They found a bathochromic shift of 13 kecal/
mole when comparing the vacuum UV spectrum of the chloro
derivative with that of cvclopropane, whereas chlorocyclo-
hexane displayed a negligible shift from the parent ccmpound.

Tnere seem to be grounds, then, for supposling thst a
n-T" 1like triplet state can be formed from 1,2-dihalocyclo-
propanea_by energy transfer. The trivlet energy transler
process can be envisioned as a non-vertical process (£) in
which halogen atoms achleve coplanarity with the ring colncl-
dent with energy transfer., Decay of this “riplet state could

produce elther cls or trans isomer. By analogy wlith the

dichloroethylenes the triplet should be accessible throurh
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the use of high energy sensitizers of E4 >70 keal./mole.
The dihalocyclopropanes can be easily prepared by

halogenation of cyclopropene.
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Frovastition III

Experiaents are sugrested to differenticte betwesn
nomolvtic, nucleophillce ent selectrophlllic mecnanisae [for
tne adcition of 2,4-dinitrobenzenesulfenyl chleride to

acetylenea.

The renort Ty Kohsrooeh and Yisnatos (1) on the additlon
of 2,4-dinitrobenzenesulienvl chloride (Arscl) to pheniyl-
acetylene an! >-reéxyne gerves Yo underlline a nauclty o L€~
anistic information on adiitlons to acetylenes, Bevond Loe
facte that the adlltions were Lrons ond were flrst order in
each resctent in rlaclsl acstlc acld, only enclcery with ULie
corregnondlng sdditions to oleTins dictateld tielr ssesumnlion
of elecctrophillic stteck v Ar8Cl. 1In view of the ambilruous
evidence on halogen addltions to acetylenes and tae lock of
further infornntion on the ArsScl adiltlions, this aseignment
can bé questioned,

That adiltlion by nnmolytic or nucleophilic mechanisme
are porsible end compatible with the sabove observations caon
e seen by considering the date of Truce end coworkers pub-
ilsned during the lust elght years on the addltions ol wnlds
and thiolates to acetylenes, They have fourd that nucleo-

philic eddition of p-toluene sodlum thlolate proceeds in

etereospecific trans Tashlion to 8 number of neutrsl acely-



lenes in ethanol (2). TFurthermore, one kinetlc anczlysis on
thie addition of p-toluene sndium thlolete to rhenylacetylens
{3) showed tnat in etnanol the resction orobsbly involves &
concerted mechanism (LS = -3%0cal./deg.-mole), hut thet in
dimethylformemide + ethanol the entrony of sctivsetlion is
substantielly lower and consistent with a siepwise mecidnisa, In
the latter case the product 1s elsn formed by trans sddlilon,
so the vinyl snlon hes a nreferred configurstion., Althouzh
documentation 18 slim, 1t 18 likely thet radicel adiltions
to acetylenes csn he stereospecliilec for Truce, et al. (4)
report that mesityithiol =adds trans to =mesitylacetylene 1n
wnst 18 surelv a railecl reaction., There le also & repcri
of a stereospecific radical additlon of bromine to dialtro-
tolare, (%), but Robertsrn et al. (6) find an electrophilic
order of rates for adiition of bromine to substituted acety-
lenes in glaclal ecetlc acild,

In order to resolve the guestion in tie case of the
addition of ar<nl to scetylenes, seversl experiments g.ould
be cafried out in the clsesical organic chemlcal manner,
First, radical mec-enlsms can be tested by noting the ellect
of lizht, the decomposition of initiators such as azo-uls-
‘sobutyronitrile and inhibitors sacin as sulfur, YO or hydro-
quinone on the resction. In the eﬁsence of any effect by
these agents, & comparison of the rates (or better entnslpy

of activation) of addition to a serles of sultably substitu-

ted acetylenes should be made, For instance p-substituted



- 152 -

poenyiacetylenes from nitre to N,N-dlmetnylawino would be
satisfactory for this purpcse. Suould electronhilic order
Le observed, N,N-dimethvlenimoc » nitro we must decide
whether or not ArST or more properly tne ion neir ArS™ ol
18 involved, Slnce tne cdditlon to phenylacceiylene is first
order in the acetylene the sculllibrium APSCl— Ars” + Ccl~
must be fast and addition of Licl should depress the rate 1if

these ionic svecles are responsible for the addition,
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Proposition IV

A reinterpretation of published work on the photo-

reduction of eosin is offered.

Uchida, Kato and Koizumi (1) studied the effect of
certain added compounds on the photoreduction of eosin in
degassed ethyl alcohol. They found that isopentane,
n-hexane, benzene and cyclooctatetraene inhibited the re-
actlon whereas cyclohexene and n-hexene-2 accelerated it.
In Table 1 can be found three sets of their data,

Table 1 - Effect of Added Substances on the Rate of Photo-
reduction of Eosin in Ethyl Alcohol

n-Hexane Benzene n-Hexene-2
mole 4 mole 4 mole 4
fraction k x 10 fraction k x 10 fraction k x10
0.334 1.18 0,220 1.23 0.0181 " 7.25
0.143 2.53 0.141 1.27 0.0119 5.34
0.0814 4,86 0.0681 1.38 0.00593 3.98
0,0529 4,94 0,0334 1.41 0,00296 3.48
0.0254 5.66 0.0167 1.67 0 2.18

0 5.82 0,000269 2,10

The rate constant kX found in the table come from the

expression for the rate of bleachihg below, where ¢ is the

t '
= e I, (1 - e-“Cd) x 10° (1)

Q:lna
¢l o
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conceatretion of dve, T, tne intensity of 1llumlaatlns liuut,
c the elTective molar ansorpilon coefricient and 4 the

thickness of tne g-lution in em. It was neceseary to in-
clude the expenential because not all of the light wes ab-

sorbed by the e€o:in., Integratlion of equation 1 gave the

e

relstion Trom whieh % wag extracted,

To rationsllze the auenching anility of the three rels-
“tlvely 1nert compoundes &nd cyclooctatetrs:=ne 1t was surgest-
ed that thev devnrived the eosin trinlet state ol excesc
energy., This loss of energy would then decrease the rate of
H-abstraction from ethyl alcohol, Wwormulatlion of thils ex-

planation in terms of k gave equation 2 where kr 18 the rate

k. (4]

k:(p + -
- ap (EH] v org (4]

of H-abstraction, kg the rate of quenctlng $gat the frac-
tion of singlets wnich intersystem cross, @ the added compound
and EH denotes elhyl alcohol, Surprisinzly, this equation
does not contaln what 1s probably the fastest mode of we-
actlvating eosdin trinlets - radliatloniess decay. Analysis
of the data gave values of kq/kr between 1.9 and 6.3 for
the four Inhibitors,

A8 an explanation for the increase 1in rate in the
presence of the two mono-olefins, 1t wes sugvested tnat
hydrogen abstructlon wes speeded by collision of the olefin

with a complex made up of elther triplet eosin + alconol or



the semiquinecne radical derived from eosln + tag ayar-xy-
ethyl radicsl, From tinis wmechanlem a rate relatlion vwae
generated wnlceh predicted & llinear relation betvween rets

and concentration of "promoter', 1f 1t was :ssumed tial de-
activation of the complex wes faster tnan attack ol tae
olefin., IHydrozen abstrectiosn I'rom the olellns was =linlnat-
ed because cyclooctatetraens did not also pronote thie
bleaching. 4 revalustion of tne returding eflect based on
the commonly accepted mechanism ol pihotoreiuction of ketones
(2) ana a more reasonable mecnanism for tue vronoting effect
will now he gilven,

Since in solution internal converslon ana vioronle
relexation to the lowest exclted trivlet state 1s Twster
than almost any second orier chenicsl reactlon imaginable, it
1s unlikely thet deactivation can €xnlain tne quenchin:
observed. By formulatins the rote constunt as below
(equation 3) anslogous to the exwrescions derived by loors,
Hammond and Foss (2) & more rewscnoble explanatics ls

obvious. 1In equation 3, kd 1s the rate of radlationlas:

I kp (2]
kg + Kp [E]

k = Ggot,

——
et
—

decay of the eosin triplet, The reason for the innibitineg
effect now becomes reduction of alcohol concentration.

While the data was not collected with this trestment 1in
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mind, we can determine the ratio ky/k,. Due to the large
extrapolation this is very uncertain, but a least squares
analysis of the results with benzene in terms of equation 3

gives k3/kp= 9 x 10%

= 3 x 10% and an intercept of 828 £ 900,
The unusually large value of kd/krlis easily rationalized as
a result of a combination of high kg and low kr’ It 1s
likely the'lowest triplet state of eosin has a T-T" con-
Tiguration and thus has a relatively low rate of H-abstrac-
tion. Since eoslin has a long phosphorescence lifetime ﬁut
does not emit in soclution at room temperature, psuedo flrst
order quenching probably dominates kg, making it quite high
('>105). This treatment requires an intercept close to 1
(1/¢g_,t) which 1s obtained within the huge experimental
error involved in the extrapolation.

To explain the increase in rate in the presence of
olefins it 1s proposed that either allylic H-abstractlion or
addition of eosin to olefin is faster than H-abstraction
from ethyl alcohol., The former reason is slightly favored
because allylic abstraction 1ls clearly not possible from
cycooctatetraene and accordingly it is an inhibltor. Equa-
tion 4 shows the expected dependence of k on the concentra-
tion of promoter, P. The rate constant kl corresponds'to

gither H—abstraction_or addition. BSilnce kd>>kr and the rate

kp[EH] k3 (]
oyt kT[EH]+kd+kl[P] (&)




-\

increases are smell (Tavle 1) so that kg Ky, equation 4
can ve simplilied as shown below, From tne ratio of the
_ k(] + g (]

k =
: (
K.d

%
h S

slope and intercenst of the authors' line we celcuicte Thab
kl/kr is 10 and 6 for cvelohexene and hexene-z respecilve-
ly. If the above proposal 1s correct, the reduction or
eosin should proceed faster in c¢yclohexene than in ethyl
alcchol.

If this alternate explan-tion ls correct, then the
recent explanation offered by Tovpei, belzanne and Smels Ior
the way in which acrvla lde accelerates the reduction or
eosin by weter must similarly be modified. These suthors,
following Vchida, et al, (1) invoked a fast reactlion of
acrylsmide with & triplet eosin-water complex to give Uie
eoslin derived semi?uinone radicnl + acyrlemide with a hy-
droxy radical attached to it in an unspecified manner. Tie
radiccls produced in this wav initiated the polymerization
of acyrlamide, Of course the preferrecd explsnatlon le thet

acrylamide cen reduce eosin directly faster than water.
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Proposition v

Tihe existence of & photostaticnary stete in the pholo-

reduction ol certain kebtoses 1s proposed,

Trradiation of heazovhenone in i1sopronyl aicohol ts a
conmon way ol ureparine bhenzoplnacol (1), Tnls recctlon 18
quite ceneral with varlous arocunztic ketonss and 18 clean;
the pinacol usually preciplitetes in pure Jorm, One aopscl
of prhotoplaacolization wilen Lo lacked ettention since iis
Atscovery in 1644 by Schdisvers and “tustefa (2) 18 the reverse
process, Taess subacrs found that irradiation of benzo-
plnacel, several solsiltutel nenzopinoenis, the acetopnenone
pinacol, arnd seveéral olner pinoesles In tae nresence of
cuinone yi<¢ldwi the caprrcsnond!n: ketones ond hvdrogulnone,
Also, aceilone was found to pe capsble of converting the
pinacols of xsnthone anid [luorenone to the resneciive keshones,
Tals study weas primarily qualitutive snd no further work on
tinls problewm scens Lo have appeares,

Recent.y, work in ticse lanoravaories nas commenced with
tae atn o0 dlscoverinz the meschantsn of the revercion (3).
te neve “ound some gvidence that nonvertical ernergy Lransior
(4) to sowe pinacols can oeccur giving two nydroxy radlcels
directly.

Thnese bits of evidence surgest the possibllity of an



intrizuinz solvent eifect 2nd & novel type of nhicuogletlion-
ary state., If, for exaaviz, the irraiistion of benzopnen-
orne (i) 13 run in & solvent in wnicn benzoplnacol (BH-%H) is

Llghly soluonle we can exvect tie reactlons shown velow to

occur. In this formulation benzhydrol (Bi,) 1s used as Lnhe

Reaction Rate
B —> B” T
B—— 1 ks (7]

. . ) ”
B R, — 23 k(37] [=p]
B 4 Bi=%]— 27+ + 3 k. (%) [BH-BH)
DRI — B~ e, (e ©

. . o ey, 2
2Bl- —> B + B, .c}‘u. 1s,

aiconol, 4Ae the slechol 1s ecossused ani the concentration
of the plnaenl builds up in solation a peint will be reccned
where nergy tronefer to the plnacol (evjueticn &) pecomes
competitive with hvdrores abstraction (eguetion %), From
the preliminary work o7 De Boer (<o) we know tiunst non-verti-
cal encrgy transfer With sigma bond hreexlag in tie case of

g

1,2-diphenyleyclopropane has a scroad order rate constent of
jog l“' . - - 6 A 4
5 % 10 . gowmperine this with k= 3 x 107 (6) for this
4
aystenm we see thiet nigh conversions will be necessiry Lo
reach tals polnt. Franzen (7) showed wnat dlsyroporuions-

tion occurs in the cese of benzaohenone witn 614 exneri-

ments, but no estimation of the rate is svellable, At the
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steady state we predict that the ratio of pinacol toc alcohol
concentration will reach a constant value as shown below.

Other ketones with various substituents should, when photo-~

== (7)

reduced by the corresponding alcohol, show wldely varying
photostationary states. The rate constants kd and k3-+ k4
can usually be determined by flash spectroscopy; and the
ratios ks/kq and kd/k2 can be found by irradiation of ketone
in the presence of varylng concentrations of alcohol or.
pinacol, Thus, measurement of the phétoétationary state as
described above provides tﬁe relation needed to fix k3 and
k.

In the case of réduction of ketones by isopropyl alco-
hol the same photostationary state could be realized in a
cosolvent which dissolves the pinacol. However, 1t would
require that k2k4 be greater @han k3 times the rate of

H-abstraction from isopropyl alcohol.
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