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"‘Abstract L » -

1. The relative importance of light absorption, quenching of triplet, and
hydrogen transfer repair has been examined in retardation by mercaptansvof
photo:eduction of aromatic ketones by alcohols. In the reduction of benzophenone
By 2-propanol, retardation is efficient and, after correction for the first two
effects, is due entirely to hydrogen-trahsfer repair, as indicated by deuterium
labelling. 1In reduction of acetophenone by C-methylbenzyl alcohol, repair by
hydrogen transfef is also operative. In reduction of benzophenone by benzhydrol,
retardation is less efficient and is due to quenching, as the ketyl';adical does
not.abstréct hydrogen from mercaptan rapidly in competition with codpling.

Deuterium isotope effects are discussed in terms of competitive reactioms.

2. Photoreduction of benzophenone by 2-butylamine and by triethylamine is
retarded by aromatic mercaptans and disulfides. Of the retardation not due
to light absorption and triplet quenching by the sulfur compounds, half is due
to hydrogen-transfer repair, as indicated by racemization and deuterium labelling.
The remainder is attributed to quenching by the sulfur compound of the charge-
transfer-complex intermediate. Photoreduction by primary and secondary amines,
but not by tertiary amines, is accelerated by aliphatic mercaptans. The '
' acceleratibn is attributed to catalysis of hydrogen transfer by the mercaptan
in the charge-transfer complex. The effect is large in hydrocarbon solvent,

less in polar organic solvents and absent in water.
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This report is for the period 1 November 1975 - 31 October 1976.

An article based on work supported by this contract was published during
this period: "Acceleration by Alipﬁatic Mercaptan in the Photoexcited Carbonyl-
Amine Redox System," S.G. Cohen, A.W. Rose and P.G. Stone, Tetrahedron Letters,

3101 (1976).

Introduction: The program was initiated by our observation that mercaptans

and d%sulfides retard and inhibit the photoreduction of benzophenone by 2-propanol.
We demonstrated that this was largely due to a repair mechanism, that radicals
were formed in the photochemical process by hydrogen abstractionm, in the:presence
as weli as. in the absence of sulfur compound, and that mercaptan and thiyl radical
restore the substrate derived radicals to their original molecular states by rapid.
hydrogen donation and abstractions. Similar processes were demonstrated in

6000 y-ray irradiated solutions of aqueous organic compounds. These repair reactions
interfere with and effectively prevent the radical combinations which may be the
normal course of photochemical and radiation induced damage. We showed that the
"repair" reactions are catalyzed disproportionations which normally do not compete
favorably with the damaging radical combination reactions. The 'repair" reactions
may lead to the alternate disproportionation products, changlng the o
composition from the original, but preventing coupling and cross- linklng. The
sulfur compounds are regenerated in their alternate valence states in these fepair

reactions and may be used repeatedly in chain inhibition of non-chain processes

These investigations began with study of oxygen containing substrates, alcohols,
ketones, and ethers, for which the prior literature in photochemistry and radiation
chemiétry was helpful. Much of our more recent work has been with amino compounds,
and has led to innovative quantitative contributions to quenching and reaction

via charge-transfer complexes. Study of effects of mercaptans on photoreduction by

~ amines is leading in some cases to observations of unexpected accelerative effects,

in others, to retardation. This leads to study of the properties of excited
charge-transfer complexes and the means for affecting their reactions. These

studies will be extended to reactions initiated by absorption of visible light.

:
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1. A detailed analysis has been made. of the relative importance, under varying
circumstances, of the sewveral ways by which mercaptans and disulfides may retard .

photochemical reactions- by competition for the absorption of light, by quenching,

'andAﬁy the hydrogen transfer mechanism.

a. In photoreduction of benzophenone by 2-propan61 the rate was halved by

'0 001 M of an aromatic mercaptan, 2:mercaptame31ty1ene, ‘and an aliphatic mercaptan

' was much less effective. The aromatic mercaptan was more effectlve in 2-propanol-0D

than in the absenée of deuterium. After correction for absorption of light, and
for direct quenching of fhe ketone triplet based on quenching constants determined
from the effect on phosphorescence, the remaining retardation is atributed to the
hydrogen transfer mechanism. This was confirmed quantitatively by introduction of
the appropriate amount of deuterium during retardation in deuterio systems. The
retardation involves reduction of the.2-pr6panol-derived radical by mercaptan, the

step which introduces deuterium, eq. 1, and oxidation of the ketone derived radical

-by thiyl, rad1cal eq. 2.

_R,R CoH(D) + ASH(D) - R,R' C(OH)H(D) + ASe o : (1)
,,.;é?a.é_r,_.COH(D_) + AS-> Ar,Ar'C=0 + ASH(D) (2)

The limiting step in this retardation cycle is that of eq. 1, oxidation of the
mercaptan by one of the radicals. Thus the aromatic mercaptan is more effective
than the aliphatic, as it leads to the more stable thiyl radical and is more

easily oxidized. The alcohol derived radical dominates in this oxidation- reduction

". since it is less stabilized than the aromatic ketyl radical and more reactive.

This limiting step, eq. 1, must occur in competition with other possible reactions
of the reactive alcohol derived radical, if it is to be operative and effective. In
the. system stﬁdied,the_major competitive reaction is oxidation of the alcohol

derived radical by'grouﬁdestate ketone, which normally leads to a maximum quantum

4’yie1d of two for the photoreductlon, eq. 3.

7 Ar,Ar'c=0 +R,R'COH > Ar,Ar' BoH + R,R'C<0 (3)

The observed overall.deuterium kinetic isotope effect, more favorable.retardation
in the deuterio system, indicates that the normal isotope effect is somewhat

larger in the oxygen to oxygen transfer, eq. 3, than in the sulfur to carbon

.transfer, eq. 1. This may be attributed to the hlgher polarizability of sulfur.

b. In photoreduction of acetophenone by Q-methylbenzyl alcohol, retardation was

~ less effective, the rate being halved by 0.005 diphenyl disulfide. Deuterium was

introduced during the retardation, indicating that the one arylalkylketyl radical

P
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formed in this reaction may be reduced by mercaptan and oxidized by thiyl

radical, eqs. 4,5. In this case

* "Ar,RCOH(D) + ASH(D) = ‘ AT,RC(OH)H (D) + AS (h)
" Ar,RCOH(D) + AS+ = Ar,RC = O + ASH(D) ‘ (5)

retardation was less efficient in the deuterio than in the hydrogen system. The .
retardation depends on compet1t10n between reduction of the ketyl radical by
mercaptan and coupllng of the ketyl radlcals to form the pinacol, eq 6. The

latter reaction

72 Ar, RCOH -~ Ar RC(OH)C(OH)Ar R. (6)

involves no isotope effect, while the reduction, eq. 4, does.

c. The rate of photoreduction of benzophenone by benzhydrol was halved by
0.01 M 2-mercaptomesitylene, no deuterium was incorporated into benzhydrol
dﬁring the retardation, and the sulfur compound.showed equal retarding effectiveness
in deuterio and protio systems. The retardation was due entirely to quenching
of triplet by the mercaptan. Retardation by the hydrogen traﬁsfer-mechanism would

require oxidation and reduction of benzophenone ketyl radical by thiyl radical

. and mercaptan respectively; This is possible in principal, and related reactions

occur in the acetophenone-O-methylbenzyl alcohol system, above. The limiting step
in the cycle would in this case be oxidation of the mercaptan by the benzophenone
ketyl radical in competltlon with dimerization of the ketyl radicals to the
pinacol. The rate of the oxidatlonlprocess is decreased by the high stabilization
of this ketyl radical, so that it does not compete effectively with the
dimeriiation. In the e&ent, as one wishes to study the retardation, mercaptan
concentration is .increased, and the retardation results from quenching of the |

triplet. .
. This vork is be1ng written up for publication.

2. Reactlon of exc1ted carbonyl "compounds, and p0531b1y other radical like
acceptor species, with amino compounde,thloethers,and other donors appears to
ﬁroceed via charge transfer complexes. The rate constants of formation of
the complexes, klr’ are affected by the triplet energy and reduction potential
of the carbonyl compound, and the ionization potent1a1 of the amine. The
quantum yields of reduction depend on the fate of the charge-transfer complex,

the ratio of hydrogen transfer and radical formation, kp, to charge destruction
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and quenching, ke. This is indicated for photoreduction by an amihe in eq. T.

~ HeS A , »Rc.::
3C=0* + :Noa—— |3C-0" *-No
. . \

HCZ V khl" B

c
R ]
3C=0 + :N. . >C-0H :N‘\

Mercaptans might be expected to retard such reactions by hydrogen transfer repair

processes analogous to those in related systems of oxygen compounds, eqs. 1,2.

We find that aromatic mercaptans and disulfides do inhibit the photoreduction of

benzophenone by 2-butylamine in benzene. After corrections due to absorption of

light and direct quenching, the order of effectiveness in retarding by hydrogen
transfer and other mechanisms is p-chlorophenylthiol > phenylthiol > 2-mercapto-
mesitylene. Study of the retarded reduction with optically active amine led to
racemization, and the extent of racemization indicated that only half of the
corrected retardation was due to reduction of the amine derived radical by
mercaptan, eq. 8.

HaN-é(§.+ ASH - HZNCI{:II:| + AS- B} ' (8)

b This was examined further in retardatibn by 2-mercaptomesitylene of
photoreduction of benzophenone by triethylamine in tert-butyl alcohol ‘and
tert-butyl alcohol-OD. The retardation was efficient and study of introductidn
of deuterium into the amine in a retarded reduction in the deuterated solvent
indicated again that about half the ‘ '

" CaR > NCHCHz + ASD-?(CoHs )2’ NCHDCHg - (9)

retardation is due to the hydrogen transfer process eq. 9. We suggest that the

remainder of the retardation may be due to a reaction of the mercaptan, or mercaptide .

ion in the presence of amine, with the charge transfer complex, increasing

quenching,'ke, relative to hydrogen transfer, kh eq. 10.

: (024 : B (14 ,
- o : . e : .
>cC-0 ‘N, — /C=0 N - -2 .(10)
As~ AS~

' é; This idea is supported by results of study of reduction in the presence

of phenylethyl sulfide.Photoreduction of benzophenone by 2-butylamine in benzene

”



-is retarded by this thioether, while reduction by 24propanoi, which does not
proceed via a charge transfer complex is unaffected. This aromatic thioether
" may interact with a charge transfer comﬁlex in an analogous fashion, eq. 11,

and have-no.effect‘on direct.abstraction of hydrogen from the alcohol
3e-0y 4"“ —> =0 ”}: | Q1)
A5k ASR | -

d. Substantial acceleration of photoreduction of ﬁenzophenone by 2-butylamine
was caused by low concentration,~ 0.0l M, aliphatic mercaptan, raising the quantum
yield to 1.8, nearly to the maximum theoretical value of 2. The acceleration was

| strongest in cyclohexame and benzene; weaker in acetonitrile and tert-butyl
alcohol, and absent in water at pHl2. Reduction by a secondary amine, disopropyl-
amine was also accelerated by aliphatic mercaﬁtan, while that by triethylamine
was not accelerated. Some results are summarized in the table. We suggest that
the acceleration is due to an interaction of the aliphatic mercaptan with the
charge-transfer complex which, in contrast with that of the aromatic mercaptan,

increases hydrogen-transfer, k;, relative to quenching, ke, eq. 12,
L34

>¢-0 ‘
HC~
N

_a ]

-

sc-on W
’ AN (12)
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e. This work is being extended to study of possible acceleration by mercaptan

and amine of photoreduction by a thioether.

3. Work has been started on 80co y-radiolysis of dilute aqueous N-methyl-
acetamide, CH,CONHCHz, as a model for related proteinaceous material. The

nature of the cleavage and coupling products is being studied.

—
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Table 1 | : .
Effects of aliphatic mercaptans on photoreduction

of 0.14 M benzophenone by amines.

Amine . Mercaptan M Solvent - ‘ Rs/Roa
5-BuNH,® " n-CoHy3SH 0.0002 - Celle 1.0
2-BuNH» n-CsH; , SH 0.00023 Cellg 1.2
2-BuNHp ’ n-CsH, ; SH 0.0023 Cellg - 1.4
2-BulNHo n-CsHjy ; SH 0.021 Cellg ' 1.54
2-BulH, n-CsHy 1 SH 0.17 Cellg 1.2
2-BuNHy n-CsH, , SH . 0.019 c-CeHlyn | 1.51
2-BuNH, : n-C<Hjy ; SH 0.019 CH3CN 1.37
| 2-BuNHp - n-CgH,,SH 0.1  t-CgHooH® . 1.23
2-BuNHp  HOCHpCHoSH 0.03 " Cellg 1.3
2-BuNH2d HOCHoCHoSH - 0.03 - Ha0 pHin 0.9
HOCH5CH5NHo n-CsH, ; SH 0.026 : CH3CN 1.0
(2-Pr )oNH® " n-CgHj;SH 0.016 Cellg 2.3
(2-Pr)oNH * n-CsHy,SH 0.16 Celig 2.6
(2-Pr)oNH n-CsH, , SH 0.62 " .CgHg ‘ 2.2
EtgN | n-CsHj ; SH 0.0122 " CHaCN . 1.0
EtsN n-C=H; , SH 0.122 “CHaCN 0.6
EtoNCH5CHo0HE n-CsH;1SH ~ 0.010 CH5CN 1.0
" EatNCHoCHoOH n-CsH; , SH 0.10 CH5CN A -~ 0.80
a; Ratio of rates of photoreduction in the presence of the indicated concentration

of thiol, Rs, to that in the absence of thiol ,Ro.

Concentration of 2-butylamine was 1.3 M, Ro corresponds to §S=1.17.

Ro corresponds to @ = 1.26, 1.3 M 2-butylamine in tert-butyl alcohol.

0.047 M k-Benzylbenzoate, 0.56M§_2-5uty1amine. ‘

0.52 M Disopropyl amine; Ro cdrresponds to ® = 0.48. In a similar experiment
with' 2.0 M disopropylamine 0.16 n-pentyl mercaptan, Rg/Ro = 2.k,

0.10 M Triethylamine; Ro corresponds to @ = 1.10. |

0.#7—§ N,N-Diéthylethanolamine; Ro corrésponds to ¢_= 1.3

~
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Participatihg in the work during the period of this report were Professor
S.G. Cohen, Principal Investigator, Dr. Paul G. Stone, Ph.D., Columbia University,
ana Dr. Herbert Rose, Ph.D.,.Northeastern University. Dr. Rose was on the
project in the period May 1 - September 30, 1976.

The principal investigator has devoted 20% of his effbrt to the ﬁroject
and expects to continue to do so. ' ‘

Results of the studies supported by this;cbntract have led to the following
published articles: ‘
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