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A Novel Role of Methanol in In-Cage Reaction of Radical Cations

During Photosensitized C-C Bond Cleavage of 1,1,2,2-Tetraphcny1ethaneT

Katsuya ISHIGURO, Toshihiko OSAKI, and Yasuhiko SAWAKI*
Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya 464-01

The C-C bond cleavage in the photosensitized one-electron oxidation of 1,1,2,2-
tetraphenylethane in MeCN was significantly reduced by the addition of MeOH. A laser
flash study revealed that protic solvents suppressed the formation of dissociated cation
radicals but not that of sensitizer anions. A novel synergistic oxidation of solvent
methanol with ion pairs is suggested.

Recently, much attention has been focussed on C-C bond cleavages via photoinduced electron transfer.l)

As a typical case, the photochemical cleavage of 1,1,2,2-tetraphenylethane (1) with 1,4-dicyanonaphthalcne

(DCN) as a photo-sensitizer (Eq. 1) has been intensively studied.2_4) Arnold et al. reported that the fragment
DCN /hv .
Ph,CH-CHPh;, 1¥* —> Phy,CH® + Ph,CH (1)
1 - DON™ 2 3

cation (2) was trapped by methanol to afford diphenylmethyl methyl ether (4) and that the counterpart radical (3)
was reduced by DCN™" to the corresponding anion which was protonated to give diphenylmethane (5) .2) The net
efficiecncy of the reaction was temperature dependent, which was attributed to the activation energy of C-C
cleavage step, i.e., the bond energy of the radical cation. This proposal is based on an assumption that the overall
efficiency was determined by the rate of C-C cleavage. However, this was inconsistent with a laser flash
photolysis study, reported by Das et al. ,3) exibiting that the C-C cleavage was much faster than the back electron
transfer from DCN™; i.e., the overall quantum yield was not controlled by the C-C cleavage rate. Thus, the true
factor determining the cleavage efficiency is not clear. 'We wish to report here a mechanistic study on the
photosensitized C-C fission of 1, revealing an unusual effect of protic solvents to suppress the formation of free
radical cation (17"). This result scems to suggest a novel synergistic electron transfer in solvent-separated ion

pairs.
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Irradiation of 1 (10 mmol dm_3) and DCN (3.0 mmol dm'3) in MeCN containing 0.3-25 vol % MeOH
under argon at 20 °C yielded Ph,CHOMe (4) and Ph,CH, (§) as reportcd.z) At low conversion (< 40%), the
product ratios of 4/5 were approximately unity with over 95% selectivities, not affording other products such as a

4
coupling product with DCN. )

However, substantial amounts of the sensitizer DCN were consumed, yiclding a
complex mixture of non-volatile products.s) The effect of methanol on quantum yields for the conversions of 1
and DCN is shown in Fig. 1. With increasing volumes of methanol, the conversion of 1 decreased dramatically
while the consumption of DCN became the major process. Similar results were obtained for the cases of H,0
and EtOH in place of MeOH, but not for the case of cthyl ether. Then, it is apparent that protic solvents retard the
C-C fragmentation from 1*°

The quenching of DCN fluorescence with 1 showed that the slopes (i.e., kqt) of the Stern-Volmer plot, I/],
vs [1], decreased only slightly with increasing % volumes of methanol; i.e., 75, 59, 64, 57, and 55 mol~'dm’ for
0,1, 3, 10, and 20 vol % McOH, rcspcctivcly.G) However, in the present cxperiments with [1] = 10 mmol
dm™, the quantum yields for the clectron transfer (step (a) in Scheme 1) were in the range from 0.43 to 0.36 and
were not affected by the methanol concentrations. It is notable that the quantum yields for the formation of ion
pairs are practically identical to the net quantum yield of 0.41 at 0.3% mcthanol, suggesting that the conversion of
generated 17 to 4 and 5 is almost quantitative when the concentration of methanol is relatively low.

Lascr flash photolysis (XcCl, 308 nm, 15 ns) of 1 (10 mmol dm™) and DCN (0.2 mmol dm™) in
MeCN-MeOH (0 to 20 vol %) showed an absorption of DCN™ (7\ = 390 nm) immediately after the laser
pulse, followed by the formation of fragment radical Ph,CH O» = 325 nm), as reported by Daset al. 3 The
first order rate constants for the C-C cleavage (step (c) in Scheme 1) determined from the build-up of Ph,CH’
were (7+1) x 10°s' and were independent of methanol % volume. However, as shown in Fig. 2, the relative
intensitics of thc Ph,CH’ after the complction of fragmentation (i.e., 1.5 ps after the laser pulse) were decreased
considerably with increasing MeOH vol %, while those of DCN™ (390 nm) remained unchanged. Since the C-C
cleavage (step (c)) is so fast and 3 is generated quantitatively, the observed decrease in the yields of 3 indicates the

significant reduction in the formation of 1*". In other words, the overall efficiency is determined by the quantum

MeOH
PthH + PthH —-—-> Ph,CHOMe

1 + 'DCN 4
\fq PhCH  —H . thcH2
(@) (b)

[1*/pcN"] — 1" + DCN™
MeOH

(d) 1 + DCN” + MeO + H* decomposition
of DCN

Scheme 1.
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Fig. 1. Effect of MeOH on the net quantum Fig. 2. Effect of MeOH on the relative intensities
yields for the conversions of 1 (O) and DCN of transient absorptions of Ph,CH (Q) and DCN™

(0). (a).

yield of the dissociated 1*.  Therefore, the tempcrature dependence at high methanol concentrations should be
explained by a known temperature effect on the dissociation of ion pairs (i.e., step (b) in Scheme 1).7)

It is noted that protic solvents may accelerate back electron transfers within geminate ion pairs.B) A
notable point in the present study is that the amount of free 17 is not equivalent to that of DCN™ (Fig. 2),
suggesting an alternative consumption of radical cation species. In addition, the high selectivity in the production
of 4 and 5 indicates that 1 is recovered from 1*". Thus, a plausible pathway for the consumption of DCN is a
one-electron transfer from methanol to 1*" as pathway (d) in Scheme 1. The electron transfer is to occur in
geminate ion pairs [1*"/DCN"] before their dissociation, since the observed lifetimes of free 1" are unaffected by
methanol. The one-electron oxidation of methanol is usually difficult because of its high ionization potential
and has been given little attention in electron transfer reactions.lo) Such an oxidation of methanol might be
achievable within ion pairs as discussed in the following. The photochemical electron transfers are known to
occur via "contact ion pair" (CIP) or "solvent-separated ion pair” (SSIP) .11 In SSIP, solvent molecules around
ion pairs are strongly polarized due to the electric field. For the present case of methanol, the separated charges
may induce a strong hydrogen bonding with the anion radical as envisioned in Fig. 3. The removal of one-

12)

electron from the polarized or dissociated methanol by donor cation radicals may be attainable within the SSIP.

13)

Thus, a novel synergistic one-clectron oxidation is exemplified.

In summary, the present study revealed that the addition of MeOH 5_ 5+ @

in photoinduced electron transfer reactions might suppress the formation @ ‘ ‘

of free ions probably by a novel synergistic electron-transfer in radical
ion pairs. @@ @ @ @ ®
This work was partly supported by the Asahi Glass Foundation

for Industrial Technology. Thanks are due to the Instrument Center, Fig. 3. A schematic drawing of the
the Institute for Molecular Science, for assistance in laser flash photolysis cooperative oxidation of methanol

tudi in solvent-separated ion pair.
studies.



746 Chemistry Letters, 1992

References

1) For leading references, see: A. Albini and A. Sulpizio, "Photoinduced Electron Transfer," ed by M. A. Fox
and M. Chanon, Elscvier, Amsterdam (1988), Part C, Chap. 4.3, pp. 88-133; X. Ci and D. G. Whitten,
ibid., Part C, Chap. 4.9, pp. 553-577; F. D. Seava, "Photoinduced Electron Transfer I,” ed by I. Mattay,
Springer-Verlag, Berlin (1990), pp. 59-92.

2) A. Okamoto and D. R. Arnold, Can. J. Chem., 63, 2340 (1985); A. Okamoto, M. S. Snow, and D. R.
Ammold, Tetrahedron, 42, 6175 (1985); D. R. Arnold and L. J. Lamont, Can. J. Chem., 67, 2119 (1989);
R. Popielarz and D. R. Arnold, J. Am. Chem. Soc., 112, 3068 (1990).

3) L. W. Reichel, G. W. Griffin, A. J. Miller, and S. N. Ege, Can. J. Chem., 62, 424 (1984); H. F. Davis, P.
K. Das, L. W. Reichel, and G. W. Griffin, J. Am. Chem. Soc., 106, 6968 (1984).

4) A. Albini, E. Fasani, and M. Mella, J. Am. Chem. Soc., 108, 4119 (1986); A. Sulpizio, A. Albini, N.
d'Alessandro, E. Fasani, and S. Pietra, ibid., 111, 5773 (1989).

5) Only a trace amount of methyl 1-(4-cyano)-naphthoate was detected by GC-MS analysis. The "H-NMR
(CDCl,) of the mixture showed complex patterns at 8 = 2.0-2.8, 3.5-4.3, and 7.0-7.6 ppm, and no major
product could be separated by gel permeation chromatography.

6) The k, values could not be evaluated since the lifetimes of 'DCN* in mixed solvents of MeOH-MeCN were
not known: In MeCN, kq = 7.9 X 10° mol"'dm®s™! was determined from the reported lifetime of 9.5 ns;
P. K. Das, A. J. Muller, and G. W. Griffin, J. Org. Chem., 49, 1977 (1984).

7) T.E. Hogen-Esch, Adv. Phys. Org. Chem., 15, 153 (1979).

8) T. Ohno, A. Yoshimura, and N. Mataga, J. Phys. Chem., 90, 3295 (1986).

9) The ionization potential of methanol of 10.96 ¢V is much higher than those of benzene (9.25 eV) and ether
(10.04 eV); K. Siegbahn, D. A. Allison, and J. H. Allison, "Handbook of Spectroscopy," ed by J. W,
Robinson, CRC Press, Ohio (1974), Vol. I, Scction B.

10) A.J. Bard, A. Ledwith, and H. J. Shine, Adv. Phys. Org. Chem., 12, 155 (1976).

11) G.J. Kavarnos and N. J. Turro, Chem. Rev., 86, 401 (1986).

12) Oxidation potential of 1 (2.01 V vs,SCE)?') is much higher than those of MeO™ and HO™ in MeCN (0.3 and
0.8 V vs NHE, respectively); L. Eberson, Acta Chem. Scand., B38, 439 (1984).

13) Similar effects may be operative in other reported cases of methanol addition within radical ion pairs; S.
Yamada, Y. Kimura, and M. Ohashi, Nippon Kagaku Kaishi, 1984, 60; K. Mizuno, 1. Nakanishi, N.
Ichinose, and Y. Otsuji, Chem. Lett., 1989, 1095.

( Received February 1, 1992)



