
J. Am. Chem. SOC. 1990, 112, 8055-8064 

Products 

8055 

Photochemical Generation, Isomerization, and Oxygenation of 
Stilbene Cation Radicals 

Frederick D. Lewis,*’+ Ann M. Bedell,+ Ruth E. Dykstra,+ Jeffrey E. Elbert,+ 
Ian R.  Could,*.* and Samir Farid*,* 

Contribution from the Department of Chemistry, Northwestern University, 
Evanston. Illinois 60208-31 13, and Corporate Research Laboratories, Eastman Kodak Company, 
Rochester, New York 14650-2109. Received January 3, 1990 

Abstract: The cation radicals of cis- and trans-stilbene and several of their ring-substituted derivatives have been generated 
i n  solution directly by means of pulsed-laser-induced electron transfer to singlet cyanoanthracenes or indirectly via electron 
transfer from biphenyl to the singlet cyanoanthracene followed by secondary electron transfer from the stilbenes to the biphenyl 
cation radical. Transient absorption spectra of the cis- and trans-stilbene cation radicals generated by secondary electron 
transfer are similar to those previously obtained in 77 K matrices. Quantum yields for radical ion-pair cage escape have been 
measured for direct electron transfer from the stilbenes to three neutral and one charged singlet acceptor. These values increase 
as the ion-pair energy increases due to decreased rate constants for radical ion-pair return electron transfer, in accord with 
the predictions of Marcus theory for highly exergonic electron transfer. Cage-escape efficiencies are larger for tram- vs cis-stilbene 
cation radicals, possibly due to the greater extent of charge delocalization in the planar trans vs nonpolar cis cation radicals. 
Cage-escaped stilbene cation radicals can  initiate a concentration-dependent one way cis- - trans-stilbene isomerization reaction. 
In  the presence of oxygen, isomerization is inhibited and oxidative cleavage of either trans- or cis-stilbene to benzaldehyde 
occurs. Correlation of the measured quantum yields for oxygenation and isomerization with quantum yields for cage escape 
establishes that oxygenation is a nonchain process whose efficiency shows little variation with stilbene substituent or configuration, 
whereas isomerization is a chain process whose chain length is dependent upon substituent. 

Introduction 
Photoinduced electron transfer results in the formation of a 

radical ion pair that in polar solvent can diffuse apart to form 
free radical ions in competition with return electron transfer.1*2 
Both the ion pair and free ions can also undergo chemical reactions 
(Scheme I ) .3  The return electron transfer process has attracted 
attention from  experimentalist^^^^^^ seeking to establish the energy 
gap dependence of electron-transfer rates in the “Marcus inverted 
region”.6 Understanding the return electron-transfer process is 
also of crucial importance in optimizing the yield of electron- 
transfer-initiated reactions, since reactions within the radical ion 
pair and its separation to yield free radical ions must compete with 
return electron transfer. 

We report here the results of our collaborative investigation 
of the cage-escape, isomerization, and oxygenation efficiencies 
of a series of ring-substituted derivatives of trans- and cis-stil- 
bene.’+ Cage-escape efficiencies are dependent upon the energy 
gap for return electron transfer, in accord with the prediction of 
Marcus theory, but are systematically larger for trans vs cis 
isomers. Quantum yields for the one-way cis - trans isomeri- 
zation of the substituted cis-stilbene cation radicals are found to 
be dependent upon both the cage-escape efficiency and the chain 
length of the subsequent cation radical-initiated isomerization 
process.* Quantum yields for photooxygenation are dependent 
upon cage-escape efficiency but display relatively little variation 
with stilbene substituent or configuration. These results permit 
the first extensive correlation of cage escape and reaction efficiency 
for chain and nonchain processes initiated by photoinduced electron 
transfer. 

Results 
Fluorescence Quenching. Excited-state lifetimes and energies, 

and ground-state reduction potentials for three cyanoanthracene 
singlet acceptors, 9-cyanoanthracene (CA), 9,l O-dicyano- 
anthracene (DCA), and 2,6,9,10-tetracyanoanthracene (TCA), 
and one positively charged singlet acceptor, N-methylacridinium 
hexafluorophosphate, (MA) are given in Table I. Half-wave 
reduction potentials for the cyanoanthracenes in acetonitrile so- 
lution were measured in our laboratories vs Ag/AgI with the 
oxidation of ferrocene ( E l l 2  = 0.875 V) as an external reference. 

’ Northwestern University. 
‘Eastman Kodak Co. 
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Table I.  Excitation Energies and Reduction Potentials for Several 
Singlet Acceptors 

acceptor 7.: ns E,,b eV EId,C V 
9-cyanoanthracene (CA) 16.9 3.00 -0 98 
9, IO-dicyanoanthracene (DCA) 14.9 2.90 -0.43 
2,6,9,10-tetracyanoanthracene (TCA) 16.6 2.87 +0.03 
N-methylacridinium (MA) 36 2.77 +0.02 
‘Singlet lifetimes in deoxygenated acetonitrile solution. bSinglet 

energies from refs 3a, 4d, and 4e. Values for the cyanoanthracenes are 
the average energies of the zero-zero transitions of the absorption and 
emission spectra. Half-wave potential for reversible reduction in  ace- 
tonitrile solution vs Ag/AgI. 

Table 11. Quenching of Excited Electron Acceptors by trans- and 
cis-Stilbene 

acceDtoP stilbene -AG.,. eV k . ~ . ~  M“ 10I0k n.  M-’ s - I  

CA t-S -0 .1  I 61 0.36 
CA c-s 0.0 3.6 0.021 
DCA t-S - 0 . 5 5  316 1.9 
DCA c-s -0.44 287 1.7 
TCA t-S -0.96 370 2.2 
TCA c-s -0.85 315 I .9 

“See Table I for abbreviations. bSlope of linear Stern-Volmer plot 
for fluorescence or triplet quenching in  acetonitrile solution. 
CCalculated from lifetime data in Table I .  

The literature value of E , / *  for MA vs SCE has been converted 
to the Ag/AgI electrode by addition of 0.39 V. 

( I )  (a) Weller, A. 2. Phys. Chem. (Wiesbrrden) 1982, 130, 129. (b) 
Weller, A. 2. Phys. Chem. (Wiesbaden) 1982, 133, 93. 

0002-7863/90/ 151 2-8055$02.50/0 0 1990 American Chemical Society 



8056 J .  Am. Chem. Soc.. Vol. 112,  No. 22, 1990 Lewis et al. 

Table 111. Stilbene Oxidation Potentials and Quenching of 
9. IO-Dicvanoanthracene Fluorescence bv Substituted Stilbenes 

E,,, k,r,b 10IOk 
stilbene ev M-1 M-1 :I 

trans-4,4’-dimethoxy 
trans-4-methoxy 
trans-4,4’-dimethyl 
trans-4-methyl 
frans-stilbene 
trans-4-chloro 
trans-4-cyano 
trans-4-trifluoromethyl 
cis-4-methoxy 
cis-4,4’-dimethyl 
cis-4-methyl 
cis-stil bene 
cis-4-chloro 
cis-4-cyano 

1.45 
1 .53 
I .76 
1.83 
1.95 
1.98 
2.18 
2.17 
I .6l 
1.88 
1.95 
2.06 
2.13 
2.23 

365 
36 1 
294 
288 
316 
268 
255 
256 
257 
263 
242 
287 
218 
21 2 

2.2 
2.1 
1.7 
1.7 
1.9 
1.6 
I .5 
1 .5 
1 .5 
1.6 
1.4 
I .7 
1.3 
1.3 

Peak potential for irreversible oxidation in acetonitrile solution vs 
Ag/AgI. *,‘See footnotes to Table 11. 

Quenching of CA, DCA, or TCA fluorescence by trans-stilbene 
( t -S) or cis-stilbene (c-S) results in Stern-Volmer plots that either 
were linear or exhibited slight upward curvature. The initial slopes 
of the plots are reported in Table 11 as kqr values along with values 
of k, calculated from measured values for 7 (Table  I ) .  Values 
of kqr and T obtained for t-S with CA and DCA are in excellent 
agreement with those previously reported by Eriksen and Foote.Io 
Also reported in Table 11 are values of AGel, the free energy of 
electron transfer, calculated from Weller’s equation (eq l ) . l b  

(1) 
Values of k, are near the rate of diffusion in acetonitrile solution 
(1.9 X 1 OIo M-I s-I)li except in  the case of singlet CA with t -S  
and c-S for which Ace, is less exergonic than in the other cases. 

Fluorescence quenching of DCA by a series of substituted trans- 
and cis-stilbenes has also been investigated. Values of kqr and 
k ,  are given in Table 111. Values of k, > 1Olo M-I s-I are observed 
in all cases. Also included in Table 111 are the peak potentials 
for oxidation of the stilbenes in acetonitrile solution measured with 
cyclic voltammetry and a scan rate of 100 mV/s. Under these 
conditions, the more readily oxidized trans-stilbenes are reversibly 
oxidized but some of the trans- and all of the cis-stilbenes are 
irreversibly oxidized. The oxidation potentials of trans- and 
cis-stilbenes in  acetonitrile solution have also been measured by 

AGet = E,, - Ered - E* - 0.06 eV 

(2) (a) Masuhara, H.; Mataga, N. Acc. Chem. Res. 1981, 14. 312. (b) 
Mataga, N.; Okada, T.; Kanda, Y.; Shioyama, H. Tetrahedron 1986, 42, 
6143. 

(3) (a) Mattes, S. L.; Farid, S. In Organic Photochemistry; Padwa, A., Ed.; 
Marcel Dekker: New York, 1983; Vol. 6, p 233. (b) Julliard, M.; Chanon, 
M. Chem. Rev. 1983,83,425. (c) Davidson, R. S. Ado. Phys. Org. Chem. 
1983, 19, I .  (d) Kavarnos, G. J.; Turro, N. J .  Chem. Rev. 1986,86,401. (e) 
Fox, M. A. Ado. Photochem. 1986,13,237. (f) Lewis, F. D. In Photoinduced 
Electron Transfer; Chanon, M., Fox, M. A,, Eds.; Elsevier: Amsterdam, 
1988. 

(4) (a) Could, 1. R.; Ege, D.; Mattes, S. L.; Farid, S. J .  Am. Chem. SOC. 
1987, 109, 3794. (b) Could, I .  R.; Moser, J. E.; Ege, D.; Farid, S. J .  Am. 
Chem. SOC. 1988, 110. 1991. (c) Could, I .  R.; Moody, R.; Farid, S. J .  Am. 
Chem. SOC. 1988, 110, 7242. (d) Gould, 1. R.; Moser, J.  E.; Armitage, B.; 
Farid, S. ;Gdman,  J. L.; Herman, M. S. J.  Am. Chem. Soc. 1989,111, 1917. 
(e) Could, I. R.; Ege, D.; Moser, J.  E.; Farid, S. J .  Am. Chem. Soe. 1990, 
I 12, 4290. 

( 5 )  (a) Miller, J .  R.; Beitz, J. V.; Huddleston, R. K. J .  Am. Chem. SOC. 
1984. 106, 5057. (b) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, 
K. W.; Miller, J .  R. J .  Phys. Chem. 1986, 90, 3673. (c) Wasielewski, M. R.; 
Niemczyk, M. P.; Svec, W. A.; Pewitt, E. B. J .  Am. Chem. SOC. 1985, 107, 
1080. (d) Imine, M. P.; Harrison, R. J.; Beddard, G .  S.; Leighton, P.; Sanders, 
J .  K. M. Chem. Phys. 1986, 104, 315. 

(6) (a) Marcus, R.  A. J .  Chem. Phys. 1956, 24, 966. (b) Marcus, R. A. 
Annu. Rev. Phys. Chem. 1964, IS, 155. 

(7) For previous reports of isomerization, oxygenation, and cage-escape 
efficiencies of unsubstituted trans- and cis-stilbene, see refs 8 and 9. 

(8) Lewis, F. D.; Petisce, J .  R.; Oxman, J .  D.; Nepras, M. J. J .  Am. Chem. 
SOC. 1985, 107, 203. 

(9) Lewis, F. D.; Dykstra, R. E.; Could, I .  R.; Farid, S. J .  Phys. Chem. 
1988, 92, 7042. 

( I O )  Eriksen, J.; Foote, C. S. J .  Phys. Chem. 1978, 82, 2659. 
( 1  I )  Murov, S. L. Handbook of Phorochemisrry; Marcel Dekker: New 

York, 1973. 
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Figure 1. Normalized absorption spectra of the cation radicals of 
trans-stilbene (m), trans-4-methoxystilbne (A), and frans-4,4’-dimeth- 
oxystilbene (A) in acetonitrile solution. 

Table IV. Absorption Spectral Data for Stilbene Neutrals and 
Cation Radicals 

neutral” cation radicalb 
stilbene A,s.. nm c A,... nm c 

trans-4,4-dimethoxy 
trons-4,4’-dimet hyl 
trans-4-methox y 
trans-4-methyl 
trans-stilbene 
trans-4-chloro 
trans-4-cyano 
cis-4,4’-dimet hyl 
cis-4-methoxy 
cis-4-methoxy 
cis-s t ilbene 
cis-4-chloro 

324 
302 
306 
300 
297 
301 
323 
286 
290 
284 
276 
283 

35 300 
32 200 
29 100‘ 
29 100 
28 200 
30 200‘ 
35 3OOc 
13 200 
13 looc 
7 960 

10200 
11 800‘ 

530 65500 
500 60600 
485 60600 
480 66500 
472 59600 
490 68500 
480 50500 
530 16200 
520 10100 
520 26300 
508 21 400 
520 16000 

Data for cyclohexane solution. bData for acetonitrile solution. 
Data from ref 16. 

Amatorel* under conditions of full reversibility. The values ob- 
tained for trans- and cis-stilbene (1  -98 and 2.09 V vs Ag/AgI, 
respectively) are essentially the same as those reported in Table 
111. Values of ACet calculated from eq 1 range from -0.27 eV 
for cis-4-cyanostilbene to -1 .OS eV for trans-4,4’-dimethoxy- 
sti 1 bene. 

Exciplex fluorescence is not observed in acetonitrile solution 
for any of the acceptor-stilbene pairs but is observed for DCA 
with several of the stilbenes in benzene Absorption 
spectra of mixtures of CA or DCA (lo4 M) and the stilbenes 
(<IO-’  M) are strictly additive; however, mixtures of TCA (IO4 
M) and t -S or c-S (0.05 M) display broad absorption above 400 
nm, indicative of charge-transfer complex formation. A Bene- 
si-Hildebrand plot for the TCA-t-S (0.02-0.2 M) complex pro- 
vided an association constant of 7 f 1 M-I. 

Cation-Radical Formation. Characterization of the trans- 
stilbene cation radical (?-So+) formed upon photoinduced electron 
transfer to CA or DCA by means of transient absorption spec- 
troscopy was previously reported by Spada and Foote.I4 Air 
saturation serves to remove the small but observable contribution 
of CAS- or DCA’- to the transient absorption spectrum in the 
visible region by means of exergonic electron transfer to  oxygen, 
forming superoxide, which is transparent in the visible region. We 
have obtained the transient absorption spectra of t-S’+ and several 
of its ring-substituted derivatives formed either directly, by 
electron-transfer quenching of DCA M) by stilbene (0.1 M) 
or indirectly, by means of initial electron transfer from biphenyl 
(0.1 M) to DCA followed by exergonic secondary electron transfer 
from stilbene ( 5  X IOw4 M) to the biphenyl cation radical (Eox 
= 2.40 V). This  indirect method of generating stilbene cation 
radicals results in higher quantum yields for generation of the free 

(12) Amatore, C. Ecole Normale SupErieure, Paris, France. Private 
communication. 

( 1 3 )  Lewis, F. D.; Dykstra, R. E. J .  Photochem. Photobiol. 1989,49, 109. 
(14) Spada, L. T.; Foote, C. S. J .  Am. Chem. SOC. 1980, 102, 391. 
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Figure 2. Transient absorption spectra of tram- and cis-stilbene cation 
radical in acetonitrile solution at room temperature obtained 0.5 ps after 
excitation. 

cation radicals and hence improved signal/noise in the tran- 
sient-absorption spectra.9 The time-resolved decay of the biphenyl 
cation-radical spectrum (A,,, = 640 nm) is accompanied by 
growth of the stilbene cation-radical absorbance at  shorter 
wavelength with a time constant of ca. 200 ns. This corresponds 
to a rate constant of ca. 1.5 X 1Olo M-' s-* for exergonic electron 
transfer from the stilbenes to biphenyl cation radical. 

Normalized absorption spectra for t-S+ and its 4-methoxy and 
4,4'-dimethoxy derivatives recorded 0.5 ps after the excitation pulse 
are shown in Figure I .  Extinction coefficients for the stilbene 
cation radicals were determined with the cation radical of tri- 
tolylamine (A,,, = 668 nm, t = 2620015), generated under 
identical secondary-electron-transfer conditions, as an actinometer. 
Absorption spectral data for stilbene neutrals in cyclohexane 
solution and cation radicals in acetonitrile solution are summarized 
in Table IV. Absorption data for several of the monosubstituted 
stilbenes have previously been reported by Jungmann et a1.I6 

Secondary electron transfer has also been employed to generate 
c-So+ without concomitant formation of The transient 
absorption spectrum obtained 0.5 ps following laser flash photolysis 
of DCA with 0.1 M biphenyl and 5 X IO4 M c-S is shown in 
Figure 2 along with the spectrum of t-So+ obtained under com- 
parable conditions. The energies, band shapes, and relative ex- 
tinction coefficients of t-S'+ and c-S'+ obtained by photoinduced 
electron transfer are similar to those obtained by Shida and co- 
workers'' by means of radiolysis in 77 K halocarbon matrices. 
Decay of the stilbene cation radicals generated by secondary 
electron transfer is predominantly second order. Absorption due 
to c-S'+ decreases by ca. 1 order of magnitude in IO ps following 
the excitation pulse. During this period, the spectral band shape 
of c-S'+ remains essentially unchanged either at ambient tem- 
perature or at 60 OC, with only a slight shoulder appearing at ca. 
470 nm, the absorption maximum of ?-SO+. No change in band 
shape with time is observed for ?-So+. Similar results were obtained 
with the substituted cis-stilbenes, except in  the case of the 4- 
methoxy derivative for which the initially observed spectrum (A,,, 
= 520 nm) changed to that of the trans isomer (A,,, = 485 nm) 
within IO ps. 

Quantum yields for separation of the initially formed radical 
ion pair to generate free stilbene cation radicals (axp) were de- 
termined by laser flash photolysis of deoxygenated acetonitrile 
solutions containing (2-4) X M acceptor, 0.05 M stilbene, 
and 5 X 1 O4 M truns-4,4'-dimethoxystilbene. Secondary electron 
transfer to the free stilbene cation radical from 4,4'-dimethoxy- 
stilbene yields the same transient species from each of the stilbenes, 
allowing relative values of *gp to be determined directly. Absolute 

( I  5 )  Determined by electrochemical generation of the stable cation radical. 
Lenhard, J. R. Eastman Kodak. Private communication. 

(16) Jungmann, H.; Gusten, H.; Schulte-Frohlinde, D. Chem. Ber. 1968, 
101. 2690. 

(17) (a) Shida, T.; Hamill, W. H. J. Chem. Phys. 1966, 44, 2375. (b) 
Suzuki, H.; Koyano, K.; Shida, T.; Kira, A. Bull. Chem. Soc. Jpn. 1982, 55, 
3690. (c) Suzuki, H.; Ogawa, K.; Shida, T.; Kira, A. Bull. Chem. Soc. Jpn. 
1983, 56, 66. 
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Figure 3. Concentration dependence of free-ion formation. (a) Key: 
dicyanoanthracene with trans-4-methylstilbene (A), cis-stilbene (0), 
trans-stilbene (e), and trans-4-cyanostilbene (m). (b) Key: tetra- 
cyanoanthracene with tram-4-methylstilbene (A), rrans-4-chlorostilbene 
(O) ,  cis-4-chlorostilbene (0), and trans-4-cyanostilbene (m). 

Table V. Quantum Yields for Formation of Stilbene Cation Radicals 
in Acetonitrile Solution 

+q -Ac-et, V @oep -AG*t, V 
stilbene acceptor" (trans) (trans) (cis) (cis) 

4-methoxy DCA 0.052 1.96 0.032 2.04 
TCA 0.029 1.50 0.023 1.58 

4,4'-dimethyl DCA 0.095 2.19 0.048 2.31 
TCA 0.043 1.73 0.022 1.85 

4-methyl DCA 0.14 2.26 0.077 2.38 
TCA 0.048 1.80 0.019 1.92 

stilbene CA 0.71 2.93 b 
DCA 0.26 2.38 0.14 2.49 
TCA 0.053 1.92 0.027 2.03 
MA 0.054 1.93 0.023 2.04 

4-chloro DCA 0.27 2.41 0.019 2.56 
TCA 0.057 1.95 0.029 2.10 

4-cyano DCA 0.53 2.61 0.39 2.66 
TCA 0.1 1 2.15 0.054 2.20 

4-trifluoromethyl DCA 0.48 2.60 

"See Table I for abbreviations. bInsufficient singlet quenching to 
permit measurement. 

values of agP are obtained by using the benzophenone triplet state 
as an actinometer." Plots of vs stilbene concentration are 
shown in Figure 3 parts a and b for several stilbenes with DCA 
and TCA, respectively. The concentration dependence is far more 
pronounced for TCA vs DCA and for stilbenes with electron- 
donating vs electron-withdrawing substituents. Values of amp in 
the limit of low stilbene concentration obtained from the intercepts 
of plots such as those shown in Figure 3 are reported in Table 
V along the values for AG, calculated from the sum of the stilbene 
oxidation potentials and acceptor reduction potentials. The value 
of for DCA with t -S decreases slightly from 0.26 in argon- 
saturated solution to 0.22 with air saturation and 0.20 with oxygen 
saturation. 

Stilbene Isomerization. As previously reported by one of our 
laboratories,8 irradiation of DCA with c-S or t-S results in &,trans 
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Table VII. Cage Separation and Isomerization Quantum Yields for 
cis-Stilbene with Singlet Acceptors 

I 
0.5 

.. 

0.0 0.1 0.2 0.3 

cis-stilbene, M 

Figure 4. DCA-sensitized isomerization as a function of concentration 
of cis-stilbene in acetonitrile solution. Symbols represent four different 
data sets. 

Table VI. Quantum Yields for Dicyanoanthracene-Sensitized 
Isomerization in Acetonitrile Solution' 

stilbene *t-c @e-, 7c r-Sb %--l/%CP 

4-methoxy 0.001 0.12 C 6.od 
4,4-dimethyl 0.006 0.35' c 1.3 
4-methyl 0.001 0.14 99.9 2.8 
stilbene 0.002 0.32 98.8 2.5 
4-chloro 0.006 2.5 96.0 17 

4-trifluoromethyl c C 98.8 
4-cyano 0.002 13.0 98.8 34 

a Values obtained for 365- or 420-nm irradiation of deoxygenated 
solutions of 0.05 M stilbene and IO-" M DCA on a merrry-go-round 
apparatus. Photostationary state obtained from trans and cis isomers. 
CNot determined. dCalculated from an estimated value of aSeP = 0.02. 
eValue for 0.02 M stilbene. 

isomerization. Values of a,,, are low (0.002) and independent 
of t-S concentration, whereas @pt increases from ca. 0.1 for 0.01 
M c-S to >1 .O for c-S concentrations above 0.2 M. A least-squares 
fit to the four independent data sets shown in Figure 4 has an 
intercept of 0.04 and a slope of 5.7 (Rz = 0.994). Kuriyama et 
a1.I8 report similar results for c-S concentrations above 0.1 M and 
an essentially constant value of 9,,, = 0.02 at  lower c-S con- 
centrations. Our previously reported method for the measurement 
of apt provides reproducible results as long as c-S from the same 
commercial batch and the same light intensity are used.* A higher 
value of a,-, (0.75 for 0.05 M c -S)  was obtained from freshly 
chromatographed c-S irradiated at  404 nm on an optical bench 
with lower light intensity ( I ,  = 2 X vs 8 X einstein s-I 
for the merry-go-round apparatus.) Erratic results were en- 
countered at  low conversions (<2%), plausibly due to the con- 
sumption of traces of oxygen or other adventitious quenchers (vide 
infra). Quantum yields were also observed to decrease at  con- 
versions of c-S > 10%. Addition of 0.025 or 0.05 M t-S reduces 
the initial value of from 0.32 to 0.16 or 0.10, respectively. 

Values of 9,- and apt for the DCA-sensitized isomerization 
of the stilbenes and several para-substituted derivatives at a single 
stilbene concentration (0.05 M) are summarized in Table VI. 
Values of 9,- < 0.006 were obtained for all of the trans isomers. 
Values of @,=., are dependent upon the substituent, increasing from 
0.12 for cis-4-methoxystilbene to 13.0 for cis-4-cyanostilbene. 
Isomerization efficiencies were observed to increase with stilbene 

9-cyanoanthracene (CA) 3.04 (0.6)c 1.5 2.5 
9, IO-dicyanoanthracene (DCA) 2.49 0.14 0.32 2.3 
2,6,9,1O-tetracyanoanthracene 2.03 0.020 0.02 1.0 

N-methvlacrvdinium (MA) 2.04 0.023 0.012 0.5 
(TCA) 

'Calculated from the sum of the donor and acceptor redox poten- 
tials. bSee Table VI, footnote a for reaction conditions. cEstimated 
value, see text. 

concentration. Photostationary states highly enriched in the trans 
isomer were obtained upon prolonged irradiation of either the trans 
or cis isomer of most of the substituted stilbenes (Table VI). 
Attempts to obtain photostationary states for the DCA-sensitized 
isomerization of p-methoxystilbene were hampered by the low 
quantum yields and by the slow consumption of DCA, which also 
occurred to varying degrees upon prolonged irradiation, with other 
substituted stilbenes. 

Quantum yields for isomerization of 0.05 M c-S in acetonitrile 
solution were determined from several electron acceptors in ad- 
dition to DCA. Values of apt for 1 .O X M 9-cyano- 
anthracene, 6 X M 2,6,9,10-tetracyanoanthracene, and 5 X 
IO4 M N-methylacridinium are given in Table VII. The value 
of a?, obtained from CA is corrected for incomplete quenching 
(ca. 15%) by 0.05 M c-S. No correction is needed for DCA, TCA, 
or MA. Plots of ap;I vs [c-S)-' for CA- and DCA-sensitized 
isomerization have intercepts (reciprocal of the quantum yield 
in the limit of high stilbene concentration) near 0. 

Stilbene Oxygenation. As previously reported by Foote and 
co -w~rke r s , ' ~  DCA-sensitized irradiation of either f - S  or c-S in 
the presence of oxygen results in the formation of benzaldehyde 
(BA) and lesser amounts of stilbene oxides (SO) and several other 
oxidation products. At low conversions (<lo%) of 0.05 M t-S 
or c-S, the only products that can be quantitatively analyzed by 
GC are BA and SO. These are also the only products detected 
by IH or I3C NMR for samples irradiated at  either 25 or 0 OC 
a t  <30% conversion. An induction period is observed for the 
formation of SO (but not BA) but can be eliminated by the 
addition of 0.01 M BA prior to irradiation. When solutions of 
t-S are irradiated with continuous air purging, no isomerization 
(<OS%) is observed. When c-S solutions containing ca. 0.1% t-S 
are irradiated, the t-S concentration rapidly increases to 1.5% but 
does not increase further with irradiation time. Added n-dode- 
canethiol (0.001-0.03 M) inhibits SO formation but has little 
effect on the yield of BA. 

The DCA-sensitized photooxygenation of several mono-para- 
substituted derivatives of t-S and c-S were also investigated. The 
major products of these reactions were BA and substituted BA 
(eq 2). The two aldehydes are formed in a 1:1 ratio except in 

(2) 

the case of p-methoxystilbene, which yields a 2:l ratio of anis- 
aldehyde/BA. This apparent anomaly requires further investi- 
gation. 

Quantum yields for formation of total BA (substituted plus 
unsubstituted) determined for air-saturated solutions of 0.05 M 
t -S ,  c-S, and substituted stilbenes were measured with mono- 
chromatic 404-nm irradiation on an optical bench in I-cm cuvettes 
continuously bubbled with air. The results are reported in Table 
VI11 along with values of obtained from 9-cyanoanthracene 
and 2,6,9,10-tetracyanoanthracene as electron acceptors. All of 
the stilbenes in Table VI11 quench singlet DCA with rate constants 
near the rate of diffusion in acetonitrile solution, and 0.05 M 
stilbene is sufficient to quench >90% of singlet DCA in oxy- 
gen-saturated solutions (Table 111). 

PhCH=CHAr % PhCHO + ArCHO 

(19) (a) Eriksen, J.; Foote, C. S.; Parker, T. L. J .  Am. Chem. Soc. 1977, 
99, 6455. (b) Eriksen, J.;  Foote, C. S. J .  Am. Chem. Soc. 1980, 102, 6083. 



Stilbene Cation Radicals J .  Am. Chem. Soc., Vol. 112, No. 22, 1990 8059 

Table VIII. Quantum Yields of Benzaldehyde Formation and Cage 
Separation of Substituted Stilbenes 

stilbene acceptor @EA4 ax: 
trans-4-methoxv DCA 0.02 0.034 0.59 
trans-4,4'-dimeihyl 
trans-4-methyl 
trans-stilbene 
trans-stilbene 
trans-stilbene 
trans-4-chloro 
trans-4-cyano 
trans-4-cyano 
cis-4,4'-dimethyl 
cis-4-methyl 

DCA 0.04 
DCA 0.08 
DCA 0.17 
CA 0.60 
TCA <0.002 
DCA 0.19 
DCA 0.19 
TCA <0.002 
DCA 0.04 
DCA 0.05 

0.085 
0.13 
0.25 
0.7 I 
0.050 
0.27 
0.51 
0.10 
0.048 
0.077 

0.47 
0.62 
0.68 
0.85 

<0.04 
0.70 
0.37 

<0.02 
0.83 
0.64 

cis-stilbend DCA 0.08 0.13 0.61 
OQuantum yield for air-saturaterd acetonitrile solutions containing 

0.05 M stilbene and 3 X 10-4 M cyanoanthracene. 404-nm irradiation. 
*Values from Table V for deoxygenated solutions. 

Table IX. Effect of Trimethoxybenzene and Oxygen upon 
Benzaldehvde Formation and Isomerization of cis-Stilbene 

0 0 0.75 0.0 
2 x 10-5 0 0.25 0.0 
1 x 10-4 0 0.05 0.0 
0 I x 104 0.04 0.06 
0 I x 10-3 0.03 0.08 
1 x 10-4 I x 10-3 <0.01 <0.01 

'Acetonitrile solutions containing 0.05 M c-S and 3 X lo-" M DCA 
irradiated on an optical bench at 404 nm. 

The values of aba obtained for t-S and c-s (Table VIII) are 
similar to those previously reported for 365-nm irradiation on a 
merry-go-round apparatus.* These values show little variation 
with light intensity ((0.2-1.6) X einstein s-I). The value of 
a B A  is independent of t-S concentration when sufficient t-S is 
present to quench >90% of singlet DCA (>0.04 M t -S) ,  but 
decreases a t  lower t-S concentrations. Most of this decrease can 
be accounted for by incomplete quenching of DCA by t-S and 
by competitive quenching of DCA by oxygen (kq7 = 300 M-I S-I). 
The dependence of @BA upon oxygen concentration was investi- 
gated for solutions purged with mixtures of air and prepurified 
nitrogen. Oxygen concentrations were calculated from the mixing 
ratios of air/nitrogen, assuming that the concentration of oxygen 
in air-saturated acetonitrile is ca. 1 X M.20,21 The value of 
@BA decreases only slightly, from 0.17 to 0.15, over an oxygen 
concentration range of 10-3-10d M, but is CO.01 in nitrogen- 
purged solutions. Analogous results were obtained with c-S. 

M) 
was reported by Eriksen and Footetgb to quench 94% of the 
DCA-sensitized photooxygenation of t -S. The effect of added 
T M B  upon the quantum yields for BA formation and isomeri- 
zation of c-S is reported in Table IX. Both O2 ( w3 M) and TMB 
( IO4 M) separately quench ca. 90% of the isomerization of 0.05 
or 0.10 M c-S. The combination of O2 and TMB results in nearly 
total suppression of both reactions. Added trans-4,4'-dimeth- 
oxystilbene also is an efficient quencher of c-S isomerization, a 
concentration of 5 X IO4 M being sufficient to quench ca. 95% 
of t-S formation. 

Discussion 
Transient Absorption Spectra. The cation radicals of trans- 

and cis-stilbene and several of their methylated derivatives have 
previously been generated by means of radiolysis in frozen matrices 
and their electronic absorption spectra investigated by Shida and 

The electron donor 1,2,4-trimethoxybenzene (TMB) ( 

(20) (a) On the assumption that IO2 IS a diffusion-controlled quencher (k - 2 X 1OIa M-I s-I) of the concentration of oxygen in air-saturated 
acetonitrile solution IS ca. 3 X lo-] M. (b) Berlman, 1. B. Handbook of 
Fluorescence Spectra of Aromaric Molecules; Academic Press: New York. 
London, 1971; p 58. 

(21) (a) A value of 1.7 X l (r3 M can be calculated from the reported value 
of 8.1 X IO-' M for oxygen-saturated acetonitrile solution.2'b (b) Achord, J. 
M.; Hussey. C. L. Anal. Chem. 1980, 52, 601. 

Scheme I1 

'DCA* 
Biphenyl I \  I DCA'-/Biphenyl'+ - DCA'- + Biphenyl" 

I /  '1 Stilbene 

DCA'- + Stilbene" I /  
DCA 

c o - ~ o r k e r s . ' ~  The absorption spectrum of t-S'+ observed in the 
matrix consists of long-wavelength bands at  759 nm (t = 5.55 
X IO3) and 482 nm (t = 3.34 X IO4) assigned to transitions from 
a filled *-orbital to the half-filled HOMO (A band) and from 
the HOMO to the LUMO (B band), respectively. Corresponding 
transitions for c-S'+ in the matrix occur a t  750 nm (t = 2.61 X 
lo3) and 518 nm (e = 1.0 X lo4). The decrease in energy and 
oscillator strength of the higher energy band for c-S'+ vs t-S'+ 
is attributed to the effect of geometrical changes upon the ab- 
sorption band.17c Several calculations indicate that t-S'+ is es- 
sentially planar, whereas c-s'+, like neutral c-S, is n ~ n p l a n a r . " ~ * ~ ~  

Photoinduced electron transfer provides a method of generating 
t-S'+ in solution. Transient a b s o r p t i ~ n ~ ~ ' ~ J ~ * ~ ~ - ~ ~  and resonance 
Raman spectroscopy26 have been used to probe the formation and 
decay of t-So+, and its ESR spectrum has been obtained by means 
of steady-state irradiation.22c Transient absorption spectra ob- 
tained in solution are somewhat broader than the matrix spectral7 
but have similar band shapes. We find that improved signal/noise 
can be achieved when t-S'+ is generated indirectly by means of 
initial electron transfer to singlet DCA from biphenyl (BP) fol- 
lowed by secondary electron transfer from t-S to BP"  rather than 
by direct electron transfer to DCA from t -S. The cosensitized 
path (Scheme 11) benefits from the higher quantum yield for 
separation of the DCA'-/BP'+ (ascp = 0.754d) vs DCA'-/t-S'+ 
(Table V) radical ion pair. The measured rate constant for highly 
exergonic electron transfer from t-S (Eox = 1.95 V) to BP"  (Eox 
= 2.40 V) is N 1.5 X IOio  M-' s-', and the equilibrium in Scheme 
I1 lies far on the side of t-S*+, resulting in quantitative conversion 
of BP'+ to t-S'+ within 0.5 1.1s. 

Indirect cosensitized photoinduced electron transfer (Scheme 
11) has also been used to generate c-S'+. The transient absorption 
spectrum of c-S'+ shown in Figure 2 is similar in A,,, and band 
shape to the B band observed by Shida and c o - ~ o r k e r s ' ~  under 
steady-state matrix-radiolysis conditions. Noticeably lacking is 
a shoulder near 472 nm, the absorption maximum of t-S'+. The 
ratio of c-S'+ vs t-S'+ B-band intensities in solution (Table IV) 
is 0.35, similar to the matrix value of 0.30 obtained by Shida and 
co-workers." Thus, a relatively small component (ca. 10%) due 
to t-S'+ would have been readily detected in the spectrum of c-S'+. 
Under the indirect electron-transfer conditions used to generate 
the stilbene cation radicals (Scheme 11), their decay is mainly 
second order. After IO ps, when the absorption due to the c-S'+ 
has decreased by ca. 1 order of magnitude, the spectrum is es- 
sentially unchanged at either 25 or 60 OC, with only a slight 
shoulder observable at ca. 470 nm, near the absorption maximum 
of the r-S'+. 

All of the substituted cis-stilbene cation radicals were observed 
to be configurationally stable on the microsecond time scale except 
for the 4-methoxy derivative. Takamuku and c o - w ~ r k e r s ~ ~  have 

(22) (a) Golebiewski, A,; Parczewski, A. Acra Phys. Pol. 1972, A41, 70. 
(b) Bigelow, R. W. Chem. Phys. Lerr. 1985. 117, 22. (c) Courtneidge, J. L.; 
Davies, A .  G.; Gregory, P. S. J. Chem. Soc., Perkin Trans. 2 1987, 1527. 

(23) (a) Goodman, J. L.; Peters, K. S. J. Am. Chem. Soc. 1985,107, 1441. 
(b) Goodman, J. L.; Peters, K. S. J. Am. Chem. SOC. 1985, 107, 6459. 

(24) Goodson, B.; Schuster, G. B. Tetrahedron Leu. 1986, 27, 3123. 
(25) Tsuchiya, M.; Ebbesen, T. W.; Nishimura, Y.; Sakuragi, H.; Toku- 

maru. K. Chem. Lett. 1987, 2121. 
(26) Hub, W.; Kliiter, U.; Schneider, S.; Dorr, F.; Oxman, J. D.; Lewis, 

F. D. J. Phys. Chem. 1984, 88, 2308. 
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recently studied the formation of c-S'+ and its 4methoxy derivative 
by means of pulse radiolysis and observe that c-S'+ is configu- 
rationally stable a t  room temperature in dichloroethane solution 
but that its 4-methoxy derivative isomerizes with a rate constant 
of 2.3 X IO6 This substituent effect is attributed by Takamuku 
and co-workers2' to a decrease in the barrier to unimolecular 
isomerization of the cation radical resulting from localization of 
the electron hole on the methoxy oxygen. 

Both electron-donating and -withdrawing substituents cause 
a bathochromic shift in the H O  - LU transitions of truns- and 
cis-stilbene neutrals and cation radicals (Table IV). A larger shift 
for the cation radical vs neutral of 4,4'-dimethylstilbene was 
previously observed by Suzuki et al.i7b This effect was attributed 
to the greater stabilization of the HOMO vs LUMO upon sub- 
stitution, as a consequence of the larger C4 atomic orbital coef- 
ficient in the HOMO. Values of A,,, for the cis-stilbene cation 
radicals are all 30-40 nm to the red of their trans isomers. The 
4-CN substituent is unique in causing a larger bathochromic shift 
for the neutral vs the cation radical. Also noteworthy is the fact 
that the shift for 4,4'-dimethoxystilbene is greater than double 
the shift for methoxystilbene neutral and cation radical. 

The effect of substituents upon the electrochemical oxidation 
 potential^^*"^ and gas-phase p h o t ~ e l e c t r o n ~ ~  spectra of several 
4-substituted and 4,4'-disubstituted stilbenes has previously been 
investigated. Values of E,, increase as the electron-withdrawing 
ability of the substituent increases, providing a reasonably good 
fit to a Hammett correlation with CT+, in accord with the ability 
of substituents such as p-OCH3 to provide resonance delocalization 
of the positive charge. The extent of odd-electron delocalization 
in planar trans-stilbene cation radicals is indicated by the larger 
hyperfine coupling constant for methyl vs vinyl protons in the ESR 
spectrum of 4,4'-dimethyl~tilbene.~~~ Values of E,, are larger for 
cis vs trans isomers by amounts ranging from 0.1 5 to 0.05 V, the 
smallest differences being observed for methoxy and cyano sub- 
stituents. 

Cage Escape Efficiencies. Previous investigations have estab- 
lished that quantum yields for the formation of free radical ions 
(0,) via photoinduced electron transfer are dependent upon the 
solvent polarity, the redox potentials of the donor and acceptor, 
the molecular dimensions of the radical ions, the light-absorbing 
species (monomer vs charge-transfer complex), and the spin state 
of the radical ion pair.ldq32 In the present investigation, a single 
solvent (acetonitrile) and three neutral and one cationic singlet 
acceptor (CA, DCA, TCA, and MA) of similar molecular di- 
mension and singlet energy were employed (Table I). 

Electron transfer from singlet DCA or CA to the stilbenes 
occurs predominantly via diffusive quenching, as evidenced by 
the absence of a significant dependence of @%, upon stilbene 
concentration (Figure 3a). In contrast, the more powerful acceptor 
TCA forms a ground-state complex (K - 7 M-I) with t-S and 
presumably with the other stilbenes. Hence, quenching of TCA 
fluorescence by the stilbenes will have both a static and a dynamic 
component. The static component is expected to result in a lower 
value of @,, than the dynamic component as a consequence of 
the formation of a contact radical ion pair upon excitation of a 
charge-transfer complex vs a solvent-separated radical ion pair 
upon diffusive quenching." Since return electron transfer can 
compete with solvation of the contact radical ion pairs, values of 
@,, can be substantially smaller for static vs dynamic electron- 
transfer quenching. Goodman and Peters23 have determined values 
of k,, = 7.6 X I O 9  s-I and k,,, = 1.3 X lo9 s-I for the excited 
t-S-fumaronitrile charge-transfer complex. Thus, only 20% of 
the initially formed contact radical ion pair survives to form the 
solvent-separated radical ion pair. Values of asep for dynamic 

Lewis et al. 

(27) Takamuku, S. Frontiers of Highly Efficient Photochemical Processes; 
Ministry of Education, Science, and Culture: Kyoto, Japan, 1989; p 75. 

(28) Adams, B. K.; Cherry, W. R .  J .  Am. Chem. Soc. 1981, 103, 6904. 
(29) Kubota, T.; Uno, B.; Matsuhisa, Y.; Miyazaki, H.; Kano, K. Chem. 

Pharm. Bull. 1983. 31, 373. 
(30) Hasegawa, T.; deMayo, P. Langmuir 1986, 2, 362. 
(31) McAlduff, E. J.;  Chan, T. Can. J .  Chem. 1978, 56, 2714. 
(32) Haselbach. E.; Vauthey, E.; Suppan, P. Tetrahedron 1988.44.7344. 

1 2 3 
-AG.,t, eV 

Figure 5. log k,, for return electron transfer within geminate ion pairs 
of DCA or TCA with trans-stilbenes (0) or cis-stilbenes (0) vs the free 
energy change for the reaction. 

quenching of TCA by the stilbenes (Table V) have been obtained 
by extrapolation of the observed values (Figure 3b) to 0 stilbene 
concentration. It should be noted that the magnitudes of the slopes 
in Figure 3 parts a and b parallel the anticipated strength of the 
ground-state donor-acceptor interaction and are greater for TCA 
vs DCA, trans- vs cis-stilbenes, and stilbenes with electron-donor 
vs -acceptor  substituent^.^^ 

We have also measured apse, values for t-S and c-S with the 
cationic singlet acceptor N-methylacridinum. The values obtained 
(Table V) are nearly the same as those for TCA, a neutral acceptor 
of similar oxidation potential (Table I). This result is in agreement 
with a recent report from one of our laboratories for a series of 
alkylated benzene donors.4d Evidently the absence of Coulombic 
attraction between the MA radical and stilbene cation radical does 
not result in a higher value of @scp than that for the cyano- 
anthracene-stilbene radical ion pairs. 

obtained for the stilbenes from CA, DCA, TCA, 
and MA as singlet acceptors are summarized in Table V. Com- 
parison of these values establishes that is larger for the weaker 
acceptor (CA > DCA > TCA or MA), for trans- vs cis-stilbenes, 
and for stilbenes with electron-withdrawing vs -donating sub- 
stituents. According to the mechanism shown in Scheme I, @,p 
is determined by the competition between separation and return 
electron transfer in the singlet radical ion pair (a,, = k, , / (k ,  
+ k-) ) .  Investigations in one of our laboratories have establishd 
that kscp - 5 X lo* s-I for structurally related cyanoaromatic 
acceptor-aromatic donor geminate radical ion pairs and is in- 
dependent of redox  potential^.^ Thus, the observed values of @,, 
are determined primarily by the variation of k,, with donor- 
acceptor pairs and can be used with k,, to calculate approximate 
values for k,,. 

Calculated values of k,, are plotted in Figure 5 vs the free 
energy for return electron transfer, AG,,. In order to compare 
this data with that of previous studies from one of our laboratories," 
the AG,, values summarized in Table V were normalized to those 
of the previous  condition^.^ The oxidation potential of truns- 
stilbene and the reduction potential of DCA were measured under 
the previous conditions (for details see ref 4e), and a value of -2.44 
V was obtained for AG,,. The k,, data in Figure 5 are thus 
plotted against the AG-, values in Table V, after addition of 0.06 
V in each case. The data for the trans- and cis-stilbenes fall on 
roughly parallel curves; however, in both cases k,, decreases as 
AG,, becomes more exergonic, as expected for electron transfer 
in the "Marcus inverted regi~n".~" The curves that are super- 
imposed on the data in  Figure 4 represent theoretical fits to a 
semiclassical description of electron-transfer rates as described 
in ref 4e. The fit superimposed upon the truns-stilbene data is 

Values of 

~ ~ ~~ ~~ 

(33) A reviewer has suggested that the concentration dependence of +rp 
might result from reaction of the ion pair with a second molecule of stilbene. 
While there is ample precedent for such a reaction,36 it would be most likely 
to occur for the longest lived ion pairs, e.g., those formed between the weakest 
donor-acceptor pairs, whose 6, values are independent of concentration. 
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that obtained previously for radical ion pairs of DCA and TCA 
with substituted naphthalenes, biphenyls, and fluorene as radical 
cations, whereas the fit superimposed upon the cis-stilbene data 
is that obtained from substituted benzenes as donors with the 
cyanoanthracene acceptors.& The worst fit is observed for the 
strongest donor-acceptor pair (TCA-trans-4-methaxystilbene) 
for which the extrapolated value of aSep is subject to the largest 
error. 

A plausible explanation for the smaller k,, values for trans- 
vs cis-stilbenes of comparable oxidation potential is provided by 
the previously noted difference in planarity between the trans and 
cis cation radicals. In the planar r-S*+, the electron hole is de- 
localized over a conjugated system similar in size to that in 
naphthalene or biphenyl. Delocalization should be less extensive 
in the nonplanar c-S". Localization of the electron hole on a 
single benzene ring would result in a cation radical similar in  
effective size to that of a substituted benzene. 

Isomerization. As previously reported by one of our labora- 
tories,8 irradiation of t-S with DCA results in inefficient isom- 
erization, whereas irradiation of c-S with DCA results in efficient, 
concentration-dependent isomerization (Figure 4). Double-re- 
ciprocal plots for the dependence of a,, vs [c-S] for CA- and 
DCA-sensitized isomerization have intercepts near 0 indicative 
of very large quantum yields in the limit of high c-S concentration. 
Results obtained for several substituted stilbenes at a fixed stilbene 
concentration (0.05 M) are summarized in Table VI. Values of 
a,+ are uniformly low, while values of a,, increase with in- 
creasing stilbene oxidation potential, attaining values distinctly 
higher than 1 .O for chloro- and cyanostilbenes. Photostationary 
states consisting of >96% trans isomer have been obtained for 
all of the substituted stilbenes except those of lowest oxidation 
potential for which approach to the photostationary state is very 
slow. 

A cation-radical chain process in which free c-S'+ formation 
is the chain-initiating step was proposed to account for this one-way 
isomerization process.8 As previously reported,8 the chain isom- 
erization occurs only in polar solvents in which separation of the 
initially formed radical ion pair can occur. Additional evidence 
for c-S'+ as the chain-initiating species is provided by the effects 
of added electron donors or oxygen upon the isomerization effi- 
ciency (Table IX). We have used exergonic secondary electron 
transfer from the stilbene cation radicals to trans-4,4'-dimeth- 
oxystilbene (DMS) as a method of determining aSep (Table V) 
and observe that 5 X IO4 M DMS is sufficient to intercept 
essentially all of the free c-S*+ generated by laser-induced electron 
transfer to DCA within 0.5 ps of its generation. This concentration 
of DMS is also sufficient to quench >95% of c-S isomerization 
in steady-state experiments. 

Further evidence supporting free c-S'+ as the chain-initiating 
species is provided by a comparison of the effect of acceptor upon 
asCp and a?,, Assuming that the rate constants for chain prop- 
agation and termination are independent of the acceptor, values 
of a,, should be determined primarily by the efficiency of cage 
escape. Cage-escape efficiencies have been measured in the case 
of DCA, TCA, and MA sensitization (Table V). A value of a'sep 
= 0.6 f 0.1 for the CA'-/c-S'+ ion pair can be estimated from 
the value of 0.71 for CA'-/t-S*+. Calculated values of apt/@Psep 
for the three cyanoaromatic acceptors and MA are reported in 
Table VII. Considering the substantial error in measurement of 
the ac-, values, the variation in with acceptor is rela- 
tively small. The similar values of and a,, for the neutral 
TCA and positively charged MA indicate that neither cage escape 
nor propagation vs termination is more efficient for the radi- 
cal-cation-radical pair MA'/c-S*+ than for the radical-ion pair 
TCA'-/c-S'+. Low values of a,, have also been reported for 
the charged singlet acceptors triphenylpyrylium (Ercd = +O. IO 
V vs Ag/Ag1)34a and for m e t h y l ~ i o l o g e n . ~ ~ ~  

Although the variation in @,,/asep for c-S with different ac- 
ceptors is much smaller than the variation in the observed apt 
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Scheme 111 

DCA + c-s DCA; + c-st 
C-Sf - k, I-Sf 

4, 
t-Sf + c-s = t-S + c-Sf 

k* 

1-Sf + DCA; A 1-S + DCA 
k 

1-St + D 1-S + D t  

(34) (a) Kuriyama. Y.; Arai, T.; Sakuragi, H.; Tokumaru, K. Chem. Leu. 
1988, 1193. (b) Hamity, M.;  Lema, R. H.  Can. J .  Chem. 1988, 66, 1552. 

Scheme IV 

1-s: + c-s LL 1 3 :  + t-S 

values, this is not the case for the substituted cis-stilbenes with 
a single acceptor, DCA (Table VI). Evidently, substituents in- 
fluence the chain length of the cation-radical one-way isomeri- 
zation process as well as the cage-escape efficiency. Both elec- 
tron-donating and electron-withdrawing substituents appear to 
increase the chain length. 

One of us previously proposed the mechanism for cation-rad- 
ical-initiated one-way isomerization of c-S outlined in Scheme I IL8  
The chain-propagating steps in this mechanism are exergonic 
unimolecular isomerization of c-S'+ to t-S'+ (k i )  followed by 
endergonic electron transfer from c-S to t-S'+ (k tc ) .  Termination 
can occur via reduction of c-S'+ or t-S'+ by DCA'- or an electron 
donor (D) present either as an impurity or as added quencher. 

The observation that c-S'+ is configurationally stable under the 
conditions of our laser flash photolysis and Takamuku's pulse 
radiolysis experiments2'sets an upper limit of ca. lo4 s-l for ki. 
The significantly higher value of aSep (0.14) vs apt in  the limit 
of low c-S concentration (0.04 from Figure 4 and 0.02 from ref 
18) indicates that ki < k,.  However, kinetic analysis of the 
quantum yield data in Figure 4 and Table IX according to Scheme 
111 requires a value of ki > los s-l. The observed decrease in a,, 
with added t-S is also incompatible with this mechanism. Thus, 
we conclude that the unimolecular isomerization mechanism of 
Scheme 111 cannot account for our experimental results. It is 
possible that this mechanism does apply in the case of cis-4- 
methoxystilbene or other substituted cis-stilbenes. 

The observation of c-S'+ configurational stability under laser 
flash photolysis conditions led us to consider alternative mecha- 
nisms for the c-S concentration-dependent isomerization process. 
One plausible alternative is the reversible addition of c-S'+ or t-S*+ 
to neutral c-S to form an acyclic dimer cation radical that reverts 
to reactants with loss of stereochemistry (eq 3). There is ample 

I-S+ or c-S+ + c-s k 1 - 9  + 1-s (3)  
Ph 

precedent for the formation of dimer cation radicals as inter- 
mediates in the cation-radical dimerization and oxygenation of 
terminal aryl olefins such as 1 ,I-diphenylethylene.3a Thermo- 
chemical cycles (Appendix I) suggest that formation of an acyclic 
dimer cation radical from the reaction of t-S'+ with c-S is exergonic 
by ca. 8 kcal/mol and that the acyclic dimer cation radical is more 
stable than its cyclic isomer by ca. 7 kcal/mol. 

A mechanism for the isomerization of c-S via the formation 
of a dimer cation radical is summarized in Scheme IV.  The 
initiation and termination steps are the same as in Scheme 111 
and thus have been omitted. This mechanism is fully consistent 
with the observed variation in a,, with c-S concentration (Figure 
4) and its dependence upon added electron donors (Table IX) or 
t -S .  A value of kc,/k, ,  = 73 can be estimated from the difference 
in c-S vs t-S oxidation potentials (Table 111). A similar equilibrium 
constant and a rate constant of 2 X IO9 M-' s-I have recently been 
reported for the cation radicals of cis- and trans-l,2-bis(N- 
methyl-4-pyridyl)ethylene.3s By use of this value and the quantum 
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Scheme V 
hV 

DCA + t-S - DCA; + t-St 

DCA' + 0, - DCA + 0, 

yield data, values of the bimolecular rate constants kdc = 8 X l o 6  
M-' s-I and k d t  = 2 X l o 6  M-' s-' are obtained. These values are 
distinctly smaller than those previously reported for the cation 
radicals of terminal olefins, but are similar to those for other 
internal  olefin^.^^.^' The smaller value for kdt vs kdc may reflect 
the greater stability of the planar, delocalized t-S cation radical. 

While dimer cation-radical formation appears thermodynam- 
ically and kinetically plausible, the experimental evidence remains 
inconclusive. Our efforts to detect stilbene dimers as products 
of DCA-sensitized irradiation have been unsuccessful. However, 
intramolecular 2 + 1 cyclization has been observed in DCA- 
sensitized irradiation of 1,2,5,6-tetraphenyl- 1 ,S-cyclooctadiene (eq 
4).38 Our efforts to trap the stilbene dimer cation radical with 

Ph Ph f i  hu - (4) 

n 
Ph Ph Ph 

oxygen or nucleophiles have been unsuccessful, as have our efforts 
to trap the cation radical formed by the photooxygenation of 
tetraphenylcyclob~tanes.9~~ The latter reaction results in  the 
formation of stilbenes as the only primary products, either in the 
absence or in the presence of oxygen. 

Oxygenation. Investigations by Foote and c o - w ~ r k e r s ' ~ J ~  of 
the DCA-sensitized photooxygenation of t-S over the past decade 
have led to the proposed mechanism for the formation of the major 
product, benzaldehyde, outlined in Scheme V. We admit to some 
misgivings about a mechanism that requires the combination of 
two reactive intermediates (present in very low concentrations in 
steady-state experiments) in  which cycloaddition to form a di- 
oxetane (which has eluded detection by low temperature spec- 
troscopy) effectively competes with return electron transfer. While 
our results neither confirm nor disprove this oxidative cleavage 
mechanism, they do support the formation of t-S'+ as the initial 
step in BA formation and provide the first quantitative data for 
the efficiency of cage escape and subsequent oxygenation. 

Quantum yields for benzaldehyde formation and stilbene cation 
radical cage escape are summarized in Table VIII. The values 
of a,, were determined in deoxygenated solution and thus may 
be slightly higher than values in air-saturated solution. In the 
case of t-S and the values of a,, obtained in argon- and air- 
saturated solutions are 0.26 and 0.22, respectively. Thus, the 
calculated values of @BA/@Pscp may slightly underestimate the 
efficiency of BA formation from the cage-escaped stilbene cation 
radicals. These values do serve to establish several important 
features of the photooxygenation reaction. 

First, the larger value of @BA for t-S vs c-S is due primarily 
to the more efficient cage escape of t-S. 

Second, the total range of @BA/@'rcp values for CA or DCA 
sensitization is small compared to the range in @BA values. Thus, 
the efficiency of oxygenation of cage-escaped stilbene cation 
radicals is much less dependent upon substituent than is cation- 

(35) Ebbesen. T. W.; Akaba, R.; Tokumaru, K.; Washio, M.; Tagawa, s.; 
Tabata, Y.  J .  Am. Chem.Soc. 1988, 110, 2147. 

(36) (a) Mattes, S. L.; Farid, S. J .  Am. Chem. Soc. 1986,108,7356. (b) 
Farid, S.; Hartman, S. E.; Evans, T. R.  In The Exciplex; Gordon, M., Ware, 
W. R.,  Eds.: Academic Press: New York, 1975; p 327. 

(37) (a) Lewis, F. D.; Kojima, M. J. Am. Chem. Soc. 1988,110,8664. (b) 
Lewis, F. D.; Dykstra, R.  E.; Bedell. A. M. Unpublished results. 

(38) Hasegawa, E.; Mukai, T.; Yanagi. K.  J .  Org. Chem. 1989,54,2053. 
(39) Foote, C. S.  Tetrahedron 1985, 41, 2221. 

radical-initiated isomerization (Table VI). This is consistent with 
the nonchain nature of the oxygenation process, which is evidenced 
by its lack of stilbene concentration dependence. 

Third, another notable feature of the data in Table VI11 is the 
low values of @BA obtained by use of TCA as the sensitizer. The 
comparison of photooxygenation efficiency with DCA vs TCA 
as a sensitizer has been proposed as a mechanistic probe for the 
involvement of 02*- in  photooxygenation reactions.m Since 
secondary electron transfer from DCA- to O2 is exergonic whereas 
electron transfer from TCA'- to O2 is endergonic, formation of 
02'- should occur with DCA but not TCA as an electron-transfer 
sensitizer. However, comparison of product formation quantum 
yields for cage escape may be misleading since the quantum yields 
for cage escape should be larger for ion pair of DCA'- vs TCA'- 
due to the larger energy gap for return electron transfer and the 
formation of ground-state complexes with TCA but not DCA 
(Table V). We have measured both @.gA and @*, for DCA and 
TCA with t-S and its cyano derivative, a weaker donor with higher 
cage-escape efficiency, and find that the reaction of the stilbene 
cation radicals is at  least 20 times more efficient for DCA vs TCA 
sensitization. This result, if correctly interpreted, supports the 
involvement of 02*- in the photooxidation mechanism. 

If the Foote mechanism (Scheme V) is indeed correct, the value 
of aBA/@,, = 0.68 can be used to estimate the efficiency of 
product formation upon encounter of t-S'+ with 02*-. Since two 
molecules of benzaldehyde would be formed from this reaction, 
at least one-third of such encounters must lead to product 
formation-even more if some of the t-S'+ reacts with electron- 
donor impurities. According to the FMO analysis of Yamaguchi?l 
the r-S'+/02'- singlet pair can under stepwise or concerted cy- 
cloaddition or return electron transfer to yield t-S and IO2, while 
the triplet pair can only undergo stepwise cycloaddition or return 
electron transfer to yield t-S and 302. On a spin statistical basis, 
charge recombination of t-S'+ with 02'- should yield a 3:l mixture 
of triplet and singlet radical pairs, and thus not all of the product 
can be accounted for by a concerted singlet mechanism. 

An interesting feature of the photooxygenation of c-S is the 
ability of as little as IO" M 0, to limit the formation of r-S to 
ca. 1.5% of total stilbene and reduce the value of a,, from 0.75 
to 0.04 (measured at  ca. 1% conversion of c-S, Table IX). A 
plausible explanation for this observation is provided by rapid 
reversible electron transfer from c-S'+ to t-S (Scheme IV).  This 
process reaches dynamic equilibrium when the stilbene concen- 
tration ratio ( [c-S] / [ t -S]  = 66) is approximately equal to the value 
of k,/k,c = 7 3  calculated from the difference in stilbene oxidation 
potentials. At this ratio the concentrations of c-S'+ and t-S'+ 
should be nearly equal. Evidently, consumption of r-S becomes 
faster than its formation when [e-S]/[t-SI < 66. Even a t  this 
low steady-state concentration of t -S ,  much of the photo- 
oxygenation of c-S may actually occur via t-S'+, thus accounting 
for the similar values of @BA/@'scp for cis and trans isomers (Table 
V111). 

Several alternative mechanisms for the oxidative cleavage of 
stilbene have been considered. We judge the reaction of a dimer 
cation radical (eq 3) with 302 to be the most attractive of these 
on the basis of both the precedent for its occurrence in the pho- 
tooxygenation of 1, I - d i a r y l e t h y l e n e ~ ~ ~ , ~ ~  and its kinetics, which 
are first order in reactive intermediate. Its involvement in the 
photooxygenation of t-S appears to be inconsistent with the ob- 
served absence of @BA dependence upon either stilbene or oxygen 
concentration and with the larger values of @BA/@,, for DCA 
vs TCA sensitization. We cannot offer it as a preferred alternative 
to Foote's mechanism for the photooxygenation of stilbene in the 
absence of direct evidence for the formation of a dimer cation 
radical from t-S. 

Photooxygenation of t-S or c-S yields, in addition to BA, 
trans-stilbene oxide (SO) and lesser amounts of benzil, benzoin, 

(40) Mattes, S. L.; Farid, S. J. Chem. Soc., Chem. Commun. 1980,457. 
(41) Yamaguchi, K. Oxygen Radicals Chem. Biol., Proc., Inr. Conj,  3rd, 

(42) Gollnick, K.; Schnatterer, A. Tefrahedron Lett. 1984, 25, 2735. 
1983 de Gruyter: Berlin, 1984; 65. 
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and benzoin benzoate.37b The formation of SO displays a short 
induction period suggestive of its formation via a secondary 
photoprocess. When 0.01 M BA is added to a solution of 0.05 
M t-S and DCA prior to irradiation, the induction period is 
eliminated. The initial yield of benzoin benzoate is also increased 
while the yield of benzil is decreased. The addition of n-dode- 
canethiol (0,Ol-O.l M) to the reaction mixture results in a modest 
increase i n  the yield of BA and essentially complete inhibition 
of the formation of SO and the other minor oxygenation products. 
On the basis of this evidence, we propose that SO is formed via 
a free-radical process involving the benzoyl radical that can be 
scavenged by added thiol or react with oxygen to form the ben- 
zoylperoxy radical, a known nonstereospecific olefin epoxidizing 
agent .43 

Concluding Remarks 
The efficiency of photoinduced reactions in which radical ions 

are reactive intermediates is dependent upon both the efficiency 
of formation of the radical ion and the efficiency of its subsequent 
reactions (Scheme I).  The measurement of both the cage-escape 
efficiency and the quantum yield for one-way isomerization and 
photooxygenation of a series of substituted cis- and trans-stilbenes 
allows for the first time the analysis of cage-escape and reaction 
efficiencies as a function of stilbene configuration and substitution. 
Cage-escape efficiencies are dependent upon the energy gap for 
return electron transfer. Thus, for a given acceptor, the highest 
cage-escape quantum yield is obtained from the weakest donor: 
that is, the stilbene with the strongest electron-withdrawing 
substituent. The more efficient cage escape of trans- vs cis- 
stilbenes with comparable oxidation potentials is tentatively at- 
tributed to more effective charge delocalization in the planar trans 
vs nonplanar cis cation radicals. 

The maximum cage-escape and product-formation quantum 
yields for a given stilbene donor are obtained from the weakest 
possible singlet acceptor. Use of stronger acceptors is counter- 
productive, due to both more rapid return electron transfer in the 
solvent-separated radical ion pair and the formation of ground- 
state charge-transfer complexes for which return electron transfer 
competes with solvation. The use of high donor or acceptor 
concentrations also favors ground-state complex formation and 
thus is counterproductive. The use of charged vs neutral singlet 
acceptors offers no special advantage. 

Strategies for optimizing cage-escape efficiencies that have been 
previously employed include cosensitization (Scheme II)& and the 
use of triplet electron-transfer sensitizers. While cosensitization 
is effective, it requires the use of higher concentrations of the 
cosensitizer than the secondary donor, thus complicating product 
purification. Return electron transfer in triplet radical ion pairs 
is spin forbidden, and thus cage escape would be expected to be 
more efficient than for singlet radical ion pairs.32 Kuriyama et 
aL3& report values of awl 0.1 1 and 0.003, respectively, for triplet 
and singlet triphenylpyrylium-sensitized isomerization of c-S. We 
obtained a value of aC.+ = 0.09 using triplet chloranil as the 
acceptor.37b While these values are significantly higher than 
obtained from a strong singlet acceptor such as TCA, they are 
distinctly lower than those obtained from the weaker singlet ac- 
ceptors, DCA or CA. It is possible that ground-state complex 
formation reduces the efficiency of cage escape for these very 
strong triplet acceptors. 

Experimental Section 
Materiels. cis-Stilbene (Aldrich, 97%) was purified (>99.5%) by 

means of chromatography on silica gel. trans-Stilbene (Aldrich) was 
recrystallized from ethanol and benzene. trans-Methoxystilbene (Ald- 
rich) was used as received. The other stilbenes were synthesized from 
literature procedures.u cis-Stilbenes were generated by irradiating a 
solution of 1 g of the corresponding trans-stilbene in 200 mL of nitro- 

(43) (a) Ingles. T. A.; Melville, H. W.  f r o c .  Royal SOC. London 1953, 
A218, 175. (b) Moore, D. E. J .  Pharm. Sci. 1976,65, 1447. (c) Tsuchiya, 
F.; Ikawa, T. Can. J .  Chcm. 1969, 47, 3191. (d) Vreugdenhil, A. D.; Reit, 
H. Recueil 1972, 91, 237. 

(44) Maccarone, E.; Mamo. A.; Perrini. G.; Torre, M.  J .  Chem. Soc., 
ferkin Trans. 2 1981, 324. 
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gen-purged benzene with 300-nm light with a Rayonet Model RPR-100 
reactor. Irradiation for 4 h generally gave 70-80% conversion to the cis 
isomers. The cis-stilbenes were isolated in >98% purity by column 
chromatography on alumina with 1 : l O  benzene/hexane as the eluent. 
9,lO-Dicyanoanthracene (DCA, Kodak) was recrystallized from ethanol 
and sublimed under vacuum. 9-Cyanoanthracene was recrystallized from 
ethanol. Acetonitrile (Aldrich spectroscopic grade) was refluxed over 
calcium hydride and distilled prior to use. 

Steady-State Measurements. Fluorescence quenching data were ob- 
tained for nitrogen-purged solutions of 1.4 X M DCA and stilbenes 
(usually 0.001-0.005 M) with a Perkin-Elmer MPF-44A fluorescence 
spectrometer. Quantum yields for stilbene isomerization were determined 
for nitrogen-purged solutions of 3 X IO4 M DCA and 0.05 M stilbenes 
irradiated on a merry-go-round apparatus at 25 OC. Light intensities 
were analyzed by Aberchrome 540 a~t inometry .~~ Monochromatic 
365-nm light was provided by the filtered light (Corning 7-54 and 0-52 
glass filters) of a 450-W Hanovia medium-pressure mercury lamp en- 
closed in a water-cooled Pyrex lamp well. Monochromatic 420-nm light 
was provided by a Rayonet reactor with Type 216 lamps. Alternatively, 
quantum yields were measured on an optical bench with an Oriel lamp 
housing and power supply with a high-pressure 300-W mercury-xenon 
lamp and a Bausch and Lomb 0.25 M monochromator at 404 nm. Light 
intensities were determined with ferrioxalate actinometry." Solutions 
were analyzed for product formation by use of a 6 ft X 0.125 in. column 
containing 4% SF-96 on Chromosorb G or a J&W fused-silica megabore 
column coated with DB- I on a Varian 3700 or a Hewlett-Packard 5890A 
gas chromatograph equipped wi th  flame ionization detector. 

Photooxygenation experiments were performed on the optical bench 
apparatus by use of a stirred, thermostated cell holder. Oxygen con- 
centrations were varied with calibrated Cole-Palmer flow meters to in- 
troduce nitrogen and air into a mixing chamber prior to continuous 
bubbling of the stilbene-containing solution. Light intensities were 
measured with ferrioxalate actinometry" and monitored during irradia- 
tion with an Atomic Laboratories photon meter. The intensity of 404-nm 
irradiation was varied by changing the monochromator slit widths. So- 
lutions were analyzed for product formation with a 6 f t  X 0.125 in.  
column containing 3% Carbowax 20 M on Chromosorb G or a J&W 
fused silica megabore column coated with DB-1 on a Varian 3700 or a 
Hewlett-Packard 5890A gas chromatograph equipped with flame ioni- 
zation detector. Products were identified by comparison of their GC 
retention times and mass spectral fragmentation patterns with those of 
authentic samples. Mass spectra were recorded on a Hewlett-Packard 
5958A gas chromatograph/mass spectrometer system with an ionizing 
voltage of 70 eV. 

Electrochemistry. Oxidation and reduction potentials were obtained 
in acetonitrile solution by means of cyclic voltammetry was a BAS Model 
CV-27 voltammograph wi th  platinum working and auxiliary electrodes, 
Ag/Agl reference electrode, and a scan rate of 100 mV/s. Ferrocene 
( E , / *  = 0.875 V) was used as a standard external reference. Measure- 
ments were performed in dry acetonitrile solution containing 3 X IO" M 
stilbene and 0.1 M tetraethylammonium tetrafluoroborate electrolyte. 
Reduction of DCA and TCA is reversible, and half-wave potentials are 

(45) Heller. H. G.; Langan, J. R. J .  Chem. Soc., Perkin Trans. 2 1981, 
341. 
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reported. Oxidation of most of the stilbenes is irreversible, and peak 
potentials are reported. 

Transient Spectroscopy. Acetonitrile solutions of DCA or TCA ( 
M) were excited at 410 nm in the presence of various electron donors 
with an excimer-pumped (Questek 2000) Lumonics Model EPD-330 dye 
laser (DPS dye, ca. 15-11s pulses, 2 mJ/pulse). Transient absorption 
spectra of the stilbene cation radicals are obtained either directly, via 
electron-transfer quenching by stilbene (0.1 M), or indirectly, via primary 
quenching by biphenyl (0.1 5 M) followed by secondary electron transfer 
from stilbene ( 5  X IOa M) to the biphenyl cation radical. The over- 
lapping absorption of DCA'- can be removed by means of irradiation in 
the presence of oxygen, which is reduced by DCA", forming superoxide, 
which is transparent in the visible region. Extinction coefficients were 
determined with the cation radical of tritolylamine (Amx = 668 nm, c = 
26 20015), generated under identical secondary electron transfer condi- 
tions, as an actinometer. All spectra were recorded 0.5 ps after the 
excitation pulse. 

Relative quantum yields for the formation of free stilbene cation 
radicals were determined by means of electron-transfer quenching of 
singlet DCA or TCA by stilbene (0.05 M) followed by secondary electron 
transfer from the stilbene cation radical to frons-4,4'-dimethoxystilbene. 
Absolute quantum yields were obtained from the triplet state of benzo- 
phenone as an actinometer. 

Singlet lifetimes were measured by time-correlated single photon 
counting in argon-purged acetonitrile solutions. Lifetimes were inde- 
pendent of cyanoanthracene concentration (10-5-106 M). 

Note Added in Proof. Subsequent to the completion of this 
paper, the formation of low yields of stilbene dimers has been 
observed from both the chemical oxidation (N.  L. Bauld, Univ- 
ersity of Texas, Austin, private communication) and the photo- 
chemical oxidation of trans-stilbene (B. A. Winset, Northwestern 
University, unpublished results). These observations lend credence 
to the proposed formation of the stilbene dimer cation radical (eq 
3). 

Acknowledgment. We thank J .  Harrelson, Jr., and A. V. Satish 
for the electrochemical measurements and C. Amatore for in- 

forming us of his electrochemical results. Work performed a t  
Northwestern University is supported by the National Science 
Foundation (Grant CHE-86 18994). 
Appendix I 

Thermochemical Estimates. The enthalpy of reaction for ad- 
dition of t-S+ and c-S to form an acyclic cation radical is estimated 
from the thermochemical cycle shown in Scheme VI (energies 
in kilocalories per mole). The oxidation potential of t-S is from 
Table 111, and that of the diyl is assumed to be the same as for 
the 1 -phenylethyl radicaLM The diyl bond dissociation energy 
can be estimated either by consideration of the energies of the 
bonds being broken (C-C: 65 kcal/mol) and formed (C=C: t-S 
= 39, c-S = 35 kcal/mol) or by means of Benson group additivity 
c a l ~ u l a t i o n s . ~ ~ ~ ~ ~  The resultant value of AHo = -1 8 kcal/mol 
can be corrected for the loss of translational energy in a typical 
dimerization reaction (ASo - -35 eu or +IO k ~ a l / m o l ) ~ ~  to 
provide a value of AGO = -8 kcal/mol. 

The enthalpy of reaction for ring opening of TPCB'+ can be 
estimated from the thermochemical cycle shown in Scheme VI1 
(energies in kilocalories per mole). The oxidation potential of 
TPCB was determined in the present investigation while that of 
the diyl is assumed to be the same as for the 1-phenylethyl rad- 
i ~ a l . ~ ~  The TPCB bond dissociation energy is assumed to be the 
same as that of several other 1 ,2-diarylcyclobutanes,so The 
resultant value of AHo is -7 kcal/mol. 

(46) The reduction potential of the 1-phenylethyl cation is -0.76 V vs 
Ag/Agl. Wayner, D. D. M.; McPhee, D. J.; Griller, D. J .  Am. Chem. SOC. 
1988, 110, 132. 

(47) Lewis, F. D.; Field, T. L. fhotochem. fhotobiol. 1990, 52, 277. 
(48) Wagner, P. J.; Kelso, P. A.; Zepp, R. G .  J .  Am. Chem. SOC. 1972, 

(49) Wiberg, K. B. fhysicul Organic Chemistry; John Wiley & Sons: 

(50) Shima, K.; Kimura, J.; Yoshida, K.; Yasuda, M.; Imada, K.; Pac, C. 

94, 7480. 

New York, 1964; p 220. 
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Abstract: The synthesis and photoproperties of six new metal 1,4,8,11 , I  $1 8,22,25-octabutoxyphthalccyanines and photoproperties 
of the known, analogous Zn and metal-free phthalocyanines are described. The new compounds are AIPc(OBU)~OS~E~,, 
GaPc(OBu)80SiEt3, GePc(OBu),(OSiEt,),, S~PC(OBU)~(OS~E~, ) , ,  RuP~(0Bu)~(py), ,  and PdPc(OBu)8 (where PC(OBU)~ 
represents the cctabutoxyphthalocyanine ligand). Benzene-d, solutions of all eight of the compounds give NMR spectra showing 
large ring-current effects. Benzene solutions of the compounds give visible spectra with absorption maxima in the 688-779-nm 
range having extinction coefficients between I .O X IO5 and 2.2 X IO5 M-I cm-I. The triplet-state properties of the phthalocyanines 
in benzene solutions have been measured by laser flash photolysis. The triplet states have absorption maxima in the 550-640-nm 
range, quantum yields in the 0.1-0.9 range, and lifetimes when the solutions are deaerated in the 0.5-1 50-w~ range. The rate 
constants for energy transfer from the triplet states of the compounds to O2 are between 1.3 X IO8 and 2.8 X IO9 M-' s-l. 
Analysis of kinetic data pertaining to the photogeneration of O2 (IAg) by the main-group compounds shows that the energy 
gap between their singlet (SI) and triplet (T,) states is 14.9 f 0.3 kcal/mol. Relationships between the photoproperties of 
the metal complexes and the position in the periodic chart of the metals they contain are apparent. 

Introduction 
The 1,4,8,11,15,18,22,25-octaalkoxyphthalocyanines (Figure 

1) generally are stable compounds that have intense absorptions 

in the red to deep red region.' This suggests that some of them 
have potential for use in optical data storage* and in photodynamic 
therapy, PDT.3 

'Case Western Reserve University. * B.D.R. holds both an appointment as a principal research scientist at 
CWRU and an appointment as research fellow in the Center for Photo- 
chemical Sciences at BGSU. 

'Bowling Green State University. 
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