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so as not to confuse the manganate(V) ester intermediate 
with soluble (colloidal) manganese dioxide since the UV- 
visible spectrum of soluble (colloidal) manganese dioxide 
appears similar to those of the manganate(V) intermediate 
1 if compared at  X >300 nm. The manganate(V) inter- 
mediate can be distinguished from soluble (colloidal) 
manganese dioxide by the following criteria: (1) spectra 
of the manganate(V) esters have a clear absorption max- 
imum at ca. 280 nm- while soluble (colloidal) manganese 
dioxide shows no maximum in its spectrum;' (2) plots of 
log A vs log X (A >300 nm) for colloidal manganese dioxide 
give a straight line with a slope near to -4 as expected from 
Ftaileigh's Law ( A  = C/X4)13 for colloidal  solution^,'^ while 
the plots for the manganate(V) ester intermediates give 
the line with a slope steeper than -5;1°J1 (3) soluble (col- 
loidal) manganese dioxide often shows an increase in ab- 
sorbance at all wavelength on standing due to flocculation, 
while the manganate(V) intermediate shows decrease in 
absorbance due to the decomposition reaction.lJ2 

(13) Barrow, G. M. Physical Chemistry, 2nd ed.; McGraw-Hill: New 

(14) See footnote 22 in ref 1. 
York, 1966; p 803. 

From these criteria, it appears that the manganese 
species observed during the reaction of permanganate ion 
with alkynes in di~hloromethane'~ or with trimethylamine16 
in aqueous phosphate buffers are mainly colloidal man- 
ganese dioxide. In those cases, the decomposition rates 
of initially formed manganate(V) intermediates may be 
faster than those of the formation because of the instability 
of the intermediate itself or the high reducing power of the 
reductant used in excess. However, the manganese species 
observed during the permanganate oxidation of alcohols 
in dichloromethane with a quaternary ammonium salt 
appears to be also a manganate(V) compound." 
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Effective photosensitized reduction of uic-dibromo and keto compounds occurs in acetonitrile solutions that 
include ruthenium(I1) tris(bipyridine) (Ru(bpy)?+) as photosensitizer and triethylamine (TEA) as electron donor. 
(R  ,S) - 1 J'- (1,2-Dibromo- 1,2-ethanediyl) bis( benzene) ( 1) and (R,R:S,S) - 1,l'- (1,2-dibromo- 1,2-ethanediyl) bis( benzene) 
(2) are debrominated to a mixture of (E)- (5) and (Z)-l,l'-(1,2-ethenediyl)bis(benzene) (6); 4 = 0.34 for 1 and 
4 = 0.24 for 2. Ethyl a,@-dibromobenzenepropionate (3) and (a,@-dibromo-a,@-dihydro-1-propeny1)benzene (4) 
are debrominated to @)-ethyl a,@-didehydrobenzenepropionic acid (7), = 1.87, and (E)-1-propenylbenzene 
(8), $J = 0.08. The  mixture of 5 and 6 formed upon debromination of 1 and 2 undergoes isomerization in the 
reaction medium to 6 through an energy-transfer mechanism. Debromination of the substrates occurs through 
the photosensitized formation of Ru(bpy),+.(EO = -1.33 V vs SCE), which acts as an electron-transfer mediator 
in the process. The rates of the debromination processes are controlled by the primary reduction of the dibromo 
compounds by Ru(bpy),+, except for 3 as substrate, where a radical chain mechanism is suggested. Cyclic 
voltammetry measurements reveal that  Ru(bpy),+ acts as catalyst in the debromination processes. Similarly, 
activated ketones, i.e., diphenylethanedione (9) and ethyl a-oxobenzeneacetate (10) are reduced by photogenerated 
Ru(bpy),+ to 2-hydroxy-1,2-diphenylethanone (1 l), 4 = 0.025, and ethyl a-hydroxybenzeneacetate (12), 4 = 0.049. 

Organic transformations catalyzed by photochemically 
and electrochemically induced electron-transfer reactions 
are a subject of extensive recent research 
Photosensitized electron-transfer reactions using sacrificial 
electron donors were mainly examined in aqueous 
The resulting photoproducts were applied in H2 evolu- 
tion!,' C 0 2  r e d u c t i ~ n , ~ , ~  and hydrogenation of gaseous 

(1) Julliard, M.; Chanon, M. Chem. Reu. 1983,83, 425. 
(2) (a) Fox, M. A. Acc. Chem. Res. 1983,16,314. (b) Fox, M. A. Top. 

(3) Kavarnos, G. J.; Turro, N. J. Chem. Rev. 1986, 403. 
(4) (a) Kalyanasundaram, K. Coord. Chem. Rev. 1982, 46, 159. (b) 

Darwent, J. R.; Douglas, P.; Harriman, A.; Porter, G.; Richoux, M.-C. 
Coord. Chem. Reu. 1982,44, 83. 

( 5 )  (a) Sutin, N.; Creutz, C. Pure Appl. Chem. 1980, 52, 2717. (b) 
Sutin, N. J. Photochem. 1979, 10, 19. 

Curr. Chem. 1988, 71, 142. 

unsaturated organic substrates.l0 Application of photo- 
sensitized electron-transfer reactions in organic transfor- 
mations is limited due to the poor solubility properties of 
the organic substrates in water. Several approaches that 

(6) (a) Willner, I.; Steinberger-Willner, B. Int. J.  Hydrogen Energy 
1988,13,593. (b) Photogeneration of Hydrogen; Harriman, A., West, M. 
E., Eds.; Academic Press: London, 1983. (c) Energy Resources through 
Photochemistry and Catalysis; Gratzel, M., Ed.; Academic Press: New 
York. 1983. - ----. 

(7) Gray, H. B.; Maverick, A. W. Science 1981, 214, 1201. 
(8) (a) Willner, I.; Mandler, D. J. Am. Chem. Soc. 1989,111,1330. (b) 

Maidan, R.; Willner, I. J.  Am. Chem. SOC. 1986, 108, 8100. (c) Willner, 
I.; Maidan, R.; Mandler, D.; Durr, H.; DOIT, G.; Zengerle, K. J.  Am. Chem. 
SOC. 1987, 109, 6080. 

(9) Mandler, D.; Willner, I. J .  Chem. Soc., Perkin Trans. 2 1988,997. 
(10) (a) Degani, Y.; Willner, I. J .  Chem. SOC., Perkin Trans. 2 1986, 

37. (b) Mandler, D.; Willner, I. J. Phys. Chem. 1987, 91, 3600. (c) 
Willner, I.; Maidan, R. J .  Chem. Soc., Chem. Commun. 1988, 876. 

0022-3263/90/ 1955-2656$02.50/0 0 1990 American Chemical Society 



Catalyzed Reduction of uic-Dibromides 

apply micelles," microemulsions,12 or water-oil two-phase 
systems13 have been used to circumvent these difficulties. 
Micelles and microemulsions provide microheterogeneous 
hydrophobic environments for the solubilization of the 
organic reactants. With water-oil two-phase systems, 
phase transfer of the reduced photoproduct has been used 
to mediate the reduction of organic substrates. Alterna- 
tively, heterogeneous catalysts have been applied to effect 
the photoinduced hydrogenation of unsaturated organic 
compounds as suspensions in aqueous media.14 In this 
system "in situ" generated hydrogen atoms formed on the 
heterogeneous catalyst mediate the subsequent hydro- 
genation of the water-immiscible organic substrate. 

The photosensitized reduction of N,N'-dialkyl-4,4'-bi- 
pyridinium salts, V2+, using various sacrificial electron 
donors has been extensively studied.15J6 The resulting 
reduced photoproduct, N,Nf-dialkyl-4,4'-bipyridinium 
radical cation (viologen radical), V*+, has been applied in 
the reduction of nitro-substituted compounds," debro- 
mination of 1,2-dibromide~,'~J~ and reduction of activated 
ketones.lg Nevertheless, the reduction potentials of bi- 
pyridinium radical cations, -0.4 to -0.5 V vs SHE, limit 
their broad synthetic applicability, and more powerful 
electron-transfer mediators are desirable. The irreversible 
reduction of ruthenium(I1) tris(bipyridine) (Ru(bpy):+) 
by triethylamine (TEA) in acetonitrile has been reported.20 
The resulting photoproduct, ruthenium(1) tridbipyridine) 
(Ru(bpy)3+), is a powerful reductant, Eo = -1.33 V vs 
SCEa21 Thus, its application in acetonitrile as electron- 
transfer mediator for the reduction of organic substrates 
seems feasible. In this report we describe the debromi- 
nation of a series of 1,2-dibromides and the reduction of 
activated ketones, Le., benzil and ethyl benzoylformate, 
by photogenerated Ru(bpy),+ and discuss various mech- 
anistic aspects involved with these transformations. 

Experimental Section 
Absorption spectra were recorded with a Uvikon 860 (Kontron) 

spectrophotometer. Liquid chromatography analyses were per- 
formed with a Merck Hitachi 655-A-11 HPLC apparatus equipped 
with a 655-A variable-wavelength UV detector. For all analyses 
X = 254 nm was used. Gas chromatography analysis was per- 
formed with a Tracor 540 gas chromatograph equipped with an 
FID detector. Cyclic voltammetry experiments were performed 
with a BAS CV-27 instrument equipped with a BAS x-y recorder. 
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4366. (b) Jones, C. A.; Weaner, L. E.; Mackay, R. A. J. Phys. Chem. 1980, 
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Trans. 2 1982, 78, 1955. (c) Harriman, A.; Porter, G.; Richoux, M. C. J. 
Chem. Soc., Faraday Trans. 2 1981, 77, 1939. 

(16) (a) Okura, I.; Takeuchi, M.; Kim-Thuan, N. J. Mol. Catal. 1979, 
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Figure 1. Rates of product formation in the photosensitized 
debrominations of (A) meso-dibromodihydrostilbene (l), (0) 
d,l-dibromodihydrostilbene (2), (0) ethyl dibromocinnamate (31, 
and (X) dibromodihydromethylstyrene (4). In all experiments 
[Ru(bDv)12+1 = 7 X lod M. [TEA1 = 2.5 X M. and lsubstratel 

A Pt button was used as working electrode, AgJAgCl as reference 
electrode, and Pt wire as an auxiliary electrode. Samples were 
dissolved in acetonitrile containing tetrabutylammonium tetra- 
fluoroborate (0.01 M) as electrolyte and purged with oxygen-free 
argon. Steady-state illumination was performed at room tem- 
perature in a glass cuvette (4 mL) equipped with a small magnetic 
stirrer and a serum stopper with a 150-W xenon arc lamp. While 
illuminating the 1,2-dibromides, light was filtered through a 
400-nm-cutoff filter (Schott GG-400). Incident photon flux was 
determined by Reinecke salt actinometry22 to be 3 x ein- 
stein.-'.min-'. In the activated ketone reduction experiments, light 
was filtered through a 455-nm-cutoff filter, and the incident 
photon flux was 1.6 X 

Laser flash photolysis experiments were performed on a DL 
200 (Molectron) dye laser pumped by a UV-14 nitrogen laser 
(Molectron). Unless otherwise stated, chemicals were obtained 
from Aldrich or Sigma. meso-Dibrom~dihydrostilbene~~ and 
d,l-dibromodihydrostilbene24 were prepared according to published 
procedures. Ethyl dibromocinnamate and dibromodihydro- 
methylstyrene were prepared by bromination of the respective 
alkenes in CC1,. 

Photoreduction of Dibromides. All systems were composed 
of an acetonitrile solution (4 mL) that included Ru(bpy)3Cl2 (7 
x Me) as photosensitizer, TEA (2.5 X M) as sacrificial 
electron donor, and one of the following substrates (2.5 X 
M): meso-dibromodihydrostilbene, d,l-dibromodihydrostilbene, 
ethyldibromocinnamate, or dibromodihydromethylstyrene. The 
samples, placed in a glass cuvette, were deaerated by evacuation 
followed by oxygen-free argon flushing. The deaerated system 
was illuminated, and the rate of product formation was followed 
by sampling the reaction solution, 20 pL, by liquid chromatog- 
raphy, using a Lichrospher 100 RP-l8,5-~m (25 cm) column. The 
following eluents were used for the various substrates: for 
meso-dibromodihydrostilbene and d,l-dibromodihydrostilbene, 
85% CH30H-15% H20; for ethyl dibromocinnamate, 60% 
CH3CN-40% H20; for dibromodihydromethylstyrene, 53 % 
CH3CN-47% H20. Flow rate was 1 mL-min-' in all cases. In all 
experiments concentration of the dibromo substrates is high 
enough to maintain a plateau value for the observed quantum 
yield. 

Photoreduction of Activated Ketones. The systems were 
composed of an acetonitrile solution (4 mL) that included Ru- 
(bpy),C12 (7 X 10" M), TEA (2.5 X M of 
the substrates: benzil or ethyl benzoylformate. The samples were 
treated and illuminated as described for the dibromides. The 
rate of benzoin formation was followed by liquid chromatography 
using the mixture 60% CH3CN-40% H 2 0  as eluent. The rate 
of ethyl mandelate formation was followed by gas chromatography 
using a Carbowax 20M (20%) on Chromosorb W (2 m) column. 
Oven temperature was 140 "C, and N2 flow rate was 30 mL.min-'. 
The concentrations of the activated ketones in these systems are 

einstein.-'.min-'. 

M), and 2.5 X 

(22) Wegner, E. E.; Adamson, A. W. J. Am. Chem. SOC. 1966,88,394. 
(23) Fieser, L. F., Williamson, K. L. Organic Experiments, 5th ed.; D. 

(24) Reference 23, p 329. 
C. Heath and Co.: Boston, 1983; p 321. 
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Table I. Quantum Efficiencies and Kinetic Parameters in 
the Debromination Reactions 

substrate &MIn init rate,b M-min-’ kob: s-’ 
I d  0.34 1.03 x 10-3 9.33 x 104 
2 d  0.24 0.73 x 10-3 3.94 x 104 
3 1.87 5.61 x 10-3 5.33 x 104 
4 0.08 0.23 x 10-3 7.80 x 104 

Initial quantum yield. *Determined by steady-state illumina- 
tion. Determined by laser flash photolysis. dQuantum efficien- 
cies for formation of the mixture of cis + trans isomers. 

high enough to establish maximum values for the quantum yield. 

Results and Discussion 
Photoinduced Debromination of 1,2-Dibromides. 

The photosensitized debromination of (R,S)-l,l’-( 1,2-di- 
bromo-1,2-ethanediyl)bis(benzene) (meso-dibromodi- 
hydrostilbene) ( l ) ,  (R,R:S,S)-1,1’-(1,2-dibromo-1,2- 
ethanediyl)bis(benzene) (d,l-dibromodihydrostilbene) (2), 
ethyl a,P-dibromobenzenepropionate (ethyl dibromo- 
cinnamate), (3),  and (a,P-dibromo-a,P-dihydro- 1- 
propeny1)benzene (dibromodihydromethylstyrene) (4) was 
examined in acetonitrile with Ru(bpy)QP+ as photosensitizer 
and triethylamine (TEA) as electron donor. Illumination 
of an acetonitrile solution (A > 400 nm) that includes 
R ~ ( b p y ) ~ * +  and TEA in the presence of one of the di- 
bromides 1-4 results in debromination of the organic 
substrate. Debromination of 1 and 2 leads to (E)-l,l’- 
(1,2-ethenediyl)bis(benzene) (trans-stilbene) (5) and 
(2)-1,1’-(1,2-ethenediyl)bis(benzene) (cis-stilbene) (6) (eqs 
1 and 2). Debromination of 3 and 4 leads to (E)-ethyl 
a,P-didehydrobenzenepropionate (trans-ethyl cinnamate) 
(7) (eq 3) and (E)-1-propenylbenzene (trans-methyl- 
styrene) (8) (eq 4), respectively, and no cis isomer is de- 
tected for these substrates. Figure l shows the rate of 

Br Ph H 
H..)-i+H + 2e- - Hy + p:Hyh + 2Br- (1) 

Ph Br Ph 

1 5 6 
Br 

Ph Br Ph 
H- . G p h  + 2e- .-c H ~ r  + 

2 
Br Br 
I I  

Ph-CH-CH -CO2E1 
3 

+ 2e- 

5 6 

7 Br Br 

p:H:H’ + 2Br- (4) Ph-CH-CH-CH3 + 2e- - I I  

A 
8 

debromination of the different substrates upon illumina- 
tion. For all of the systems debromination proceeds to 
80-100% conversion efficiencies. Control experiments 
reveal that all components are required to effect the de- 
bromination processes, and exclusion of R~(bpy) ,~+,  TEA, 
or the light source prohibits the reactions. Table I sum- 
marizes the quantum yields for the debromination of the 
various substrates, the initial reaction rates, and the time 
required to accomplish the maximum conversion efficiency 
for the different substrates. I t  is evident that the photo- 
sensitized debromination reactions of the different sub- 
strates proceed effectively: for 3 the maximum rate for 
debromination is observed and the quantum efficiency 
exceeds the value of 1 (4 = 1.87), implying that a radical 
chain mechanism is operative in this debromination pro- 
cess. I t  is also concluded that debromination of meso- 
dibromodihydrostilbene (1) is faster than that of the d,l 

10 15 

ILLUMINATION TIME (min.) 

3 ;  I 

I I 
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Figure 2. Rates of product formation in the photosensitized 
reduction of (A) meso-dibromodihydrostilbene (1) (B) d t-di- 
bromodihydrostilbene (2). In both experiments [Ru(bpy)$+] = 
7 X 
M. Products: (m) trans-stilbene (5); (0) cis-stilbene (6); (0) trans- + cis-stilbene. 

isomer (2). The slowest reaction occurs with 4 as substrate. 
The formation of the mixture of the isomers trans- and 

cis-stilbene upon debromination of 1 and 2 has been fur- 
ther explored. Figure 2 shows the concentration profiles 
of the trans and cis isomers as a function of illumination 
time of the systems that include 1 and 2 as substrates. It 
is evident that the [trans]/[cis] ratio changes even after 
debromination is completed. Furthermore, for both di- 
bromo compounds 1 and 2, tram-stilbene (5) is the major 
product at  early stages of illumination, while cis-stilbene 
(6) is the major product after long illumination times. The 
systems reach a steady-state equilibrium that corresponds 
to [cis]/[trans] = 15.7. The concentration profiles of 
trans-stilbene in the two systems as a function of illumi- 
nation time show that the trans isomer reaches a maximum 
value and as illumination proceeds, its concentration de- 
clines at the expense of the cis isomer formation. These 
results suggest that determination of meso- (1) or d,l-di- 
bromodihydrostilbene (2) leads to trans-stilbene (5). This 
primary product undergoes, however, a secondary pho- 
toinduced isomerization to cis-stilbene (6) in the reaction 
medium. Indeed, illumination of trans-stilbene (5) in 
acetonitrile in the presence of R~(bpy)~O+ without any 
electron donor results in isomerization to cis-stilbene (6), 
and a similar steady-state [trans]/[cis] equilibrium is es- 
tablished as in the debromination system. The photo- 
sensitized isomerization of trans-stilbene by R ~ ( b p y ) ~ ~ +  
has been previously r e p ~ r t e d ~ ~ , ~ ~  to occur through an en- 
ergy-transfer quenching mechanism of excited R ~ ( b p y ) ~ ~ + .  
Thus, we conclude that debromination of 1 and 2 yields 
trans-stilbene as primary product and that the cis isomer 

M, [TEA] = 2.5 X lo-, M, and [substrate] = 2.5 X 

(25) Wringhton, M.; Markham, J. J. Phys. Chem. 1973, 77, 3042. 
(26) For other photosensitized isomerizations of tram-stilbene, see: (a) 

Gennari, G.; Galiazzo, G.; Cauzzo, G. Cazz. Chem. Ital. 1980, 110, 259. 
(b) Hammond, G. S.; Saltier, J.; Lamola, A. A.; Turro, N. J.; Bradshaw, 
J. S.; Cowan, D. 0.; Counsell, R. C.; Vogt, V.; Dalton, C. J.  Am. Chem. 
SOC. 1964,86,3197. (c) Sakaki, S.; Okitaka, I.; Ohkubo, T. Inorg. Chem. 
1984,23,198. (d) Velentine, D.; Hammond, G. S. J.  Am. Chem. SOC. 1972, 
94, 3449. (e) Lau, K. S. Y.; Campbell, R. 0.; Liu, R. S. H. Mol. Photo- 
chem. 1972, 4, 315. 



Catalyzed Reduction of uic-Dibromides J .  Org. Chem., Vol. 55, No. 9, 1990 2659 

300 400 500 600 
nm 

Figure 3. Absorption spectra of Ru(bpy),+ obtained at time 
intervals of illumination of 7 X M Ru(bpy)gZ+ and 2.5 X lo-, 
M TEA in CH3CN under argon. 

originates from a secondary photochemically induced en- 
ergy-transfer isomerization process. 

Mechanistic Aspects for the Debromination Reac- 
tions. uic-Dibromides can act as electron-transfer 
quenchers of excited photosensitizers such as zinc(I1) 
meso-tetraphenylp~rphyrins.~' Fluorescence quenching 
studies of Ru(bpy),2+ reveal that none of the substrates 
1-4 acts as a quencher of the excited Ru(b~y) ,~+ .  Thus, 
debromination of the uic-dibromides through oxidative 
quenching of Ru(bpy),2+ (eq 5) can be eliminated. In turn, 

illumination of an acetonitrile solution of Ru(bpy),2+ that 
includes TEA results in the reductive irreversible 
quenching of the photosensitizer and formation of Ru- 
(bpy),+ (eq 6). Figure 3 shows the formation of Ru(bpy),+ 

R ~ ( b p y ) ~ ~ +  + TEA -!% Ru(bpy),+ + TEA'+ (6) 
upon illumination of the photosensitizer in the presence 
of TEA. Addition of any of the substrates 1-4 to a solution 
that includes photogenerated Ru(bpy),+ results in the 
oxidation of Ru(bpy),+ to Ru(bpy),2+. Also, steady-state 
illumination of the photosensitizer Ru(bpy),2+ with TEA 
in the presence of any of the dibromides 1-4 does not yield 
the absorption spectrum of Ru(bpy),+, implying that the 
Ru(bpy)gl+ is regenerated under continuous illumination. 
These results clearly demonstrate that the primary step 
in the debromination reactions involves the reduction of 
the dibromides by Ru(bpy),+ (eq 7). The subsequent 

Ru(bpy),+ + RlCHBrCHBrR2 - 
R ~ ( b p y ) , ~ +  + RlCHCHBrR2 + Br- (7) 

Ru(bpy),+ + RlCHCHBrR2 - 
R ~ ( b p y ) , ~ +  + R1CH==CHR2 + Br- (8) 

(CH3CH&N'+CH2CH3 + R,CHCHBrR2 - 
(CH3CHz)2N+=CHCH3Br- + RlCH=CHR2 + H+ (9) 

reduction of the radical that yields the debrominated olefin 
product can proceed through a second electron transfer 
from Ru(bpy),+ (eq 8) or, alternatively, by the reduction 
of the radical by TEA'+ (eq 9) (formed in the primary 

hob 

(27) Takagi, K.; Miyake, N.; Nakamura, E.; Sawaki, Y.; Koga, N.; 
Iwamura, H. J.  Org. Chem. 1988,53, 1703. 

iJ L! - 
Figure 4. Transient decay of R ~ ( b p y ) ~ +  followed at 510 nm (X, 
= 450 nm). In all experiments [ R ~ ( b p y ) ~ ~ + ]  = 7 X 10" M and 
[TEA] = 2.5 X lo-, M in CH CN. (A) (a) no substrate added; 

(4). (B) (a) in the presence of 2.5 X M meso-dibromodi- 
hydrostilbene (l), (b) in the presence of 2.5 X M d,l-di- 
bromodihydrostilbene (2). 

quenching process (eq 6)). The latter oxidized photopro- 
duct is known to be a powerful reductanta2" 

Further evidence that Ru(bpy),+ acts as the reductant 
of the dibromides is obtained from laser flash photolysis 
experiments and complementary cyclic voltammetry 
measurements. These techniques allow us to further 
characterize the kinetic properties of the transformations 
and to account for the different rates in the debromination 
reactions under steady-state illumination. Laser flashing 
of an acetonitrile solution that includes Ru(bpy),2+ and 
TEA (A = 450 nm) results in the trace of Ru(bpy),+ (A = 
510 nm) due to electron-transfer quenching (eq 3). When 
the system is flashed in the presence of one of the di- 
bromides 1-4, rapid decay of the photogenerated Ru- 
(bpy),+ is observed. For example, Figure 4A shows the 
decay trace of R ~ ( b p y ) ~ +  in the presence of (a,P-di- 
bromo-a,p-dihydro-1-propenyl)benzene, (dibromodi- 
hydromethylstyrene) (4). From the decay curve, the ob- 
served pseudo-first-order rate constant (kOh) for the re- 
duction of the dibromides can be calculated. Table I 
summarizes the observed rate constants for the reduction 
of the different dibromides by R ~ ( b p y ) ~ +  (eq 7). Inter- 
estingly, the reduction of d,l-dibromodihydrostilbene (2) 
is slower than that of the meso isomer (1) (see also Figure 
4B). We also see that the rates of debromination of 1,2, 
and 4 under steady-state illumination coincide with the 
time resolved observed rate constants for the primary re- 
duction of the dibromides by Ru(bpy),+. That is, meso- 
dibromodihydrostilbene (1) is debrominated faster than 
the d,l isomer (2)) and the latter substrate undergoes faster 
debromination than dibromodihydromethylstyrene (4). 
The same tendency is maintained in the primary reduction 
rate constants of these dibromides by R ~ ( b p y ) ~ +  in the 
laser flash experiments. Only ethyl a,@-dibromo- 
benzenepropionate (ethyl dibromocinnamate) (3) shows 
an inconsistency between the observed rate constant for 
the primary reduction step by R ~ ( b p y ) ~ +  and the rate of 
the process under steady-state illumination. While this 
substrate undergoes the fastest debromination reaction 
under steady-state illumination, the rate constant for the 

(b) in the presence of 2.5 x 10 -i? M dibromodihydromethylstyrene 

(28) DeLaive, P. J.; Sullivan, B. P.; Meyer, T. J.; Whitten, D. G. J. Am. 
Chem. Soc. 1979, 101, 4007. 
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Figure 5. Cyclic voltammograms of (a) Ru(bpy)z+ (1 X lW3 M), 
(b) dibromodihydromethylstyrene (4) (2.5 x M), and (c) 
R~(bpy),~+ (1 X M) and dibromodihydromethylstyrene (4) 
(2.5 X M). All measurements were performed in CH3CN 
under argon with 0.01 M tetrabutylammonium tetrafluoroborate 
as electrolyte, Pt wire as working electrode, and Ag/AgCl as 
reference electrode. Sweep rate = 0.5 V/s. 

primary reduction of this substrate by Ru(bpy),+ is slower 
than that for 2. To account for this discrepancy one should 
recall that 3 is the only substrate in the series that un- 
dergoes the debromination process with a quantum yield 
of 4 = 1.87. This value for the quantum yield suggests that 
a chain mechanism is operative in the debromination of 
3. Previous studies on the direct photosensitized reduction 
of 1,2-dibromides by zinc porphyrin have reportedn high 
quantum yields (4 >> l), and a radical chain mechanism 
has been suggested. Thus, for the debromination of 3 by 
Ru(bpy),+, a modified chain mechanism is suggested. The 
primary step involves the reduction of 3 by Ru(bpy),+ (eq 
10). The resulting radical undergoes elimination that 
yields a bromine radical (eq 11) that initiates a radical 
chain process by abstraction of a proton from TEA (eqs 
12 and 13). Thus, we conclude that the debromination 
PhCHBrCHBrCOzEt + R ~ ( b p y ) ~ +  - 

PhCHCHBrCOzEt + Br- + R ~ ( b p y ) , ~ +  (10) 

PhCHCHBrCOzEt - PhCH=CHCOZEt + Br' (11) 

Br' + N(CH2CH3), - HBr + (CH3CHz)2NCHCH3 (12) 

(CH3CHz)zNCHCH3 + PhCHBrCHBrC02Et - 
(CH3CHz)zN+=CHCH3 + Br- + PhCHCHBrC0,Et + 

H+ (13) 

of 1,2, and 4 is controlled by the primary reduction step 
of the dibromide by Ru(bpy),+. In turn, the rate of de- 
bromination of 3 under steady-state illumination is con- 
trolled by a radical chain mechanism initiated by the 
relatively slow reduction process of 3 by Ru(bpy),+. 

Further insight into the participation of Ru(bpy),+ in 
the reduction of the uic-dibromides is obtained from cyclic 
voltammetric measurements. Figure 5a shows the cyclic 
voltammogram of R ~ ( b p y ) , ~ +  in acetonitrile in the range 
0 to -1.6 V vs Ag/AgCl. The cyclic voltammogram is 
composed of two reversible reduction waves at  E,  = -1.32 
V and E,, = -1.52 V that correspond to electrochemical 
redox reactions outlined in eqs 14 and 15, respectively. 
Figure 5b shows the reduction wave of (cu,P-dibromo-cu,P- 

Ru(bpy),2+ + e- + Ru(bpy),+ (14) 

Ru(bpy),+ + e- + Ru(bpy),O (15) 

0 -0.4 -0.8 -1.2 -1.6 
V o l t s  

Figure 6. Cyclic voltammograms of (a) R~(bpy)~l+ (1 x M) 
and meso-dibromodihydrostilbene (1) (2.5 X M) and (b) 
R u ( b ~ y ) ~ l +  (1 X M) and d,l-dibromodihydrostilbene (2) (2.5 
X 10- M). Both experiments were performed in CH3CN under 
argon with tetrabutylammonium tetrafluoroborate as electrolyte, 
Pt wire as working electrode, and Ag/AgCl as reference electrode. 
Sweep rate = 0.5 V f s. 

dihydro-1-propeny1)benzene (dibromodihydromethyl- 
styrene) (4) in acetonitrile. It is evident that the electro- 
chemical reduction of 4 is an irreversible process that 
occurs at  E,  = -1.71 V, a value that is far more negative 
than the reduction potential of Ru(bpy),2+ to Ru(bpy),+. 
Figure 5c shows the cyclic voltammogram of Ru(bpy),2+ 
in the presence of 4. We see that a strong cathodic current 
is observed at  the potential where the first reduction of 
Ru(bpy),2+ occurs. Similarly, the reversibility of the first 
reduction wave is depleted. These results demonstrate 
that electrogenerated Ru(bpy),+ reduces 4 (eq 7), and this 
results in the catalytic cathodic current wave for the re- 
duction potential of Ru(bpy),2+ to Ru(bpy),+. Also, the 
reversibility of the wave is depleted since electrogenerated 
Ru(bpy),+ reacts with 4 and is not available for reoxidation. 
Thus, we conclude that 4 exhibits a substantial overpo- 
tential toward direct electroreduction, but electrogenerated 
Ru(bpy),+ acts as an electron-transfer catalyst for the 
reduction of 4. Similar results are obtained for the other 
dibromides. Of particular interest is the comparison of the 
catalytic cathodic waves observed with meso- (1) and d,- 
I-dibromodihydrostilbene (2) (Figure 6). We see that the 
catalytic current of Ru(bpy),+ using meso-dibromodi- 
hydrostilbene (1) is remarkably higher than that for d,l- 
dibromodihydrostilbene (2). These results imply that 
R ~ ( b p y ) , ~ +  is more effectively regenerated through oxi- 
dation of Ru(bpy)3+ by 1 as compared to 2 (eq 7). Thus, 
the cyclic voltammetry experiments reconfirm that re- 
duction of meso-dibromodihydrostilbene (1) by Ru(bpy),+ 
is faster than that of the d,I isomer (2) and are in agree- 
ment with the laser flash photolysis studies and the 
steady-state illumination experiments. 

A further aspect to consider involves the steric course 
of the debromination of meso- and d,l-dibromodihydro- 
stilbenes. Numerous studies involving electrochemical 
means or dark chemical reductions have discussed the 
stereoelectronic factors that control the resulting config- 
uration of the olefin product formed upon de- 
b r o m i n a t i ~ n . ~ ~ ~ ~ ~  While the meso isomer (1) yields only 
trans-stilbene (E), debromination of d,l-dibromodihydro- 

(29) Mathai, I. M.; Schug, K.; Miller, S. I. J. Org. Chem. 1970,35,1733. 
(30) OConnell, K. M.; Evans, D. H. J. Am. Chem. SOC. 1983,105,1473. 



Catalyzed Reduction of uic-Dibromides 

Scheme I 

J. Org. Chem., Vol. 55, No. 9, 1990 2661 

I Ia 

IIa I1 

/ 

stilbene (2) yields cis-stilbene (6), trans-stilbene (5), or 
mixtures of the two products, depending on the experi- 
mental conditions?l$z When the process proceeds through 
a carbanionic intermediate formed upon a two-electron 
reduction of the dibromide, antiperiplanar elimination of 
the anion derived from 2 results in cis-stilbene. Reduction 
of the dibromide through sequential one-electron processes 
results in the stable benzyl radical (I, Scheme I). Internal 
rotation of the radical before it encounters another mol- 
ecule of reductant equilibrates conformation I with the 
more stable anti conformation 11. This conformation is 
equivalent to that formed upon one-electron reduction of 
meso-dibromodihydrostilbene (1). Our laser flash studies 
clearly indicate that debromination of the dibromides 
proceeds through a primary one-electron-transfer step (eq 
5). Thus the configuration of the resulting olefins formed 
upon debromination of meso- and d,l-dibromodihydro- 
stilbenes is expected to be trans-stilbene as observed ex- 
perimentally. 

Photoreduction of Activated Ketones. Photoreduc- 
tion of ketones through excitation of the carbonyl function 
has been the subject of numerous  report^.^^,^^ The pho- 
tosensitized reduction of ketones by electron transfer is 
however scarce.% In the present study the photoinduced 
reduction of activated ketones, Le., diphenylethanedione 
(bemil) (9) and ethyl a-oxobenzeneacetate (ethyl benzo- 
ylformate) (10) through "in situ" photogeneration of Ru- 
(bpy),+ has been examined. 

The electrochemistry of benzil has been extensively 
e ~ p l o r e d . ~ ~ ~ '  In an acetonitrile solution benzil undergoes 
two successive, almost indistinguishable, one-electron-re- 
duction processes El&) = -1.169 V vs SCE and EIlz(2) 
= -1.251 V. Thus, photogenerated Ru(bpy),+, Eo = -1.33 
V vs SCE, is thermodynamically capable of reducing 
benzil. Indeed, illumination of an acetonitrile solution ( A  
> 455 nm) that includes R ~ ( b p y ) , ~ +  as photosensitizer, 
triethylamine (TEA) as electron donor, and proton source 

(31) Inesi, A.; Rampazzo, L. J. Electroanal. Chem. 1974,54, 289. 
(32) Lund, H.; Hobolth, E. Acta Chem. Scand. 1976, B30,895. 
(33) Turro, N. J.; Dalton, J. C.; Davies, K.; Farrington, G.; Hautala, 

R.; Morton, D.; Niemczyk, M.; Schore, N. Acc. Chem. Res. 1972,5, 92. 
(34) Scaiano, J. C. J. Photochem. 1973,2, 81. 
(35) (a) Okamoto, T.; Oka, S. J. Mol. Catal. 1984,23, 107. (b) Fred- 

ericks, S. M.; Wrington, M. S. J. Am. Chem. SOC. 1980,102,6168. (c) Xu, 
H.; Shen, S. Huoxue Xuebao 1986,43 (a), 757. 

(36) (a) Stapelfeldt, H. E.; Perone, S. P. Anal. Chem. 1969,41, 629. 
(b) Bauer, E. J. Elec tmnal .  Chem. 1967,14,351. (c) Ryan, M. D.; Evans, 
D. H. J.  Electroanal. Chem. 1976,67, 333. 

(37) (a) Carney, J. H.; Mullis, 0. J. J. Chem. Educ. 1974,51,343. (b) 
Stapelfeldt, H. E.; Perone, S. P. Anal. Chem. 1969, 41, 623. (c) Stapel- 
feldt, H. E.; Perone, S. P. Anal. Chem. 1968, 40, 815. 

O.s 0 5 0 30 60 90 120 150 180 
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Figure 7. Rates of product formation in the photosensitized 
reduction of (0) benzil (10) to benzoin (11) and (A) ethyl ben- 
zoylformate (12) to ethyl mandelate (13). In both experiments 
[Ru(bpy)?+g = 7 x 1Oa M, [TEA] = 2.5 X lo4 M, and [substrate] 
= 2.5 X 10- M. 

Table 11. Quantum Efficiencies and Kinetic Parameters 
Involved in the Reduction of Ketones 

~~ 

init rate; illum time for TNc(Ru- 
substrate bma M.min-* max conv, min (bpy)g2+ 

10 0.049 7.9 X 150 32.2 

Initial quantum yield. *Determined by steady-state illumina- 
tion. CTurnover number of Ru(bpy)gP+: defined as (moles of 
product) / (moles of Ru( bpy)t+). 

in the presence of benzil results in the formation of 2- 
hydroxy-1,2-diphenylethanone (benzoin) (1 1) (eqs 16 and 
17). The rate of formation of 11 upon illumination is 

9 0.025 3.6 X IO-' 170 35.5 

0 0  
I I  I I  

Ru(bpy)j + Ph-C-C-Ph - 
9 

0- 0 
I I I  

RU(bpy)t' + Ph-C-C-Ph (16) 

0- 0 

Ph-C -C -Ph 
I I I  +. + (CH,CH& -N --CH,CH, 

0- 0 
I I I  + 

Ph-CH-C-Ph + (CH&H&N=CHpCH, (17) 

l H + m  Ph-CH ;" f i  -C -Ph 

11 

displayed in Figure 7. The initial quantum yield for the 
formation of 11 is 4 = 0.025. Control experiments reveal 
that all of the components are essential to effect the re- 
duction of benzil. Exclusion of either TEA, R~(bpy) ,~+ ,  
or the light source prohibits the reduction of 9. Also, the 
addition of benzil to a solution that includes photogen- 
erated Ru(bpy),+ regenerates Ru(bpy)?+ (Figure 3), im- 
plying that 9 is reduced by Ru(bpy),+. The electrochemical 
characteristics of benzil as compared to those of R~(bpy)~.+ 
together with the complementary spectroscopic experi- 
ments allow us to formulate the sequential reduction route 
of benzil to 11 (eqs 16 and 17). In the primary step pho- 
togenerated Ru(bpy),+ reduces 9 by a one-electron-transfer 
process (eq 16). The resulting radical anion undergoes 
further reduction by the oxidized electron donor, tri- 
ethylamine radical cation (TEA'+) (eq 17). Table I1 sum- 
marizes the turnover number of R ~ ( b p y ) ~ ~ +  and the initial 
rate of 9 reduction. I t  is evident that the photosensitizer 
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is effectively recycled in the photosensitized reduction of 
benzil. 

Photoinduced reduction of ethyl benzoylformate (10) 
proceeds similarly through photogeneration of R ~ ( b p y ) ~ +  
that acts as electron-transfer mediator. Illumination of 
an acetonitrile solution that includes Ru(bpy)3P+ as pho- 
tosensitizer, triethylamine as electron donor, and 10 as 
substrate results in the formation of ethyl a-hydroxy 
benzeneacetate (ethyl mandelate) (12). Figure 7 shows the 
rate of formation of 12 as a function of illumination time. 
The initial quantum yield of 12 formation corresponds to 
4 = 0.049. Control experiments reveal that the photo- 
sensitizer and TEA are essential components to effect the 
reduction of the substrate. Exclusion of either Ru(bpy):+, 
TEA, or the illumination prohibits the process. Cyclic 
voltammetry measurements imply that R ~ ( b p y ) ~ +  acts as 
a primary electron-transfer catalyst for the reduction of 
10 (eq 18). The substrate 10 exhibits a reversible one- 
electron-reduction wave a t  EJlz  = -1.32 V. The cyclic 
voltammogram of Ru(bpy)32+ in the presence of 10 shows 
a catalytic cathodic current at  the first reduction wave of 
R ~ ( b p y ) , ~ + .  These results imply that electrogenerated 
Ru(bpy),+ mediates the reduction of 10 (eq 18). The 
resulting radical anion formed in the photosensitized 
process is subsequently reduced by TEA'+ and yields 12 
(eq 19)., Table I1 summarizes the initial rate of 10 re- 
duction and the turnover number of the photosensitizer 
in the system. The value of the turnover number implies 
that the photosensitizer is effectively recycled in the re- 
duction process of 10. 

Conclusions 
We have demonstrated that photosensitized electron- 

transfer reactions in organic solvents (acetonitrile) initiated 
by visible light provide a means to effect debromination 

0 0  
II II 

Ru(bpy)< + PhC-C-OEt - 
10 

0- 
I 

Ru(bpy)3" + Ph-$-CO,Et (18) 
0- 
I +. 

Ph-$--COZEt + (CH,CH,), -N-CH,CH, 

0- 
I 

Ph-CH -CO,Et + (CH,CH,),i =CH -CH, (19) 

1 H* PH 
PI-CH -CO,Et 

12 

of uic-dibromides and reduction of activated carbonyl 
functions. Photogenerated Ru(bpy),+ acts in these 
transformations as an electron-transfer mediator. The 
complementary electrochemical studies reveal that elec- 
troreduction of uic-dibromides and of 10 is accompanied 
by kinetic limitations. Electrogenerated Ru(bpy),+ acts 
as an electron-transfer catalyst that effects these processes. 
Thus, photochemically or electrochemically induced gen- 
eration of R ~ ( b p y ) ~ +  provides a route for the reduction of 
organic substrates through electron-transfer catalysis. 
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Anthrone in the presence of an amine functions as a reactive diene in [4 + 21 cycloadditions. Dienophiles 
which differ in reactivity over a range of ca. lo5 give products a t  25 OC. Thus N-methylmaleimide (NMM) gives 
cycloadduct within minutes in various solvents containing catalytic triethylamine. The reaction of dimethyl fumarate 
is slower, and a convenient rate with methyl acrylate requires the use of the dienophile as solvent or a primary 
amine catalyst. The reactions take a different course in methanol solvent, ultimately leading to Michael adduct. 
Cycloadducts are detected a t  short reaction times and are shown to be viable precursors to Michael adducts. 
A 5-alkoxy group on naphthacene directs Diels-Alder reaction mainly to the unsubstituted central ring. The 
analogous reaction with naphthacen-&one and amine catalyst affords the bridgehead hydroxyl product. Dithranol 
(l&dihydroxyanthrone) reacts more rapidly than anthrone and exhibits a strong tendency to give Michael adduct. 
Possible intramolecular protonation of a carbanion (enolate) intermediate was ruled out by the use of deuterated 
substrate. The product with NMM is deuterated stereoselectively trans to the anthracenyl ring, implying sterically 
controlled intermolecular reaction. Similar stereoselectivity was observed for the conversion of anthrone-NMM 
cycloadduct to Michael adduct in MeOD cosolvent. Cycloadducts may be formed either by stepwise (Michael 
+ aldol) reactions, or by oxyanion accelerated concerted Diels-Alder reactions. Arguments favoring the latter 
mechanism are presented. The reaction is discussed in the context of other base-induced and base-catalyzed 
cycloadditions of I-oxido and 2-oxido 1,3-dienes. 

Introduction 
Diels-Alder reactions are generally viewed as concerted 

asynchronous prOCesseS,2 although a body of literature 

ascribes stepwise mechanisms to certain formal [4 + 21 
cycloadditions. In particular, the synthetically valuable 
 cycloaddition^^^^ of enolates derived from a$-unsaturated 

(1) A preliminary account has appeared: Koerner, M.; Rickborn, B. (2) Loncharich, R. J.; Brown, F. K.; Houk, K. N. J.  Org. Chem. 1989, 
J .  Org. Chem. 1989, 54, 6. 54,  1129. 

0022-3263/90/1955-2662$02.50/0 0 1990 American Chemical Society 


