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Product Selectivity In Photoelectrochemical Reduction of Benzyl Halides on 
Semiconductor Photocathodes 

Katsuhiko Tsunashima and Tsutomu Nonaka* 
Ueparitnent of Elecrronic Chemistry, Tokyo Insrirute of Technology, 

4259, Nagazsuta, Midori-ku, Yokohama 226, Japan 

Electrochemical reduction of benzyl halides on various cathodes was examined under illumination and 
in the dark. Product selectivity control in the reduction by illumination was accomplished onIy whenp-type 
semiconductor photocathodes were uscd. By estimating the electrophilicity of benzyl halides from their 
rate constants for rnethanolysis under illumination and in the dark, it was proposed that the mechanism for 
the selectivity control by illumination invoIves a photo-assisted process for the nucleophilic attack of car- 
banion intermediate species formed by the two-electron reduction of the benzyl halides to the unreacted 
ones as electrophilcs. 

INTRODUCTION 

In eIectroorganic chemistry, important studies have 
been made toward lhc product selectivity control. Electro- 
chemical factors conuoIling the selcctivity are a variety of 
electrolytic conditions such as electrodc potential, current 
density, solvent, supporting electrolyte, pH, eitxuode mate- 
rial, elc. Recently, auxiliary energy application has been re- 
garded as a promising method €or the selectivity contr~l . ' '~  
For instance, illumination to an electrolytic system should 
produce photochemically active specks 10 af€ect the corre- 
sponding electrode process and to result in the selectivity 
control in the electrochemical reaction. However, the spe- 
cies formed by illumination are deactivated by metal elec- 
trodes, since they absorb the excitation energy of the spe- 
cies."' The selectivity control by ilhmination, therefore, 
had bcen considered to he limited on tho ordinary metal 
electrodes. On the other hand, the selectivity control by il- 
lumination may boable to bc accomplished on semiconduc- 
tor dectrodes, since they a-bsorb photoenergy directly from 
illumination whilc do not absorb the energy of the excited 
species. 

Our first approach to tliis subject. was made by applica- 
tion of illumination to electrochemical reduction of ketoncs 
on semiconductor cathodes and it was found that current ef- 
ficiencies for the corresponding hydrodimeric and hydro- 
monomeric products were affected by illumination only 
when both the ketone molecules and p-type semiconductor 
cathodes were excited.' This fact indicates that the double 
excitation of the both substrate molecules and semiconduc- 
tor clectrodes is required for the product selectivity conrrol. 
However, any clear information on photobehavior of the ex- 

cited molecules and electrodes was not sufficiently ob- 
tained. In this situation, i t  should be important to demon- 
strate additional examples of the selectivity control and ver- 
ify the mechanism of the control. 

In the present work, electrochemical reduction of ben- 
zyl halides is examined, because the reduction affords the 
hydrodimeric and hydromonomeric products, in analogy 
with that of ketones. We describe here the illurnination ef- 
fect on the product selectivity in  the reduction on various 
semiconductor cathodes (Scheme I). 

Scheme I Electrochemical reduction of benzyl 
haIides in protic media 

RESULTS AND DISCUSSION 

Voltammetry 
As a preliminary study, voltammetric rnewmments 

for h e  electrochemical reduction of benzyl bromide (la) on 
various cathodes were carried out in an acetonitrile solution 
containing Bu4NC104 and Bu4HS04 under illumination and 
in the dark. Fig. 1 shows voltammetric curves on p-type 
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semiconductor cathodes. Cathodic dark currents flowed 
due to high doping density of p-type semiconductor materi- 
als such as p-Si, p-InP andp-GaAs used. Curves under i l lu-  
mination were shifted to potentials more positive than tbose 
in the d ; t ~ k , ~ - ' ~  and the positive shift was observed with 
either an ultrahigh pressure mercury lamp or a xenon lamp. 
This means that bandgap excitation of the semiconductor 
photocathodes takes place under illumination. Further- 
more, photocunents observed under illumination with the 
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xenon lamp were larger than those with the ultrahigh pres- 
sure mercury lamp on the p-type semiconductor cathodes. 
This fact reveals that the illumination with the xenon lamp 
was more efficient than the mercury one for the bandgap ex- 
citation. In contrast, no photocunents were observed on n- 
type semicanductor and Sn metal cathodes because they are 
not excited under the illumination (Fig. 2). Similar voltam- 
metric results were obtained in our previous work in which 
product selectivities in electrochemical reduction of aro- 
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Fig. 1 .  Voltammetric curves for electrochemical reduc- 
tion of benzyl bromide (la) on (a) p s i .  (b)p-InP 
and ( c )  p-GaAs cathodes under illumination (by 
an ultrahigh pressure mercury lamp, -; by a 

Fig. 2. Voltammetric curves for electrochemical reduc- 
tion of benzyl bromide ( la )  on (a) n-Si, (b) n-InP 
and (c) Sn cathodes under iIlurnination by an ul- 
trahigh pressure mercury lamp (-) and in the 

xenon lamp, - - -) and in the dark (-----). dark (-----). 
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matic ketones were controlled on illuminated p-type semi- 
conductor cathodes.' Considering such results, selectivity 
in electrochemical reduction of benzyl bromides is expected 
to be controlled by illumination. 

Photoelectrochemical Reduction of Benzyl Bromide 
Results for the electrochemical reduction of benzyl 

halides on various cathodes under illumination and in the 
dark are summarized in Table 1. The reduction in an ace- 
tonitrife solution containing Bu4HS04 as a proton source 
gave h e  corresponding hydrodirneric and hydromonomeric 
products in total current efficiencies ranging from 47 to 
87%. IIIumination for 1.5 h without passing electricity re- 
sulted in a complete rccovery of the starting compound un- 
reacted. This fact suggests that no photochemical reduction 
takes place under the electrolytic conditions used. In elec- 
trochemical reduction of benzyl bromide (la), it is notewor- 
thy tha tps i ,  p-InP and p-GaAs cathodes give the dimeric 
.product dong with the monomeric one under illumination, 
while no diirieric product is formed in the dark (Runs 1, 2 
and 3, respectively). 11 is Jso noted that the seIeccivicy on 
the y-InP and p-GaAs cathodes with larger bandgaps (ca. 
1.4 eV corresponding to ca. 880 nrn of wavelength for exci- 
tation) is higher than that on the p-Si one with a smaller 
bafldgdp (ca. 1.1 eV corresponding to ca. 1100 nm). On the 
other hand, no formation of the dirneric product was also ob- 
served on the corresponding n-type scrniconductors such as 
n-Si and n-InP (Runs 4 and 5, respectively), which can not 
be excited when cathodically polarized, as well as on an Sn 
cathode (Run 6). This fact indicates that the product selec- 
t.ivity for the dimeric product is affected only on the p-type 

semiconductor photocathodes excited by illumination as 
we11 as that for pinacols formed in the photoelectrochemical 
reduction of aromatic ketones in our previous report.' 

A light source employed in ulis work is an ultrahigh 
pressure mercury lamp (350 W) which irradiates spectral 
lines in the range of ca. 220 to 450 nm. A benzyl bromide 
molecule possesses an absorption maximum at 230 nm tail- 
ing to ca. 240 nm, As depicted in Fig. 3, th is  energy band 
overlapps the irradiation spectrum of the lamp so that the 
double excitation of both the cathode and benzyl bromide 
molecule takes place under illumination with the lamp. 
Hence, it is preliminarily stated that the double excitation 
causes the product selectivity preferential for the dimeric 
product. 

200 220 240 260 280 300 

Wavelength k I nm 

Fig. 3.  Absorption spectrum of benzyl bromide (la) 
measured in acetonitrile (solid line) and irradia- 
tion spectrum of an ultrahigh pressure mercury 
lamp (dotted line). 

Table 1 .  Influence of Illumination on Selectivity for Dimeric Product Obtained in EIectrochemical Reduction of 
Benryl Halides on Various Cathodes 

Selectivity' for dimeric product and 
Run Benzyl halide Cathode total current efficiencyb for the reduction/% 

lJnder illuminationc Under illuminationd In the dark 

Benzyl bromide ( la )  
Benzyl bromide (la) 
Benzyl bromide ( la )  
Benzyl bromide (la) 
Benzyl bromide ( la)  
Benzyl bromide (la) 
p-Methylbenzyl bromide (I b) 
Benzyl chloride (lc) 

- ~~ 

p-Si 
p-1nP 
p-GaAs 
n-Si 
n-InP 
Sn 
p-GaAs 
p-GaAs 

a Proportion of current efficiency for dimeric product to total current efficiency. 
In parentheses. 
By a 350 W ultrahigh pressure mercury {amp (> 220 nm). 
By a 300 W xenon lamp (> 280 nm). 
Not determined. 
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In contrast to the mercury lamp, a xenon lamp used in 
our experiments exhibites the continuous spectral output 
covering over 280 nm. The illumination with the xenon 
lamp, therefore, should favor the bandgap exchtion OP the 
p-type semiconductor cathodes. This is consistent with the 
voltammetric results in which the xenon lamp affords larger 
photocurrents than the mercury one (Fig. I ). However, the 
light irradiated from the xenon lamp do not have energy 
high enough to excite benzyl bromide molecules, in spite of 
higher light intensity than that of the mercury one. As 
shown in Table 1 (Runs 1, 2 and 3), little amount of the di- 
rneric product is formed and the monomeric product is actu- 
ally a sole product on thep-type semiconductor cathodes il- 
luminated with the xenon lamp. Such a slight photo-effect 
on the selectivity for the dimeric product is due to a very 
small overlap of the xenon lamp output with only the tailing 
absorption of benzyl bromide. These facts suggest that the 
excitation of benzyl bromide molecules also plays indispen- 
sable roles to the product selectivity control. Namely, the 
double excitation of both the electrode @-type scmiconduc- 
tor) and the substrate (benzyl bromide) is inevitably re- 
quired for the product selectivity convol prefercntial for the 
dimeric product. 

Yhotoe1ectrochemic;ll Reduction of p-Methyibenzyl Bm- 
mide and Benzyl Chloride 

As shown in Table 1, selectivities for the dimeric prod- 
ucts in electrochemical reduction of p-methylbenzyl bro- 
mide (lb) and benzyl chloride (lc) wcre also afl'ected hy il- 
lumination (Runs 7 and 8, respectively). Compared with 
promotion ofthe dimer formation by illumination in tbe re- 
duction of unsubstituted benzyl bromide (increased from 0 
to 30% selectivity at Run 3), a more significant incrcase 
from 4 to 59% of selectivity was observed in the reduction 
of g-methylbenzyl bromide, whereas a smaller increase 
from 0 to 8% was indicated in the case of benzyl chloride. 
In order to expldn such a difference in magnilode of the il- 
lumination effect, absorption characteristics of the benzyl 
halides arc presented in Table 2. p-Methylbenzyl bromide is 
excited more effectively due to its larger absorption maxi- 

mum and coefficient than unsubstituted benzyl bromide. 
Benzyl chloride, on the other hand, is not sufficiently tx-  

cited because its absorption maximum is observed at SO 

short wavelength that not only the xenon lamp but also the 
mercury one cannot cover. Taking into account these ab- 
sorption characteristics of benzyl halides, it is clearly stated 
that the more effectively the substrate halides are excited, 
the higher selectivity for the dimeric products is obtained. 

Mechanhm for Photoelectrochemical Reduction of Ben- 
zyl Halides 

There have been a number of studies on mechanisms 
of electrochemical reduction of benzyl halides.'4-'6 In the 
first step, one-electron uansfer from the cathode to the sub- 
strate halide takes place to afford the corresponding radical 
species. In general, coupling reaction of the radical is rela- 
tively slow [Path (a) in Scheme ltl, since the fast second 
electron transfer converts the radical into a carbanion. The 
carbanion formed thus is predominantly protonated in protic 
media to produce the monomeric product, though only part 
of the carbanion may react with the substrate benzyl halide 
as a relatively weak electrophile to give he dimeric product 
in the dark [Path (c)). This is a reason for the predominant 
tormation of the monomeric product in the dark. Therefore, 
Ule carbanion is actually regarded as a reactive intermediate 
species conuolling the product selectivity. In this point of 
view, if the electrophilicity of benzyl halides might be in- 
creased by illumination, the experimental results in Table 1 
should be reasonably rationalized by Path (b). Concerning 
photochemical behavior of benzyl halides, it is known that a 
radical pair (I) is formed by an initial homolytic cleavage of 
the carbon-halogen bond under illumination and then sub- 
sequent intramolecular electron transfer rakes place to af- 
ford an ion pair (11) (Scheme III)."-*' This excited ion pair 
should possess a higher electrophilicity than original hal- 
ides in the dark. Thercforc, it can be postulated that the 
process in photoeleclrochemical reduction of benzyl halides 
involves a reaction of electrogenerated carbanion with more 
eleclrophilic benzyl halides excited by illumination. 

In urder to evaluate the electrophilicity enhanced by i l -  

Table 2.  Absorption Characteristics of Benzyl Halides in Acetonitrile 

Absorption maximum Ab. <or 4 tion coefficient 
Benzyl halide L d n m  E X  10 /dm3m01-1cm-1 

Benzyl bromide ( la )  230 75.6 
p-Methylbenzyl bromide ( lb)  235 98.6 
Benzyl chloride ( 1 ~ ) ~  217 73.6 

a With a wcak absorption at Lax = 266 nm with E X  lo2 = 3.87 drn3mol~'crn". 
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Scheme II Formation of radical and ion pairs of alkyl halides under illurnination 

Radical coupling 

Slow path (a) under illumination 
and in the dark 

R QCH,X 

(X : Halogen) 

Hydrodimeric product 

R O C H ,  
Slow path (c) in h e  dark 

Hydromonomeric produd 

Scheme III Possible mechanism for formation of dimeric product under illumination 

I (X : Halogen) 

IuInination, rate constants for methanolysis of benzyl hat- 
ides were. estimated and listed in Table 3. The rate constants 
(k )  were calculated on the basis of pseudo first-order equa- 
&ion 

formation by iltumination is closely correlated with the in- 
crease of electrophilicity of benzyl halides, revealing a 
photo-assisted electrophilic reaction in the reduction Proc- 
ess. Hence, it seems resonable to describe a mechanism for 
the product selectivity control in tbe reduction of benzyl 
halides as f’ofIows: In the dark, a benzyl anion is formed by (RX: Benzyl halides) ( I )  

tRXI, 
[=I, - IROCW, 

kr = In 

where I is the reaction time, 1RXlO and [ROCHsl, represent 
the initial concentration ofbenzyI halides and the concentra- 
tion of benzyl methyl ethers formed at the time (I), respec- 
tively. In the dark, the methanolysis was very slow. The or- 
der of k’s of the benzyl halides is lh > la  > l c  as shown in 
Table 3. Under illumination, a drastic increase in  k’s was 
observed in all the benzyl halides, but the order of k’s does 
not change. The increasing selectivity was also given by the 
sane order of Ib > la  > l c  in good agreement with the ab- 
sorption charitcteristics of the benzyl lidides (See Table 2), 
rigardlcss under illumination and in the dark. 

The above results indicate that the promotion of dirner 

Table 3. Rate Constants for Methanolysis of Benzyl Halides in 
Methanol at 25 * C 

Rate constand 
Benzyl halide Mode x 1 rninh‘ 

Benzyl bromide (la) Dark 8.8 
Benzyl bromide ( la)  IIhminationa 517 
p-Methylbenzyl bromide {I h) Dark 40 
p-Methylbenzyl bromide (1 h) Illuminationa 620 

Benzyl chloride (lc) Illumination’ 96 

a By a 350 W ultrahigh pressure mercury lamp. 

Benzyl chloride (Ic) Dark 0 



Tsunashima and Nonaka 150 J. Chin. Chem. SOC., Vol. 45, No. 1, 1998 

two-electron reduction and then is quickly protonated to af- 
ford the corresponding monomeric product. The dimeric 
product was little formed under this condition. Under illu- 
mination, part of the benzyl anion can react with excited 
henzyl halide having higher electrophilicity, giving the cor- 
responding dimeric product. This photo-assisred reaction 
leads to an increase in the selectivity for thc dimeric prod- 
uct. 

On an illuminated semiconductor photoelectrode, the 
selectivity control may be caused by local heating on the 
electrode surface' or positive shift of electrode potential" 
(See Fig. 1). The local heating is due to non-radiative re- 
laxation of photoexcited electrons and the bandgap excita- 
tion rcsults in a change in elecbode potential. If these fac- 
tors could influence on the selectivity, i t  should not depend 
on wavelength. However, from the above experimental re- 
sults and considerations, influence of the local heating and 
the electrode potential shift are excluded. 

It is noted that the ion pair (11) of excited henzyl hal- 
ides is quenched on conducting metal and n-type semicon- 
ducting cathodes unexcited, and consequently the product 
selectivity control could not occur even under illumination. 
Stating again as a main conclusion in this study, the double 
excitation of both the cathodes @-type semiconductors) and 
the substrates (benzyl halides) is inevitably required for the 
product selectivity control, 

EXPERMENTAL SECTION 

Preparation of Working Cathades 
p s i ,  p-GaAs, n-Si and Sn cathodes were prepared as 

previously reported.* p-lnP (Sumitomo Electric Ind. Co.; 
Zn-doped low resistivity type of (100)-single crystal; thick- 
ness, 0.45 mm; carrier density, 4-6 x lo'* cc) andn-InP (Su- 
mitomo EIectric Ind. Co.; Sn-doped low resistivity type o f  
(100)-single crystal; thickness, 0.35 mm; carrier density, 1- 
4 x 10'' cc) electrodes were obmically contacted with Zn- 
Ga and In-Ga alloys, respectively. The back side of the elec- 
trodes was covered with a silicone resin insulating film. 
The working surface (I .O cm2) was etched by immersing in 
concentrated HzS04 - 30% H202 - HzO (3: 1 : 1) for 30 s at 0 
"C, and then rinsed with distilled water before each experi- 
ment." 

Electrolysis 
A divided quartz cell equipped with a working elec- 

trode (P-type, n-type semiconductor or Sn cathode) and a Pt 
wire counter electrode (anode) was used for the electro- 
chemical reduction of benzyl halides ( 1 .O mmol) in 0.05 mol 

dm-' Bu4NC104 and 0.05 mol dm-' BU~WSO~/CES~CN at 25 f 
I 'C. The cathodic solution (20 cm3) was degassed for 20 
min with nitrogen before each experiment. Preparative 
electrolyses were galvanostatically carried out at 10 mA cm-' 
of current density by passing 0.3 x 96500 C ~ 1 0 1 ~ '  of elec- 
tricity using a potentio/galvanostat (Hokuto Denko Co., 
HABFIsOl). 

Light Source 
A 350 W ultrahigh pressure mercury lanip (San-ei 

Electric Co., Supercure-352s) and a 300 W xenon lamp 
(ILC Technology Co., LX-3ODF) with an UV reflector were 
used as light sources. The working cathode surface in a 
quartz cell was irradiated through an optical window 
(quartz, 2 mm thickness) by the lamp. The light was fo- 
cused on the irradiated area of ca. 1 cm2 by using a quartz 
lens. 

Measurement of Rate Constants for Methanolysis of 
Benzyl Halides 

Benzyl halides ( I  .O mmol) were reacted in 20 cm3 of 
methanol (HPLC grade) for 200 min, using a quartz cell. 
The solution was purged with nitrogen and was kept at 25 f 
1 "C. The reaction was followed by estimating the forma- 
tion of benzyl methyl ethers every 50 min. The plot of In 
([RX]J[RX], - [ROCH3],) against f gave the rate constant k 
[See Eq. (111. 

Analysis of Products 
All reagents as the starting compounds and standard 

samples except for 1,2-di(p-tolyl)ethane (2b) (supplied by 
Lancaster) were commercially supplied by Tokyo Kasei Co. 
Benzyl bromide (la) unreacted and toluenes (3a and 3c) 
formed were analyzed by HPLC ( I  5 cm Inertsil CS column; 
CHKN-H20, 35:65 vol. ratio) with an UV detector. Benzyl 
chloride (lc), p-mcthylbenzyl bromide (1 b) unreacted and 
p-xylene (3b) formed were also analyzed by HPLC (30 cm 
Inertsil ODS-2 column; CH3CN-H20,60:40 vol. ratio) with 
an UV detector. Bibenzyls (2a and 2c) and l,Z-di(p- 
toly1)ethane (2h) formed were analyzed by GC (2 m PEG 
20M column at I60 "C) with an FID, Analyses fur the 
methanolysis products of benzyl halides were performed by 
GC (2 m OV-17 column at 90 'C). 
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