
121 

J. Elecrroanal. Chem., 327 (1992) 121-135 

Elsevier Sequoia S.A., Lausanne 

JEC 01966 

Electrolytic cleavage of acyclic and cyclic aromatic esters 

Case studies of the reductions of benzyl benzoate and 
phthalide 

Matthew L. Vincent and Dennis G. Peters l 

Department of Chemistry, Indiana Unirersity, Bloomington, IN 47405 (USA) 

(Received 16 September 1991; in revised form 18 November 1991) 

Abstract 

Cyclic voltammograms for reductions of benzyl benzoate and phthalide at a hanging mercury drop 
electrode in dimethylformamide containing tetra-n-butylammonium perchlorate each show a single 

cathodic wave. For benzyl benzoate the reduction is only partially reversible even at a scan rate of 300 

V s-l, whereas for phthalide the reduction is totally reversible when the scan rate is 5 V s- ‘. After an 

exhaustive, controlled-potential electrolysis of benzyl benzoate in the absence of added proton donor, 

the products are toluene, benzyl alcohol, and benzoic acid; for phthalide, the products are o-toluic acid 

and the starting material itself. In the presence of a tenfold excess of phenol, reduction of benzyl 

benzoate results in formation of toluene and benzoic acid, and electrolysis of phthalide under the same 

conditions yields o-toluic acid, cis-hexahydrophthalide, rrans-hexahydrophthalide, and cis-1,2,3,64etra- 

hydrophthalide. These findings indicate that, in the absence of phenol, benzyl benzoate and phthalide 

are each reduced according to an ECE-DISP mechanism. For benzyl benzoate the rate-determining 

step (with a first-order rate constant of 1.2~ 10’ s-l) is cle,avage of the electrogenerated radical anion 

to form benzoate and the more readily reducible benzyl radical. For phthalide the rate-determining 

step (with a first-order rate constant of 1.0 s-l) is ring opening of the initially formed radical anion. In 

the presence of a tenfold excess of phenol, the pathway for reduction of phthalide changes, and 

protonation of the original electrogenerated radical anion is rate determining. 

INTRODUCTION 

Electrochemical reduction of esters has been studied much less extensively than 
many other classes of electroactive organic molecules. Esters that are not activated 
by the presence of an additional electroactive group or by direct conjugation to 
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some unsaturated moiety are difficult to reduce unless acidic conditions are 
employed. A number of reaction pathways can occur depending on the experimen- 
tal conditions. A summary of the reactions of these compounds as well as a review 
of literature on the reduction of aliphatic and aromatic esters has appeared 
recently [l]. 

Benzoate esters are reasonably easy to reduce under aprotic conditions and the 
radical anions formed after initial uptake of an electron are frequently quite 
stable. Many of these radical anions have been characterized with the aid of 
electron spin resonance spectroscopy [2]. Even though these radical anions are 
stable on the relatively short time scales required for voltammetric experiments, 
controlled-potential coulometry reveals that these species indeed have finite life- 
times and in many instances cleave to form a benzoate ion and an alkyl or aryl 
radical. A comprehensive and detailed study Iwas undertaken by Wagenknecht et 
al. [3] to elucidate the mechanism of decomposition of radical anions generated 
electrolytically in acetonitrile from a series of benzoate esters derived from 
primary, secondary, and tertiary alcohols. Digital simulation of cyclic voltammo- 
grams, chronoamperograms, and rotating ring--disk voltammograms was utilized to 
determine rate constants for cleavage of the electrogenerated radical anions. 
Wagenknecht and co-workers concluded that the rate at which a particular radical 
anion decomposes is dependent upon the stability of the alkyl or aryl radical 
formed; for example, the radical anion derived from tert-butyl benzoate undergoes 
cleavage faster than the radical anion derived from methyl benzoate. However, 
although these workers were careful to account for the quantity of benzoate 
formed in controlled-potential electrolyses, they did not focus on the fate of the 
alkyl radicals, except to mention that a tert-butyl radical apparently attacks 
unreduced tevt-butyl benzoate to yield tert-butyl p-tert-butylbenzoate. 

Seeber et al. [4] found that phenyl benzoate is reduced in a stepwise fashion at 
mercury and platinum electrodes in dimethylformamide and that cleavage of the 
bond between the carbonyl carbon and the alkoxy oxygen yields phenoxide ion as 
well as the benzoyl radical which subsequently dimerizes to form benzil. In an 
investigation of the electrochemical reduction of P-o-methyl-2-benzoyl-4,6Oben- 
zylidenegalactopyranoside in dimethylformamide, Mairanovsky and co-workers [5] 
discovered that scission of the carbon-oxygen bond yields the unacylated carbohy- 
drate without subsequent cleavage of the benzylidene group. 

In efforts to generate multiply charged anions and to investigate aromatic esters 
as possible electron acceptors in dimethylformamide, De Luca et al. [61 probed the 
cyclic voltammetric behavior of a number of derivatives of benzene, naphthalene, 
and anthracene possessing one or more methoxycarbonyl moieties in a variety of 
substitution patterns. Although several complex cyclic voltammograms were pub- 
lished, no mechanisms were offered to account for the observed results. 

Ester groups are often used as protection fo:r many functional groups of interest 
in organic synthesis. Electrochemical reduction of esters has been used with varied 
degrees of success as a means to remove these protecting groups [5,7,8]. Maia et al. 
[7] cleaved the benzyloxycarbonyl group electrochemically from several primary 
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and secondary amines. Blankespoor et al. [8] employed electrochemical methods to 
cleave several 2-methylene-9,10-anthraquinone esters of selected neurotransmit- 
ters. Esters studied in each of these reports were cleaved in rather high yields to 
demonstrate that electrochemistry can be used to deprotect carboxylates and 
amines commonly encountered in peptide synthesis. 

In the present investigation we have utilized. cyclic voltammetry, double poten- 
tial step chronoamperometry, and controlled-potential electrolysis to examine the 
behavior of benzyl benzoate and phthalide at mercury cathodes in dimethylforma- 
mide containing tetra-n-butylammonium perchlorate. We chose these compounds 
because one is a linear ester and one is a lactone, but each species should yield a 
benzylic radical upon breakage of the carbon-oxygen bond in the respective 
electrogenerated radical anions. We hoped that differences in the rates at which 
the radical anions undergo scission of the carbon-oxygen bond would provide 
insight into the importance of molecular conformation on the stability of the 
electrogenerated intermediates. 

EXPERIMENTAL 

Reagents 

Dimethylformamide (DMF), employed as the solvent throughout this work, wa,s 
American Burdick and Jackson “distilled in glass” material; it was stored over 4 A 
molecular sieves. Tetra-n-butylammonium perchlorate (TBAP), from the G. Fred- 
erick Smith Chemical Company, was used as received as supporting electrolyte and 
was stored in a vacuum desiccator over Drierite. All deaeration and drying 
procedures were performed with Air Products UHP-grade argon. 

Benzyl benzoate (Aldrich), phthalide (Aldrich), and mercury (Ventron, ACS 
reagent) were used as received. Authentic samples of cis-hexahydrophthalide, 
trans-hexahydrophthalide, and cis-1,2,3,6_tetrahydrophthalide were synthesized by 
means of an established procedure [9] from cis-cyclohexane dicarboxylic anhydride 
(Aldrich), trans-cyclohexane dicarboxylic anhydride (Aldrich), and cis-1,2,3,6-tetra- 
hydrophthalic anhydride (Aldrich), respectively. Preparation of trans-hexa- 
hydrophthalide and cis-1,2,3,6_tetrahydrophthalide according to methods outlined 
by Bailey and Johnson [9] resulted in incomplete reduction of the starting anhy- 
dride. To purify each of the desired products, the neutralized reaction mixture was 
extracted with diethyl ether and the ether phase was washed quickly with 10 ml of 
2 M sodium hydroxide; this step caused hydrolysis of unreacted starting material 
and forced the dicarboxylate to remain in the aqueous layer. 

Mercury electrodes 

A Metrohm AG CH-9100 hanging mercury drop electrode was employed for all 
cyclic voltammetric and chronoamperometric measurements; a mercury drop hav- 
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ing an area of 0.0139 cm2 (two-division drop) was extruded prior to each potential 
sweep or pulse. 

Electrochemical cells, procedures, and instrumentation 

Cells for cyclic voltammetry, chronoamperometry, and controlled-potential efec- 
trolysis have been described previously [lo-12). For all experiments, we employed 
a reference electrode that consisted of a saturated cadmium amalgam in contact 
with DMF saturated with both cadmium chloride and sodium chloride [13,141; this 
electrode has a potential of -0.75 V vs. the aqueous saturated calomel electrode 
at 25°C. 

A Princeton Applied Research Corporation (PARC) Model 173 potentiostat- 
galvanostat equipped with a PARC Model 176 current-to-voltage converter was 
utilized in all electrochemical experiments. Positive-feedback ZR compensation 
was employed in the cyclic voltammetric, chronoamperometric, and controlled- 
potential electrolysis experiments. We chose reduction of p-nitrotoluene as a test 
system, and we used procedures similar to those described by Whitson et al. [15] to 
set the amount of resistance compensated in the cyclic voltammetric experiments. 
For the chronoamperometric experiments, p-nitrotoluene was chosen as the test 
system but in this case the amount of positive feedback was adjusted until no 
oscillation could be seen in the current-time trace on the oscilloscope screen for 
the shortest pulse duration (200 ps); this procedure yielded a current ratio 
(1(2t)/I(t)) of -0.3, the value expected for a reversible system. For cyclic 
voltammetric and chronoamperometric experiments, a PARC Model 175 Universal 
Programmer generated the required excitation waveforms. A Yokogawa Model 
3023 X-Y plotter was used to record cyclic voltammograms for scan rates less than 
1 V s- *. A Nicolet 320 10 MHz storage oscilloscope was used to record digitally all 
current-time curves as well as cyclic voltammograms for sweep rates of 1 V s-l 
and greater. Ah cyclic voltammograms recorded with the oscilloscope were back- 
ground-subtracted with the aid of a function built into the oscilloscope. Currents 
required for the double potential step chronoamperometric experiments were read 
directly from the oscilloscope screen. 

Gas chromatography for the separation, identification, and quantitation of 
electrolysis products was accomplished with a Varian Model 3700 dual-column 
instrument equipped with flame ionization detectors; we used a 10 m x 0.53 mm, 
wide-bore capillary column (RSL-300, Ahtech Associates) that utilizes poly(phenyl- 
methylsiloxane) as the stationary phase. Gas chromatographic peak areas were 
measured with the aid of a Spectra Physics Model SP 4400 integrator. A known 
quantity of an electroinactive internal standard (n-dodecane or n-tetradecane) was 
added to each solution prior to the start of an electrolysis, so that the yield of each 
product could eventually be determined. Gas chromatographic response factors for 
products were established empirically with authentic samples, and all yields quoted 
in this paper represent the absolute percentage of starting material incorporated 
into a particular species. Because benzyl benzoate undergoes fragmentation upon 
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electrochemical reduction, clarification of the significance of the percentage yields 
of the products (benzyl alcohol, toluene, and benzoic acid) is in order. In calculat- 
ing the yields of these electrolysis products, we wish the final accumulation of 
material to reflect 100% of the starting material consumed. Each molecule of 
benzyl benzoate contains two seven-carbon moieties, whereas each product 
molecule contains one seven-carbon moiety; therefore, the percentage yield of 
each product is calculated from the following relation: (moles of product) (100)/(2) 
(moles of benzyl benzoate). 

Product identification and determination 

Electrolysis products obtained from benzyl benzoate and phthalide were identi- 
fied by comparison of their gas-chromatographic retention times with those of 
authentic samples. However, because the products derived from phthalide are not 
available commercially, an additional structural fingerprint was obtained with the 
aid of gas chromatography/mass spectrometry; for this purpose, we used a 
Hewlett-Packard 5890 Series II gas chromatograph coupled to a Hewlett-Packard 
Model 5971 mass-selective detector, and software supplied with the system was 
used to process the data. 

Digital simulation 

Explicit finite-difference simulation methods [16-181 that employ an exponen- 
tially expanding space grid to model diffusion were used to generate working 
curves by which to fit the appropriate reduction mechanism to observed experi- 
mental data. Data acquired experimentally were used to calculate average values 
for the rate constants for cleavage of the carbon-oxygen bonds in the radical 
anions derived from benzyl benzoate and phthalide. Computer programs for 
simulation of the chronoamperometric responses were written with Microsoft C 
(version 5.1) compiled and run on a PC’s Limited 286 personal computer operating 
at 8 MHz. 

RESULTS AND DISCUSSION 

Cyclic voltammetry of benzyl benzoate and phthalide with no added proton donor 

Shown in Fig. 1 are cyclic voltammograms recorded at two different scan rates 
for reduction of benzyl benzoate at a hanging mercury drop electrode in DMF 
containing 0.1 M TBAP. Transfer of a single electron to benzyl benzoate produces 
a radical anion that is quite unstable as evidenced by the lack of reversible redox 
behavior at slow scan rates. If the scan rate is increased to 300 V s-r, the wave is 
rendered partially reversible and reoxidation of the radical anion to starting 
material is observed. A plot of the current function (IpJc’/2co) vs. the scan rate 
shows that this parameter decreases as the scan rate is increased. If we divide 
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Fig. 1. Cyclic voltammograms for reduction of 2.13 mM benzyl benzoate at a hanging mercury drop 

electrode in DMF containing 0.1 M TBAP. (a) 100 mV SC’, (b) 300 V SC’. 

individual values of the measured current function by the value of the current 
function obtained at 300 V s- ’ and plot these normalized values (IPCNORM) vs. 
log U, we see, as revealed in Fig. 2(a), that the apparent number of electrons 
transferred to benzyl benzoate varies from 2 to 1 as the time scale of the 
experiment is made shorter. 

A plot of cathodic peak potential (E,,) vs. log U, depicted in Fig. 2(b), shows 
that, for scan rates where the reduction current is controlled kinetically, E,, varies 
linearly with a slope of approximately 30 mV per decade change in the scan rate. 
This slope was found to be independent of starting material concentrations ranging 
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Fig. 2. (a) Plot of normalized peak current function vs. logarithm of scan rate for reduction of benzyl 

benzoate. (b) Plot of cathodic peak potential (E,,) vs. logarithm of scan rate for reduction of benzyl 

benzoate. 
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Fig. 3. Cyclic voltammograms for reduction of 2.06 mM phthalide at a hanging mercury drop electrode 
in DMF containing 0.1 M TBAP. (a) 50 mV s-‘. (b) 5 V s-‘. 

from 0.5 to 4.0 mM. These data, together with our analysis of the behavior of the 
current function with scan rate, indicate that benzyl benzoate is reduced according 
to an ECE,,-DISPl process. 

Figure 3 shows cyclic voltammograms for reduction of phthalide at two different 
scan rates. Some degree of reversibility is observed in the voltammogram even at 
50 mV s-l, and completely reversible behavior is seen when the scan rate is 5 V 
SK’ (A_!?, = 60 mV and Ipa/Zpc = 1) . For the reduction of phthalide, the linear 
portion of a plot of E,, vs. log u is barely reached due to the slow ring opening of 
the radical anion; because the cyclic voltammetric response is not controlled 
kinetically, it is not possible to glean any definitive mechanistic information about 
the process. However, a plot of the normalized peak-current function vs. the scan 
rate shows the current flow at slower scan rates to be larger than expected if the 
radical anion is merely consumed in a chemical reaction that yields a non-electro- 
active product. For the mercury electrode used in these experiments (ra = 0.033 
cm and A = 0.0139 cm*) and from knowledge of the diffusion coefficient for 
phthalide (D = 1.1 x lo-’ cm2 s-l, obtained from the peak current of a cyclic 
voltammogram recorded under the same conditions at 5 V s-’ when homogeneous 
kinetics do not complicate the heterogeneous electron-transfer process), we can 
calculate the contribution that spherical diffusion makes to the cyclic voltammetric 
peak current. For a scan rate of 50 mV s-i and a bulk concentration of phthalide 
of 2.06 mM, the planar-diffusion contribution to the peak current is 6.3 PA if we 
assume that the follow-up kinetics are first order and that the product of the 
reaction is not electroactive (~‘/~~(at) = 0.496 for an irreversible one-electron 
process) and the spherical-diffusion contribution is 0.7 PA. At 50 mV s-l the 
observed cyclic voltammetric peak current for reduction of phthalide is 8.3 /-LA for 
the experiment being discussed; this current is not controlled by homogeneous 
kinetics because, at a slightly faster scan rate, one begins to see evidence for 
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reversibility in the heterogeneous redox reaction. Thus, the contribution from 
spherical diffusion to the experimentally measured peak current is not sufficient to 
account for the entire current enhancement observed at slow scan rates. Since the 
current for reduction of phthalide is not controlled kinetically at slow scan rates, 
the relationship between E,, and log L’ does not afford any mechanistic informa- 
tion. 

Controlled-potential reductions of benzyl benzoate and phthalide at a mercury pool in 
the absence of added phenol 

We performed large-scale controlled-potential electrolyses of benzyl benzoate 
and phthalide at mercury pool cathodes in DMF containing 0.1 M TBAP. For 
benzyl benzoate the potential was chosen to be - 1.5 V. Electrolyses of 2.0 and 
10.0 mM solutions of benzyl benzoate revealed that the coulometric n value is 1 
and that the products are benzyl alcohol (25%), toluene (22%), and benzoic acid 
(50%). 

For phthalide the electrolyses were carried out at - 1.6 V; we found that the 
coulometric n value is 1, the product distribution is independent of the concentra- 
tion of starting material, and o-toluic acid (50%) and phthalide (44%) are the only 
materials recovered. To account for the presence of phthalide, we suggest that an 
electrochemically formed dianion abstracts a proton from residual water in the 
system (Scheme 2 below, reaction E); the resulting hydroxide ion attacks unre- 
duced phthalide to form o-hydroxymethyl benzoate (Scheme 2 below, reaction F) 
and, under the acidic conditions employed for the work-up of electrolyzed solu- 
tions, the o:hydroxymethyl benzoate cyclizes to form phthalide again. 

Cyclic uoltammetry of benzyl benzoate and phthalide in the presence of a tenfold 
excess of phenol 

In the presence of excess phenol, the cyclic voltammetric behavior of benzyl 
benzoate is identical to that recorded in the absence of the proton donor. 
Apparently, the chemical reaction that follows the initial heterogeneous electron 
transfer is the same whether phenol is present or not. 

On the other hand, the cyclic voltammetric behavior of phthalide in the 
presence of phenol changes dramatically from that observed in the absence of 
phenol. Shown in Fig. 4 is a cyclic voltammogram recorded at 50 mV SC’ for a 2.17 
mM solution of phthalide with a tenfold excess of phenol. In the presence of 
phenol the cyclic voltammetric peak current (13.2 PA) is significantly larger than 
what is observed in a system containing no phenol (Fig. 3(a)) and a marked loss of 
reversibility is seen. As was found in our earlier examination of the cyclic 
voltammetric behavior of phthalide in the absence of phenol, the degree of 
reversibility of the redox process for phthalide with added phenol shows an 
increase with increasing scan rate; and, at a iscan rate of 100 V SK’, no complica- 
tions due to homogeneous kinetics are detected, i.e. Z,,/Z,, is essentially 1. 
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Fig. 4. Cyclic voltammogram for reduction of 2.15 mM phthalide at a hanging mercury drop electrode in 

DMF containing 0.1 M TBAP and 20 mM phenol at a scan rate of 50 mV s-l. 

A plot of the normalized current function (normalized by the value obtained for 
a cyclic voltammogram recorded at 100 V s-l) vs. the logarithm of scan rate for 
reduction of phthalide in the presence of phenol shows that this parameter 
decreases as the scan rate increases (Fig. 5). For systems where the net number of 
electrons transferred to each molecule of starting material is 2, i.e. for ECE-DISP 
mechanistic scenarios, Nadjo and Saveant [19] concluded that, under conditions 
where electron transfer to starting material is Nernstian, the dimensionless current 
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Fig. 5. Plot of normalized peak current function vs. logarithm of scan rate for reduction of phthalide in 

the presence of a tenfold excess of phenol. 
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function (~‘/*,y(at)) varies from 0.992 to 0.446 as a function of the dimensionless 
rate parameter governing the kinetics. This implies that IPCNORM should vary 
from 2.2 to 1 - actually (0.992/0.446) to 1 -- as the scan rate is increased. As is 
revealed by Fig. 5, IPCNORM varies from 3.3 to 1 as the scan rate is increased, 
which indicates that more than two electrons are transferred to each molecule of 
phthalide at slow scan rates. 

Controlled-potential reductions of benzyl benzoate and phthalide at mercury pool 
cathodes in the presence of a tenfold excess of phenol 

We performed large-scale controlled-potential electrolyses of benzyl benzoate 
and phthalide in DMF containing 0.1 M TBAP and we also added to the system a 
quantity of phenol that was initially a factor of 10 larger than the concentration of 
electroactive compound. For the reduction of benzyl benzoate, the potential was 
- 1.5 V. Electrolyses of 2.0 and 10 mM solutions of benzyl benzoate gave 
coulometric n values of 2, and the products were toluene (47%) and benzoic acid 
(50%); no trace of benzyl alcohol was observed under these conditions. 

When electrolyses of 2.0 and 10 mM solutions of phthalide are performed at 
- 1.6 V in the presence of a tenfold excess of phenol, one obtains n values that 
average four electrons per molecule of starting material, and the products are 
o-toluic acid (28%), cis-hexahydrophthalide (30%), trans-hexahydrophthalide (6%), 
and cis-1,2,3,6_tetrahydrophthalide (32%). 

Mechanistic aspects of the electrochemical reductions of benzyl bentoate and 
phthalide at mercury electrodes 

Cyclic voltammetric data coupled with a knowledge of product ‘distributions 
derived from large-scale controlled-potential electrolyses of benzyl benzoate at 
mercury cathodes in DMF containing 0.1 M TBAP lead us to conclude that this 
compound is reduced according to the mecha.nism depicted in Scheme 1. Benzyl 
benzoate accepts an electron from the electrode to form a radical anion which 
undergoes rapid cleavage to yield a benzoate anion and a benzyl radical (reactions 
A and B). Then the benzyl radical, which is more readily reduced than the starting 
material, rapidly accepts a second electron either from the electrode or from the 
radical anion in solution to form the benzyl anion (reactions C and D). Protonation 
of the benzyl anion by water in the system yields toluene and hydroxide ion 
(reaction E). Liberated hydroxide ion then attacks unreduced starting material to 
yield benzyl alcoholand benzoate anion (reaction F). Hydrolysis of the unreduced 
starting material is likely to be a slow process which probably occurs outside the 
reaction layer. Variation of the normalized current function with scan rate indi- 
cates that the n value changes from approximately 2 to 1 as the time scale of the 
experiment is made shorter. If hydrolysis of benzyl benzoate were fast and 
occurred in the reaction layer, the current function would not change with the scan 
rate and the apparent number of electrons transferred would always be 1. 
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Addition of phenol to the solvent + supporting electrolyte system effectively 
provides electrogenerated bases with an alternative source of protons, thereby 
suppressing the formation of hydroxide ion. Eliminating the route for production 
of hydroxide ion removes the possibility of base-catalyzed hydrolysis of unreduced 
benzyl benzoate, causes the coulometric n value to change from 1 to 2, and 
prevents the formation of benzyl alcohol during an electrolysis. Because the cyclic 
voltammetric behavior of benzyl benzoate in the presence of phenol is indistin- 
guishable from what is observed in the absence of the proton donor, we conclude 
that the initially generated radical anion undergoes cleavage faster than it under- 
goes protonation. Protonation of the radical anion at the oxygen of the carbonyl 
group, subsequent reduction of the neutral radical, and protonation of the anion 
resulting from the second step of reduction would yield a hemiacetal. Hemiacetals 
are generally unstable and decompose to yield an aldehyde and an alcohol, which 
in this case would be benzaldehyde and benzyl alcohol. Benzaldehyde is more 
easily reduced than benzyl benzoate and, if formed, benzaldehyde would be 
reduced under the extant experimental conditions. Formation of benzaldehyde 
would lead to larger currents in the cyclic voltammetric experiments and to n 
values larger than 2 in the controlled-potential electrolyses. Benzyl alcohol could 
be a product derived from reduction of benzaldehyde, but it can also arise from 
hydrolysis of benzyl benzoate; however, since the route for the formation and 
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Fig. 6. Double potential step chronoamperometry data for reduction of 2.10 mM benzyl benzoate in 
DMF containing 0.1 M TBAP. ( -_) DISPl mechanism, (-- -_) ECEirr mechanism; (0) 

experimentally determined values for R = [ 1(2t)/I(t)]/( -0.293). 

reduction of benzaldehyde does not accommodate the production of toluene, the 
hydrolysis mechanism can be the only one that accounts for the observed electro- 
chemical results. 

Double potential step chronoamperometry is an excellent way to distinguish 
ECE,,, from DISPl processes as well as to determine the rate constant for the 
disappearance of a radical anion. In chronoamperometric experiments involving 
the reduction of benzyl benzoate, we stepped the electrode potential from - 1.1 to 
- 1.5 V for time t and then back to - 1.1 V. Shown in Fig. 6 are the working 
curves for the ECEin (dashed line) and DISPl (solid line) processes along with 
experimental data for reduction of benzyl benzoate. From these results, we 
conclude that benzyl benzoate is reduced via the DISPl pathway and that the rate 
constant for cleavage of the radical anion (Scheme 1, reaction B) derived from 
benzyl benzoate is 1.2 x lo3 s-‘. 

In work by Sim et al. [20], the half-wave potential for one-electron reduction of 
the benzyl radical to its anion at a gold minigrid electrode was determined to be 
- 1.43 V vs. SCE in a solvent consisting of a 9 + 1 mixture of acetonitrile and 
tert-butyl peroxide with 0.1 M TBAP as supporting electrolyte. If this result, which 
pertains to reaction C in Scheme 1, is transposed to our system involving a mercury 
cathode in DMF containing 0.1 M TBAP, and if we use - 2.25 V vs. SCE (or 
- 1.50 V vs. the saturated cadmium amalgam in,DMF) as the half-wave potential 
for reduction of benzyl benzoate to its radical anion (Fig. l(b)), we estimate that 
the equilibrium constant for solution electron transfer between the electrogener- 
ated radical anion of benzyl benzoate and the benzyl radical (Scheme 1, reaction 
D) is 10i4. 

Phthalide is reduced in the absence of phenol according to a mechanism, shown 
in Scheme 2, similar to that observed for the reduction of benzyl benzoate. 
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Scheme 2. 

Phthalide accepts an electron from the electrode to form a radical anion (reaction 
A) which is much more stable than that derived from the benzyl benzoate. 
However, the phthalide radical anion has a finite lifetime, and the bond between 
the methylene group and the oxygen in the five-membered cyclic intermediate 
breaks to yield a new radical anion (reaction B). This bond cleavage allows the 
carboxylate moiety to rotate out of the plane of the benzene ring, thus hindering 
delocalization of the negative charge at the carboxylate site into the pi system of 
the aromatic ring. Consequently, this species probably behaves more like a benzyl 
radical than a radical anion derived from the re:duction of phthalide. This cleaved 
radical anion can be reduced in either of two ways: (i> at the electrode surface 
(ECE process) to form a dianion (reaction Cl or (ii) in solution by the original 
radical anion (DISP process) to give the same dianion and phthalide (reaction D>. 
Subsequent reaction of the dianion with adventitious water yields o-toluate and 
hydroxide ion (reaction E). As stated earlier, hydroxide ion liberated in the 
preceding proton-transfer step attacks unreduced starting material to yield o-hy- 
droxymethyl benzoate (reaction F). In the liquid-liquid extraction procedure we 
employed to isolate electrolysis products for gas-chromatographic analysis, an 
acidic aqueous phase was used to force all carboxylic acids into the diethyl ether 
phase. Hydroxy acids having the capability to form five- or six-membered rings 
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Fig. 7. Double potential step chronoamperometry data for reduction of 2.10 mM phthalide in DMF 

containing 0.1 M TBAP. (----- ) DISPl mechanism, (- - -_) ECE,,, mechanism; (0) experimen- 

tally determined values for R = [ 1(2t)/I(t)]/( - 0.293). 

generally cyclize to yield lactones upon exposure to acid; thus, any o-hydroxymeth- 
ylbenzoic acid formed during the work-up procedure would cyclize immediately to 
give starting material. 

Double potential step chronoamperometric experiments were performed for 
phthalide in the absence of phenol; the electrode potential was stepped from - 1.2 
to - 1.6 V for time t and then back to - 1.2 V and the results are shown in Fig. 7. 
It appears that, like benzyl benzoate, phthalide is reduced according to the DISPl 
pathway; the first-order rate constant for ring opening of the radical anion 
(Scheme 2, reaction B) generated from phthalide is 1.0 s-l. 

Under conditions where a proton donor is added to the medium, the pathway 
for reduction of phthalide changes completely. Apparently, protonation of the 
radical anion by phenol is a faster process than is ring opening and subsequent 
reduction of the electrogenerated intermediate. It is interesting to note that, for 
most of the isolated products obtained from controlled-potential electrolysis of 
phthalide in the presence of a tenfold excess of phenol, the lactone ring is 
preserved and that reduction occurs instead in the aromatic ring. Recovery of a 
significant quantity of c&1,2,3,6-tetrahydrophthalide, in addition to cis- and 
trans-hexahydrophthalide, suggests that double bonds in the aromatic ring must 
remain conjugated to the lactone moiety in order to be reduced further. Saturation 
of the 3 and 6 positions of the aromatic ring isolates one of the double bonds from 
the lactone group and leads only to the formation of the four-electron reduction 
product. 
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