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Abstract 

Electrochemical reduction of phenols at platinum black electrodes in ethanolic hydrochloric acid, 
at atmospheric pressure and room temperature, forms aromatic and aliphatic hydrocarbons as 
well as ketones and alcohols. The products resemble those from non-electrochemical hydrogenation. 

Introduction 

Non-electrolytic catalysed hydrogenation of phenols at platinum is well 
documented'-3 and there are at least four types of processes: 

(i) Partial ring reduction to form cyclohexanones. 
(ii) Complete ring reduction without hydrogenolysis to form cyclohexanols. 

(iii) Hydrogenolysis without ring reduction to form benzenes. 
(iv) Hydrogenolysis with ring reduction to form cyclohexanes. 
Under mild conditions hydrogenolysis without ring reduction, process (iii), is 

rarely observed but the other three major processes are common. The amount of 
hydrogenolysis to cyclohexanes is usually enhanced in acidic media and polyhydric 
phenols hydrogenolyse more readily than monophenols. 

Much less is known about electrolytic hydrogenation of phenols. Electrolytic 
reduction of phenol at platinum deposited on carbon rods, in acidic aqueous media, 
gives cyclohexanol and cyclohexanone with some hydrogenolysis to cyclohexane? 
Hydrogenolysis was not observed with rhodium-on-carbon electrodes, paralleling 
the differences between platinum and rhodium catalysts for non-electrolytic hydro- 
genation.'" With high current densities, in the presence of small amounts of tetra- 
ethylammonium bromide, high yields of cyclohexanol have been produced at platinum 
sheet electrodesU5 Indirect electroreductive elimination of phenolic hydroxy groups 
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can be accomplished in wet dimethylformamide at lead ~ a t h o d e s , ~  but the hydroxy 
group must first be esterified with diethyl phosphite. 

We now report our preliminary results for electrolytic reduction of phenols at 
platinum black electrodes. In these studies the complete product distributions were 
determined at frequent intervals throughout each reaction by g.c. analyses. The 
experiments quantify previous work and show several unexpected features. 

Experimental 
G.c. analyses were performed on a Perkin-Elmer 900 gas chromatograph fitted with 5-ft 

Carbopack (0.1 % SP 1000) columns, and coupled to a commercial electronic integrator. G.c./m.s. 
analyses were carried out on a Finnigan 3300F gas chromatograph/mass spectrometer. 

Cells, platinum black electrodes and electrical equipment have been described previ~usly .~ 
A saturated calomel reference electrode was used, but the standard hydrogen electrode potential 
was taken as zero and quoted potentials are relative to it. The stirred solution in the working 
compartment of the electrolytic cell was continuously purged with nitrogen gas and the organic 
vapours from the gas outlet were collected in an efficient ethanol/dry-ice cold trap. In order to 
prevent liquid loss from the electrolytic cell, the purging gas was passed initially through a wash 
bottle containing solvent. 

The methods described below for phenol reduction typify our experimental procedure. 
Phenol was electrolytically reduced in aqueous acid solutions at room temperature with and 

without ethanol added. Experiments with added ethanol were for direct comparison with those for 
substituted phenols in which ethanol was added to increase the solubilities of the reactants and 
products. 

A stirred solution of phenol (10.33 nimol), dissolved in an ethanol/water (30170 w/w) solution 
of hydrochloric acid (0.7 M), was electrolysed at -0,104 V, a 2 .5  cm by 3,Ocm AAI electrode 
being used. The initial and final currents were 51.5 and 38.1 niA; after 48.17 h, a total of 2070 mA h 
of eIectricity had been passed. Aliquots (0.2 ml) were removed from the working electrode com- 
partment at intervals and analysed by g.c. 

Samples (1 p1) of the aliquots were injected directly onto the g.c. column using short retention 
times and the phenol and combined cyclohexanone plus cyclohexanol determined from peak areas. 
The aliquots were then neutralized with solid sodium carbonate, extracted into ether and the 
cyclohexanone-to-cyclohexanol ratio was determined at long retention times. The peak areas 
were compared with those of standard solutions of phenol, cyclohexanone and cyclohexanol in 
acetone or  in ethanolic hydrochloric acid (0.7 M). The final amounts after 49.75 h of electrolysis 
were: cyclohexanone, 0.34 mmol; cyclohexanol, 5.00 mmol; phenol, 0.02 mmol. Only traces of 
cyclohexane and benzene were detected in the aliquots of solution, so that under these conditions 
the hydrocarbons were purged rapidly from the electrolytic cell by the nitrogen gas. 

Vapour samples (0.5 ml) from the outlet of the nitrogen purging gas (1.21 1. h-' measured by 
a gas burette) were injected directly onto the g.c. column and the rates of formation of hydrocarbons 
determined by comparison of peak areas with those of standard solutions of benzene and cyclo- 
hexane. Integration, by Simpsons rule, then gave the amounts of hydrocarbons evolved. The final 
total amounts of hydrocarbons were also determined by making up the collected vapours (acetoneldry- 
ice trap) to a known volume with acetone and by comparing the peak areas on the g.c. with those for 
standard solutions. The final amounts of hydrocarbons as determined by integration were: cyclo- 
hexane, 4.39 mmol; benzene, 0.28 mmol. The final amounts as determined from trapped vapours 
were: cyclohexane, 4.24 mmol; benzene, 0.24 mmol. Traces of cyclohexanone and cyclohexanol 
were also found in the purging gas vapours but these were negligibly small. 

The nature of the products was confirmed by comparison of their chemical ionization g.c.1rn.s. 
(methane reagent gas) break-down patterns with those of the authentic materials. Plots of amounts 
of reactants and products as a function of time are shown in Fig. 1. The coefficient of variation of 
g.c. peak areas was 4 %  (100 readings). Allowing for this possible error we took the average of four 
readings for standard solutions and two readings for samples giving a standard error in the estimates 
of c. + S % .  

Shono, T., Matsumura, Y., Tsubata, K., and Sugihara, Y., J. Am. Chem. Soc., 1979, 44, 4508, 
Jeffery, E. A,, and Meisters, A,, Aust. J. Chem., 1978, 31, 73. 



Short Communications 

Fig. 1 Fig. 2 

Fig. 3 Fig. 4 

Time (h) 

Fig. 1. Electrolysis of phenol: o phenol; A cyclohexanone; cyclohexanol; w cyclohexane; 
benzene. 

Fig. 2. Electrolysis of p-t-butylphenol: o p-t-butylphenol; 4-t-butylcyclohexano1 with -- cis 
isomer and --- tvans isomer; w t-butylcyclohexane; 9 t-butylbenzene. 

Fig. 3. Electrolysis of 3,4-dimethylphenol: o 3,4-dimethylphenol; 3,4-dimethylcyclohexanol 
with - axial hydroxyl and --- equatorial hydroxyl; m 1,2-dimethylcyclohexane with - cis 
isomer and --- tvans isomer; 9 1,2-dimethylbenzene. 

Fig. 4. Electrolysis of resorcinol : o resorcinol; A cyclohexanone; a cyclohexanol; m cyclohexane; 
benzene. 
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Results and Discussion 

Product distributions from phenol, p-t-butylphenol, 1,3-dimethylphenol and 
resorcinol are shown in Figs 1-4 respectively. 

The overall similarity of the composition of our products and intermediates with 
those for non-electrolytic platinum-catalysed hydrogenation of phenols implies that 
the gross features of the mechanisms for both electrolytic and non-electrolytic 
reduction are the same. Therefore, electrolytic reduction probably occurs mainly 
through surface platinum-hydride bonds rather than through initial electron transfer 
to the organic adsorbed on the electrode. 

The current remained constant, to within + 10 %, for most (c. 80 %) of the reaction 
and then decreased, but never to zero. Hydrogen was evolved at the end of the process. 

The current efficiencies were highest (c. 98 % calculated during the middle of 
electrolysis) for reduction of phenol in aqueous solution but decreased (c. 88%) in 
ethanollwater (30170 w/w). Ethanol is known to bond strongly to platinum black 
 electrode^^^^ and would compete with the phenol and hydrogen for electrode sites. 
Once on the electrode, the ethanol is reducible to ethoxide and hydrogen gas, and the 
ethoxide can be protonated back to ethanol (only minute traces of ethane and methane 
were detected). Similar observations and conclusions have been made by Miller and 
christensen? 

Formation of aromatic hydrocarbons (c. 2-3 mole %) under such mild conditions 
is novel. Since no dehydrogenation of cyclohexanol (or cyclohexane) was found in 
separate experiments, the aromatics are produced without initial complete hydro- 
genation of the ring. Electrolytic reduction of phenol in aqueous solutions gave high 
yields of benzene at 80°C and atmospheric pressure. Similar yields of benzene (and 
other products) can also be obtained non-electrolytically by purging acidic aqueous 
solutions of phenol with hydrogen gas. 

The decrease of cyclohexanone towards the end of the electrolysis (Fig. 1) is 
caused by reduction to equal amounts of cyclohexane and cyclohexanol. This 
conclusion is based on separate experiments with cyclohexanone as reactant. 

The products from p-t-butylphenol and 3,4-dimethylphenol were notable for their 
absence of ketones. No 4-t-butylcyclohexanone was detected and only traces of 
3,4-dimethylcyclohexanone were found in the middle of the electrolysis. The relative 
amounts of ketones from phenols may reflect the relative ease of adsorption of the 
intermediate ketone on the electrode. Alternatively, the alcohols from the substituted 
phenols may not be formed via ketones. 

The main products from resorcinol were cyclohexanone, cyclohexanol and cyclo- 
hexane (see Fig. 4). Small amounts of phenol, benzene and cyclohexanediol were 
also detected. These products indicate that cleavage of one hydroxy group from the 
ring is facile and the product distribution is similar to that obtained for platinum- 
catalysed non-electrolytic hydrogenation. Although we were unable to detect 
cyclohexane-1,3-dione, there could have been low concentrations present because 
the diketone is thermally unstable and decomposes on the g.c, column giving only a 
low-intensity peak. Separate electrolysis of cyclohexane-l,3-dione yielded cyclo- 
hexanone (later all reduced to cyclohexanol), cyclohexanol and cyclohexane. 
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