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Abstract 

Oxidation processes observed at mercury elec- 
trodes in the presence of PhaHg, PhaBi, PhaBiCl*, 

PhaPb, PhaPbCl, PhaPbOAc (OAc = acetate), 
PhaPbCla and PhPb(OAc)a have been examined. The 
data obtained, in conjunction with other reports 
available in the literature, suggest that the majority 
of organometallic species exhibit oxidation processes 
at mercury electrodes which involve oxidation of the 
mercury electrode and alkyl or aryl exchange. In the 
case of &M (M = Pb, Sn), RaBi, RzCd (R = aryl or 
alkyl group), pathways involving transfer of the R 
group to the electrode and formation of cationic and 
radical intermediates are proposed. In the case of 
RaHg, mercury rich cationic organomercury com- 
plexes are produced. If a halide or acetate group is 
present and the central metal is not mercury, then 
formation of a mixed metal-mercury organometallic 
complex and HgXa appears to be the favoured 
pathway. As in the case of the reduction studies at 
mercury electrodes, products formed after the charge 
transfer process tend to be reactive and may interact 
with the electrolyte, electrode and solvent. 

Introduction 

Reduction processes have been reported on 
numerous occasions for aryl- and alkyl-mercury- 
tin, and -lead compounds. For example, Pasciak and 
Gmoch have recently reviewed [l] the reduction of 
organomercury compounds at mercury electrodes and 
it has been concluded that both RHgX and RaHg 
compounds (R = aryl or alkyl; X = Cl, Br, acetate, 
etc.) may be reduced in complex processes involving 
adsorption and specific interaction with the mercury 
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electrode. Reduction processes for R&X, RaPbXa, 
RPbXa and their tin analogues at mercury electrodes 
are also complicated and involve interaction with the 
mercury electrode [2-41. In contrast, apart from a 
report of the reduction processes for triphenyl- 
bismuth, triphenylbismuth dichloride, diphenylbis- 
muth chloride and related compounds [5], the 
electrochemical synthesis of organobismuth com- 
pounds [6] and other brief reports containing elec- 
trochemical data [7, 81, virtually nothing is known 
about the electrochemistry of organobismuth com- 
pounds. 

Recently, we have described a series of oxidation 
processes that are observed at mercury electrodes in 
the presence of alkyl-mercury, -cadmium, -lead 
and -tin compounds 19, lo]. Each of these processes 
involve alkyl exchange with the mercury electrode 
and the formation of organomercury compounds. 
Since alkyl-lead and -tin compounds are widely 
used industrial chemicals and are environmentally 
sensitive, the oxidation processes have formed the 
basis of specific analytical methods for the determina- 
tion of Me$b and Et,Pb in gasoline [ 1 l] and tri- 
butyltin oxide in antifouling paint [ 121. 

In the present study, oxidation processes in di- 
chloromethane observed at mercury electrodes in 
the presence of the aryl-organometallic compounds 
Ph,Hg, Ph4Pb, PhaPbCl, Ph,Pb(OAc), PhaPbCla, 
PhPb(OAc)a, PhsBi and PhaBiCla are reported. This 
combination of compounds has enabled the influence 
of aryl as opposed to alkyl substitution, the effect of 
halide or acetate substitution and the influence of a 
metal with different oxidation states to be examined. 
In combination with data available in earlier studies, 
the new information enables a systematic account to 
be provided of the general principles of oxidation 
processes at mercury electrodes observed in the 
presence of organometallic compounds. Relationships 
with the widely reported reduction processes also 
emerge from this comprehensive survey. 

0 Elsevier Sequoia/Printed in Switzerland 0020-1693/89/$3.50 



280 A. hf. Bond et al. 

Experimental 

The organometallic compounds, solvents and 
electrolytes were obtained from commercially avail- 
able sources and purified where necessary. 

The electrochemical experiments were undertaken 
with either a conventional EG and G PAR Model 174 
Polarographic Analyzer (polarography) or Model 173 
Potentiostat with a Model 179 digital coulometer 
(controlled potential electrolysis). Solutions were 
degassed with nitrogen to remove oxygen and all 
experimental data were obtained at (20 * 1) “C. 
Working electrodes were either a dropping mercury 
electrode (polarography) or a mercury pool electrode 
(controlled potential electrolysis). The reference 
electrode was Ag/AgCl (saturated LiCl in dichloro- 
methane) which was regularly calibrated by measure- 
ment of the reversible half-wave potential, El,*, for 
oxidation of 5 X lop4 M ferrocene (Fc) in dichloro- 
methane. The E,,Z value of the Fc/Fc’ redox couple 
was +0.48 V versus the Ag/AgCl reference electrode. 
The auxiliary electrode was platinum wire (polarogra- 
phy) or platinum gauze separated from the test 
solution by a salt bridge (controlled potential elec- 
trolysis). Other experimental details are as described 
elsewhere [9, lo]. 
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Results and Discussion 

1. Diphenylmercury (Ph,Hg) 
At low concentrations of diphenylmercury, PhzHg 

(less than 5 X lo-’ M), d.c. and differential pulse 
polarograms at the dropping mercury electrode 
(Fig. l(a)) exhibit a well defined oxidation process at 
a potential of about 0.75 V versus Ag/AgCl, which is 
near to the mercury oxidation limit in dichloro- 
methane. As the concentration of PhzHg is increased, 
a maximum is observed in d.c. polarograms (Fig. 
l(b)). Additionally, a small sharp non-faradaic 
response occurs over a very narrow potential range at 
+0.49 V versus Ag/AgCl in both d.c. (insert in Fig. 
l(b)) and differential pulse polarograms. Cyclic 
voltammograms over the potential range near 0.49 V 
versus Ag/AgCl (insert in Fig. l(b)) exhibit typical 
tensammetric type behaviour associated with an 
adsorption-desorption process. Several workers have 
reported that PhzHg is strongly adsorbed over a wide 
potential range on mercury surfaces [ 13, 141. The 
faradaic process at around 0.8 V versus Ag/AgCl is 
consistent with an oxidation process occurring in the 
adsorbed state. Consequently, the tensammetric 
process at 0.49 V versus Ag/AgCl can be attributed to 
a rearranged form of adsorbed Ph*Hg. Reutov and 
Butin [ 131 have written a review on the formation of 
adsorbed organometallic compounds on mercury 
surfaces. A range of ‘organic calomels’ (R,Hg*) and 
other organometallic compounds are assumed to be 
formed [13, 141. 

4 .i 4 4 
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Fig. 1. Oxidation processes observed in dichloromethane 
(0.1 M BqNCl04) at the dropping mercury electrode (drop 
time = 0.5 s, T = 20 “C) in the presence of PhaHg. (a) Differ- 

ential pulse (DP) polarogram for 5 X 106 M PhaHg at a 

pulse amplitude of 50 mV; (b) DC polarogram for 5 X IO4 

M PhaHg; inserts are an expanded scale DC polarogram over 

part of the potential range and a cyclic voltammogram (CV) 

to enable the tensammetric response at 0.49 V vs. Ag/AgCl to 

be observed (scan rate = 500 mV s-l) at a slowly growing 

mercury electrode. 

The nature of cyclic voltammograms is very depen- 
dent on the switching potential. If the potential is 
switched just beyond the oxidation peak and prior to 
the potential at which oxidation of the mercury 
electrode occurs, then a large and well defined reduc- 
tion process is observed on the reverse scan at to.3 to 
+0.4 V versus Ag/AgCl (Fig. 2(a)). However, if the 
switching potential occurs at more positive potentials 
(Fig. 2(b)) which includes the potential for oxidation 
of the mercury electrode, then the cyclic voltammo- 
grams are much more complicated. A small reduction 
process observed at -0.5 V versus Ag/AgCl on the 
reverse scan at negative potentials (not shown in 
Fig. 2) can be attributed to the formation of PhHg’ 
(presumably as a perchlorate from the electrolyte or 
chloride from the solvent). PhHgOAc, PhHgCl and 
PhHgC104 are all reduced in this potential region. The 
reaction proposed previously [ 151 
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Fig. 2. Cyclic voltammogram obtained at a slowly growing 
mercury electrode in the presence of 5 X lo4 M PhaHg in 
dichloromethane (0.1 M BuqNCl04) at 20 “C. (a) Potential 
switched just prior to onset of mercury electrode oxidation 
process, (b) potential switched slightly into mercury elec- 
trode oxidation region. 

PhaHg t Hg ----+ 2PhHg+ + 2e- (1) 

can therefore only be a minor reaction pathway on 
the voltammetric timescale and the major product on 
the voltammetric- timescale which can be reduced at 
+0.3 to to.4 V versus Ag/AgCl must be a novel 
species. 

Controlled potential electrolysis experiments at 
mercury pool electrodes are difficult to quantify 
coulometrically because of the proximity of the 
mercury electrode oxidation process to the process 
of interest (see Figs. 1 and 2). d.c. and differential 
pulse polarograms (Fig. 3) after electrolysis at a 
mercury pool electrode exhibit two reduction pro- 
cesses centred at about to.4 and -0.5 V versus 
Ag/AgCl. The wave at -0.5 V versus Ag/AgCl is 
attributable to formation of PhHgCl which is now 
observed as a major product on the long timescale 
of controlled potential electrolysis. The presumably 
initially formed PhHgC104 must react with the 
solvent or impurities to form PhHgCl. The reduction 
process in the region of to.4 V versus Ag/AgCl is 
complex with considerable adsorption accompanying 
the charge transfer process. Interestingly, the relative 
concentrations of PhHgCl (PhHg’) (-0.5 V versus 
Ag/AgCl) and the other product (to.4 V versus 
Ag/AgCl) are in the reverse order to short timescale 
voltammetric experiments at a slowly growing 
mercury electrode. 
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Fig. 3. d.c. (DC) and differential pulse (DP) polarograms ob- 
tained after controlled potential oxidative electrolysis in di- 
chloromethane (0.1 M Bu~NCl04) at a mercury pool elec- 
trode in the presence of 5 X lo4 M Phr Hg (drop time = 
0.5 s, pulse amplitude = -50 mV, T = 20 “C). 

Controlled potential reductive electrolysis at a 
potential of i-O.3 V versus Ag/AgCl, at a potential 
where the unidentified mercury compound can be 
reduced, regenerates Ph2Hg. This result suggests that 
the product is a mercury rich phenylmercury cation 
which can be reduced to Ph,Hg and (presumably) 
elemental mercury. 

d.c. and differential pulse polarographic monitor- 
ing of the reaction of Ph2Hg with both Hg,(C104)2 
and Hg(C104)2 suggest that these reactions generate a 
compound which gives rise to the same reduction 
process at to.4 V versus Ag/AgCl as seen after 
oxidative controlled potential electrolysis. However, 
additional reduction processes in the potential range 
0.2 to 0.6 V versus Ag/AgCl (different, depending on 
whether mercury(I) or mercury(I1) perchlorate are 
used) are observed indicating that a range of com- 
pounds is produced by reaction of PhzHg with 
mercury(I) or mercury(I1) perchlorate salts. Con- 
trolled potential reduction at potentials more positive 
than 0.0 V versus Ag/AgCl of the solutions prepared 
by reaction of Ph,Hg with mercury salts leads to 
regeneration of Ph,Hg in substantial yield confirming 
the formation of mercury rich derivatives of Ph*Hg. 
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The above data suggest that the oxidation process 
observed at mercury electrodes in the presence of 
PhzHg occurs via two distinctly different pathways. 
One pathway is the previously proposed pathway 
[15] given in eqn. (1). An alternative pathway 
generating mercury rich cations has not been com- 
pletely characterized as a range of products may be 
formed. The simplest reaction which can be proposed 
is 

PhzHg t xHg - [Ph*Hg, + r] ‘+ t 2e- (2) 

The reduction wave at +0.4 V versus Ag/AgCl ob- 
served after oxidative controlled potential elec- 
trolysis therefore would correspond to the reduction 
step 

[PhzHg,+ r]” t 2e- - PhzHg + xHg (3) 

When x = 2, eqn. (2) leads to the formulation of 

]PhzHgs12+ and this formulation is used in subse- 
quent discussion for simplicity. It is probable that a 
labile equilibrium mixture of complexes is formed. 

Chemical reactions of Ph2,Hg 
(0Ac)z and Hg2C12 as quantified 
monitoring can be interpreted [ 161 

with HgC12, Hg- 
by polarographic 

PhzHg + Hg(OAc)2 - 2PhHgOAc (4) 

Ph2Hg + HgC12 - 2PhHgCl (5) 

PhzHg + Hg,C12 - 2PhHgCl t Hg (6) 

In dichloromethane, reactions with species containing 
the relatively weakly coordinating perchlorate ion as 
monitored in a polarographic cell involve similar 
reaction pathways 

PhzHg + Hg(C104)2 - 2PhHgC104 

Ph2Hg + Hg,(ClO& - 2PhHgClOa + Hg 

However, reactions of the kind 

(7) 

(8) 

PhzHg + Hg,(ClO& - F’M&,l(C10& (9) 

I%Hg + Hg + Hg(ClO& - [PhzHg, 1 (CW2 (10) 

appear to occur in parallel with reactions (7) and (8). 
Whether perchlorate is a coordinating ligand or an 
inert anion is unknown. 

Addition of [Hg(Me2SO),](0,SCF,)2 to Ph2Hg 
has been reported [ 171 to occur according to reaction 
10 (Me2S0 omitted for simplicity) 

Hg(OaSCF& + Ph,Hg - 2PhHgO,SCF, (11) 

Mercuric triflate as the dimethyl sulfoxide complex is 
soluble in CH2Clz and unlike the insoluble and non- 
solvated Hg(C104)2 salt, reacts rapidly. Polarographic 
monitoring of the reaction of Ph2Hg and mercuric 
triflate obviously occurs in the presence of elemental 
mercury (from the electrode). Under these conditions 
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both the mercury rich compound(s) and PhHgOa- 
SCF, are formed. That is, the reaction 

Hg + Hg(OaSCF,), - Hg2(O,SCF,), (12) 

can lead to the formation of the same products when 
reactions with either Hg(OaSCF,), or Hg,(OaSCF,), 
are monitored in a polarographic cell. 

Addition of Hg,(NO& produces a mixture 
of PhHgNOa and what is designated as [Ph,Hg,]- 

(NW2 and therefore parallels the behaviour of 
perchlorate or triflate salts of mercury. In contrast, 
reactions with mercury acetate and chloride produce 
PhHgOAc and PhHgCl exclusively, which suggests 
that the coordinating strength of the ligand is impor- 
tant in determining the relative proportions of the 
two kinds of complexes formed during the course of 
reaction with mercuric and mercurous salts. 

In analogous studies on Me2Hg it has been postu- 
lated that the species [MezHg3]‘+ is formed [ 131 
during the course of the oxidation process observed 
at mercury electrodes. The Ph2Hg case is more com- 
plex, in that a wider range of species appear to be 
formed. 

Arene complexes of the kind [Hg(C6Hs)12’ and 

t&C&J21 2+ can be formed by reaction of C6H6 
with Hg2+ in liquid SO2 [ 18, 191. Arene complexes 
are also formed by reaction with Hg,‘+ [20]. It would 
be plausible to postulate that proton abstraction from 
the solvent has occurred in this work to generate 
arene complexes. However, the fact that reduction 
of the new complexes regenerates PhzHg and mercury 
via a reduction process of the kind given in eqn. (3) 
and not benzene and mercury seems to rule out this 
possibility. 

The formation of cationic organomercury salts in 
an aprotic organic solvent via oxidation of the 
mercury electrode in the presence of RzHg has 
parallels with products obtained in other reactions. 
For example, Grdenid et al. [20] have demonstrated 
that ‘basic phenyl mercuric nitrate’ prepared by 
reactions of Ph2Hg with Hg(N03)2 is actually 
[(PhHg),0H]N03. Subsequently, Nicholson and 
Whitton [21] have showed that reaction of PhHgOH 
or (PhHg),O with strong acids such as HBF4 or 
HNOa produces the [(PhHg)zOH]+ cation which 
has been characterized by an X-ray structure of 
the hydrate [(PhHg)zOH] [BF4].H20. lwHg NMR 
data in DMSO or in acidified water suggest that the 
bis-oxonium structure observed in the solid state is 
maintained as the favoured species in solution in 
equilibria involving the phenylmercuric group. In the 
case of the methyl system, a range of equilibria 
[22,23] are available between various species as in 
eqns. (13) and (14) 

2MeHgOH - (MeHg),O t Hz0 

3MeHgOH - [(MeHg),O)]’ t OH- t Hz0 

(13) 

(14) 
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Evidence for [MeHgOH,]+ and [(MeHg),OH]+ is also 
available [24], although only the tris(methyl- 
mercuric)oxonium cation has been isolated [23-251. 
Related species include [(MeHg)20(HgR)]+ (R = Et, 
Pr, Ph) [26]. Thus, cationic aryl and alkyl mercury 
complexes are not unknown. Unfortunately, in the 
electrochemical experiment in dichloromethane, 
products of electrolysis have not been able to be 
isolated and characterized because removal of the 
solvent appears to favor decomposition pathways. It 
is highly likely that an equilibrium mixture of a range 
of species may have been formed and removal of the 
solvent alters the nature of the species detected via 
disproportionation and other reactions. 
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2. Phenyllead Compounds 
Oxidation processes at mercury electrodes in the 

presence of tetraphenyllead (Ph4Pb) have been 
described previously in dichloromethane [9,15]. The 
mechanism was characterized by an initial one 
electron transfer involving the exchange of a phenyl 
group to the mercury electrode. Diphenylmercury 
formed rapidly at the electrode surface. Free radical 
reactions with the solvent lead to the formation and 
subsequent electrolysis of tri- and di-phenyllead 
chloride compounds during controlled potential 
electrolysis experiments. A number of parallel reac- 
tion pathways are available for the triphenyllead 
radical formed in the initial electron transfer reaction 
and the resultant electrochemical behaviour is irre- 
versible and complex [9, 1.51. 

Figure 4(a) shows a d.c. polarogram recorded at 
positive potentials in the presence of triphenyllead 
chloride in dichloiomethane. A well defined oxida- 
tion process (labelled process I) is observed with a 
half-wave potential (~?r,~ value) of to.55 V versus 
Ag/AgCl. This is followed by a very small wave at 
slightly more positive potentials which is clearly 
resolved in differential pulse polarograms. The 
overall d.c. limiting current varies linearly with con- 
centration and is diffusion controlled over the range 
lo-’ M to 5 X 1O-4 M. Two reduction processes (at 
-0.46 and - 1.57 V versus Ag/AgCl) are observed in 
polarograms recorded at negative potentials for 
PhaPbCl in dichloromethane. These processes (not 
shown in Fig. 4) have been observed in other media 
where the first process has been shown to involve the 
transfer of one electron per molecule of PhaPbCl 
[2-4,26-291. Comparison of the d.c. polarographic 
limiting currents per unit concentration for the first 
reduction wave and for oxidation process I in di- 
chloromethane indicates that process I involves the 
transfer of one electron per PhaPbCl molecule on 
the d.c. polarographic time scale. 

Cyclic voltammograms (Fig. 4(b)) of PhaPbCl in 
dichloromethane recorded at a slowly growing 
dropping mercury electrode, indicate that process I 
exhibits some degree of chemical reversibility (see 

(a) 
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Fig. 4. d.c. polarogram (drop time = 0.5 s) and (b) cyclic 

voltammogram (scan rate = 200 mV s-l) obtained at mercury 

electrodes in dichloromethane (0.1 M Bu4NC10~) at 20 “C in 

the presence of 2.2 X lO+ M PhaPbCl. 

peak Imd) at scan rates 2200 mV s-l. At a scan rate 
of 100 mV s-l, process Ired is barely evident. The 
initially formed product is apparently not very stable 
as evidenced by the presence of a range of processes 
on the reverse (reduction) scan direction of cyclic 
voltammograms (Fig. 4b). 

The potential region of reduction processes ob- 
served in the reverse scan in Fig. 4(b), labelled IImd, 
consists of two incompletely resolved waves at 0.2 
and 0.05 V versus Ag/AgCl. The species giving rise 
to the major response at to.20 V versus Ag/AgCl is 
unknown. The smaller peak is consistent with the 
formation of mercuric chloride which is reduced at 
around 0.05 V versus Ag/AgCl. The complex reduc- 
tion processes occurring at negative potentials of 
Fig. 4(b) (region III) on the reverse scan in cyclic 
voltammograms of PhaPbCl may be attributed to 
reduction processes for PhaPbCl (present in bulk 
solution), and PhzPbClz and PhHg+ which are formed 
at the electrode surface. Reduction processes for 
PhHgX, (X = Cl-, OAc- or ClO,) occur in the 
potential region III in d.c. polarograms of authentic 
solutions of these compounds in dichloromethane as 
noted earlier. 
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Exhaustive controlled potential oxidative elec- 
trolysis at a mercury pool electrode for a solution of 
PhsPbCl in dichloromethane set at a potential on the 
limiting current plateau for process I was complete 
after the transfer of (1.5 k 0.1) electrons per PhsPbCl 
molecule as determined by coulometry. Care was 
taken to set the electrolysis potential at a value which 
avoids electrolysis of diphenyllead dichloride which 
is a product formed during electrolysis. A small 
amount of grey precipitate was formed during the 
course of the controlled potential electrolysis experi- 
ment which contained inorganic lead as PbC&. Differ- 
ential pulse polarograms recorded during the course 
of the electrolysis (Fig. 5) show the response ob- 
served at mercury electrodes in the presence of 
PhaPbCls, and typified by the inverse differential 
pulse peak at +0.58 V versus Ag/AgCl (see later). 
Polarographic responses attributable to the formation 
of mercuric chloride were not observed during the 
monitoring of the bulk electrolysis experiments in 
contrast to short timescale cyclic voltammetric 
experiments where this was a minor product. 

A mechanism for the electrochemical reactions 
can be proposed as follows: 

2PhaPbCl+ 2Hg 4 

[PhsPb-Hg-PbPhs] ‘+ + HgCl* + 2e- 

PhsPbCl + H&la - PhsPbCls + PhHgCl 

. 0.1 pA 

0.80 0.60 040 020 000 
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Fig. 5. Differential pulse polarograms recorded after the 
transfer of 0.0, 1.2 and 1.5 electron equivalents during 

Fig. 6. d.c. polarogram (drop time = 0.5 s) in the presence of 
4.6 x lo4 

oxidative, controlled potential electrolysis in CH2C1, (0.1 M 
M Ph2PbClz and (b) differential pulse polarogram 

Bu4NC104) at 20 “C at a mercury pool electrode in the 
(drop time = 0.5 s, pulse amplitude = 50 mV) in the presence 

1 of 3.5 X lo* M Ph~PbCl~ in CHgClz (0.1 M Bu4NC10~) at 
__ “- presence of 2.2 X lo-’ M PhsPbCl. 20 ‘C. 
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[PhsPb-Hg-PbPhs] ‘+ + 3HgC12 - 

PhzPbClz + 4PhHgCl+ Pb2+ (17) 

PhzPbClz + Hg - products t ye- (see later) (18) 

The polarography of the oxidation process at 
mercury electrodes in the presence of PhsPbCl 
resembles that described elsewhere for MesPbCl [ 121. 
However, the rate of chemical reactions after the 
initial one electron process is faster. Coulometric 
data indicate that eqn. (16) is the primary reaction 
pathway for HgCl* during bulk electrolysis of 
PhaPbCl. 

The oxidation processes observed at mercury 
electrodes in the presence of PhzPbClz are extremely 
complex. The d.c. polarogram (Fig. 6(a)) shows a well 
defined one electron oxidation process (designated 
process I) with an Ei,a value of about to.15 V versus 
Ag/AgCl followed by a complex non-faradaic process 
(designated process II) at more positive potentials 
(+0.60 V versus Ag/AgCl). The differential pulse 
polarogram exhibits an inverse peak current at 
potentials corresponding to the non-faradaic process 
(Fig. 6(b). This ‘negative dip’ was used to identify 
Ph,PbClz as a product of electrolysis with PhaPbCl at 
the mercury pool electrode. On the reverse scans 
cyclic voltammograms (irreversible process) show no 
evidence of formation of HgCl* around 0 V versus 
Ag/AgCl. 

Controlled potential electrolysis experiments in 
the presence of PhzPbClz at a mercury pool electrode 

(W 
,!’ 
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were complete after transfer of slightly less than one 
electron per molecule (0.8 + 0.1) and provided 
evidence for formation of a wide range of uniden- 
tified products as indicated by monitoring by 
polarography during the course of electrolysis. As in 
the case of MezPbClz and Et,PbCl, [12] the process 
can be described by the following equations 

0.85 V attributable to formation of Hg(OAc), as a 
product of the initial one electron oxidation. 

2R2PbC12 + 2Hg + 

[RzClPb-Hg-PbCIRz] *+ t HgC12 t 2e- (19) 

R2PbC12 t HgC12 - products (20) 

[R2ClPb-Hg-PbClRz]*+ + HgC12 - 

products (2 1) 

For R = Ph reactions (20) and (21) are fast, even on 
the cyclic voltammetric timescale, so that the process 
is irreversible and HgC12 is not seen as an inter- 
mediate. The polarography of the acetato compounds 
PhaPbOAc and PhPb(OAc)a is also complex. In the 
case of PhaPbOAc, a complex d.c. polarographic wave 
at 0.55 V versus Ag/AgCl is observed and appears 
to involve at least two unresolved processes. This is 
followed by a tensammetric response at 0.85 V versus 
Ag/AgCl similar to that observed for Hg(OAc)z. 
Mercuric acetate is therefore assumed to be a product 
of the electrolysis at mercury eiectrodes. In the case 
of PhPb(OAc), , a broad d.c. polarogram with a 
limiting current corresponding to a one electron 
process is followed by the tensammetric response at 

Several general conclusions are available concern- 
ing the electrochemistry of phenyllead compounds 
at mercury electrodes. Substitution of a phenyl group 
by a halide or other anion usually shifts Er,* to less 
positive potentials than observed for the oxidation 
process at mercury electrodes in the presence of 
Ph4Pb. The mechanism for the Ph4Pb process appears 
to be distinctly different from the substituted com- 
pounds in that it involves a free radical mechanism 
[9, 151 whereas cationic mercury compounds are 
formed as reactive intermediates in the latter case via 
exchange processes. Substitution of phenyl for 
methyl as is the case with organometallic mercury 
compounds, leads to an increase in adsorption onto 
the mercury surface and an enhanced rate of attack 
on the initially formed cationic species by an HgX2 
species (X = halide or acetate), also formed as a 
product of the electrode oxidation process. 

3. Triphenylbismu th (Ph 3 Bi) and Triphenylbismu th 
dichloride (Ph3BiCY2) 

Figure 7(a) shows a d.c. polarogram in dichloro- 
methane in the presence of triphenylbismuth. Two 
oxidation processes, labelled process I and II, are 
observed. No reduction waves are present within the 
potential range available in dichloromethane. Process 
I is very drawn out. However, the d.c. limiting current 
for process I increases linearly with concentration of 
PhaBi for concentrations over the range 5 X lo@ to 
2 X 10B4 M. Process II occurs at a similar potential 
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I 

1 6 
0.80 0.60 040 020 000 

POTENTIAL (VOLTS) 

/ 0.5 uA 

o,oo -0eo -la0 
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Fig. 7. Polarograms and cyclic voltammetry at mercury electrodes in CH2Cl2 (0.1 M Bu4NCl04) at 20 “C. (a) d.c. polarogram at 

the dropping mercury electrode (drop time = 0.5 s) in the presence of 6.7 x lo4 M Ph3Bi. (b) DP polarogram at the dropping 

mercury electrode (drop time = 0.5 s, pulse amplitude = 50 mV) in the presence of (i) 1 X lo4 M, (ii) 2 X lo4 and (iii) 

8 X lo4 M PhaBi. (c) Cyclic voltammogram (scan rate = 500 mV s-l) at a slowly growing mercury drop electrode in the presence 

of 4 X lo4 M PhsBi. 
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to polarographic processes observed in the presence 
of diphenylmercury and is attributed to the genera- 
tion of this compound as a product of process I. 

Differential pulse polarograms recorded for differ- 
ent concentrations of triphenylbismuth in dichloro- 
methane (Fig. 7(b)) confirm that process I is com- 
plicated and probably consists of at least two 
overlapping processes. The differential pulse polaro- 
graphic peak height for process II does not increase 
linearly with concentration over the concentration 
range 10e6 to 10M4 M. In contrast, the peak heights for 
differential pulse polarograms of authentic solutions 
of diphenylmercury do increase linearly with con- 
centration over the same concentration range. This 
result implies a kinetically complicated process leads 
to formation of Ph,Hg. 

Figure 7(c) shows a cyclic voltammogram recorded 
at a growing mercury drop electrode in the presence 
of triphenylbismuth. Process I is chemically irre- 
versible at scan rates of up to 500 mV s?. Two new 
reduction processes, labelled III and IV, are observed 
in the reverse scan of the cyclic voltammogram. 
These processes are attributed to the formation of 
organobismuth chloride complexes and/or their 
mercury derivatives (see later). Process II is not 
readily resolved from the mercury oxidation limit 
in cyclic voltammetric experiments (see discussion 
in PhzHg section), so potentials more positive than 
process I generally were not scanned when using this 
technique. 

Coulometric analysis of controlled potential 
electrolysis experiments at a mercury pool electrode 
indicate that exhaustive electrolysis required the 
transfer of approximately one electron per molecule 
of triphenylbismuth. Differential pulse polarograms 
recorded before and after exhaustive controlled 
potential electrolysis are shown in Fig. 8. Process II, 
which is attributed to the formation of PhzHg, is 
present both before and after controlled electrolysis 
experiments as would be expected if this assignment 
is correct. Reduction processes III and IV, observed 
on the reverse scans of cyclic voltammograms are 
also observed after the controlled potential elec- 
trolysis of process I. Apparently, short timescale 
experiments at the dropping mercury electrode and 
long timescale experiments at the mercury pool 
electrode lead to the formation of the same products. 

The loss of phenyl groups from triphenylbismuth 
to form diphenylmercury during oxidation process I 
must follow a complex reaction pathway as propor- 
tionately greater concentrations of diphenylmercury 
are produced with increasing bulk concentrations of 
triphenylbismuth. The simplest series of equations 
which may be used to describe process I are shown 
below. 

2PhaBi + Hg + 2PhzBi+ + PhzHg + 2e 

2Ph3Bi + 2Hg --+ 2PhBi*+ + 2Ph211g + 4e 

(22) 

(23) 

080 - ’ o.io 040 020 000 

POTENTIAL (VOLTS) 

Fig. 8. Differential pulse polarogams (drop time = 0.5 s, 

pulse amplitude = 50 mV) recorded (1) before and (2) after 
exhaustive oxidative controlled potential electrolysis at a 

mercury pool electrode in the presence of 4.0 X lO+ M 

Ph3Bi in CH&lz (0.1 M Bu4NC104) at 20 “C. 

2PhsBi + 3Hg --+ 2Bi3’ t 3Ph2Hg t 6e (24) 

The analogous radical pathway to that observed 
for Ph4Pb [9, 151 probably also occurs in parallel 

PhsBi t Hg --+ Ph*Bi. + PhHg’ t e (25) 

2Ph2Bi’ --+ Ph4Biz (26) 

Ph,Bi’ t PhHg+ ---+ Ph,Bi+ t PhHg’ (27) 

2PhHg’ + Ph,Hg + Hg (28) 

2Ph2Bi’ + 2CHzC11 --+ 2PhzBiC1 + C2H4C12, etc. 

The radical-dimerization pathway also forms part of 
the mechanism proposed for reduction of Ph,Bi 
[4, 51. The cationic complexes are expected to react 
with the mercury electrode to form mercury- 
bismuth complexes and/or the electrolyte and/or 
the dichloromethane solvent and/or traces of chloride 
impurity to produce chloride complexes. Earlier work 
by Devaud ct al. [26,29,30] and the present authors 
[9, 10, 131 has shown that mercury complexes of 
alkyl- and aryl-lead and -tin compounds are formed 
during polarographic processes. Reduction process 
III and IV, observed after the oxidation process for 
triphenylbismuth may arise from formation of mer- 
cury bismuth organometallic complexes (also see 
subsequent discussion on Ph3 BiClz reduction pro- 
cesses) . 
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Fig. 9. d.c. polarograms and cyclic voltammograms at 

mercury electrodes in CHaCla (0.1 M Bu4NC104) at 20 “C in 

the presence of PhsBiCla. (a) d.c. oxidation response at the 

dropping mercury electrode (drop time = 0.5 s) in the 

presence of 2.5 X lo+ M PhaBiCla. (b) Cyclic voltammo- 

gram (scan rate = 200 mV s-‘) in the positive potential range 

at a slowly growing mercury drop electrode in the presence 

of 3.8 x lo4 M PhsBiCla. (c) d.c. polarogram (drop time = 

0.5 s) for reduction of 1.2 X lo4 M PhsBiCla. 

An oxidation process observed in the presence of 
Ph3BiClz at a mercury electrode in dichloromethane 
is labelled process V in Fig. 9(a). Close inspection of 
differential pulse polarograms of process V (not 
shown) shows that it is complex and consists of at 
least two unresolved processes. Cyclic voltammo- 
grams of process V recorded at a growing mercury 
drop electrode (Fig. 9(b)) show some degree of 
chemical reversibility at a scan rate of 200 mV s-l. 
However, no evidence is available for formation of 
PhaBi or HgClz as a product of this oxidation process. 
Differential pulse polarograms recorded after con- 
trolled potential oxidative electrolysis of process V 
at a mercury pool electrode (Fig. 10) reveal two 
reduction processes in the positive potential region 
versus Ag/AgCl (Fig. 10). The origin of these pro- 
cesses are unknown, but the product of their reduc- 
tion at the mercury pool electrode gives rise to 
processes which are very similar to reduction pro- 
cesses observed for the starting material (Fig. 9(c), 
10). These processes therefore probably arise from 
formation of cationic mercury bismuth complexes 
which can be reduced to Ph,Bi plus elemental 
mercury. A small amount of precipitate was observed 
during electrolysis experiments indicating that partial 
decomposition of the complexes occurs. Coulometric 

IV 

1 2 d---‘. VI ;/” / 
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Fig. 10. Differential pulse polarograms (drop time = 0.5 s, 

pulse amplitude = 50 mV) recorded (1) before and (2) after 

exhaustive oxidative controlled potential electrolysis at a 

mercury pool electrode in the presence of 4.6 x lo4 M 

PhaBiCla in CHaCla (0.1 M Bu4NC104), at 20 “C. 

analysis of exhaustive oxidative electrolysis experi- 
ments indicated that 1.8 ? 0.1 electrons per mole- 
cules were transferred. Equation 29 would be an 
example of the class of reaction that may occur 

2Ph3BiC12 t 2Hg 

[PhaClBi-Hg-BiClPha] ‘+ t HgClz + 2e 

1 

products (further electron transfer) (29) 

d.c. polarograms of triphenylbismuth dichloride in 
dichloromethane (Fig. 9(c)) reveal the presence of 
two reduction processes, labelled VI and IV, in addi- 
tion to the oxidation process considered earlier. The 
more negative reduction process is labelled process IV 
since it occurs at an identical potential to reduction 
process IV, observed after the oxidation process 
observed at mercury electrodes in the presence of 
triphenylbismuth. 

Process VI for PhjBiClz has been described by 
Dessy ef al. as a two electron reduction process in 
glyme [5]. This aspect of their work is now con- 
firmed in dichloromethane. The d.c. limiting current 
per unit concentration for the reduction process is 
twice that observed for process I for triphenyl- 
bismuth which has been shown to be a one electron 
oxidation process. Coulometric analysis of controlled 
potential reductive electrolysis of process VI at a mer- 
cury pool electrode confirms the assignment of this be- 
ing a two electron process. Polarograms recorded after 
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Fig. 11. Differential pulse polarograms (drop time = 0.5 s, 

pulse amplitude = 50 mV) recorded (1) before and (2) after 

exhaustive reductive controlled potential electrolysis at a 

mercury pool electrode of 3.8 X lo4 M PhslliClz in CH&l, 

(0.1 M BqNC104) at 20 “C. 

the electrolysis show that process IV remains and is due 
to reduction of a product of process VI (Fig. 11). 
Process IV is also present after the oxidative elec- 
trolysis of triphenylbismuth. Since the oxidation 
process for PhsBi involves the loss of phenyl groups 
from the bismuth compound to form diphenyl- 
mercury, reduction process VI for triphenylbismuth 
dichloride can also be assumed to probably involve 
the loss of phenyl groups. Polarograms recorded after 
controlled potential electrolysis show that diphenyl- 
mercury is not formed as a final product of reductive 
electrolysis of process VI. Therefore a phenyl- 
bismuthmercury compound is the likely product of 
process VI. Phenylmercuric chloride is reduced in 
the potential region of process VI at a mercury elec- 
trode under similar conditions [5] and could be an 
intermediate. 

Process VI may initially involve reactions of the 
kind 

PhaBiClz + Hg + 2e- --+ PhZ BiHgPh + 2Cll (30) 

I 
iPh4Bi2 + other products 

which is followed by a series of further reactions, but 
the overall process does not appear to occur as in 
eqn. (31). 

PhaBiCl* t 2e- ---+ PhsBi + 2Cll (31) 

The fact that process(IV) is common to both the 
oxidation process for Ph,Bi and reduction of 
PhsBiC12 suggests that a common intermediate such 
as Ph*Bi’ may be present in both the oxidation and 
reduction redox processes. 

The electrochemical behaviour of Ph,Bi at 
mercury electrodes in dichloromethane has many 
similarities to that of Ph4Pb. Diphenylmercury is 
formed rapidly by complex, concentration dependent 
mechanisms in both cases and extraction of chloride 
from the solvent or impurities appears to occur 
during bulk electrolysis experiments. These phe- 
nomena are indicative of mechanisms involving 
phenylbismuth radical intermediates analogous to 
those described for phenyllead radicals. 

The present work on phenyl-mercury, -lead and 
-bismuth compounds which extends earlier studies on 
organocadmium and organotin complexes [9-12, 
151 leads to the conclusion that both aryl and alkyl 
organometallic compounds of a wide range of metals 
(Hg, Pb, Sn, Cd, Bi) are electroactive at mercury 
electrodes. In the particular case of bismuth, this 
applies to both oxidation state (III) and (V) com- 
plexes. Apparently, a radical exchange type mecha- 
nism involving exchange of an R group with the 
mercury electrode is available for complexes of the 
type R4M (M = Pb, Sn), R*Cd, RaBi. When a chloride 
or other anionic group such as acetate is present, a 
mixed mercury-metal cationic complex and HgC12 
(HgX2) may be produced at the electrode surface. 

In the case of the parent RzHg compounds, a 
mercury rich cationic species is formed. In all cases 
the process involves oxidation of the mercury elec- 
trode and as is the case with reduction processes 
which have been reported over many years [l-8], 
numerous reactions accompany the charge transfer 
process making access to a complete characterization 
of the processes difficult. 
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