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Abstract. Characteristic features of mechanisms and
kinetics of electrode reactions of organomercury com-
pounds (symmetrical, non-symmetrical) and organomer-
cury salts on a mercury electrode are analyzed. Attention
is focused on the effect of coordination, adsorption and the
nature and properties of intermediates on these processes as
well as on the formation of organomercury derivatives in
the adsorption of organic and hetero-organic compounds
on a mercury electrode. The kinetics of heterogeneous
chemical equilibrium ‘organic calomel’ —symmetrical orga-
nomercury compound in the adsorption layer and the
relative stability of intermediates in the one-electron reduc-
tion of organomercury salts are discussed as well as the
electrolytic hydrogen evolution catalyzed by organomer-
cury intermediates. The problems of combined and separate
electrochemical quantitation of organic and inorganic mer-
cury compounds in natural objects are considered. The
bibliography includes 396 references.

I. Introduction

Organomercury compounds (OMC) have found practical
application in different fields of science and technology. At
the same time, the solution of urgent problems of environ-
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mental safety requires efficient methods of their determina-
tion, analysis and destruction (detoxication).

The interest of electrochemists in OMC was aroused, on
the one hand, due to the wide use of the mercury electrode,
which is not always chemically inert. Many organyl halides
and O-, S-, Se-, Te-, P-, N-containing compounds (e.g., see
Refs 1-7) and organometallic compounds %8 ? interact with
mercury to form OMC as the intermediates in their adsorp-
tion and/or electrochemical reduction (ER) or oxidation
(EO). This induces substantial changes in the mechanism
and kinetics of electrode reactions. On the other hand, one
of the most important methods in synthesizing organic and
hetero-organic compounds is electrosynthesis, which
involves the use of mercury electrodes.! ~3 Electrosynthesis
is one of the methods for the preparation of certain organo-
metallic compounds, for example, tetraalkyllead (the Nalco
process).! However, if the synthesis of such compounds is
not intended, the possibility of OMC formation should be
taken into account when carrying out electrosyntheses and
electroanalytical studies employing mercury electrodes.

The possibility of electrochemical preparation of orga-
nometallic compounds was first demonstrated by Tafel back
in the beginning of the 20th century. He obtained diisopro-
pylmercury upon the electrolysis of acetone solutions on a
Hg cathode, which he reported as the ‘unexpected forma-
tion of organometallic compounds’.!® Until the 1950s, the
electrochemical transformations of organometallic com-
pounds (including OMC known as early as since 1852)!!
were virtually ignored due to insufficient development of
electrochemical methods.

Nowadays, the trends of research in the field of electro-
chemistry of OMC are determined by demands of industry.
At the same time, the so-called problem of environmental
mercury is topical (for example, see Ref. 12). On the one
hand, industry requires vast amounts of mercury (several
thousand tons annually), while, on the other hand, numer-
ous OMC pertain to the most hazardous superecotoxicants.
As regards toxicity, they far surpass the majority of organo-
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metallic derivatives of heavy metals and inorganic com-
pounds of mercury, being better soluble in oils, capable of
penetrating through cell membranes and interacting with
tissues of living organisms.'>!3 The high toxicity and
stability of OMC (for instance, the decomposition period
of Me,Hg in the natural environment is ~ 33 years) !4 limits
their practical application, whereas the necessity to observe
severe environmental standards on the environmental con-
tent of hazardous substances increases the production costs.

Organomercury compounds were the sources of electro-
generated anions,!’ the convenient precursors for prepara-
tive synthesis'%1® and the mediators of enantioselective
electrosynthesis.!” They assisted in the production of sub-
stances the direct synthesis of which was complicated or
non-selective. 1819

Organomercury compounds were used as medicinal
drugs (e.g., promesan and thiomersal preparations),® 1218
explosives and biochemical markers,® 12 catalysts and ini-
tiators of polymerization and co-polymerization,!'? and also
in laser engineering and microelectronics.?® The high bio-
cide activity is one of the most important properties of
OMC.!2 18 They were successfully used as conserving agents
in pharmaceutics and perfumery,’ 218 parts of composi-
tion of antifouling coatings for marine ships® 2 and com-
positions with the high bactericide, antimoth and antimold
activities.® 2 12 It was shown 2! that polymers synthesized in
the presence of organomercury initiators (for instance,
PryHg) exhibit insectoacaricide activity. Many OMC are
efficient antiseptics, fungicides, insecticides (for example,
ceresan, panogen, metaphen, semesan, granosan, trimersal,
aretan, etc.).%%12 However, these compounds were only
permitted for treating seeds, and the treatment should be
carried out extremely carefully due to the possible incorpo-
ration of mercury into food chains (thus the defective
technology exploiting granosan has resulted in the appear-
ance of mercury in organisms of the Volga sturgeon '?).

Mercury is a trace element of pathogenic action. In
nature, under the action of specific microorganisms, it is
transferred from its inorganic, often water soluble form to
the oil-soluble organic form, which increases its toxicity
many times. The appearance of the Minamata disease in
Japan in the 1960s was explained by the action of ‘organic’
mercury formed by this mechanism from the wastes of soda
industry.!? Organomercury compounds can be accumulated
in organisms of certain marine inhabitants especially in tiger
sharks and tuna fishes.?? The use of such OMC is limited or
forbidden in the USA and several EU countries.!?

It is commonly accepted 8- 12-13 that the toxicity of OMC
is caused, among other reasons, by relative ease of the
C—Hg bond cleavage to form free radicals that exhibit a
strong trend to coordination, for example, with amino
acids, enzymes, and other vitally important compounds.
Hence, the significance of studying OMC metabolism,!3
including recourse to electrochemical methods is topi-
cal.?3-2* Moreover, bearing in mind the possibility of
poisoning with OMC, the interest in the development of
methods of their deactivation holds.?> Efficient physico-
chemical methods of OMC demercuration under mild con-
ditions include protolysis, solvolysis,'?-2¢ photochemical
(e.g., see Refs 27—-32) or microwave 33 destruction, electro-
chemical reduction or oxidation.!—3

The development of new and the improvement of the
existing methods of electroanalytical determination of dif-
ferent forms of both inorganic mercury (Hg?, Hg?*) and
OMC (combined and separate) are topical problems.

Among them, the determination of alkyl, most often,
methyl derivatives, which have the common name ‘mono-
methylmercury’ and of certain phenyl derivatives attracted
the keenest attention. Although several electrochemical
methods for OMC determination were comprehensively
analyzed in reviews®° and monographs,?3* the interest in
such studies is still high.

Indirect determination of compounds that possess low
electrochemical activity (particularly, unsaturated com-
pounds, e.g., styrene, vinyl acetate, isopropenyl esters,
N-vinylpyrrolidone, etc.) or mixtures (e.g., styrene with
a-methylstyrene) required their preliminary mercura-
tion.8-35-37

Electrochemical methods per se or in combination with
methods of quantum and theoretical organic chemis-
try 38-46 were successfully used in studying the structure
and reactivity of organometallic compounds. The mecha-
nism of their electrochemical transformations served as a
model of certain organic reactions.!”>2¢ Many authors
utilized the OMC electroreduction for the determination of
the acidity of hydrocarbons (for details, see Refs 26, 47). In
certain publications,*® =30 attention was drawn to the sim-
ilarity of certain steps that accompany the reduction of
organic and inorganic mercury compounds with the reac-
tions of the mercury geochemical cycle in nature and also
with the step of electrochemical adsorption of the mercury
ions on pyrite surface in the mining waste treatment
processes.>!

Electrochemical studies of OMC conventionally employ
polarography on the dropping mercury electrode,>>~77
linear sweep and cyclic voltammetry (LSV and CV) on the
dropping mercury electrode, on the hanging mercury drop
electrode or on solid electrodes, ! 36- 5478107 chronopoten-
tiometry,'%8 125 methods of I—¢ curves,>* 33124126 ¢lectro-
capillary curves36:34.60.78.79 and differential capacitance
curves 18126 and also the square-wave and pulse polaro-
graphic mehods,>366-78.127 methods of rotating disk elec-
trode 92-93-126-128 and rotating ring-disk electrode.!?8-132
Electroanalytic methods were often used in tandem with
different physicochemical methods 33-5466.78.118 including
EPR spectroscopy, sonication, electrochemiluminescence,
etc.?7-102,133 in combination with electrolysis at a con-
trolled potential.60-92-94,100,134-141  A]] these methods
including stripping voltammetry (mainly, anodic) and elec-
trochemical impedance were used in the electroanalytical
determination of inorganic mercury and OMC.

The ER potentials for the majority of OMC studied so
far and certain peculiarities of the mechanisms of their
electrode reactions were discussed in reviews and mono-
graphs published no later than in the mid-1980s.!-3.8.9.37
However, the past 15—20 years witnessed the progress in
studying the mechanisms of such reactions. First of all,
mention should be made of detailed studies of the electro-
chemical behaviour of OMC on non-mercury electro-
des.83-86.106,107 Ag the result, a new in principle ER
mechanism, which differed from that conventionally
applied to the mercury electrode, was put forward '%? as
well as the mechanism of electrocatalytic evolution of
hydrogen, which involved mercury intermediates.!43.144
Deepening of such studies was dictated by the demands in
the development of methods for electrochemical analysis of
OMC and marked by the appearance of new efficient
electrode materials, modifiers as well as by modernization
of the instrumental basis. The studies themselves often led
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to elucidation of the OMC electroreduction mecha-
hism .35 36,7888

In the present review, the results of these studies includ-
ing new evidence of the interaction of hetero-organic com-
pounds with the mercury electrode are generalized.

I1. General electroreduction mechanism of
organomercury compounds on a mercury electrode

The electrochemical activity of organomercury salts
(RHgX), symmetrical (R>Hg) and non-symmetrical
(R'HgR) (R and R’ are an organic or hetero-organic
moiety) compounds is associated with the relatively low
energies of the Hg—X (150-400 kJ mol—') and C—Hg
(50-500 kJ mol—!) bonds.!?-145-147 The Hg— X bond may
be both covalent (X = F—, Cl—, CNS—, efc.) and virtually
ionic (X = SO3~, NOj3, etc.). For substituent X exhibiting
the low affinity with respect to mercury, the salt RHgX
partially dissociates in a polar solvent to afford RHg* and
X~ (Ref. 14); RHg™" cations [for example, MeHg"* (see
Ref. 148)] pertain to the softest Lewis acids. Thus in the
electroreduction of OMC, the electron passed directly to the
mercury atom,%’ the overall rate being determined by the
positive charge on this atom, namely, the larger the charge
the easier the polar bond scission.

The first comprehensive analysis of the mechanism of
RHgX electroreduction on a Hg electrode was carried out
for phenylmercury salts.5> To date, this mechanism has
remained for the most part generally accepted for aqueous
and non-aqueous media. According to this mechanism, the
electroreduction of RHgX under polarographic conditions
(H>O:EtOH = 1:1) proceeds in two one-electron steps:

RHgX +e¢ —> RHg + X~ (£}, )
RHg +e — R~ +Hg (E7). )

This is true not only on mercury but also on amalgam
(particularly, on a mercury-covered Pt) electrodes (Fig. 1,
curve 1).107

Both steps depended in different manner on pH. The
half-wave potential of the first reaction [EEI/Z] was constant
in the acidic region but shifted in the negative direction with

I (rel.u.)

Figure 1. Polarization curves current (I) vs. potential (E) of the
MeHgCl electroreduction on amalgam (/) and Pt (2) electrodes.!%?
EEI/>2 and E52/>2 are half-wave potentials of the first and second steps,
respectively.

an increase in pH.32736.103.104 The pH-dependence of E(ll)2

was often associated with the nature of the buffer used 3¢
due to complexation of RHg* (see below). In a certain pH
range (pH*), the first wave could split into two, which was
associated with the presence in solution of comparable
amounts of RHg* and RHgOH reduced at different poten-
tials.’3-84  For 5-mercuriouridine phosphates, it was
shown %4 that such splitting occurs only in the presence of
the chloride ions, which was associated with involvement of
the latter ions in the coordination with RHg™ (with the
equilibrium constant 1.2 litre mol—1).

As a rule, E<|2/>2 was pH-independent in alkaline media,3°
whereas in acidic media, it shifted to more positive values.
In the majority of cases, the slope of the 0E;,»/OpH-depen-
dence was ~0.06 V,36:52-56 j o = close to the theoretical
value for the electrode processes involving H3;O™*. It is
generally accepted 2 that one of the following two reactions
proceeds in acidic and neutral media (pH < 7) in the first
step (corresponding to the first wave):

RHgX + e+ BH* —> RHg + B + HX (1a)

x|

RHg* + e —> RHg' (1b)

(BH™ is the proton donor; in acidic media, this is H;O ™).
For pH > pK,, reaction (Ic) was preceded by equilibrium
(1d)
(1d) (Ic) .
RHg* + OH- ——= RHgOH +e¢ —> RHg + OH~.
In the second step (corresponding to the second wave),
the following reaction was assumed: 8 36,78

+
BH  RH + Hg + B (2a)
. BH*
RHg + e R- +Hg——> RH + Hg + B (2b)
BH"
RHg= — RH + Hg + B. (2¢)

Processes (2a) and (2b) occur in acidic and alkaline solu-
tions, respectively.

As assumed by White! and proved by Butin ez al.,'%7 the
process (2¢) is more probable than reaction (2b), at least in
anhydrous MeCN.

For a long time, the question of reversibility of the first
step of RHgX electroreduction was hotly debated. This step
was considered reversible if the slope of the I(E) plot , i.e.,
the polarographic wave plotted in semilogarithmic coordi-
nates of the Heyrovsky equation, approached 0.06 V
(Refs 52, 57, 61, 62) and irreversible otherwise.30-353-60 Ag
was shown later,!4 the transition from reversibility to quasi-
irreversibility with the changeover of the supporting electro-
lyte could be associated with coordination of the supporting
electrolyte anion to RHg™. For example, in the presence of
an excess of strongly coordinating anions such as I, Br—,
CN—, CNS—, S2—, etc., the first wave of RHgX electro-
reduction became reversible.!4

On the whole, for organomercury salts, in the sequence
of steps

K] KZ
RHg* + X(L) == RHgX(L) + X(L) = 3)

K:
= RHgXa(Lo) + X(L) == RHgXs(Ls)
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the dependence of the equilibrium constant (K;) of the
RHgX salt formation on the nature of X was as follows:% 36

Anion logK; Anion logK; Anion logK;
S2- ~21 1- 8.5-10 CNS— 5-7
CN- 13-14 Br— 5-7 F 1.5
OH~- 8.5-10 Cl— 5-7 AcO~ 1.5-3.6
Usually, both K> and K3
[RHan 1 (Ln)] (4)
[RHgX (L, X (L))

(n = 2 and 3 for K> and K3, respectively) were substantially
smaller than K, . Note that electrochemical methods are still
among the most efficient methods for the determination of
these constants.!4 104

Using the polarographic method, it was shown ' that as
early as in the step of PhHgClO4 synthesis, complexes such
as [PhHg L,]*ClO; were formed with the solvent L [L is
pyridine (Py), tetrahydrothiophene (THT), dioxane, hexam-

ethylphosphorotriamide (HMPT), n=1; L 1is tetera-
methylurea (TMU), dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), tetrahydrofuran (THF),

MeOH, MeCN; n = 2]. The parameters of waves for the
PhHgClOy4 electroreduction [Egl/)z, wave slope, etc.] substan-
tially depended on the solvent nature. It was shown that the
ability of a solvent to solvate the PhHg™ ion (characterized
by logK;) decreased in the order

THT (10) > Py (8.1) > HMPA (6.2) > TMU (3.8) >
> DMSO (3.3) > DMF (2.8) > MeOH (1.4) >
> MeCN (1.1) > THF (0.6).

The necessity of considering the coordination of the
supporting electrolyte anions with the RHg™ cation is not
the only source of ambiguity in interpretation of such data.
After the addition of an electron, a bimolecular reaction
could occur

—1 (de )
Rzng ‘T R?Hg + Hg (5)
ki

k' (very fast)
P ——

2RHg

The parameters of reduction waves could change with
concentration, which should be reflected in the polarization
curve equation for the first step. In addition to the variation
in the wave slope, the dimerization of radicals to form a
labile intermediate such as ‘organic calomel’ RoHg, (or
[RHgaas],) should shift £ in the positive direction with
the increase in the volume concentration of the depolarizer
(co) and, conversely, shift E(l )2 in the negative direc-
tion.36-32-56,123 The slope of the 6E1/2/610gco plot was
determined by the 0.058/an, ratio, where o is the transfer
coefficient, n, is the number of electrons transferred in the
potential-determining step. For example, for PrHgOAc an,
was 0.45 (Ref. 123).

Given that a reversible electron transfer step is followed
by fast reversible dimerization with subsequent slower
decomposition of the dimer (k}/k"; > k,/k_,), equili-
brium (5) shifted strongly to this dimer formation. The
rate constant k", was approximately equal to 2 x 10— for
R = Me (Ref.93), and 3.5x10">cms—! for R = Et
(Ref. 79). The rate of RHg" dimerization depended on the
nature of R and could substantially differ for different
compounds, which complicated the interpretation of polar-

ization curves. For example, for electroreduction of trans-
and cis-AllHgCl (Ref. 56), the dimerization of radicals
slowed down (probably due to steric hindrances) to such
extent that it did not affect the characteristics of polar-
ization curves at all. This effect was less pronounced for n-
CeFi3Hgl in DMF solutions.®®

A clearer answer to the question of reversibility of the
first step can be obtained based on the data from fast scan
rate methods, e.g., cyclic voltammetry or chronopotentiom-
etry with current reversal. Figure 2 shows the charging

—EV
1
201
[RHgads], +ne —>
1.5 =~
R2Hgads e
~—RoHgsal
1.0 —ne
[RHgags], + X~
—> RHgX
051 RHgX +e—> 4
5
ok
T /ms

Figure 2. Chronopotentiograms (charging curves) of the mercury
electrode measured under galvanostatic conditions with the current
reversal in 10~4 M PrHgOAc solution.!23

1 is high current densities (i > 1 mA cm—2), I1 is low current densities,
I, E, < Ein, < E3; En =00V ([, [[) and —0.6 V (111); (1*5) is the
delay number; Ei, is the initial potential; £, and E3 are potentials of
the first and the third delays, respectively.

curves of the mercury electrode in PrHgOAc solutions
measured at different current densities.!?? Similar depend-
ences were observed for other alkylmercury salts.!% Their
analysis has shown that the second wave of RHgX electro-
reduction (or the second faradaic delay in chronopotenti-
ometry) corresponds to the totally irreversible step, because
no signals were observed in the anodic branch of the
chronopotentiogram with the current reversal. The reaction
corresponding to the first delay was characterized by
electron transfer with a certain degree of reversibility
(Fig 3a). In turn, the Tafel plots of the first step of
B-NaphHgOAc (Naph is naphthyl) electroreduction con-
sisted of two segments with slopes of 0.06 (low i) and 0.03 V
(high i) (Fig. 35).19% 111 This was rationalized '°° by the
presence of the subsequent fast chemical reaction with the
order varying from 1 to 2 with the increase in i. The Tafel
plot for oxidation was completely irreversible; hence, the
oxidized intermediate was not identical to RHg’, the pri-
mary product of reaction (1). The same conclusion was
drawn for PrHgOAc,'?? namely, the different form of the
Tafel plots for reactions in delay / and 4 and also certain
irreversibility of step (5a) suggest that the original salt is not
recovered in the oxidation of ‘organic calomel’. On the
other hand, the Tafel plot slope for delay 4
[(@Es/dlogi)g, < 0.03 V] was too small for a strictly irrever-
sible process and the coincidence of the Tafel plots for
delays / and 4 can be achieved only by their extrapolation
to sufficiently high current densities, i.e., to
i> 10> mA cm—?2 (see Fig. 3a).!'?3 The difference between
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—E/V a
0.35

0.25

log I (mA ¢cm—?)

0.20

0.05

-3 -2 log I (mA cm~—2)

Figure 3. The Tafel plots for the reaction corresponding to the first
delay (I, 2) in the electroreduction of PrHgOAc (a) and B-Naph-
HgOAc (b), the fourth delay of oxidation of the corresponding
‘organic calomels’ [RHguqs]n (3, 4).109-123

the peak potentials in voltammograms of one-electron ER
and EO of cyclopropylmercury halides was considerably
larger (0.3-0.4 V)¢ than in the above example and reached
0.5-0.6 V for mercuriouridine diphosphate and triphos-
phate,'%* je., substantially exceeded the theoretical
difference for the reversible process. Charging curves for
arylmercury salts, namely, phenyl- (Ref.110) and
pentafluorophenylmercury bromides,''” in contrast to
charging curves of alkylmercury salts (see Fig. 2), contained
no corresponding anodic delays, which pointed to the
complete irreversibility of ER.

The value of Eg/)z in aqueous, water-alcohol °2-%° or non-
aqueous ®® media was independent of the nature of sub-
stituent X but depended on the nature of the background
anion.>> % Apparently, this was associated with a remark-
able dissociation of RHgX, while the differences in E(ll/)2 for
PhHgCl, PhHgBr and PhHgl in DMF solutions®® were
most probably caused by the lower degrees of dissociation
of these compounds.

Both E§/2 and E(2/>2 substantially depended on the
nature of R. The values of Epz increased in the series
All < Ar < Alk (Refs 67, 69), whereas E<|/)2 increased in the
series Alk < Vi < Ar (Ref. 69) (Vi is vinyl) and also
increased with the shortening in the alkyl chain length
and, within the series, with the increase in the electro-
negativity of substituents. It was shown?! that the Eil/)z
values also depend on the polarization effect of R groups,
which can be significant for AlkHgClO4, PhHgCIO4 and
BnHgClO4. Analogous conclusion also holds true for one-
electron oxidation of AlkHgX.4°

For certain RHgX salts (particularly, for R = Ph, Bn or
PhCH(CO,H) (see Refs 14, 39, 74), it was shown that E({}
depends on the following factors: the redox potential (EY),
rate constants for dimerization of RHg [k}, see Eqn (5)]
and formation of the RHg* - L complex (L are anions X~
or polar molecules, e.g., H O and DMF) and the equili-
brium constant of complex formation [K;, see Eqn (3)].
Insofar as the trend of RHg" (or [RHg.4s]») towards coor-
dination was weakly pronounced, only two first factors
affected the E(lz)2 values.

The second step of RHgX electroreduction was conven-
tionally considered 3¢-52-60.104 jrreversible (Fig. 2). Com-
plexing agents did not affect the E§2>2

The reduction of the majority of RHgX salts on a
mercury electrode followed the Benesch model.’? In addi-
tion to substituted and unsubstituted organic compounds
(AlkHgX, AllHgX and ArHgX), inclusion compounds also
pertain to these salts [R stands for ferrocene, cyclopenta-
dienylmetal tricarbonyls n3-CsHsM(CO); (M = Mn, Re,
etc.) or certain carboranes].63-68:106 However, numerous
exceptions are known. For instance, Okamoto® has
shown that alkynes ArC=CHgCl and (ArC=C),Hg (see )
were reduced at similar potentials in a single two-electron
step in a H,O—dioxane (60%) mixture with tetraalkylam-
monium supporting salts in the wide pH interval

fas
ArC=CHgCl + Hg —ots ArC= CHgHgCl
j

fast

l (AI‘C C)zng

L IARC =C)sHg + Hyl
—> ArC=C~ + 2Hg + Cli

Feoktistov and co-workers ¢ used the method of hidden
limiting currents and observed that 2-chloromercurio-
3,3,3-trifluoropropyl acetate was reduced (similarly to vici-
nal dihalo alkyls 7%-71) throughout the pH range in a single
two-electron step by the mechanism of conjugated demer-
curation, i.e., with elimination of alkene

CF3;CH(HgCl)CH,OAc + 2e —> 7
——> CF;CH=CH, + Hg + ClI~ + OAc—.

For other derivatives of this type, ER proceeded by this
scheme only at pH << 7 (for example, for mercurates — the
addition products of Hg(OAc), to alkenes).?¢ Tomilov er
al %192 observed pH-dependent changes in the ER mecha-
nism of mercurioethanol salts. At pH > 7, two one-electron
steps were observed and EtOH was the main electrolysis
product, whereas at pH < 5 the polarization curves demon-
strated a single wave corresponding to the two-electron
step; ethylene was produced in virtually quantitative yield.
A similar two-electron wave appeared in solutions of
N-diethylaminoethylmercury hydrochloride at pH 5—14.62

RoNCH,CH,Hg* + 2e — > RyNCH,CHHg~ — > (8)

—> RoNCH>CH; + Hg.

One two-electron wave was also observed in solutions of
(CF3)>CFHgX (Ref. 57) and cyclo-C¢H2HgCL,'%° whereas
the multistep ER mechanism was observed for other alicy-
clic OMC (cyclo-CsHoHgBr, cyclo-CsH3HgBr, etc.). It is

+According to certain data,''> the ArC=CHgX salts synthesized in
aqueous solutions directly in the electrochemical cell were reduced
according to the Benesch mechanism.
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known 9% that bis(cyclohexyl)mercury is very unstable and
completely decomposes after isolation from the reaction
mixture.¥ Probably, with addition of the first electron to
cyclo-CeH 1 HgCl, the RHg" radical loses its mercury atom
and, at the same potential, R accepts the second electron.
For certain carboranylmercury halides, the one-electron ER
steps merged into a single step ©3 16 (probably due to the
high electron affinity of the carboranyl group). Voltamme-
try of mercurated polyuridine derivatives Poly(U—Hg)X
(Ref. 105) with the high degree of mercuration also revealed
a single peak of two-electron reduction, if the time of
preliminary potentiostatic stage was short. Voltammograms
of ‘weakly mercurated’ derivatives had the conventional
shape with two one-electron peaks at E, = —0.44 and
—0.89 V (E, is the peak potential) as for mercurated
uridine nucleotides.!'®* No explanation of these differences
was given.!95 However, such examples are scarce and in the
majority of cases the Benesch mechanism was realized.
Attention was drawn 1% to a certain similarity between
mechanisms of RHgX electroreduction and H3O* dis-
charge [the latter also afforded a dimeric product (H,)].
For RHgX, this corresponds to the recombination process

2RHgX + 2e = 2RHg —> R,Hg> =—= RoHg + Hg,  (9)

mainly typical of compounds for which the irreversibility of
the RHg" dimerization at ER was proved (see above).

If the RHgX reduction rate (current) was higher than
the rate of transition of RoHg to RoHg> but considerably
lower than the rate of the reverse reaction, the recombina-
tion mechanism can be represented by a scheme

2RHgX + 2e = RHgHgR —> R,Hg + Hg. (10)

However, because this condition was not fulfilled for
AlkHgX [according to Ref. 112, in Eqn (5) the ratio
' /K", < 10], it was concluded '%° that this mechanism was
valid only in the electroreduction of ArHgX. For AlkHgX,
the reaction (10) with the reversible or, more likely, quasi-
reversible dimerization of RHg" [like reaction (5a)]7%-7° with
a sufficiently low equilibrium constant (k}/k" | > k;/k_;)
was assumed to be more probable. '%° Nonetheless, as was
shown above, this route is unlikely for many AlkHgX
compounds and the electrochemical desorption

— X~ . RHgX,
RHg —22%s R,Hg, === R,Hg + Hg, (11)

RHgX + e

typical of the H3O* discharge seems to be more realistic.

In addition to dimerization, the reaction of RHg  with
the solvent was possible, which should reduce the yield of
R>Hg, . This way of the RHg" loss accompanied the ER of
carboxyethylmercury bromide and certain AlkHgX
derivatives (Alk = Me, Et, Pr, Bu, n-CsH;;, cyclo-
CsHy).109-110.123 With the increase in the electrode poten-
tial, the intermediate adsorption passed through a maxi-
mum in the ascending part of the first wave. This pointed to
the product—depolarizer interaction.

The hydrogen overpotential theory !4 considers the
‘hydride” mechanism according to which the RHgX electro-
reduction proceeds by reactions

1 Later, its was shown ! that the formation of this compound involves the
formation of a labile intermediate [(CH2)sHg]> with ring structure.

RHg"
« [ > RHgHgR } (12)
RHgX + 2e === RHg~ — R.Hg
—> Hg + R~ BH*
RH + B.

This mechanism proved to be more probable for the ER of
cyclohexylmercury chloride,!®® ArC=CHgX (Ref. 64) and
other compound reducible in a single one-electron step.

In aqueous and non-aqueous media, symmetrical com-
pounds R>Hg were reduced in a single irreversible two-
electron step according to the following equations:%4 67

R,Hg + 2¢ + 2H* —> 2RH + Hg (pH < 7), (13)
RoHg + 2¢ + 2H,0 —> 2RH+Hg+20H- (pH>7). (14)

The transfer of the first proton probably followed the
transfer of the first electron, because the addition of H,O
did not change the shape and the position of the reduction
wave of BnoHg in MeCN.?3

Depending on the nature of substituent, the R>Hg
electroreduction may be reversible [Hg(CN),,%7-72
(CBr3);Hg (Ref. 77)], quasi-reversible [di(a-carboxy-
ethylbenzyl)mercury ©’], or, as for the majority of com-
pounds studied so far, irreversible.!3-67-130 In the latter
case, the ER potential varied in a sufficiently wide interval,
which was first of all associated with the polarity of the
C—Hg bond. The most positive potential corresponded to
the reversible or quasi-reversible reduction of Hg(CN), and
a-oxoorganomercury compounds with a strongly polarized
C—Hg bond (for these derivatives, carbanions R~ proved
to be sufficiently stable !39); the most negative potential
corresponded to covalent compounds Alk,Hg and Ar,Hg.¢7
The interrelation between the polarity of the C—Hg bond
and the rate of RoHg electroreduction can be easily fol-
lowed by the example of compounds of the same kind.
According to the results of the above study, ¢’ in the series
of PhoHg and the corresponding halo-substituted deriva-
tives (60% DMF —H,0, 0.1 mol litre—! Et4NCIO4),% the
values of —FE;,» (presented in parentheses, V vs. SCE)
decreased synchronously as follows: PhyHg (2.2) >
(C6Cls)Hg (1.69) > (CeFs)>Hg (0.86), while an, cover the
range from 0.6 to 0.8. The equality (or closeness) of an, in
the series of RoHg derivatives (R is a substituted benzyl)
implies ¢7 that the differences in the Ej values under the
condition that E° is independent of the nature of R were
caused only by the changes in the rate constant for the
R>Hg electroreduction. This explains the adequate correla-
tion between E;» and the Hammett constants (o) for
(XCsH4CH>)>Hg (X = Br, F, H, Me in different positions).
Sometimes, such differences were very big. For example, for
bis(B-cyanoethyl)mercury Ei» = —2.33 V (H20, 0.15 mol
litre=! EtyNCIOy4),"> 116 but for bis(cyanomethyl)mercury
Eip= —0.62 V (MeCN, 0.05 mol litre ~! BusyNBF,).130

Many authors tried to elucidate whether both electrons
were transferred simultaneously in the RoHg electroreduc-
tion or only one electron was involved in the potential-
determining step and the transfer rate of the second electron
considerably exceeded the rate of the first step (for instance,
as in the ER of certain alkyl and aryl halides 7'-150-151) The
majority of scientists lean to the latter assumption; however,

§ Throughout the present review, in describing the experimental condi-
tions, first, the solvent composition is shown, which is followed by the
supporting electrolyte composition and concentration; all potentials are
expressed in Volts with respect to the saturated calomel electrode (SCE).
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the polarographic method in applicable for studying fast
reactions provided no answer to this question. On the other
hand, even using the fast-scan pulse galvanostatic method
(with the current densities up to i < 10* mA c¢cm—2), Ershler
and co-workers !4 failed to observe consecutive electron
transfer in the electroreduction of (Cg¢Fs);Hg in the
H>O—MeOH (10%) mixture. Thus, a direct proof of the
consecutive nature of the OMC electroreduction requires
that other methods should be invoked. Indeed, spectropho-
tometric studies of the pulse radiolysis products of Bn,Hg
and its fluoro derivatives !52 in THF pointed to the transient
formation of quickly protonated R~ carbanions and RHg"
radicals (lifetimes <0.002 and ~20—50 ms, respectively) in
reactions such as

RoHg + e —> [R,Hg]™ —> RHg + R~. (15)

Radicals were lost in a second-order reaction.!>? Bregadze
and co-workers 133 observed the one-electron reduction of
RzHg (R = Ph, Bn, PhCzBloHlo) at —30 °C under the
action of lithium dihydronaphthalide in THF.

It is typical that ER of non-symmetrical derivatives
R’HgR usually proceeds in two one-electron steps. Dessy
et al.®” identified PhoHg as an electroreduction product of
PhHgCCls. Insofar as PhoHg was reduced with consider-
ably higher difficulty as compared with Hg(CCls)2, the
following reaction scheme was put forward:>7

. BH™*
CCLHgPh + ¢ —> PhHg + CCl; — CHCl: + B (16)

|

%thﬂg + %Hg.

Examples of this kind are few because many R'HgR
compounds are unstable and decompose even at room
temperature to R,Hg and R5Hg. However, if R’ is carbor-
anyl, these compounds do not disproportionate even in
melts and are also reduced in two steps.®® For example,
the first step of RC:2BjoH 0HgMe (R = Alk or H) electro-
reduction afforded the MeHg" radical and the reduction
potential of the latter in the second step adequately corre-
sponded to Eﬁz/)z of MeHgCl reduction, which confirmed the
proposed mechanism. However, according to other data, '
the two-electron reduction of R’"HgR was also possible, for
example, for PhHgCgFs.

The susceptibility of the R—Hg and R’ —Hg bonds to
reduction was compared in polarographic studies of the
exchange reactions of R,Hg (R = Ph, CN, CCl;, C=CPh,
Bn, CFCICOOEt, CF,COOEt, CH,COOMe) compounds in
DMF (0.1 mol litre ~ ! BuyNClOy).2¢

RIHgR? + R3HgR* —= RI!HgR? + R?HgR* a7
(or R'THgR* + R2HgR?).

Particularly, it was shown that the exchange rate with
diphenylmercury varied in the series
Hg(CN), > Hg(CCl3), > Hg(C=CPh), >
> Bn,Hg, Hg(CFCICOOE), >
> Hg(CF,COOEt), , Hg(CH,COOMe): ;

moreover, no exchange was observed for the last three
compounds. The authors concluded that the wider the
difference in the nucleophilicity of radicals of a non-sym-

metrical derivative (PhHgR’) the higher the rate of its
formation.

The electrochemical behaviour of [RoHg- L] complexes
is still unclear because they are much more labile than
[RHg* -L].'* The trend of OMC towards coordination
with different ligands increased in the series >4

PhHgX < (Cg¢Fs).Hg < Hg(CN), < Hg(CCls), <
< Hg(CNS), < HgX.

Complexation dramatically changed the electrochemical
characteristics of OMC hindering the electroreduction and
favouring the electrooxidation of R,Hg.”%7¢ Thus bis(phe-
nylcarboranyl)- and bis(vinylcarboranyl)mercury were not
oxidized on a Pt electrode in anhydrous MeCN, but their
complexes with Bipy and Py were oxidized quite easily.”?
For the ER, the opposite was true, namely, bis(carboranyl)-
mercury derivatives were easily reducible,®® whereas their
complexes with Bipy proved to be electrochemically inac-
tive.75.76

Although the attempts of scientists to observe OMC
solvation using different methods including electrochemical
failed,’® it deserves mentioning that for the majority of
dialkyl- and diarylmercury compounds, E;,, values in DMF
and DMSO were close but strongly differed from those in
Py, MeOH and H,O—MeOH mixtures. The ability of
solvents to solvate RoHg decreased in the series ¢7

Py > DMSO > DMF > MeOH > H,O.

The similar results were obtained for R;Hg compounds
with strongly polar groups, e.g., bis(phenyl-o-carboranyl)-
mercury and bis(methyl-o-carboranyl)mercury.67-75.76

Complexes [RoHg- L], where L is an inorganic anion,
were less stable than those with organic ligands. As a rule,
they could not be isolated; hence, only few publications
dealt with the electrochemical behaviour of such complexes.
Thus complexation of dicyanomercury (which, by the way,
is often classified with inorganic mercury compounds) was
studied by polarographic, chronopotentiometric and poten-
tiometric methods in a classic work.”? Insofar as the electro-
negativity of CN groups was sufficiently high and the
C—Hg—C fragment was non-linear,'>* the strong trend of
Hg(CN)> to coordination is not surprising. For the
Hg(CN); complex, logK; was ~38.1, and Hg(CN);~
appeared in the alkaline medium (pH > 9.5) immediately
on the electrode (log K=~ 40.6) or in the solution bulk in the
presence of excess of cyanide (logK; ~ 40.1); chlorides
formed weak complexes such as [Hg(CN),]JCI—
(K; = 0.58 £0.05) and [Hg(CN),]Cl5~ (Ref. 72).

The pulse galvanostatic method was used ''9-122 in
studying the formation of complexes of perfluorodiphenyl-
mercury; the latter was obtained from pentafluorophenyl-
mercuric bromide directly in the electrochemical cell. The
condensed phase of this compound '20-122 was reduced in
one, two or several delays depending on the experimental
conditions (Fig. 4). Based on the dependences of the poten-
tials of first two delays of the perfluorodiphenylmercury ER
on the supporting electrolyte concentration the charges of
species that reacted in the first and the second delays,
namely, z; and z;, were determined ''-121 as in Refs 155
and 156.

For a species reacting in the first delay, z; ~ 0, but in the
second delay, in the majority of cases, a negatively charged
species was reduced with the charge (z2) dependent on the
nature of the supporting electrolyte, first of all, on its anion.
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Figure 4. The lengths of the first (/, 2) and the second (7', 2') delays of
the reduction of perfluorodiphenylmercury synthesized by microelec-
trolysis of 5 x 10~> mol litre ! pentafluorophenylmercuric bromide as
a function of current density for 7, = 2 min.'"?

NaCl solutions in aqueous ethanol (10 vol.% EtOH) served as the
supporting electrolytes. [NaCl] /mol litre=1: (1, 1') 0.9; (2, 2') 0.09.

This implies that the anion could enter into the composition
of the reaction complex. Note that the different nature of
species reacting in delays / and 2 follows from the consid-
erable differences in both their potentials £; and E» and the
values (an,); and (an,),> (Fig. 5).119 It is believed 19121 that
it was a complex of perfluorodiphenylmercury that was
reduced in the second delay. One of its ligands was the
supporting anion if z; < 0, as for instance in solutions of
NaOAc (z2 ~ —0.7) or NaCl (z2 ~ —0.4); however, with
Na»SOy4 as the supporting electrolyte, z> ~ 0. Hence, it was
concluded ' that the AcO~ anion, in contrast to SO, was
the component of the reaction complex. The difference
stems from the fact that the mercury atom in R,Hg com-
pounds is coordinatively unsaturated (its coordination
number can reach 3, for example, in perfluorodiphenylmer-
cury).'# This is why such compounds were more susceptible
to coordination with monodentate ligands, whereas the
sulfate anion being a weaker coordination agent was a
bidentate ligand.

Big differences between the Tafel plots measured with
Na salts as supporting electrolytes, on the one hand, and Cs,
K, and Et4N salts, on the other hand, were revealed.!'®
These differences were apparently associated with the
changes in the surface properties of perfluorodiphenylmer-
cury formed on the electrode as a result of specific adsorp-
tion of cations of these salts, i.e., with the double layer
effects.!>> The rate of electroreduction at £; increased in the
series

Nat <K*" <Cst <Et4yNT*.

This effect typical of the irreversible ER of, e.g., anions and
alkyl halides,!57 is usually associated with the decrease in
the ¥’ potential in this series as a result of specific
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Figure 5. The Tafel plots describing electroreduction of perfluorodi-
phenylmercury synthesized by microelectrolysis of 5x 10~> mol
litre ~! pentafluorophenylmercuric bromide.!!®

NaOAc solutions in aqueous ethanol (10 vol.% EtOH) served as the
supporting electrolytes. [NaOAc] /mol litre =': (1—-4) 2.7; (5-7) 0.9; (8)
0.09; (9) and (10) 0.009; (1, 3, 5, 9) for the first delay; (2, 4, 6, 8, 10) for
the second delay; dashed curve, for chemically synthesized perfluoro-
diphenylmercury.

adsorption of cations. The reaction corresponding to the
second delay accelerated in the presence of specifically
adsorbed cations as compared with the ER against the
background of sodium salts to the greater extent than the
reaction corresponding to the first delay under analogous
conditions. According to these data, the transition state was
localized in the vicinity of the adsorbed ion (Cs*, K™,
Et4N*) and the ER of depolarizer proceeded via cationic
bridges (‘cationic  catalysis’!°7-158)  or ion  pairs
{M* —[R,HgX]~}. The uncharged species in Na>SO4
solutions were treated ''%-12! as complexes with the solvent
(water or ethanol). In contrast to diarylmercury, its per-
fluorinated analogues are stronger Lewis acids, they form
adducts with different organic and inorganic bases much
easier.!1-159

Using the Brdiczka—Wiesner model of the kinetic
layer,'%9 the limiting kinetic current iy, which characterizes
the stability of complexes, was assessed.!!” It was
concluded that the acetate and chloride ions formed the
most stable complexes with perfluorodiphenylmercury
[ix = (0.05-0.15) mA cm—?2], while the sulfate and carbo-
nate ions in solutions of caesium salts formed the most
labile complexes [ix ~ (0.1-0.5) mA cm~2]. The formation
of a labile complex {[(CcFs)Hg]BH4}~ (K; = 102 litre
mol—!) in THF was observed '®! by IR spectroscopy.

A somewhat different coordination mechanism was
proposed in the studies of the ER of bis(arylchalcogeno)-
mercurials (ArE),Hg (E = Se, Te) on a mercury electrode,
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according to which in the first step these compounds are
reduced by the two-electron mechanism, the liberated car-
banion ArE~ is coordinated to (ArE);Hg to form a trian-
gular complex (ArE);Hg™ and the latter is reduced at more
negative (with respect to the uncoordinated form) potentials
as compared with (ArE),Hg.100.102

Salts of other organometallic compounds, for example,
R3SnX and R>SnX; [X = CI, Br, I; coordination number of
Sn was 5 or 6 (Ref. 19)] also formed complexes with the
halide ions and the solvent during the electroreduction in
DMF and DMSO.3 162 The first chloride ion was abstracted
from R3SnCl, (R = Alk) in DMF at E~ —1 V and from
[R2SnCl3]~ complex, at E~ —2 V, whereas the complex
anion [R,SnCl4)>~ was inactive.'®? In the general case, the
formation of heteroligand complexes, i.e., with the solvent
and the Cl— ion is possible; therefore, the overall kinetic
current should be determined by the competition for the
position in the coordination sphere. The formation of such
heteroligand complexes was also hypothesized in the case of
perfluorodiphenylmercury.!19- 120

Scheme 1 was proposed to describe the mechanism of
OMC electroreduction at a mercury electrode in the general
form.12!

However, even this generalized scheme does not reflect
to the full extent the details of the ER mechanism for
different OMC. In particular, it does not consider the effects
of the adsorption of components of the electrochemical
system and also of heterogeneous equilibria such as (6) in
Scheme 1 on the surface and in the bulk solution.

II1. Intermediates of one-electron reduction
of RHgX salts and properties of heterogeneous
chemical equilibrium R,Hg + Hg 2 [RHga44].

Compounds with the general composition RoHg were
obtained in the electrolysis of RHgX salts at the plateau
potential of their first reduction step.>?-57-63.138-140 Sych a
method of R,Hg synthesis was discovered and patented
back in the 1920s.:27! According to the proposed>?
scheme, the RHg' radical formed in the first reduction step
either was reduced at more negative potentials or dispro-
portionated to RyHg via transient metastable ‘organic

315
RHg'
&5 [RHgHgR] = RoHg + Hg (18a)
R, —| ,
RHgsolv - Rso]v + Hg (]8b)

If R,Hg compounds formed under these conditions were
electroactive, the polarization curve of electroreduction of
RHgX (for example, benzylmercury halides 3193 or alke-
nylmercury ) demonstrated three waves. If the rate of a
dismutation reaction such as (18a) was sufficiently high and
R,Hg was electrochemically more active than RoHgs, the
second wave corresponded to the reduction of the overall
compound and the third wave corresponded to the reduc-
tion of ‘organic calomel’. Such an ER mechanism was
proposed for a-(bromomercurio)phenylacetic acid and its
derivatives,!-¢7 n-C¢F3Hgl (see Ref. 89) and some other
compounds. As a rule, electrochemically inactive R>Hg
compounds exhibited high surface activity; at the potentials
of their cathodic and anodic adsorption-—desorption in
polarization curves (voltammograms, chronopotentio-
grams), the capacitance signals were observed (see Fig. 2).

Another way of RHg" stabilization, i.e., demercuration
[see reaction (18b)], was more typical of the loss of radicals
in the bulk, in analogy with homolytic photo- and thermo-
decomposition of OMC.!° Indeed, for RHg", the dissocia-
tion energy D(R—Hg) was lower than the mercury
vaporization heat (59.1 kJ mol—!) (Ref. 145) and amounted
to 28 kJ mol—! for MeHg", EtHg" and other alkylmercury
radicals;!45-14% hence, this version of stabilization is cor-
rect. However, the preferableness of step (18a) more prob-
ably stemmed from the abundant evidence obtained by
electrolysis at controlled potential: at the first-wave limiting
current, it was RoHg (Refs 1 and 2) that was obtained in
quantitative amounts rather than the dimer R—R. The
latter was identified only occasionally and in trace
amounts.%0-93

Reaction (18b) becomes noticeable when the radical
RHg" formed is unstable. Thus in the electroreduction of
PhHgCCls [see reaction (16)], colloidal mercury appeared
even at moderate negative potentials, which was
explained %7 by the decomposition of RHg  coupled with
charge transfer. Such partial decomposition of an organo-
mercury intermediate was also typical of mercurates,? for

calomel’. instance, at potentials of the first ER step, the
RHeX Scheme 1
<1a)l ¢
RHgXL:
RHgX'~
L., (lo) H(IC’) -
(lb)l T eBHLGY RH + Hg + B
RHgX Xe (i) gy O pH<7 &
ad) w(m) e (1) ., ;,}{(2:)7 Rie- P R g 4B
(1) -
— -+
X~ + RHg ne, (42) uBH". (40
BH*, (5) ) 4 —————>nRHgw — > n(RH + Hg + B)
Hg, products, [RHg.4h —  ,,BH+
free from Hg A e, (4b) n(RH +Hg + B)
(6b), k_1 1| (6a), ki ’
Y 2e,(7),2BH*
He + RoHg 25D 2B RH + 2Hg + 2B
(8b) L(Sa), L,

R,HgL?

BH* .
260 2BH ) RH + He + 2B + L]
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HOCH,CH;Hg' radical could decompose to bis(B-hydroxy-
ethyl)mercury 162

HOCH,CH,Hg’

(HOCH>CH,)> + Hg  (19a)

HOCHzCHzHg'

HgOH + C,H,. (19b)

Under these conditions, the R_NCH,CH>Hg" radical parti-
ally dimerized and simultaneously reacted with the sol-
vent 8 to afford hydride RHgH, which also decomposed
to evolve ethylene

R>NCH,CH,Hg’

(RzNCHzCHz)QHg + Hg (20d)

RzNCHzCHzHg.
RzNCHzCHzHgH ? R,NH + C2H4. (20b)
—nHg

Instability of such derivatives is well known,!%* namely,
the rate constant for the reaction

RHgH —> RH + Hg (20c)
was from 0.02 (R = Me, Et) to 0.05 min—! (R = Ph) and
still higher in acidic media.'®* Obviously, this kind of
reactions should compete, first of all, with steps (5) in
Scheme 1, thus lowering the yield of RoHg.

Electrolysis of sec-BuHgBr afforded racemic di(sec-
butyl)mercury.’’ Later, analogous data have appeared for
other optically active derivatives of alkyl- (Ref. 96) and
phenylalkylmercury.!®> The loss of optical activity was
explained °” by the radical exchange RHg---R---Hg. The
one-electron reduction of PhHg*Br (Hg* is the 293Hg radio-
active marker) led to the formation of Pho,Hg with the active
isotope content <10%; at open circuit, no exchange was
observed. This pointed to the possibility of direct exchange
RHg —cathode in the course of electrolysis, where the
reaction could proceed ‘from either side’ of the mercury
atom in the radical (escape of the R group ‘from the cage’).
For example, in the ER of stereoisomeric -chlorovinylmer-
curic halides,® the configuration of chlorovinyl groups
remained unchanged. However, the latter does not rule out
the possibility of exchange of the mercury atom in RHg'
with the cathode, because stereoisomeric vinyl halides were
reduced to form a configurationally stable carbanion that is
inverted extremely slowly.*

Butin and co-workers 3% 142 and other authors 83~ 8¢ have
shown that on Pt (Refs 131, 132), Au, PbO, and GC
electrodes (GC is glassy carbon),'0%-197 the RHgX salts
were reduced in a single irreversible two-electron step with
E1» more negative than E(ll)2 at a mercury electrode (for
example, by ~ 0.7 V for MeHgCl on Pt/Hg, and also for
PhHgBr, see Fig. 1). The second scan demonstrated curves
almost the same as at a mercury electrode.’ This provided
grounds to conclude %7 that after the electroreduction of
RHgX, mercury was deposited on platinum and other
cathodes and the OMC molecules were adsorbed (more
likely, chemisorbed) on this mercury layer. Then, a Hg
atom was incorporated into the RHgX molecule (probably,
in the same manner as in the isotopic exchange, see below)

4/ This is why, numerous assumptions on the identity of the electro-
reduction mechanism of RHgX at mercury and other electrodes (for
example, at Pt) 3% 79 were probably explained by the fact that the measure-
ments were carried out on the surface already partially covered with
mercury.

to afford non-symmetrical ‘organic calomels’ RHgHgX,
i.e., mercury promoted the RHgX electroreduction.

(RHgX)sov == (RHgX)aas, @n
fast
(RHgX)uds + Hg - (RHgHgX)z\ds’ (22)

(RHgHgX)aas + € =—= (23)
= (RHg") + Hg[or (RHgHg)aas] + X .

Presumably,'%7 in the key step of RHgX electroreduction on
mercury, non-symmetrical ‘organic calomels’ formed as a
result of RHgX chemisorption at a mercury electrode sur-
face and thus could be reduced [see reaction (23)] more
easily than the original organomercury salt. This mecha-
nism (below called the Butin mechanism) should be consid-
ered as fairly general. It was shown ! that not only the
C—Hg bond but also the B—Hg bond was reduced in this
manner on solid electrodes. However, the voltammetric
signals on such electrodes were much less pronounced as
compared with the mercury electrode. Particularly, for a
‘pure’ microelectrode (~11 pm in diameter) fabricated
from a carbon wire, virtually no signals were observed in
monomethylmercury solutions.®3

Naturally, the mechanism of transformations of the
RHg' radical should depend on its stability. The one-
electron reduction of RHgOAc (R = Ph, Bn, n-C¢H;3) in
the presence of CCly was studied.'®® Whereas Ph- and
n-Ce¢H 3sHgOAc resulted mainly in RHgCl upon electro-
reduction at the potential of the first step, BnHgOAc
afforded Bn,Hg. Hence, disproportionation of the BnHg’
radicals was faster than their reaction with CCly, whereas
PhHg' demonstrated the opposite trend. Therefore, the
stability of PhHg' radicals (especially, AlkHg") was higher
than that of BnHg'. Reutov and co-workers?3%-3%47 have
shown that easily reducible and oxidizable RHgX salts form
stable radicals R" and easily undergo thermal decomposi-
tion [see reaction (18b)] with cleavage of the R—Hg bond.
Moreover, the shorter the ‘polarographic window’ for these
compounds [the difference between E;,» values for electro-
oxidation and electroreduction of RHgX (Ref. 47)] the
easier their dissociation to R" and Hg'X.

In this context, attention should be drawn to a pioneer-
ing treatise by Kraus !¢’ published in 1913 when the mech-
anism of OMC electroreduction was not even discussed. In
the electrolysis of alkylmercuric halides in liquid ammonia
at —70 °C, he observed the cathodic deposition of a black
substance with metallic lustre that, as was demonstrated in
the late 1950s,'9® exhibited no properties typical of free-
radical species, for example, induced no EPR signals T and
also had the crystal structure and conducted electric cur-
rent. Presumably,!7-16% this solid phase represented an
‘organometal’. Numeral attempts at determining its molec-
ular mass and chemical composition failed, because this
phase decomposed to RoHg and metallic mercury on heat-
ing to —(10-15) °C (R = Me) or to 0 to —5 °C (R = Et,
Pr). The partial (R = Ph) or complete (R = Bn) decompo-
sition started at the temperature of about —70 °C, which is
qualitatively consistent with the conclusions of another
study '%¢ on the lower stability of BnHg  and PhHg as
compared with AlkHg .

+ According to certain data,'?” adsorbed AlkHg' radicals induced no EPR
signals due to the fast spin exchange with the cathode mercury rather than
due to their short lifetime.
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In one of the studies cited,'®® as in other investiga-
tions,>” the complete loss of optical activity was observed
in the electrolysis of sec-BuHgBr. It was assumed !¢ that
the ‘organometal” had the crystal lattice of mercury in which
all of the C---Hg---C bonds were equivalent* and the
unpaired electron was delocalized in the conduction band.
Naturally, the lattice stability weakened with the increase in
temperature and depended on the nature of R. For example,
the n-alkyl ‘organometal’ was more stable than the isoalkyl
counterpart, which was probably caused by steric factors,
because these isomers had similar C — Hg bond energies.'*

Of special interest were the high-molecular derivatives of
alkylmercury. It is known that the stability of RHg free
radicals increases in parallel with chain elongation (for the
corresponding radicals R°, the stability, conversely,
decreases ). A yellow precipitate formed in the one-electron
reduction of cis-2-chloromercurio-3-ethoxycyclononene and
-decene, and also of trans-2-chloromercurio-3-methoxycy-
cloundecene and -tridecene at liquid nitrogen tempera-
ture; >® moreover, as the temperature increased to room
temperature, the colouring disappeared not immediately but
in the course of several minutes. This precipitate gave an
EPR signal (albeit poorly pronounced), which presumably
pointed to its free-radical nature.

Using the high scan rate pulse galvanostatic method, the
ER mechanism was studied for a series of RHgX and RoHg
compounds.!%?- 125 Note that the behaviour of AlkHgX (see
Fig. 2) and Alk,Hg in the course of a current pulse proved
to be very similar (albeit the first delay was absent for
Alk,Hg solutions). Charging curves of EtoHg unexpectedly
revealed a faradaic delay in addition to the adsorption—
desorption delay at ca. —1 V.19%.110 The faradaic delay
potential coincided with E(12/>2 of EtHgBr and the parameters
of the corresponding Tafel plots also turned out to be
close.''® Moreover, it is known!-®7 that many Alk.Hg
compounds either reduced by the two-electron mechanism
at very high cathodic potentials or were altogether polaro-
graphically inactive. Thus diethylmercury could not be
reduced on a Hg electrode up to —2.8 V.27 Hence, the
following two conclusions can be inferred:

— upon adsorption on mercury, EtoHg was transformed
into an electroactive substance [EtHg] analogous to the
product of the first step of the EtHgBr electroreduction;

— an equilibrium between [EtHg] and Et,Hg was estab-
lished on the electrode surface.

Later, °* it was observed that the one-electron reduction
of Etl and EtBr (H>O:EtOH = 1:1), like the Et,Hg
adsorption, produced one and the same ([EtHg] in
Ref. 110) short-lived mercury-containing species (desig-
nated °* as Et,q4s) capable of the further electroreduction or
electrooxidation. In Ar,Hg chronopotentiograms, only the
signals corresponding to its ER or desorption were
observed.109-111

According to certain data,?® 70 the isotope exchange
proceeded via the free or crypto radical state

R—Hg—R’' + Hg* —» RHg—Hg*—R' —» (24)
—> RHg*R’ + Hg.
The radical RHg" (one of the possible intermediates

formed in the homolysis) proved to be extremely unstable
(its lifetime did not exceed 10—8 s) 7! and its loss mainly

1 Hence, the possibility of the RHg---Hg---RHg exchange follows from
the very structure of the ‘organometal’.

occurred through demercuration [see reaction (18b)].
Hence, the very presence of its individual signals in charging
curves should imply that its lifetime on the electrode was
much longer than under homolytic conditions. Naturally,
the stabilization of RHg" in the adsorption layer depended
on the nature of R (and the metal M for R,M).!'7® For
phenyl derivatives of different metals, the degree of
exchange (in %) with metallic mercury decreased in the
series:

PhoHg (77) > PhoCd (53) > PhoMg (2.9) > PhoZn (1.6) >
> Ph3Bi (0.8) > PhsSn, PhyPb (0.0),

i.e., in parallel with the increase in the dissociation energy
D(R—M). For Ph4Sn and organolead derivatives, the
important role was also played by steric hindrance. For
this reason, e.g., in the adsorption of AlksPb at a mercury
electrode, no RHg' radicals were detected.!10-112

Hence, either the mercury electrode surface stabilizes the
RHg’ radicals or the [RHg] species are not the free radicals.
The latter assumption was confirmed, besides other factors,
by the Tafel plots of one-electron reduction of RHgX and
the electrooxidation of reaction products. The species
formed during the adsorption and electroreduction of
RHgR’ derivatives at a mercury electrode were
studied "% 111 as well as the compositions of mixtures of
RHgX and R'HgX; R,Hg and R5Hg (R # R’) (Fig. 6).

During the adsorption of EtHgCsFs, a signal of either
the direct electroreduction of this compound (curve 7) or
the reduction preceded by a slow chemical step such as
reaction (22) to afford the [EtHgCsFs] species (curve 2) was
observed. The signal corresponding to the [EtHg] electro-
reduction was also retained.

For the co-adsorption of EtaHg and (C¢Fs)2Hg on the
electrode, both these compounds and [Et,Hg,] were present
on the electrode (curve 3). The same was observed when
EtHgBr was substituted for EtoHg (curve 4).

The one-electron reduction of EtHgBr and C¢FsHgBr
produced (Cg¢Fs).Hg, EtoHg, [EtHg], EtHgC¢Fs and
[EtHgCsFs] (curves 5—38).

The [EtHgCsFs] species could be identified with neither
[EtHg] nor [C¢FsHg] for which Ei»~ —(1.4—1.6)'1° and
—0.3 V (Ref. 118), respectively, nor perfluorodiphenylmer-
cury, which is reduced separately from the rest of species
and was characterized by an delay with the ER potential
~ 0.12 V more positive than the potential of [EtHgCsFs]
reduction.!!® It was assumed '!'! that the considered species
contained both groups (Et and C¢Fs), i.e., the EtHg  and
Ce¢FsHg', so that the EtHg" and C¢FsHg' radicals after their
appearance recombined to form intermediates such as
EtHgHgC¢Fs (‘organic calomel’). Presumably,''! Alk,Hg
at a mercury electrode was also in equilibrium with the
corresponding ‘organic calomels’. The second wave in the
polarograms of RHgX (in any case, its beginning, where the
ER rate is still very low) was also associated with the
electroreduction of RoHg, rather than of RHg'.

It is probable that the lifetimes of RHg  (e.g., see
Refs 36, 54 and 60) characterize the stability of RoHgo.
Due to difficulties of its identification, ‘organic calomel’
long escaped detection, although organic chemists operated
with this name for a long time. ‘Organometal’ is simply a
one-electron reduction product of RHgX (see above), which
is more stable than RHg'. Thus Casanova and Rogers 34
electrolyzed  o,m-dihaloalkanes RHal, [R = (CHa),,
n=4-7,12] and obtained products with the high mercury
content and assumed them to have the RoHg, composition.



318

V A Kurmaz, V P Gul'tyai

— E/V (SCE)

20

EtHgHgCgF's

(CFs)Hg

0.5

(C(,Fs)zHg

EtoHg,

EtzHg

(CgFs)Hg (CsFs)Hg

t /ms

Figure 6. Chronopotentiograms of the mercury electrode in solutions of EtHgC¢F5 (/, 2), mixtures of (C¢Fs),Hg and Et,Hg (3), (C¢Fs).Hg and
EtHgCl (4), CsFsHgBr and EtHgCl (5, 6) and also of C¢FsHgBr (7), EtHgCl (8).'!!
KOAC solution in aqueous methanol (10 vol.% MeOH) served as the supporting electrolyte. (Z, 5) high, (2, 6) low current densities.

However, using the methods of mass spectrometry and
atomic absorption spectroscopy, it was shown '33 that, in
certain  cases, organomercury polymers such as
R —Hg—(RHg),—R could be formed. Bart and Peters 37
electrolyzed o,w-diiododecane and isolated a polymer con-
taining ~ 54% of mercury (n ~ 5). From their viewpoint, in
this case, the monomer was the "CH,(CH,)oHg" biradical.
Its formation as the one-electron reduction product of
CHo,I, was postulated by Feroci and Masragostino.!3¢

Structures such as RMM'R (M = M’; M # M’, where M
and M’ are metals) were long known in chemistry of
organometallic compounds.?® Some of them (for example,
certain Sn—Hg- 172 and Te — Te-organic compounds ?°~102)
are very stable.

At the same time, it is known!%® that calomel, an
inorganic derivative of ‘univalent’ mercury, at a mercury
electrode surface is in equilibrium with mercuric chloride.
Some publications reported on the synthesis and isolation

of  ‘organic  calomel’ XHgHg(X'HgHg)R  (where
R=C=C=0; X' =0Ac; X=O0Ac, NO; ClOy),'”
RHgHgX salts (R =2- and 4-methylpyridyl; X =1,

OAc).!'®* The composition of products was inferred from
their chemical properties, the elemental analysis and 'H
NMR and IR spectroscopic data. Unfortunately, attempts
to grow crystals of a size sufficient for proving unambigu-
ously the formation of RHgHgX by the X-ray diffraction
method failed.!®

Upon preparative electrolysis of acridine on a Hg
cathode, diacridinyldimercury was isolated, which con-
tained 52.9% Hg according to the data from X-ray fluo-
rescence analysis.!’ The action of the Grignard reagent
(BuMgCl) on an inorganic derivative of univalent mercury
(Hg»Cl,) afforded a compound that was postulated to have
the composition (C4Ho)>Hgo ; this succeeded to precipitate
from solution.!’> These conclusions were drawn based on
the results of gas chromatography in combination with
mass and atomic emission spectrometry.

Insofar as in the above-mentioned cases, no EtHgCsFs
formed in the co-adsorption of Et,Hg and (CeFs).Hg (see
Fig. 6, curves 3, 4), the dissociation of RoHg> to form RHg"
radicals is unlikely. Otherwise, the following cross-reaction
could have occurred:

2Hg + (C5F5)2Hg + EtbtHg —= (25)
<= 2C¢FsHg + 2EtHg == 2C¢FsHgHgEt.

At least for (Ce¢Fs)2Hg and Et,Hg (or EtHgCl), the
possibility of such dissociation (e.g., see Refs 78 and 95)
should not be claimed without special tests.

Taking into account the aforementioned, it can be
assumed that organomercury intermediates that emerge in
ER of different compounds substantially differ in their
nature. In addition to ‘organic calomel’, the formation of

other intermediates was inferred, namely, RHgRX~
(Ref. 103), RHg,R,’7-%¢ RHg.s,*° (RHg),, R(Hg).,
‘adsorbed organomercury polymer’® or its anion,!04

RHgHgX,'7” RHgHg" (Ref. 38), RHgHg™, ‘organomercury
cluster’,131:138 RyHg3", [RoHgsCL]2* (Refs 176 and 177)
and other polymercurides!%417® and organic amal-
gams.!43.144.179 In any case, such intermediates could con-
tain more than one mercury atom ([R,,Hgads]» with, most
probably, n = m = 2) and would undergo adsorption at a
mercury electrode. Quantum chemical calculations suggest
strong endothermicity of the process for n > 2.4 Here, for
the sake of simplicity, the designations [RHgaas], (or
R>Hg») and the term ‘organic calomel’ are used.

However, it should be borne in mind that ‘organic
calomel’ as such could be formed by the following two
different mechanisms, i.e., with the involvement of either
RHgX or R;Hg. In the former mechanism, it forms as the
result of dimerization of RHg" radicals, the products of the
first step of RHgX electroreduction (or of their reaction
with RHgX, see Section II). In this case, no chemical
reactions seem to occur with the mercury electrode. How-
ever, based on the results on the PhHg*Br electroreduction
obtained with 203Hg radioactive markers,>’ the data from
electrochemical transmetallation®7—102.180-190 4354  also
bearing in mind the fundamentally different mechanisms
of RHgX electroreduction on mercury and other electrodes
(see above), it can be concluded that this interaction takes
place, nonetheless.

In the latter mechanism described for R,Hg (R = Me,
Et, Pr, sec-Bu) compounds,'% 110 bis(phenylethynyl)-
mercury '13:125 and EtHgCsFs (Ref. 111), ‘organic calomel’
was formed in the OMC adsorption at a mercury electrode
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surface. By analogy with the isotope exchange reaction of
R>Hg compounds with metallic mercury (Hgmei) (Ref. 26),
it was proposed 12 to describe this process by the following
scheme:

1. Diffusion from the bulk of the solution (bl) to the
electrode surface (M = Hg)

RoHgn == RoHgsurt.

The primed symbol designates mercury atoms exchanged
with the electrode material.

It was concluded !'!? that the potential-determining step
was step 3, i.e., the chemical reaction of R,Hg with the
electrode material (more precisely, the forward and reverse
reactions with rate constants k; and k_;). The dispropor-
tionation rates (}') for different types of ‘organic calomel’

at a mercury electrode (Table 1) and the corresponding
constants k_; were assessed from the combination of
experimental results'' and published '7%-1°1 rates of iso-
tope exchange for OMC. Estimation involved the use of
experimental adsorption values I'g,ys, and the so-called
‘break-off currents’ (ip;),!'® i.e., currents at which the
competition between the disproportionation (step 3 with
rate constant k_;) and R,Hg, electrooxidation reactions
starts to appear under galvanostatic conditions.

2. Adsorption on the electrode
RZHgsurf + Mmel — R2Hg/Mads-

3. Reversible exchange of M atoms in the adsorption
layer

k k_
RoHg Mo ki' (RHEMR)ags - === RM'Hgass.

—1 1

4. Desorption from the mercury surface

, _42e> 2RHg* (26a)
RZM Hgﬂds - RZHngurf + Hgmel . RHgHgR 1 i
—1
5. Diffusion from the mercury surface to the solution T R,Hg + Hg (26b)

volume

Examples of determination of ‘break-off currents’ from
the ity vs. i and it vs. i dependences can be found in Figs 7
and 8 (curves / and 2) for R = Pr™ and Pr'. It is seen that

R2Hngurf p— RZMbI + Hg

Table 1. Lifetimes (t!) of ‘organic calomel’ [RHguqs], , its adsorption (I'g y, ), demercuration rates (V) and ‘break-off currents’ (ipr) at a mercury electrode
surface.

Rin RHgX, RoHg  10%¢o Medium, method /s 1019 g, 1ge,  dor vV Ref.

/mol litre=!  of determination t' /molcm=2 /mA cm~—2 /molcm~—2s~!
Me 1.1 H,O—MeOH, (1) — 1.3 1.10 1.1x10-8 112

45 H,0, (2) 0.02>17>00254b  — - - 78

- MeOH—H,0,(3) 0.2 - - . 9
Et 0.1 H,O—MeOH, (1) 0.02-0.03¢ 1.2 1.56 1.6x 108 110, 112

10-10° EtOH, (2) < 1a - - - 94
Pr 1.7 H,O—EtOH, (1) 0.036-0.039 ¢ - 1.44 — 123

10 H,O—-MeOH, (1) 0.06-0.07*°¢ 2.3 2.04 2.1x10-8 110, 112
Pri 2 H,O—-MeOH, (1) 0.02-0.06*°¢ 1.7 1.24 1.3x 1078 110, 112
H-C|0H2] 5 DMF, (2) <00025 a — — — 60
n-CsHy; 0.85 H,O—MeOH, (1) 0.002-0.004°¢ 1.9 10.4 6.8x 108 110, 112
cyclo-CsHo | H,O—MeOH, (I)  0.01-0.015¢ 1.9 3.30 3.4%10-8 110
Ph 1 H:0—MeOH, (I) (1-2)x10—%(see®) 2.2 150 1.6x 10— 110, 112
B-Naph 0.6 HO—MeOH, (I)  (2.8—6.4)x 10~ (see®) 2.9 100 1.0x 106 110, 112
CoFs 0.1 H>0—MeOH, (I)  (1-2)x 10—* - - - 112
3-Py 2 H-O0, (2) 0.0l >1>0.072 — — — 54
2-PEt 10 DMF, (2) < 1-2b — — — 58
UMP 0.7 H-0, (2) <4x 104 (sec©) — - — 104
UDP, UTP 0.7 H-0, (2) >08-1° - - . 104
Poly(U) 604 H,0, (2) 0.03-0.05" - - - 105
Bn 1 H,O—MeOH, (I) << 10— (see®) > 200 2% 10 110, 112
Mes 0.17 HO—MeOH, (I)  (2.8-7.5)x 10~ (see®) 1.1 64 0.7x10-6 110, 112
Vi 1 HO—MeOH, (1)  (1-2)x 104 (see®)  — - - 110
4-Me-1-CsHo(OMe) 1-2 MeOH — H>O0, (2) ~54 — — — 36
ECN, ECD 1.54 DMF, (4) 1 <t<10% — — — 56

Notes. The following designation are taken: (1), pulse galvanostatic methods with current reversal, (2), CV, (3), chronocoulometry, (4),
polarography; ECN is 3-ethoxycyclononene; ECD is 3-ethoxycyclodecene; UMP, UDP, UTP are uridine mono-, di-, triphosphates; Poly(U)
stands for polyuridines in ‘weakly mercurated’ Poly(U—Hg)X; 2-PEt is B-piperidinoethyl. Experimental conditions: 10% MeOH —H,0 +
KOAc (1 mol litre—1), 25°C;110-112° H,0+HCIO4 (0.1 mol litre~!) + 0.002% Triton X100;”® 50% MeOH —H,0;”> EtOH + EtsNBr
(0.25 mol litre 1), 22 °C;** 10% EtOH —H>0 + NaOAc (0.9 mol litre~!), 25 °C;!?* DMF + Et4NClO4 (0.1 mol litre~') (Ref. 60); DMF or
50% EtOH —H>0 + Et4NBF4 (0.1 mol litre ') (Ref. 58); HO + KCI (0.1 mol litre '), 21 °C;'% H,O + phosphate buffer (0.1 mol litre ")
(pH 7)+NaCl (0.1 mol litre—!) (Ref. 105); H,O+NaOH (1 mol litre—!) (Ref. 54); 50% MeOH —H,0+NaOH (1 mol litre~") (Ref. 36);
DMF + BusNI (0.2 mol litre =) (Ref. 56). 2 The value of ! is overestimated (a correction for depolarizer of diffusion from the bulk should be
introduced); b the value was assessed based on the height ratio of VA peaks of the [RHgqs], electroreduction and electrooxidation; ¢ determined
from ‘break-off currents’ (or from CV curves); 4in mg litre ="'
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(1) juC'2 cm !

i—12/cm mA—1/2

Figure 7. Dependences (it)'/? vs. i—'? in delays I, 2, 4 and 5
(see Fig. 2, charging curves I, II) of electroreduction of 103 mol
litre=! PrHgOAc in 0.9 mol litre ! solution of NaOAc in aqueous
methanol (10 vol.% MeOH).!23

Ein = —0.15 V, reversal potential —0.6 V.

(1) JuC'2 cm !

i—12 Jcm mA—1/2

Figure 8. Dependences (it)!'/? vs. i~'/? in delays /-5 (see Fig. 2,
charging curves I, II) for electroreduction of 2x10~* mol litre !
PriHgOAc in 1 mol litre—! solution of KOAc in aqueous methanol
(10 vol % MeOH).!%?

Ein = —0.12 V.

after the current was reversed between delays / and 2 (as in
Fig. 21, IT) at sufficiently high 7, the time t; was so small
that RoHg was virtually absent in the monolayer up to the
end of the delay. At the same time, the cathodic 7 (it;) and
anodic 4 (it4) delays were equal; hence, in the first approxi-
mation, it is reasonable to neglect reaction (26b). With a
decrease in the anodic current density, a moment was
reached when the anodic delay started to decrease so that
a break appeared in the it4 vs. i dependence (see Figs 7, 8).
Simultaneously, in the charging curve, delay 5 correspond-
ing to the anodic desorption of dipropylmercury appeared
(see Fig. 21I). In approximately the same time (current
density) interval, delay 3 corresponding to the cathodic
desorption of dipropylmercury emerged in the cathodic
branch of the charging curve (see Fig. 21I'). Taking this
into account, the rate of R,Hg, decomposition can be
equated to the ‘break-off current’

ibr = kfll_'Rsz.

In the cyclic voltammetry method, i, was determined
from the dependences of the ratio of cathodic and anodic
peak heights i./iy (or, more precisely, their areas Q./Q.) for
the same reactions on the scan rate v; i = ip, when this ratio
begins to deviate from unity.

With R = Pr® (Ref. 123) and cyclo-CsHy (Ref. 109), the
it4 vs. i plots were virtually horizontal for i < iy, i.e., where
the decomposition of ‘calomel’ have already started and the
adsorption of both RyHg and [RHgaas], already ceased to
change (the overall electrode surface coverage 0 ~ 1). How-
ever, for the majority of RHgX salts [R = Pr' (see Fig. 8),
Me, Naph, Mes, ezc.],!9% 110 this dependence passed through
a maximum; moreover, for R = Ar, the value of it4 dropped
virtually to zero. This effect implies that, in addition to the
oxidation of ‘organic calomel’, a unimolecular reaction of
its decomposition occurs, which is clear evidence of the low
stability of this intermediate in the bulk.

The minimum time from the beginning of the first delay
(or i. peak) to the end of delay 4 (in the CV method, these
are i and i, peaks, respectively) for i = iy, corresponds to
the time of the transition from [RHgaqs], to RoHg, or the
lifetime of ‘organic calomel’ t! in the adsorption layer. Thus
for [PrHgaqs]., the t! value was ~0.04 s (see Table 1) but
in the PrHgOAc—[PrHg,as],— ProHg system at
co=(2-4)x10~* mol litre—!, 1! proved to increase with
the increase in c¢o (probably due to the contribution of
reagent diffusion).'?3-125 As a result, the dependences of
it; and it4 on i for i = ib, do not coincide any longer (see
Fig. 7) (such coincidence was observed only for small cg
(Ref. 123). Analogous assumptions are true for other
alkylmercury salts (see Fig. 8). Therefore, only t' values
unaffected by diffusion and obtained at
co < (1-2)x10—* mol litre ! should be taken as true and
the data shown in Table 1 should be considered from this
viewpoint.

The analysis of scarce literature data on this problem
has shown that the stability of ‘organic calomels’ mainly
depends on the nature of substituent R and, to the lesser
extent, on the nature of solvent and its composition. The
organomercury intermediates studied so far can condition-
ally be divided according to their lifetimes t! (s) into the
following groups (see Table 1): alkyl (~10-1—-10—3), aryl
with alkyl substituents [Bn << 10=%, Mes (1-8)x 10—4],
aryl, CgFs, wvinyl [(1-5)x(10=%—=1075)], hetaryl
(~1072-1073), oxymercuration products of alkenes
R(OMe) (~1-10).

In connection with this, integrated studies of kinetic
characteristics of equilibrium (5) appear important; to date,
they were accomplished by the example of the
PrHgOAc—ProHg —[PrHg,qgs], system.!23-125 The analysis
of the aforementioned delays as a function of the current
density for RHgX salts as well as of photoemission data has
shown that ‘organic calomel’ can be formed either directly
from RHgX [steps (1b, e), (3) of Scheme 1] or by reaction
(6a) from R,Hg. It is heterogeneous chemical equili-
brium (6) rather than the thermodynamic equilibrium that
is established (see Scheme 1), where [RHgaqs], irreversibly
decomposed in the bulk but was in equilibrium with RoHg
in the adsorption layer. The possible steps of such equili-
brium are shown in detail in Scheme 2,124 where i is the
current in the potentiostatic mode, k_ surr and k_ 1 are
the rate constants of the surface and bulk decomposition
and k; (ki surr) 1s the rate constant for the (surface) for-
mation of ‘organic calomel’ from R,Hg. For low RHgX
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diffusion Scheme 2
. fast k— 1 surr to the bulk
RHgXvol X* RHg <~ [RHEads]n < Hg + RoHguys ———> [RHg,lvol
(R = Alk) 1.surf B k
diffusion to the K = ke surt/k — 1 surt

solution bulk

[RHglvoi ———— Hg + RoHgyal

k—1,vol

concentrations when the [RHgaq4s], decomposition rate in
the bulk £_; (k_1,b) is negligibly low,

i= -k +k_I_q, 27

where I'; and I'_; are the adsorption values for ProHg and
[PrHg.qs], - It was concluded '?# that for the determination
of ki and k_ in the adsorption layer, only the values I'; and
I' _; obtained at low volume concentrations of PrHgOAc
should be employed together with the steady-state values of
the limiting diffusion current iq under potentiostatic con-
ditions (Fig. 9). For low ¢, the dependence of adsorption of
‘organic calomel’ on current was virtually linear (Fig. 9 a).
This implies that &y and k_; were independent of adsorp-
tion. From their estimates found from formula (27)
(Table 2), it follows that in the adsorption layer, the
equilibrium was strongly shifted to ProHg. Deviation of 7
vs. I'_1 dependences in Fig. 9a from the straight line
suggests that the equilibrium constant K decreased (see
Scheme 2), i.e., k_ increased. Probably, with the increase
in I'_, the formal constant k_; increased (Fig. 9 ) due to
the acceleration of decomposition of ‘organic calomel’ in
the adsorption or kinetic (bulk) layer. Next, insofar as at
high electrode surface coverages with the components
(ProHg and [PrHgaas]»), the constant k; was small, then the
dimerization of RHg  radicals formed in the one-electron
reduction of RHgX, rather than reaction (6 ) in Scheme 1,

I'_i/uC cm—2 a

12

1037 /mA

k_1/mA cm—2 b

1 1
I'_y/uC cm—2

Figure 9. Dependences of steady-state adsorption I'_; for ‘organic
calomel’ [PrHg,qs]» on experimental current values («) and rate con-
stants for its decomposition k_ vs. I'_y (b).1?*

Table 2. Parameters of chemical equilibrium RoHg +Hg = [RHgqds]n-

R in RoHg, kyfs—! k_q1/s™! K=hk/k_\ Ref.
RHgX or RI
Me — 5542 — 142
Et ~0.6 — — 112
0.15 — — 112
— 802 2x10-3 142
— 1-10&b 94
Prt 0.07-0.14 1.3-2.7 0.03-0.112 123
— — 0.01-0.05 110
— 1052 — 142
Pri — 652 — 142
1’1-C10H21 — — 8x10—° (see a,c) 127
Ph 40 — — 112
60 — — 112
— 8x 103 5x10-3 142
— 1.85x 103 — 95
CeFs <0.007 — — 115
B-Napht - 5x103 - 142
C¢HsC=C ~50 — — 113
Bn — > 10% — 112
Mes — 3.5x 103 — 142

4The value of k_; is overestimated and actually represents a sum
k_1surrtk_ 11 (a correction for depolarizer diffusion from the bulk
should be introduced); P data from Ref. 94 for Etl, EtoHg; © calculated
based on the data.'??

should be considered as the main source of ‘organic
calomel’. 124,125

According to the obtained results,!'? on the whole, the
rate of [AlkHgaqs]» decomposition was the lowest (see also
in Table 2) and the ratio of the rates of formation and
decomposition of PhoHg, and EtaHg, was close to 100. It
was noticed that for these compounds, the rates of isotope
exchange in benzene differed by about the same factor.!?!
The rate of [PhHg,q4s], formation from Ph,Hg that follows
from these estimates (under the assumption that
I'r,n, & 10719 mol em =2, which is reasonable for PhoHg
derivatives '), turned out to be considerably higher for
Ar,Hg as compared with Alk,Hg. Insofar as no R,Hg»
formation was observed at the adsorption of Ar,Hg too,'?
it was assumed ''? that the demercuration rate was suffi-
ciently high.

Laviron and Roullier®> used the method of high scan
rate voltammetry to study the behaviour of several PhHg
derivatives with different electrophilic and nucleophilic
substituents in the benzene ring. It was shown that con-
stants k_; depend on the nature of substituents; they
increased by more than two orders of magnitude in the
following series (k—1 x 10~ cm? mol—! s~ 1):

m-NO, (0.7) < p-Cl (3.7) < p-NHAc (3.7) <
< p-CO, (23) < H (185) < p-NH, (443),
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whereas a simple correlation was observed between logk
and the Hammett constants ¢. The same authors arrived at
a conclusion that in such systems ‘organic calomel’ was
most probably formed through the RHg" dimerization (see
also Ref. 109). If one postulates that for the studied?®’
Ph,Hg-derivatives I, ~ 10~ mol cm—2 and assumes
that ‘organic calomel’ decomposes by the first-order reac-
tion, based on the data from Ref. 112, then the k_;
estimates fit the range from 7 to 4400 s—!.

The rate of ‘organic calomel’ decomposition increased in
the presence of electron-donating substituents in the ben-
zene ring and decreased in the presence of electron-with-
drawing substituents. By the example of the series of Ph-
and Bn-ethoxycarbonylbenzylmercury halides and perchlo-
rates, Reutov ef al.7* have shown that electron-donating
substituents increased and electron-withdrawing substitu-
ents decreased the effective positive charge on the mercury
atom and favoured the delocalization of the unpaired
electron in RHg" radicals. This leads to slowing down of
their dimerization.

It should be noted that in studies under discus-
sion, 94-93-112 the constants k; and k_; were estimated
based on direct measurements by the methods of high-scan
rate chronopotentiometry and cyclic voltammetry with the
programmed potential control and associated with definite
potential values. For example, the values k; and k_; were
assessed °4 in the following system:

HeF— ¢ % EtHg*
EtX + ¢ —5—> Etas —gk

) (28)
-X =1~ EtHg

as kix~ x107°em s~ !, k_1x~1x101°cm?2mol-"!s—L
Here, X =1 or Br, and the values of k; and k_; pointed
to the shift of equilibrium towards formation of Et,Hg.
However, if ‘organic calomel’ (RoHg,),!!'!-124 rather than
Etsas was the intermediate in these steps, then Et,Hg
was formed by the first-order reaction rather than a
second-order reaction. Insofar as for dialkylmercury,
Iy~ (1-5)%x10-1° mol cm—?2 (for example,
3.3 x 10~ 1 mol cm—2 for ProHg),'24 125 then recalculation
to the first-order reaction affords k_; ~ 1—10 s—!, which
adequately agrees with the data for R =Et
(k—1~0.15-0.6 s71) (Ref. 111) and Pr (k_;~ 13-
2.7 s~ 1) (Ref. 123) (see Table 2).

Diarylmercury compounds behaved in a somewhat dif-
ferent manner. Thus PhoHg, could not be detected on the
electrode surface as soon as in 0.1—-0.2 ms after its gene-
ration from PhHgX (Ref. 110) (see Table 1) and no ‘organic
calomel’ was formed in the PhoHg adsorption at a mercury
electrode, although, judging from the value k; (~60 s—1)
assessed ''2 using the data of another study,'®! the rate of
Ph,Hg interaction with the electrode should exceed
4 mA cm—2 for 0 —» 0. An attempt was undertaken !5 to
detect ‘organic calomel’ during the ER of another com-
pound of the aryl series, namely, perfluorodiphenylmercury.
It was shown !5 that the rate of the reaction of perfluoro-
diphenylmercury with mercury was much lower than the
diffusion rate and k; < 0.007 s—! at low cathodic poten-
tials.

A different situation took place for bis(phenylethynyl)-
mercury, which, in contrast to perfluorodiphenylmercury,
did not accumulate on the electrode surface at potentials
more negative than the potential (about —0.35 V) typical of
the ER of the corresponding ‘organic calomel’.!!® The

original compound was electrochemically reduced by the
general mechanism at ca. —1.1 V in a single two-electron
polarographic step. However, a single delay in the chrono-
potentiogram, corresponding to the two-electron ER was
observed only at sufficiently high current densities.!!? As i
decreased, another delay appeared in the charging curve at
ca. —0.35V (~E§2/>2 for PhC=CHgX) and became the only
one at low current densities. Thus, the transformation of
RoHg into ‘organic calomel’ [see step (6) in Scheme 1]
occurred with k; equal to ~ 50 s~ 1.

Comparing the behaviour of AroHg and Alk,Hg (see
Table 2), it should be noted that for Pho,Hg and Et,Hg, not
only k_; but also k; differed by ca. two orders of magni-
tude. Moreover, the shift of equilibrium (6) in Scheme 1
also depended on the potential.!?# 125> However, in many
particular examples, the question of whether ‘organic calo-
mel” was produced in a reaction of the depolarizer with the
electrode material or a reaction of intermediates of its
electroreduction (RX—", R, R™) or the both channels, still
remains open.

IV. Formation of organomercury derivatives
in the adsorption and electrochemical reactions
of mercury-free compounds

The mechanism of OMC formation and the nature of their
ER intermediates can be understood based on a compara-
tive analysis of polarization curves for the ER of miscella-
neous organic compounds at mercury, amalgam and inert
(Pt, GC) "6 electrodes, especially if their adsorption and ER
at mercury was accompanied by the appearance of
OMC.!'"3 As was mentioned above, the commonly used
mercury electrode is not always chemically inactive. Con-
sidering organohalides (RHal), their ER can be accompa-
nied by the formation of organometallic compounds at
other electrodes (Pb, Sn, In, Bi, Tl, Zn, Cd), too (for details,
see, e.g., Refs 1-9). This was revealed sufficiently long ago;
and, moreover, in different steps of the development of
OMC chemistry, the results of these studies were often used
for the elucidation of the mechanism of electrode reactions
for these compounds (e.g., see Refs 1-7, 84-94, 127,
139-141, etc.).

If the electrode potential was more positive than the
potential of the second step of electroreduction of RHal,
then the first step could afford RoHg and/or RHgX. After
the electrolysis, the OMC could not be isolated in some
cases. However, the fact of appearance of colloidal, finely
dispersed (or dropped) mercury was conventionally
assumed 1927198 to be evidence of the OMC formation.
Correspondingly, this type of degradation of cathodes
made of different materials accompanied by the formation
of organometallic compounds? was also observed (for
instance, in the electrolysis of Bul at Zn, Hg and Sn
electrodes and also at a Pb electrode where Bus;Pbl could
even be isolated 19%). The indirect evidence of the involve-
ment of the mercury electrode in the depolarizer electro-
reduction was believed to include the appearance of
additional signals in voltammograms that were absent at
other electrode and also the easier electroreduction at
mercury as compared with electrocatalytically inactive elec-
trodes 19201 (GC, boron-doped and fluorinated boron-
doped diamond electrode, see, e.g., Ref. 202). It should be
stressed that this is not always associated with the forma-
tion of organomercury intermediates.?%3
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Analysis of abundant data made it possible to conclude'!
that compounds with a weak C—Hal bond, namely,
iodides, more rarely, bromides, and very rarely, chlorides,
form OMC at a mercury electrode. Insofar as mercury
exhibits the maximum affinity to halogens,??* its presence
apparently favoured the scission of this bond. As a rule,?3
the lower the C—Hal bond energy and the larger the
D(C—M) value [or D(C—Hg)] the more probable the
formation of an organometallic compound. The probability
of OMC formation increased with the increase in the
number of halogen atoms (especially, Br and I) in its
molecule. Thus according to certain data,?®> among
gem-tri-, gem-di- and monohalo derivatives of ethyl fuma-
rate and the corresponding halogenated alcohols, only ethyl
2,2,2-tribromoethyl fumarate and 2,2,2-tribromoethanol
formed OMC at a mercury electrode, whereas ethyl 2,2-di-
chloroethyl fumarate and 2,2-dichloroethanol did not. It
was shown 206207 that behaviour of CBr4 at the dropping
mercury electrode and GC differed strongly. Thus the first
wave in the CBrs polarogram, which was associated ear-
lier 7! with the one-electron reduction of this compound to
the radical anion, belonged in fact to its reaction product
with mercury. Moreover, it was shown 2°° that the polaro-
graphic behaviour of all polybromomethanes (CH2Br»,
CHBr3, CBry) differed in principle from that of the corre-
sponding polychloromethanes, whereas the voltammetric
behaviour of polybromometanes at GC was much the
same as that of polychloromethanes. This was associated 2°¢
with the formation of OMC on the electrode by a reaction
coupled with or preceding the charge transfer to polybro-
momethanes. For chloroform and dichloromethane, no
organometallic intermediates were detected. At the same
time, the reduction of carbon tetrachloride at a lead
electrode?°® included a step of formation of unstable
organolead compounds by the electrocatalytic mechanism.

If the potential of the substrate ER was more positive
than the potential of the second bromine atom elimina-
tion,!3% 140 then both alkyl and aryl dibromides BrRBr
could form OMC as the main (sometimes, side) electrolysis
products at the controlled potential. Thus, whereas the ER
of 1,3-dibromopropane afforded only small amounts of
dipropylmercury (<1%), that of 1,3-dibromo-I1-phenyl-
and 1,3-dibromo-1,3-diphenylpropane resulted in OMC as
the main electrolysis products.!3? It deserves mention that
in DMF, their yield substantially depended on the nature of
the supporting electrolyte at its concentration of 0.2 mol
litre—!, for example, with Et4yNBF4, the yield was several-
fold higher than with LiClOy4.

Polarograms of unsubstituted benzyl bromide (DMF,
0.05 mol litre—! BuyNCIQy,), its three monobromo deriva-
tives and 3,5-dibromobenzyl bromide demonstrated a single
wave corresponding to two-electron reduction.!4! However,
polarograms of pentabromo-, pentachloro-, 2,3,4,6-tetra-
bromo- and 2,4,6-tribromobenzyl bromides demonstrates
waves identical to those of the corresponding benzylmercu-
ric bromides. It is of note that 2,6-dibromobenzyl bromide,
in contrast to 3,5-dibromobenzyl bromide, was also reduced
with the preliminary formation of an OMC, which is
typical 14! of compounds that can form organomercury
compounds even in a brief contact with the electrode.
Note that dibenzylmercury was the main electrolysis prod-
uct for the series of substituted alkyl and halobenzyl
bromides 202~ 214 (see also Refs 5, 6) at the controlled
potential (less negative than the potential of two-electron
ER of the depolarizer?'#). The yield of dibenzylmercury

substantially depended on the nature of concentrated
(2 mol litre—') electrolytes [DMF; MesNBr, Mey4NCl,
(MesgN)2SO4] and reached maximum in LiCl. Casanova
et al.'®> assumed that (1-bromoethyl)benzene and analo-
gous RX compounds such as benzyl and allyl halides could
also form RHgX being brought in contact with the elec-
trode. An attempt to isolate OMC failed in this case > but
the product obtained at the temperature below 0 °C con-
tained mercury (see also Refs 168, 169). It was shown 2!!
that shaking benzyl bromide with mercury in the
MeOH —H»O (1:1) solution (with supporting 1 M LiClOg)
or shaking benzyl chloride (longer contact of the latter with
mercury) afforded the corresponding mercury salts. Benz-
hydryl bromide in DMF also underwent a fast reaction with
the mercury electrode to afford HgBr; even before the
application of the potential. However, the corresponding
chloride reacted extremely slow.?!? According to certain
data,?!> 1,2-dibromo-2,4-dicyanobutane reacted easily with
the mercury electrode virtually in the absence of polar-
ization (as early as at +0.2 V) and the reaction product
inhibited the subsequent reactions (see below).

Using the methods of coulometry, classical and dif-
ferential pulse polarography (10% DMF —-H-O0,
0.2 mol litre =" AcOH—-NaOAc, pH 2.6), polychlorinated
fungicides, namely, N-(trichloromethylthio)phthalimide
(Folpet), N-(trichloromethylthio)-1,2,3,6-tetrahydrophtha-
limide (Captan) and N-(1,1,2,2-tetrachloroethylthio)-
1,2,3,6-tetrahydrophthalimide (Captafol), were studied?!®
with the aim of developing methods of their electroanalyt-
ical determination. It was concluded that the transfer of the
first electron (abstraction of a chlorine ion) resulted in the
formation of an organomercury intermediate adsorbed on
the electrode. The curves corresponding to its reduction
were observed only at a mercury electrode and were absent
at GC.

The possibility (and the rate) of OMC formation also
depended on the electrode potential. Presumably (e.g., see
Refs 4, 91 and 93), the reactions of RX (halogenated allyl
and benzyl derivatives, carboxylic acids, esters, perfluoroal-
kanes, etc.) with mercury to afford OMC proceeded only on
the ‘negatively polarized’ surface and the specific adsorp-
tion of I—, Br—, CNS— and other anions accelerated the
reaction of alkyl and aryl halides with metallic mercury.
This fact can to a certain extent be interpreted as the effect
of the potential on the heterogeneous chemical reaction
with mercury. The direct evidence of this effect was pro-
vided by the changes in the concentration ratio between
diethylmercury and the corresponding ‘organic calomel’ in
the adsorption layer in the region of their maximum
adsorption. It was shown that on going from —0.6 to
—0.8 V, the adsorption of Et,Hg decreased and the amount
of [EtHgaas], increased in proportion.!?3

The possibility of OMC formation depended not only on
the nature of X in RX but also on other conditions, i.e., the
nature and concentration of the supporting salt, temper-
ature, the solvent nature,®® illumination,2!? sonication,!23
where the effect of the solvent nature was by no means
restricted to solvation (complexation). The changes in the
supporting electrolyte composition induced changes in the
electric double layer structure, depolarizer adsorption char-
acteristics, viscosity and protolytic equilibrium constants,
which, naturally, affected the ER mechanism. Below, cer-
tain examples of this effect are shown.

In the electroreduction of iodo- and bromobenzene at a
mercury electrode in DMF in the presence of CO,, only
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small amounts of diphenylmercury were detected. Under
the same conditions but in the absence of CO», benzene was
obtained in the yield of virtually 100%.2!7

In water —ethanol solutions (50 vol.%) with supporting
alkali metal, tetramethyl- and tetrabutylammonium salts,
the electrolysis of iodobenzene virtually exclusively afforded
benzene, t0o;?!® however, in tetracthylammonium solutions,
diphenylmercury was also detected (up to 3% —9%). Elec-
trolysis of AlkHal in MeCN in the presence of the tetra-
ethylammonium cation produced organolead compounds
Alk4Pb and AlkePb, at a Pb cathode; however, only traces
of these organolead compounds were detected in tetrabutyl-
ammonium solutions.?'® In the electroreduction of
2-iodooctane in DMF, the appearance of di(sec-octyl)mer-
cury in large amounts was observed; moreover, the latter
was successfully isolated in much larger amounts when
0.1M MesNCIO4 solution was used as the supporting
electrolyte in place of BusNClO4.?!° At the same time, in
ethanolic solutions under different ER conditions, no
Ph,Hg was detected for bromo- and iodobenzenes at ele-
vated temperatures (50 °C).%* At the same time, the yield of
R>Hg derivatives in the ER of the corresponding ethyl and
butyl halides was virtually quantitative.

The mechanism of formation of organometallic com-
pounds in the adsorption or the ER of a metal-free substrate
still remains unclear. It was assumed’® to include the
formation of a transition complex M[IR]~™ (IRX is a
depolarizer, R = CH>,CH», X = H, OMe, OH, COOH, Cl,
CN; clectrode M = Hg, Pb) depending on the values of
DM —1) and D(M —R), followed by its decomposition to
R’ or RM" and the reduction of the latter. The formation of
a ‘physical complex’ [PhI — Et4N "], which interacts with the
electrode material,?!® before electron transfer was put for-
ward as the prime cause of the appearance of PhoHg among
the ER products of iodobenzene with Et4;NBr as the
supporting electrolyte.

An alternative reduction mechanism of organic com-
pounds that involves the intermediate reaction with the
mercury cathode was proposed.??® The reduction of
dibenzoyldibromomethane at Hg and Pt electrodes was
studied. The first step was quite conventional

]‘3r
Hg

Ph—co—(‘:—co—Ph — (29)
Br

]‘Br ]‘Sr
&
S Ph*CO*(\Z*CO*Ph — Ph*CO*(\Z*CO*Ph .
HgBr HgBr

However, it is the C—Hg bond dissociation that occurs in
the radical anion formed after the transfer of the first
electron

]‘Sr
Ph—CO—C—CO—Ph E— (30)
| —HgBr
HgBr
Br Br
|- H-0 \
—> Ph—CO—C—CO—Ph ﬁ Ph—CO—C—CO—Ph

!
H

rather than the Hg—X bond.*~7 As a result, a relatively
stable anion formed in which the charge was stabilized due
to the electron-withdrawing effect of the second bromine

atom and the negative charge delocalization over two
benzoyl groups.

Bond and co-workers??! observed that the ER of
Tralomethrin and Tralocytrin, synthetic polyhalo deriva-
tives of pyrethroid insecticides, proceeds at a mercury
electrode at potentials 0.6—0.9 V more positive than at
GC. Moreover, shaking these insecticides in MeCN and
MeOH with metallic mercury resulted in the precipitation of
mercury bromides. The reactions that occurred on the
mercury surface and the ER of the mercury electrode are
described by the following scheme:

H H H H
X0 NW—z Hewr X N7+ Hg:Bro, (31)
\ @ )= R
X Br Br X
H H H
X 7+ 2e o, X 74+ 2Br.
X Br Br X

The debromination reaction similar to step (b) in pro-
cess (31) occurred at a GC electrode but at a different
potential. Insofar as the final ER products at both electro-
des were similar, the process at a mercury electrode can be
considered as electrocatalytic. These effects were sufficiently
pronounced for the ER of 2-bromo-2-chloro-1,1,1-tri-
fluoroethane (Halotan) at silver and mercury electro-
des.201.202 At the latter electrodes, the ER was facilitated
to a maximum extent as compared with inert electrodes.
This was explained 292 by the transient formation of OMC.

It is widely accepted that at cathodic potentials, it is the
ER product of the depolarizer, i.e., the free radical, rather
than the depolarizer itself that reacts more often with the
mercury electrode (e.g., see Refs 5, 6). However, during the
dissociative electron transfer,!3° the first electron was as a
rule transferred more slowly as compared with the second
electron;°~ 7 moreover, the RX electroreduction wave 4 ©
appeared at more negative potentials as compared with the
corresponding waves of OMC and R’, and the latter waves
were not observed.

Additional information on the nature of intermediates
could be acquired using the methods that combine non-
electrochemical (i.e., indirect) generation of intermediates
with their subsequent electrochemical studies.??? Particu-
larly, this approach can be exemplified by photoemission
methods 156-198.222-234 where the slow heterogeneous elec-
tron transfer step was displaced by the quick homogeneous
capture of the solvated (e )/hydrated (e.y) electron by an
acceptor (RH or RHal). If the rate constant (k,) for the
solvated electron capture by the acceptor [step (a) in reac-
tion (32)] was insufficiently high, then in place of e, the
photoemitted radicals OH" (in aqueous solutions) or H’
were used in the synthesis of intermediates. As a result of
the following set of reactions, free radicals R" formed.

ka k . e
RHal +e] —> RHal~® ———» R
() —Hal—, (b) ©
(32)
S kon . e
OH'(H') + RH R
(kn), —H20 (H»)
BH*

*’R*WHB+B.
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For example, for R = B-cyanoethyl,?3! Me,??7 Pri,232 and
Hal = CI, Br, and especially 1,23! the chemical reaction
between the radical and the mercury electrode could precede
step (c) in Eqn (32). The probability of such reactions in the
photoemissive transformations of intermediates (acceptors
RHal were the anions of polyfluorobenzoic acids
Ce¢F,Hs_,COO~, n=0-5) cannot be ruled out.?** How-
ever, for R = Ph,23! no such reactions were observed.

The electrochemical behaviour of propyl (Pr’) (Ref. 226)
and chloromethyl (CH,CI") radicals generated using the
laser photoemission methods [the overall reaction (32)]
was studied 223-228 at a mercury electrode to check the
possibility of OMC formation in the adsorption of simple
organic radicals. Figure 10 shows the Tafel plot for the
[PrHg.qs]» electroreduction 23 and the rate constants (W)
for the reduction of radicals Pr’ (Ref. 226). It is seen that
ER of the radical occurred in much more negative potential
range as compared with the corresponding ‘organic calo-
mel’. Nor the Pr’ oxidation was observed up to £ < 0.1V,
i.e., in the range where the ‘organic calomel’ [PrHg,qs], itself
was already oxidized (see Fig. 2). At the same time, for
electroreduction of the chloromethyl radical CH,CI", the
Tafel dependences were much alike at Hg and GC electro-
des (the deviations did not exceed 0.1 V) and virtually
coincided for Hg and nanostructured carbon.??8

logi (mA cm—?2) logW (s~ ")

Lr 145
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140
_] =
ol 435
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Figure 10. Dependences logi vs. E and log W vs. E for the reduction of
[PrHgaqs], (1) 123 and Pr’ (2)22¢ at a mercury electrode.

Supporting electrolyte is 1 mol litre ! solution of KOAc in aqueous
methanol (10 vol.% MeOH)

It is generally accepted '4! that OMC are formed most
easily from organohalides that are capable of generating
relatively stable radicals (allyl,?33~237 benzyl and its deriv-
atives,’3-93,141,163,210.211 o4c ). this is confirmed by numer-
ous experimental data. However, the results of laser
photoemission 223-225 and laser photoinjection?3° methods
in non-aqueous solvents (DMSO, DMF, MeCN) have
shown that for sufficiently stable benzyl and benzhydryl
radicals, not only the redox potentials of R"/R~ pairs but
also their redox constants 222-225.230 virtually coincided at
mercury and gold electrodes, i.e., the R" radical does not
interact with the mercury electrode. However, a reaction of
this kind that involved an electrode-polarized halide was
observed.?%4

Symmetrical OMC or RHgX salts were detected and/or
isolated during the electroreduction of different saturated

(linear, branched), unsaturated, cyclic, etc. alkyl halides
(e.g., see Refs 1, 3—7). In addition to the mentioned alkyl
halides,’* 127 the electrolysis of butyl bromide (DMF,
0.1 mol litre=! Et4NBr) at a Hg electrode at —(1.9-
2.3) V in the presence of CO, produced dibutylmercury as
one of the main products, whereas at a graphite electrode,
butane, butene, octane, efc. formed.2!3-214 In the reduction
products of 1-bromohexane in DMF, small amounts (up to
2%) of dihexylmercury were detected,* ¢ whereas no dipen-
tylmercury formed in the pentyl bromide — CO, system.?!4
Electroreduction of 2-iodooctane afforded di(sec-octyl)mer-
cury,?!? electroreduction of 2-bromooctane produced only a
mixture of hydrocarbons, whereas in the electrocatalytic
system l-bromooctane —Ni'!(salen) with Me4sNBF,4 as the
supporting electrolyte di(n-octyl)mercury was detected
under certain conditions (excess of substrate).?3® This fact
was associated with the catalytic generation of octyl radicals
at a mercury electrode. In the electroreduction of 1-bromo-
and 1-iododecane, OMC were identified and iso-
lated;!2>-239-241 moreover, depending on the conditions
[potential,>®® concentrations of a substrate and proton-
donating additive (H20)?*!], the 100% yield of
di(n-decyl)mercury was attained.

A parameter of fundamental importance that affected
the OMC formation in the RHal electroreduction was the
duration of the process. For instance, in the controlled-
potential electrolysis of 1-iododecane, the number of trans-
ferred electrons in the first wave plateau was close to unity
throughout the studied potential range.>*© However, the
results of chronocoulometric method (pulse duration 50 ms)
and the results of polarographic and CV measurements
indicated the transfer of two electrons. The shape of polaro-
grams depended on the dropping period while the shape of
cyclic voltammograms was determined by the scan rate v. At
low v (0.1 V s~ 1), a peak was observed that corresponded to
the C—1 bond cleavage and had the ‘reverse’ peak in the
anodic branch. For low v = 0.5 V s~ ! (or for the dropping
period <0.5 s), two irreversible one-electron steps were
observed. Taking them into account, the authors of the
above study?*° concluded that in the controlled-potential
electrolysis, the number of transferred electrons equal to
unity implies that 1-iododecane was mainly consumed in a
chemical step competitive with the electrochemical cleavage
of the carbon—halogen bond. However, at the shorter
contact times of the depolarizer with the electrode, the
contribution of the chemical reaction was small. This is in
agreement with conclusions*7% on the formation of
di(B-cyanoethyl)mercury as a main electrolysis product of
3-iodopropionitrile by the following mechanism:

ICH>CH,CN + Hg + ¢ —»> NCCH-CH,Hg' + I-, (33)
2NCCH,CH,Hg — > (NCCH,CH,),Hg + Hg. (34)

However, under polarographic conditions, the electro-
reduction of 3-iodopropionitrile proceeded without prelimi-
nary step (33) of pre-conversion to B-cyanoethylmercuric
iodide.’® For the ER of 3-iodopropionitrile and ethylene
iodohydrin, voltammograms demonstrated two separate
peaks at close potentials, although the polarographic behav-
iour of these compounds was different in principle.”® In this
aspect, the results presented in Ref. 242 on the controlled-
potential electrolysis are of interest. In the first step of
electroreduction of 3-chlorocycloalk-2-enones performed
under conditions used in another study?*® and in water—
ethanol solutions in the presence of acids, the corresponding
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symmetrical OMC were isolated. However, in contrast to
polarography, the voltammetric measurements on a sta-
tionary electrode in the form of a hanging mercury drop
failed to detect these compounds. Presumably,?*? the pri-
marily formed radicals could react with the electrode
material to form a polylayer that either was reduced or
could block the OMC formation.

The preparative ER of allyl dimethyl sulfonium salts
was also complicated by the subsequent slow chemical
reactions resulting in organomercury intermediates that
could not be detected under polarographic conditions.!?3

Besides the duration of the studied process, the state of
the mercury electrode surface often proved to be of funda-
mental importance for the OMC formation. For example,
voltammograms of iodo- and bromobenzenes,'?® lyso-
zyme,>*3 glutathione,>** thiadiazoline derivative of spiroa-
damantane 245246 and several other compounds, recorded
on fresh mercury surface, on the one hand, and during
repeated scans, on the other hand, dramatically differed
from one another, the latter demonstrating new cathodic
and anodic peaks. This fact was associated with the elec-
trode reactions of OMC formed on the surface. Apparently,
this was one of the major reasons for the wide disagreement
in the data on the electroreduction of RX, for example,
benzyl halides, published in the 1969s—1970s.2!!

Sterically hindered cyclic monohaloalkanes formed
OMC more slowly. For example, in the electrolysis of
l-iodo- and 1-bromonorbornanes the yield of RoHg did
not exceed 3% —5%,2*7 and, for bridged iodides of ada-
mantane, cubane, bicyclo[2.2.2]octane, etc.,> %247 the mass
spectrometric method revealed only traces of OMC. Only
for the corresponding dihaloalkanes (1,4-diiodo- and
1,4-dibromonorbornanes), especially, at low temperatures
(—34 °Q), the yield of R,Hg approached 70%.248

Alkenyl and alkynyl halides, especially, bromides and
iodides, formed organomercury derivatives?233—237,249,250
much more easily than alkyl halides. Probably, this is why
the corresponding allyl and vinyl derivatives were among
the model compounds used in elucidating the main relation-
ships of electrode reactions of RHgX (e.g., see Refs 236 and
237). Particularly, even the short-term contact of cinnamyl
bromide, 1,1-diphenyl-1-bromo-3-prop-2-ene and several
other 1,3-dihalides 23%-237 (water — organic medium or anhy-
drous DMF) with the mercury electrode could result in the
formation of a RHgX salt, whereas the corresponding
chlorides did not react.?’¢ 6-lodo-1-phenylhex-1-yne,
5-iodo-1-phenylpent-1-yne>*® and 1-iododec-5-yne?*° in
the DMF—-BusNClO4 (or MesNClO4) system formed,
depending on the electrolysis potential, di(5-phenyl-5-pent-
I-ynyl)mercury and di(6-phenyl-5-hex-1-ynyl)mercury (the
yield of the latter reached 65%),23° and bis(dec-5-ynyl)mer-
cury (yield up to 89%).24° For the ER of bromides, the
OMC yield was considerably lower. Alicyclic RoHg com-
pounds were also isolated in low yields.!”!

Bard and Merz 23> using low scan rates (v < 0.5 Vs—1!)
observed two cathodic peaks in voltammograms of allylic
bromides and allyl iodide in DMF at a mercury electrode;
the second peak potential was close to the ER potential of
diallylmercury (—2.15 V).°7 With the substitution of a
glassy carbon and platinum for the mercury electrode, a
peak of two-electron ER of allylic halides was observed.
Similar differences were typical of the ER of 1-bromobut-2-
ene at Hg and Au electrodes, although no individual peak
was observed in the CV of di(but-2-enyl)mercury '?° (pre-
sumably, due to the low stability of this compound). Note

that for (E)-5-bromo-2,2,6,6-tetramethylhept-3-ene, which
did not react with mercury due to steric hindrances, the
voltammograms were approximately the same at Hg, Pt and
GC electrodes.?3>

Phenylethynyl iodide and bromide as well as diiodoace-
tylene easily formed OMC being brought in contact with a
mercury electrode.?’® This is why it was proposed?>° to
revise the polarographic data 7% for these compounds.

The electrochemical transformations of allylic deriva-
tives of sulfur, nitrogen, phosphorus and other elements
often afforded OMC.2-192-197.251-257 Thus a considerable
difference in the electrochemical behaviour of trans-2-allyl-
6-phenyl-1,2,3,6-tetrahydropyridine in anhydrous and
aqueous DMF was revealed.'”® For the water content
>40%, the electroreduction proceeded at the more positive
(by ~0.5 V) potential and was accompanied by the hydro-
gen evolution, which was attributed to the reduction of the
amine —water associate to afford radical species that reacted
with the electrode. This led to intermediates such as ‘organic
amalgam’, which either decomposed with hydrogen evolu-
tion or attacked the original molecule to form oligomeric
products.

Thiols RSH form OMC in both the anodic proc-
esses 2227253 in reactions such as

2RSH + Hg —> (RS),Hg + 2H* + 2e~

and their adsorption or ER at a mercury electrode (e.g., see
Refs 100 and 102). Compounds containing sulfur and nitro-
gen atoms, for instance, 1-benzyltetrazole-5-thiol,?%*
6-propyl-2-thiouracil,255  2,2'-dithiodipyridine  (Aldri-
thiol),?37 also form organomercury intermediates. Studying
the electrochemical behaviour of allyl 2-pyridyl sulfones in
solutions in DMF revealed 1°3 the effect of H>O addition on
the selectivity of their reduction. It is known that the radical
anion formed in the ER of methyl 2-pyridyl sulfone in DMF
decomposed to the sulfonate anion and the pyridine radi-
cal.!95 The latter either reacted with the electrode material
to afford ‘organic amalgam’ [Py---Hgy]ads, or reacted in the
bulk of the solution with the starting compound to form a
polymer.

H . _
PySO:Me —> [AP]—* —» [Py---HgJas + MeSO3 , 39)
n PySO>Me
—— = s polymer
Py---H ‘ca‘s‘:‘ Py---H ;;(57 .
[Py-+-Hglaa [Py---Hglaa (PyHeloas
Py>Hg» “He Py,Hg.

Pyridine could be isolated in the yield of 65% using
70% DMF —~H,0 + 0.1 mol litre=! LiCl as a supporting
electrolyte observed.!”> In water—ethanol solutions, its
yield was virtually quantitative, which allowed electrolysis
to be recommended as a convenient method for the removal
of a sulfonyl protecting group from position 2 of the
pyridine ring.

It was established 92> 193 that preparative two-step ER of
allyl methyl sulfonium perchlorates at a mercury cathode in
DMF was accompanied by the OMC formation and sub-
sequent slow chemical transformations. Based on the pro-
posed mechanism, the methods of preparation of
a-isoprenoids were proposed. It was assumed that in con-
trast to the Pt electrode, the ER at a mercury electrode
produced compounds of the RoHg kind (highly dispersed
mercury was present in the solution after the electrolysis)
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that could not be reduced under the experimental condi-
tions used. Such inactive OMC were formed, for example, in
the ER of alkyl p-toluenesulfonates.?

The reduction mechanism of OMC produced in situ
upon addition of Hg(II) salts to alkenes in water—alcohol
media in the electrochemical cell 35-37-61.62 (Nesmeyanov
called these OMC ‘quasicomplex compounds’), is very
complicated. According to experimental data,>37 it
depended on pH, solution composition and other factors
(e.g., see Ref. 62 and Section II); hence, the interpretation
of experimental curves was difficult. Thus polarograms of
the ViOAc—Hg(OAc), mixture in water —alcohol (MeOH,
EtOH, Pr"OH, Pr'OH) media3’ and of AIICI—HgX,
(H,O — EtOH) contained from two to three waves depend-
ing on the nature of the alcohol, its concentration and the
supporting electrolyte.?” It was shown that the first rever-
sible wave was of the diffusion nature, the second kinetic
and the third adsorption waves were considered 37 as irre-
versible. According to the general scheme of RHgX electro-
reduction, it was proposed that these waves corresponded to
the following processes: reduction of the Hg— X bond (first
wave), reduction of ‘organic calomel’ (second wave) and
reduction of the solvated compound R,Hg (third wave).

In turn, studying 258 the ER of ethyl a-bromophenylace-
tate at mercury (DMF, 0.1 mol litre —! Et4NClOy4) revealed
several waves that were assigned to the sequential reduction
of RHgX, RHg" and R>Hg> (more probably, the last two
waves corresponded to the reduction of RyHgs or RoHg).
However, at Pt and GC electrodes, the same authors
observed only the wave of RX electroreduction, as in other
studies.!®%:235 Detailed CV studies of the ER of ethylene
iodo- and bromohydrins at mercury and GC in MeCN
substantiated 2°° the transient formation of organomercury
intermediates. The analogous assumption is true for the
electroreduction of 4-iodoanisole; thus it was noted 260- 261
that the yield of bis(4-anisyl)mercury in the electrolysis at
controlled potential reached 30% —45% depending on the
initial potential.

Organomercury compounds were often produced in the
reduction of oxygen-containing compounds (esters, acids,
alcohols, aldehydes, ketones, etc.) in aqueous and non-
aqueous media, especially, in acidic media.? This was typical
of, for example, aliphatic, cycloaliphatic and alkyl aryl
ketones,!-2 acetaldehyde,?®? benzaldehyde 2%3 and p-methyl-
benzaldehyde!33 and also of chalcones.? Particularly, this is
the reason for severe complications in the photoemission
studies in acidic solutions (at pH < 4-4.5) of carbonyl
compounds, namely, acetophenone??° and acetone.??4 233
Protonated but-3-en-2-one at pH < 6.3 was reduced in a
single one-electron step to afford a radical, the subsequent
reactions of the latter led to Hg[CH,CH,C(O)Me],.2%*

In acidic media, ketones MeC(O)R underwent tauto-
meric keto-enol transformations

H*

i o
Me —C—R =—— H,C=CHR/,

followed by the reaction with Hg(II) ions to form electro-
chemically active complexes 2 (probably, resembling the
aforementioned ‘quasicomplex compounds’):
o
Hg?* + H,C=CHR’ MeCCH(R")Hg* + H*.

The presence of a nitrogen atom in a compound,
especially, if the latter contained an aromatic fragment,
usually facilitated the OMC formation. Thus the one-
electron ER of aryldiazonium salts afforded only RHgX
salts.!-> However, the directed synthesis (for example, the
preparation of diaryl disulfides from aryldiazonium tetra-
fluoroborates at mercury in the presence of carbon disul-
fide 23%) can result in undesirable consequences; thus even
although the process at mercury was faster than at graphite,
it produced OMC rather than the target product.

The electroreduction of nitrogen-containing organic
compounds could also produce OMC. It was found '9¢
that at a dropping mercury electrode, amalgamated copper
and lead, the reduction of perfluoropyridine occurred in
two one-electron steps (MeCN, Et4NBr), whereas at silver,
graphite and platinum, it was reduced in a single two-
electron step. Moreover, the difference of half-wave poten-
tials reached ~1 V. The cathode mass loss (amalgamated
copper disk) was observed !°¢ in the preparative ER of the
compound mentioned. In addition, the qualitative reaction
of the cathodic deposit with NHj3 (the appearance of finely
dispersed mercury) pointed to the presence of calomel
Hg.F. in the catholyte. This altogether gave the grounds
to assume !¢ the formation of an organomercury inter-
mediate.

No OMC were detected in the electroreduction products
of perfluoropyridine in DMF; however, perchloropyridine
and tetrachloropyridine formed bis(tetrachloro-4-pyridyl)-
mercury in addition to other products.?¢

Bromoalkylnitriles BrCR»>(CH»),CN (R =H, Me,
n = 1-3), like B-iodopropionitrile, also reacted with the
electrode during their reduction at mercury (DMF, Et4N-
Cl04).27 The corresponding nitriles were the main ER
products at both mercury and GC, but dimeric and poly-
meric products additionally formed at a mercury electrode.
This was associated with the direct involvement of the
electrode material in the reduction process.

A comparative polarographic and CV study of the
electrochemical reactions of A3-1,3,4-thiadiazolines 24 and
spiro[A3-1,3,4-thiadiazoline-2,2’-adamantane] 24¢ at a drop-
ping mercury and hanging mercury electrodes (MeCN;
water —ethanol and water —acetonitrile solutions,
pH 1.3-12) demonstrated their substantial differences.
Thus the repeated potential scanning resulted in the appear-
ance of new peaks in the CV curve, which corresponded to
polarographic waves. They were associated with the redox
reactions of OMC formed in the reaction of ER products of
2,5-dihydro-1,3,4-thiadiazoles with the electrode material.
No new peaks were observed at Pt, Ag and GC electrodes.
In alkaline solutions, an ER peak of RHgX salts appeared
that corresponded to the products of the spiropyran ring-
opening.?4¢ The electroreduction of 4-methyl-2-nitrophenyl-
guanidine afforded mercury-containing oligomers.?%® The
insecticide Imidacloprid, N-nitro-N-[1-(6-chloro-3-pyridyl-
methyl)imidazolidin-2-yl]amine, exhibited strong chemi-
sorption at a hanging mercury drop electrode at
temperatures <(0—10) °C.2%° The reduction of nitroso-,
azoxy- and azobenzenes at a dropping mercury electrode
in DMF, in addition to conventional peaks, produced peaks
associated with redox transformations of a reaction product
of the azobenzene dianion adsorbed on mercury and the
electrode material.!®7

This kind of reactions, especially if mercury ions formed
(or originally present) in the solution, could result in the
formation of not only the covalent C—Hg bond but also
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complexes of the depolarizer (adsorbate) with these ions.
The question of differences in the electrochemical behaviour
of such structures was comprehensively considered !5 by
the example of Hg(ll) complexes with electrochemically
inactive polynucleotides Poly(U), on the one hand, and
covalently bound Poly(U—Hg)X derivatives, on the other
hand. It was found that the voltammogram of the
Hg(11) — Poly(U).qs complex contained a single broad ER
peak (in the vicinity of —0.7 V), and the Poly(U—Hg)X
derivatives (particularly, ‘weakly mercurated’) obeyed the
general mechanism of RHgX electroreduction at a mercury
electrode (see Section II). The adsorption behaviour of all
these compounds also differed in principle. The problem of
better analytical detection of different mercury forms is
important for practice because the method of anodic strip-
ping voltammetry allows determination of only the overall
mercury concentration.

Naturally, the electrochemical behaviour of mercury
ions differed from that of their complexes with inorganic
anions and (the more so) organic ligands, particularly,
amino acids and their derivatives?’% and also with dieth-
ylenetriaminepentaacetic,?’%-27! picolinic and other organic
acids. For example, the Hg? " cation formed with glycine a
series of complexes, ranging from labile to very stable,
which included one or two ligand molecules and were
reduced at substantially different potentials.?’® Such pre-
coordination made it possible to diminish the limit of
analytical determination of mercury.

Usually, the formation of mercury ion complexes with
an organic depolarizer was observed at potentials higher
than or equal to the zero charge potential and, most often,
at the positive potentials and for substances that contain
atoms of sulfur,?¢%-272:273 nitrogen '°7-274 or both these
elements.?45,246,252,253,275 Iy the centre of this process,
usually lied a redox reaction of the depolarizer (RH) (Refs
253, 273), its radical (RH") (Ref 246) or ionic (R™) (Refs
252, 272, 272), or dianionic (R2~) (Ref. 197) forms with
polarized mercury to afford derivatives containing either
R —Hg(l) or R—Hg(1l) bonds. For example, under these
conditions the adsorption of thiocytosine,?’ xanthine, xan-
thosine,?’? dithiocarbamates?’? and many other com-
pounds was assumed to involve the formation of R>Hg
and also of the RH—Hg(I) derivatives (RH is pentoxifyl-
line 274), associates (for example, [AB>~Hg? "], where AB>—
is azobenzene dianion,'®” lysozyme ?43) or the mixtures of
(SR);Hg and (SR);Hg; in the case of cystine,?*? cysteine,?53
spiro[A3-1,3,4-thiadiazoline-2,2"-adamantane].24¢ As a rule,
these derivatives exhibited sufficiently high electrochemical
activity, which substantially complicated the interpretation
of results. This problem is not considered in detail in this
review, because the ER of organomercury derivatives
(SR)>Hg and (SR),Hg» containing S—Hg bond is beyond
its scope. However, summarizing the issues described above,
it can be noted that the formation of OMC in anodic and
cathodic processes can formally be described by the follow-
ing scheme:

negatively polarized electrode

RX + Hg + ¢ —> RHgX (or [RHgads)n);
positively polarized electrode
2RX + Hg?*; Hgd" —»> RoHg+2e +2X.

Organomercury intermediates often formed' 3-89 dur-
ing the ER of other organometallic compounds at a mercury
electrode (transmetallation reaction). The formation of

OMC was hypothesized (or directly observed) in the one-
electron ER of ArPbX; salts (Ar = Ph,!'3% p-MeCeHy4,
p-MeOCgHs; X = OAc, OH),'8¢ Ph;Pb* (Refs 3, 8, 9),
PhsSb+ (Ref. 9), n°-CsHsFe(CO),X (X = Cl, Br, I, SnCl,,
GeCl5),'82 R,MX4_, {M = Sn, Pb; R = Me, Bu,?76-280
Alk, Neophyl [PhC(Me),CH>] (see Ref. 187)}. In the latter
case, the RHg" radical the stability of which substantially
depended on the nature of R disproportionated to afford
electroinactive compounds (R»Sn)Hg. However, the
(R3Sn);Hg (R = Me, Et, Pr) compounds formed by the
analogous mechanism were immediately reduced through
the addition of two electrons.'8” It is known 72 that the
DMF adsorption prevents the formation of the Sn—Hg
bond so that the aforementioned effects could be observed
only in a protogenic medium, for example, in MeOH. In
turn, the Et,Pb™ biradical, the two-electron ER product of
the Et,Pb?"-nH,0 cation, either underwent disproportio-
nation to Et4Pb or afforded EtoHg.?

Chemisorption of organometallic compounds (particu-
larly, of iron 82183 and ruthenium '%* carbonyl complexes)
on mercury in anhydrous THF could also produce OMC. A
comparative analysis of the electrochemical behaviour of
allyl iron carbonyl complexes such as (n3-C3;HsFe(CO)s;X
(X = Cl, Br, I) at platinum and mercury electrodes pointed
to the involvement of mercury in the first step of their
reduction, which resulted in the acceleration of this step as
compared with the Pt electrode.!®3 Presumably,!83 the
adsorption of such compounds on mercury resulted in
insertion of mercury into the Fe —X bond

n*~(C3Hs)(CO)sFe--X

T ey
to afford a metastable heterometallic complex
(M3-C3HsFe(CO)3HgX), probably, via unstable ‘organic
calomel’ RHgMX.197 The final product in the reaction of
the m3-CsHsFe(CO); crypto radical with the electrode
material was the electrochemically inactive compound
[nS-C5H5FC(CO)2]2Hg.182

The oxidation of carbonyl complexes Fe(CO)4L (where
L = PPhs, AsPhs, SbPhj) in acetone, dichloromethane and
MeCN at a mercury electrode involved a step of formation
of ‘mercury-stabilized” cations such as [HgA]" and
[A—Hg—Hg—AJ]?" (where A is the organometallic resi-
due).!®> The unusual behaviour of NiX>(RNC), complexes
X =1, Br, CI; R =2,6-Me,C¢H;, 4-Br-2,6-Me>C¢Ho>,
2,4-Bub-6-MeCgH, , 2,4,6-BuCH,) was noted.281-282 At a
Pt electrode, the peaks of two-electron quasireversible
reduction were observed in CV curves, whereas at a mercury
electrode, the peaks of redox transformations of the
[Ni(RNC),HgX5] intermediate appeared. A new peak in
the presence of isocyanides was associated >82 with the ER
of a new species, [Ni(RNC)4Hgl>]».

Cations MesPb™ (Ref. 276), Ph;Pb™* (Ref. 8) and
Ph,Pb(OAc)> quickly reacted with the electrode material
to form OMC [in the latter case, the rate constant for their
reaction with mercury was 1.55x10~% cm s—! (Ref. 188)].
Such behaviour was typical of organic chalcogenides,
namely, disulfides, diselenides and ditellurides.!-2.°7-101
For this reason, the reduction of disulfides proceeded quite
easily at a mercury electrode and with great difficulty at
platinum and graphite electrodes. Monoselenides reacted
with mercury with greater difficulty; thus a-carbonylseleno-
cyanates were decomposed in its presence but the corre-
sponding thiocyanates did not react at all.?83 The PhsSn,
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compound and the Ph3Sn™ cation also directly reacted with
the Hg electrode (a black deposit was obtained).?84 The fast
exchange of mercury atoms for gold atoms in organogold
compounds,'8%-190 for palladium in organopalladium com-
pounds? and for thallium in organothallium compounds
also proceeded even before the potential application.!80- 181
Charging curves for ER of the Et,Tl" cation with the
structure isoelectronic with that of EtoHg, recorded at a
mercury electrode demonstrated three delays.!'®! The third
delay at the potential of the Et,Hg, electroreduction was
attributed to the reduction of a mixture of Et,Hg, and
EtHgTIEt™ cations. This was also the case for other R,TIX
derivatives (R = Alk, Ph) that dissociated in solutions to
afford R,TI* cations. For R = Ph, this cation was reduced
in the first delay together with TI* by the following
mechanism:!80

PhoTI + He “29%  pppgTi ph <=
> g =—— g S (36)

rapid

=== PhHgTI'Ph Ph,Hg + TL

As a result of such reactions, N,N-disubstituted gold
dithiocarbamates Au(Rdtc); (where R = Et,, Priz s Buiz s
Bn,) were reduced (propylene carbonate, 0.2 mol litre !
NaClOQy) in two voltammetric steps at a mercury electrode
and in one step at a platinum electrode.!® In the same
study, the quasireversible peaks at more positive potentials
were associated with the electrode reactions of Hg(Rdtc),.
In turn, the noticeable acceleration of the ER of di(p-cya-
noethyl)mercury was observed !'¢ at an electrode of an
In—Hg alloy as compared with the mercury electrode. It
was proposed that the electrode reaction was preceded by
the exchange of indium for mercury in the above-mentioned
compound.

Interesting cases of OMC interaction with the mercury
electrode were also observed during the EO. For instance,
the electrooxidation of AlkoHg.qs at a mercury electrode
produced intricate complexes Hg3Lﬁ+ (L is an organic
ligand) and adducts such as RzHg§+X2; [RoHgsClh)2 X,
(R = Me),'7¢ or (for other organometallic compounds)
[R,M,,—Hg—R,M,,] (M = Pb, Sn, Cd, Bi).176-177

The data shown clearly demonstrate that chemical
reactions of mercury-free organic and organometallic com-
pounds with the Hg electrode were sufficiently complicated
and diversified while the ER mechanism is often obscure for
many compounds.

V. Acid-catalyzed degradation
of the organomercury intermediates

A typical example of the special role of the interaction of
mercury-free compounds with the Hg electrode in the
electrode reactions is the involvement of OMC in the
electrocatalytic evolution of hydrogen. Thus the electrosyn-
thesis of OMC, particularly, RoHg from RHgX, can be
accompanied by blocking of the electrode surface by poorly
soluble ER products; to remove this, small amounts of an
acid has to be added.?®> The acidic medium was often
necessary for the electrochemical synthesis of OMC from
mercury-free compounds, for example, in the synthesis of
R,Hg from ketones? or of RHgX from aldehydes.?*> How-
ever, such products could induce the electrochemically
catalyzed hydrogen evolution at a mercury elec-
trode,?0—102.143.160.174.178  which presumably '3 involved

both the formation of mercury-containing intermediates
and their proton donor-induced degradation.

It deserves mentioning that the mechanism of catalytic
evolution of hydrogen from buffer solutions of nitrogen-
containing compounds !33-190 was one of the most actively
debated problems in the 1950s. In the early 1960s, a
hypothesis was first put forward and later developed'>>
that the catalyst (particularly, pyridine and its derivatives)
can be recovered by a bimolecular reaction of pyridyl
radicals formed in the ER of the protonated substrate
(PyH ™),

2PyH —> 2Py + H,. 37

According to this mechanism, both the Py protonation
and its regeneration occurred in the bulk of the solution. At
the same time, even the authors of this theory in their
publications of 1980s!74 noted that in certain cases, for
example, in solutions of acridine, the catalytic evolution of
hydrogen was complicated by the OMC formation. To
ascertain the role of such compounds, additional studies
were carried out.!'*3 Based on the thorough analysis of
polarographic data and 7 vs. ¢ curves in Py solutions, it
was concluded '#3 that the catalyst represents the depolar-
izer reduction product adsorbed on a mercury electrode.
Moreover, the unusual I vs. ¢ curves, namely, concave
towards the time axis in their initial segment, were observed
in solutions of N-methyl(ethyl)pyridine, and also of quinine
and keto-derivatives of adamantane. This pointed to the
general character of the mechanism of hydrogen catalytic
evolution that involves the formation of a catalytically
active product adsorbed on the electrode. As to the chem-
ical nature of catalysts, it was assumed that it is radicals
and/or ‘organic calomels’ 142 existing in equilibrium with the
radicals that represent the hydrogen evolution catalysts.
Based on these data, it was concluded '*3 that the catalytic
evolution of hydrogen was the result of degradation of these
organic amalgams by proton donors (as that of tetraalky-
lammonium amalgams!7®). For Py solutions, the mecha-
nism of catalytic evolution of hydrogen was described by
the following scheme:

BH* e . H
Py —== PyH" —= PyH 278, pyH/Hg, (39)
BH*
— %Hz, 7}’!Hg

Later, this mechanism was confirmed.!”® The question
of the nature of the phenomenon under consideration was
finally elucidated with the appearance of new data.!#* It was
shown that in the case of N-dimethylbenzylanilinium chlor-
ide, i.e., compound that cannot be protonated, the catalytic
evolution of hydrogen induced by the decomposition of an
organic amalgam under the action of water or a proton
donor was observed, too. It should be stressed that hydro-
gen also evolved in the electrolysis of Et4NBF4 at a mercury
electrode in neutral solutions, pH increased to 12 and a
black deposit with the composition Et4N-Hg,
(n=2.94+0.8) formed.'”

The next aspect of this problem, namely, the proton
donor-induced degradation of mercury-containing inter-
mediates was discussed.!?! It was found !?? that the addition
of even small amounts of acids (3 < pH < 6) to solutions of
Ce¢FsHgBr resulted, in place of the expected blockage
removal, in the disappearance (Fig. 11, curve 4) of the
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Figure 11. Lengths of the first (/, 3) and the second (2, 4) delays during
the reduction of perfluorodiphenylmercury synthesized by microelec-
trolysis of 5x 10~> mol litre ! pentafluorophenylmercuric bromide as
a function of the current density in weakly alkaline (/, 3) and weakly
acidic (2, 4) media.!?!

Solutions of NaOAc in aqueous ethanol (10 vol.% EtOH) served as
supporting electrolytes. [NaOAc] /mol litre—!: (1, 2) 0.9; (3, 4) 2.7.

delay corresponding to the ER of the near-electrode con-
densed perfluorodiphenylmercury phase, while the length of
the delay of monolayer reduction no longer depended on
either i (curve 3) or the polarization time 7, (Fig. 12,
curve 4) and decreased to virtually monolayer values.
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Figure 12. Curves it vs. t, for electroreduction of perfluorodiphenyl-
mercury in the first (2—4) and the second (5) delays synthesized by
microelectrolysis of 5x 10~ mol litre~! pentafluorophenylmercury
bromide under potentiostatic conditions.!?!

(1) Calculations according to the equation for stationary diffusion
of the depolarizer to the hanging mercury drop electrode.'®®
10% ¢ /mol litre =1 5 (1, 2, 4, 5) and 4.4 (3); i = 0.072 (2), 0.115 (3),
0.752 (4) and 0.482 (5) mA c¢cm 2. Solutions of NaOAc, pH 8.6 (2, 3, 5)
and NaOAc+ HOAc, pH 4.2 (4) in aqueous ethanol (10 vol.% EtOH)
served as supporting electrolytes.

A similar effect also complicated the electrochemical
behaviour of bis(phenylethynyl)mercury. For low AcOH
concentrations (0.9 mol litre=! NaOAc, pH 4.4-5.5), the
delay corresponding to the ER of this compound [see
Eqn (7), Scheme 1], which was the only delay at high i,
remained virtually unchanged,!?! whereas the delay corre-
sponding to the ER with the preliminary formation of
‘organic calomel’ [RHguqs]» (see Section III and Ref. 113)
disappeared. Effects qualitatively resembling the action of
acids 1! were observed ! in CgFsHgBr solutions with
0.1—1 mol litre—! KBr as the supporting electrolyte. The
first delay corresponding to the ER of the near-electrode
perfluorodiphenylmercury phase formed on the electrode
from C¢FsHgBr was constantly shortened during the experi-
ment, while the second delay disappeared soon after its
beginning. This was explained by the fact that halide ions
(especially, Br— and 17) induced irreversible solvolytic
degradation of Ry;Hg in aqueous solutions (e.g., see
Ref. 26). It is known 32 that bromodemercuration often
proceeded at high rates even at room temperature (prob-
ably, via unstable intermediates of the radical nature, as was
observed in other publications 121- 143, 144.178)

Symmetrical OMC easily underwent acid-induced deg-
radation,?® aromatic derivatives more readily than ali-
phatic, whereas alkalis usually do not cleave the C—Hg
bond. At the same time, both aliphatic and aromatic RoHg
compounds with electronegative substituents (particularly,
fluoro derivatives '5) demonstrated the high stability of the
C—Hg bond with respect to protolysis and impact of other
electrophilic agents.?® The reactions with nucleophiles were
more characteristic of such compounds due to the high
sensitivity of the mercury atom towards the nucleophilic
attack.?® Salts RHgX, on the other hand, underwent pro-
tolysis with higher difficulty. Thus PhHgBr in the presence
of AcOH decomposed extremely slowly,?® while the energy
barrier to the protolysis of the Hg— C bond with hydrohalic
acids became lower from 146 (MeHgCl) to 86.6 kJ mol—!
(Me;Hg).?8¢ The Hg—Cl bond was virtually resistant
against both nucleophilic and electrophilic attacks.?® For
example, storage of MeHgCl (5 x 10—* mol litre—!) in HCI
solution with pH 1 for a week did not change its polaro-
gram.26-121

As a rule, protolysis of OMC is a lengthy procedure
carried out under sufficiently drastic conditions (elevated
temperatures, high acid concentrations).?® For the
described 12! systems, the protolytic effect was observed
even in weakly acidic media (pH <4.8—-5.5) at room
temperatures; after the solutions of pentafluorophenylmer-
curic bromide and bis(phenylethynyl)mercury were neutral-
ized with an alkali in the electrochemical cell, the original
state was completely recovered, which pointed to the
absence of protolysis of these compounds.

Carboxylic acids did not as a rule react with RHgX, and
the C—Hg bond cleaved more easily under the action of
hydrohalic acids and was to a certain extent more resistant
to oxoacids.?¢ The effect was reversed '2! for the electrolysis
of Ce¢FsHgBr. [It should be noted that according to
acquired data,!'®~ 12! the pefluorodiphenylmercury com-
plexes with halide ions are also somewhat more labile (see
Section II) than, e.g., with AcO~]. Coordination strength-
ened the C—Hg polarization in OMC thus making easier
its protolysis.?®” For Me,Hg, hydrogen sulfide turned out
to be a very active protonating agent; moreover, the
[HgMe>SH ~] complex was formed by the virtually barrier-
less route.
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The observed 2! effect of small portions of acid can
hardly be associated with the protolysis of perfluorodiphe-
nylmercury, because the length of the delay corresponding
to the ER in solutions of this compound proved to be pH-
independent in the same pH range (4.4—9.2). Hence, these
effects were explained '2! by the acid-catalyzed protolysis of
intermediates of OMC electroreduction. At a mercury
electrode in weakly acidic buffer solutions, such a reaction
was observed at the ER of N-methylpyridinium halides,
adamantanones and some other compounds the reduction
of which involved the transient formation of OMC (see
above).!43

Note that dibenzylmercury was detected among the
products of the Co'l(salen)-catalyzed ER of benzyl chloride
at mercury; however, the addition of diphenylphosphine (a
proton donor) led to the disappearance of OMC from the
reaction mixture.?%? The latter can also be explained by the
acid-catalyzed degradation of organomercury intermedi-
ates. For solutions of 1-bromobut-2-ene, iodo-, bromo-
and dibromobenzenes, the peaks in voltammograms corre-
sponding to electrode reactions of organomercury inter-
mediates disappeared even in the presence of a proton
donor such as phenol.'?%-12° The proton donor-mediated
(AcOH) degradation of organometallic intermediates
[AlkNi'l(salen)] at the electrocatalytic reduction of dihalo-
butanes and halohydrins at Hg and GC electrodes was
postulated.?>®

In weakly acidic solutions (5 < pH < 7), the electro-
reduction of 3,6-bis(dimethylamino)acridine and 3,6-dia-
mino-10-methylacridinium chloride was accompanied by
the fast degradation of intermediate OMC (presumably,'’8
polymercurides) and the evolution of H,. However, for
unsubstituted acridine, the ER was slower. Thus, a chron-
ammogram of this compound (for ¢o=2x10~% mol
litre=!) demonstrated two peaks:!74 the first peak was
ascribed to the ER of OMC formed from the monolayer,
whereas the second peak corresponded to the ER from the
next layers. At pH 1.17, the height of the second peak was
considerably lower than at pH 4, although did not disap-
pear altogether. In other cases, for example, at the chem-
isorption of diphenyl selenides on a mercury electrode, pH
(in the range of 4.6-9.1) had virtually no effect®’ on the
formation of OME polylayers.

It is possible that the stabilization of [RHgaas], (the
intermediate in the electroreduction of RHgX adsorbed on
a monolayer) could inhibit acid-catalyzed degradation.
Note that many scientists hypothesized the presence of
such stabilization at a mercury electrode surface (e.g., see
Ref. 4). According to Willett and Peters,®° in the course of
desorption of the decylmercury radicals from the electrode
surface, like other acyclic and alicyclic mercury-containing
radicals,!”! they underwent very fast demercuration (in
<1078 s) [see step (5) in Scheme 1]. Note that for the case
where quasiequilibrium was established between [RHgads]»
and R>Hg (R = Pr) in the monolayer [see steps (6a), (6b) in
Scheme 1], such stabilization was substantiated at a quanti-
tative level (see Section III and Ref. 124). Photodecompo-
sition of organometallic (particularly, organolead)
compounds also proceeded faster in the bulk of the solution
as compared with the Pd electrode surface.?33

It was shown °° that the adsorption of perfluoro-n-hexyl
iodide on a polarized mercury electrode (DMF + LiClOy;
BusNClOy,) afforded n-CeF3Hgl, its one-electron ER pro-
duced (n-C¢F13)2Hg. In turn, with halides (LiCl, LiBr, Lil,
BusNI) as the supporting electrolytes, the reduction of

n-Ce¢Fi31 to n-Ce¢Fi3H occurred. These results were
explained °° by the different effects of the adsorption of
components of this system on the ER mechanism. For
example, whereas the halide ions were adsorbed in the
vicinity of the zero-charge potential and displaced organo-
mercury intermediates from the dense part of the electric
double layer, they could be decomposed in the bulk by the
mechanism described above. Using the method of hidden
limiting currents, it was shown 2°¢ that the Li* cations also
affected (albeit weaker) the ER of chloroform like H3O .

The described reactions of acid-induced degradation of
mercury-containing intermediates could undoubtedly com-
plicate the procedure of preparative electrolysis. Particu-
larly, acidification of solution is hardly a reliable method
for intensifying the synthesis of RoHg compounds from
RHgX. Moreover, the electrolyte composition should be
selected more carefully, because the nature of the support-
ing electrolyte anion has a great effect on the process. In
turn, the acid-catalyzed degradation of OMC under mild
conditions can prove to be efficient even for chemically
stable RHgX salts, especially where R is a substituted aryl.
Such reactions of ‘electrochemical protodemercuration’ (or,
taking into account the data from Ref. 259, ‘protodemetal-
lation’) of intermediates played the important role in the
chemistry of organometallic compounds.

VI. Adsorption and structural effects in electrode
reactions of organomercury compounds

The electrochemical transformations of RHgX, RHgR’
(R=R’; R#R’) were often accompanied by different
adsorption effects associated with the high adsorption
activity of many OMC (R,Hg, RHgR’) and also with
considerable differences in the adsorbability of RHgX and
organomercury intermediates. First of all, this concerns the
electrode surface blockage that results in hindering of the
electrode reaction and also in its autoinhibition by the
depolarizer (the intermediate or final product of its chem-
ical reaction with the electrode) or by the unsoluble film
formed by ER products.

The products of the first step of the polarographic
reduction of PhHgX salts are known>2 to block the elec-
trode surface. This was manifested by violation of the linear
dependence of the limiting current on the depolarizer
concentration,>> the appearance of maxima, adsorption
pre-waves (usually for ¢o = 10-3-10~* mol litre—!) (see
Refs 36, 52, 54, 97—-99) and the deformation of I vs. ¢
curves (see Refs 55, 124, 174, Fig. 13). The electrode surface
blockage could also manifest itself as oscillations in the
second wave>? or a ‘reverse’ peak in the CV anodic
branch.3¢-84,241.251 The blockage often shifted the electro-
reduction potentials of RoHg» ([RHgadsln) and RoHg to
more negative values.!!!-192 ‘Reverse’ peaks in the CV
method are the analogues of polarographic maxima 24!
being associated with the adsorption of intermediates of
the electrode process, which results in the mercury surface
motion. Localization of such peaks in the potential range of
the second step (Fig. 14) was associated with the adsorption
of organomercury intermediates.?¢-84.0 Such peaks were
observed in solutions of organic halides that formed OMC
at the ER of, e.g., triphenylcyanopropylphosphonium bro-
mide,2>! bromoalkanenitriles 2°7 or iododecane.24! How-
ever, these peaks disappeared with the increase in the scan
rate ?*! or in the presence of a suppressor of peaks such as
Triton X-100.3¢ The adsorption of [RHga.qs], intermediates
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Figure 13. 7 vs. ¢ curves recorded in the potential range corresponding
to the plateau of the first electroreduction wave of 2.2 x 10~ (1) and
7.3 x10~* mol litre—! (2) PrHgOAc.!24

A 0.9 mol litre ~'solution of NaOAc in aqueous ethanol (10 vol.%
EtOH) served as a supporting electrolyte.
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Figure 14. Cyclic voltammograms of the mercury electrode recorded in
2 x 104 mol litre=! MeHgNO3 solution containing 0.01 mol litre—!
HCIOy4, pH 3.8,%* with potential scan rates of 0.05 (1), 0.2 (2), 0.5 (3)
V s—! (http://electroanalytical.org/SEACcom/SEACcom-nov88.pdf).

could inhibit both the first and the second steps of RHgX
electroreduction.>*

In the electrosynthesis of bis(3.,4,5-tribromo-2-thienyl)-
mercury from tetrabromothiophene, the process was com-
pletely blocked upon the formation of a monolayer. The
blockage was removed?85 with the addition of an acid
(HBr). However, the monolayer coverage with the mer-
cury-containing final or intermediate product sometimes
did not prevent the electrosynthesis,®”-98-117.118 glthough
could result in its deceleration (for example, as in the anodic
synthesis of mercury alkoxides?8¥). The adsorbed mono-
layer affected neither the formation of [PhSeHg] and
[PhTeHg] phases®”-%% nor the electrode reactions of the

Ru(NH,;)éH2+ redox pair.” In turn, the condensed
[PhSeHg] phase inhibited the ER of components of this
redox pair and completely blocked their oxidation.

The method of I vs. ¢ curves makes it possible to
elucidate whether the reaction occurs on the adsorbate
blocked surface. The distortions in / vs. ¢ curves at the
foot of the second ER wave of pyridyl- and thienylmercuric
acetate were explained as early as in 1968 by Degrand and
Laviron > by the adsorption of RoHg, the final product of
the first step of RHgX electroreduction. Similar results were
obtained for PhHgX salts>?> and mercury derivatives of
acridine.'’ It was demonstrated '#3 that non-linearity of
initial segments of 7 vs. ¢ curves for N-methyl(ethyl)-
pyridinium, quinine and keto derivatives of adamantane
was also due to the chemisorption of a mercury-containing
intermediate (see Section V). Curves I vs. t measured at the
plateau potentials of the first ER wave of PrHgOAc (see
Fig. 13) 12 pointed to the depolarizer diffusion complicated
by tangential motions of the mercury drop.

The data obtained from experimentally measured elec-
trocapillary 36-5%.78.79.99 and [ vs. ¢ curves and differential
capacitance ''® also pointed to the considerable surface
activity of [RHgaq4s], intermediates. As to the adsorption
of the RHgX depolarizer itself and its final electroreduction
product RH, several scientists >*7° considered the adsorp-
tion contribution as insignificant at both the potentials
before the first wave of RHgX reduction and the limiting
current of the second wave. However, a considerable
decrease in the surface tension of mercury or in its differ-
ential capacitance was observed in solutions of MeHgX,”®
EtHgX.,”” PrHgX and CeFsHgX (Ref. 118) just at the
potentials preceding the first wave. For the majority of
AlkHgX and ArHgX salts studied,!9%110.123 the electrode
surface coverage () was ~ 0.1-0.3. No considerable
decrease in the mercury surface tension and differential
capacitance was observed for potentials more negative
than those of RoHg desorption and [RHg,q4s], reduction,
which pointed to the low surface activity of these hydro-
carbons (AlkH, ArH), the final electroreduction products of
RHgX, AlkoHg and Ar,Hg.”8

If the one-electron ER of a depolarizer with the higher
solubility ¢] (including RHgX) afforded a product with the
lower solubility ¢5 (i.e., ¢] > ¢5), then the formation of a
condensed near-clectrode phase was possible. The latter
often consisted ''7-11% of the reduction products (RoHg),
intermediates (([RHgaqs],) or their mixtures '99-110-124 (pro-
vided the lifetimes of these intermediates were sufficiently
long).'7* The solubility of AlkHgX in aqueous salt media
was usually 1073 —-10—* mol litre —! (Ref. 289), whereas for
[RHgads]» this value was at least one order of magnitude
smaller.!24 ‘Organic calomels’ such as XHgHg(X'HgHg)R
(see Section III) proved to be virtually insoluble in all
known solvents.!73 Diacridinedimercury 74 and substituted
alkylaminoacridines '8 were also insoluble in EtOH,
chloroform, hexane, DMF and diethyl ether. Only methyl-
pyridinium salts MePyHgHgX dissolved in many organic
solvents.!8

Obviously, not only the products adsorbed in the first
step but also the condensed phase should affect the kinetics
of RHgX electroreduction. Chronopotentiometric studies
have shown110:123.124 = that  for PrHgOAc with
co=4x10~*mol litre—!, the near-electrode layer was
saturated with RoHg and [RHgads],. - As a result, the signals
(delays) corresponding to both ER of RHgX and EO of
[RHg.qs]» were split,!10-124 in analogy with the appearance
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of a polarographic prewave. Such ‘pre-delays’ (or ‘pre-
peaks’ in CV 84 128) of the adsorption nature were observed
fairly often in the RHgX electroreduction (see Fig. 14).
They were also observed during the ER of mercury ions
[e.g., Hg?>* (Ref. 270)], where the first peak (~0.1 V) was of
the adsorption nature and the second (at £ < 0.1 V) corre-
sponded to the ER of these ions diffusing from the
bulk.?’® For RHgX, the analogous peak (and all the rest
peaks) was also of the diffusion nature and corresponded to
redox transformations of the depolarizer localized in the
bulk of the solution.

Using the CV method and chronopotentiometry with
current reversal, it was found '8 that for c¢o > 10~ 4 mol
litre—! the ER signal of the PhHg™" cation split into two
signals, namely, of the adsorption (14) and the diffusion
(1B) nature (Fig. 15). The current reversal after (or in the
middle) of any signal led to the appearance of an anodic
delay, which, taking into account certain results,!0-110
could be attributed to the PhoHg desorption. Note that the
current density values '8 (<1 mA c¢cm—?2) were too low to
reveal the PhoHg, oxidation on the electrode !1° because the
‘organic calomel’ lifetime was ~10~% s (see Table 1). It is
most likely that PhHg" radicals formed in delay 14 were lost
faster to form electrochemically inactive PhoHg, whereas in
delay 1B, the rate of their loss was much lower (this
assumption is equivalent to that of stabilization of the
intermediate by the electrode surface,®-232 see Section V).
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Figure 15. Chronopotentiograms of mercury electrode measured by a
galvanostatic method with the current reversal in 8.9x10~* M
PhHgOH solution.!%8

i=0.1 mA cm~2, 7, = 1 min.

At sufficiently high currents or prolonged potentiostatic
polarization (z, > 1—-3 min), a minimum ~0.05V deep
appeared in delay 14 (see Fig. 15) and the charging curve
changed its shape (as well as the VA curve); delays 14 and
1B merged together at potentials of delay 1B,'9 which, in
our opinion, was due to the changes in the structure of the
near-electrode condensed phase. This kind of structural
changes that manifested themselves in the unusual shape
of the second ER peak of RHgX (5-mercuriouridine di- and
triphosphates) typical of two-dimensional nucleation were
described.!* As the example, the adsorption behaviour of
double-decker sandwich organomercury heterocomplexes
such as C4R4CoCs(HgX)s (R =H, COOEt; X = SMe,
SCOMEe, etc.) can be mentioned.??® Their ER in the positive
potential range at a mercury electrode afforded a dense
layer that had the compact structure and was stable due to
the strong adhesion of HgX fragments to the surface and
lateral interactions. The relatively slow formation of such a

layer was accompanied by a phase transition; its destruction
took place at the zero charge potential.

With the increase in f,, the parallel growth of the VA
peak height analogous to peak 1B in 10=3-10—% M solu-
tions of PhHgX (X = NO;, OAc)'?® and n-C;oH Hgl;
n-Ci1oH21Br was observed ¢© as well as at the formation of
multilayers of mercurated polyuridine derivatives
poly(U —Hg)X.195 The latter case is of special interest. For
tp < 1-2s, the voltammograms of poly(U—Hg)X demon-
strated a single peak of two-electron reduction of this
compound. However, when the polarization time reached
several minutes, the second peak appeared at potentials
~0.4 V more positive and grew with the increase in fp,
whereas the second peak height ceased to change. Presum-
ably,!%5 the second peak was due to the reduction of multi-
layers formed by the depolarizer as the latter underwent
slow structural changes induced by coordination interac-
tions of polyuridine substituents within the layer. However,
the reduction of the Hg(11)—Poly(U).qs complex corre-
sponded to a single broad peak with the height (Q) several
orders of magnitude larger as compared with the monolayer
value.

Using the chronopotentiometric method, it was
shown !'!'7 that in the first step the electroreduction of
2-acetyl-5-thienylmercuric bromide [i.e., for E' 5 > Ein >
E(lz/)z] under potentiostatic conditions producec{ the con-
densed phase of poorly soluble bis(2-acetyl-5-thienyl)mer-
cury. This phase was reduced together with the adsorbed
monolayer in the only delay with the duration (it). The
latter increased at low i with the decrease in the current
density and, with the increase in f,, increased by a non-
linear law virtually with no limit. The condensed phase of
perfluorodiphenylmercury formed in the electroreduction of
CsFsHgBr (Ref. 118) under the same conditions and by the
analogous mechanism [reaction (41a)] 1%~ 12!

CeFsHgBr + e —

CeFsHg + Br— (E") = —0.02V), (39

1/2
e, BH"
CeFsH + Hg + B(E(, = —031 V) (40)
CoFsHg' .
CgHsH 2e,2BH™
oy Het (CF9Hg ~Sss @D

—>= 2CeFsH + Hg + 2B (Ejp= —1.1 V),

could be reduced [in contrast to the condensed phase of
bis(2-acetyl-5-thienyl)mercury !'7] in either single or two
delays, with the monolayer being reduced at more positive
potentials (see Section II). The fact that at & — 1, in contrast
to many analogous cases, no complete blockage of the ER
of perfluorodiphenylmercury occurred pointed to the for-
mation of a sufficiently loose monolayer (as in the ER of
diphenyl diselenides °7).

For low i (irrespective of the CcFsHgBr concentration)
in all the cases, only delay I/ was observed ''8:119 (see
Fig. 4), which corresponded to co-reduction of the mono-
layer and the near-electrode condensed phase. This delay is
shortened with the increase in i (curve /). At more negative
E, delay 2 appeared (curve 2), became wider with the
increase in i, passed through a maximum and vanished. In
this range of current, delay 7 is shortened approximately to
values typical of the monolayer and then no longer
depended on i. Such dependences by and large retained
their qualitative similarity for the majority of inorganic salts
as supporting electrolytes.!19- 120
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At low i, the delay corresponding to the ER of the
perfluorodiphenylmercury condensed phase also demon-
strated the non-linear and virtually infinite increase with
the increase in #, (see Fig 12, curves 2, 3, 5), the same as for
the ER of bis(2-acetyl-5-thienyl)mercury.?!'4 However, in
some cases, almost linear Q wvs. t, dependences were
obtained by the CV method (mercury complexes with
polyuridinic acids '0%).

Mercury sulfides formed upon the adsorption of thiols
RSH (RSH is 1-benzyltetrazole-5-thiol,>** 6-propyl-2-thio-
uracil>>°) on the Hg electrode in the anodic region also
produced a condensed phase, but the monolayer was
reduced at more negative potentials.

In certain cases, a uniform phase was formed. Thus in
the formation of organic amalgams such as Me4sP —Hg and
Me,Py(Hgs) at a mercury electrode, first their monolayer
was formed (it =43-46.5 uC cm—2) to be later trans-
formed into a three-dimensional structure.?®!

In electrochemistry of organic (particularly, organome-
tallic) compounds, the cases are known where poorly
soluble or altogether insoluble ER/EO products formed.
Hence, the differences in the solubility of the starting
compounds and products were often exploited in indus-
trial -2 or preparative 23 electrosyntheses of organometallic
compounds. In addition to RHgX, the condensed phases
were typical of mercury-containing polymers formed in the
reduction of RHal, [R = Me,'3¢ cyclo-CsH;; (Refs 134,
135)] and R,MX,,_, salts (M =Sn, TI, Si, Ge, Pb,
etc.!=3-8). Complexes of Hg(ll) alkoxides/glycolates with
1,10-phenanthroline and 2,2 -bipyridyl, which were synthe-
sized at a sacrificial mercury anode?? and possessed
presumably the polymeric structure, turned out to be
altogether insoluble in conventional organic solvents. In
addition to the easy of isolation of final products, this
synthetic method 28%-292 also provided high yield of the
target compounds.

The differences in the adsorbability of the first-step ER
products were especially big for organotin compounds. For
example, the adsorption of n-Ci;oH>HgBr in anhydrous
DMF was ', ® 4.1 x 10~ mol cm—2 and, for its reduc-
tion intermediate, ((RHgadsln), I'o ~ 8.3 x 10719 mol cm —2
(Ref. 60), whereas under the same conditions, the adsorp-
tion of R>Sn" radicals (or R4Sn» dimer) was almost an order
of magnitude higher as compared with R,SnCl, and the
electrode surface was blocked with the inactive dimer
formed (particularly, PheSn,, see Ref. 3) up to the poten-
tials of the supporting electrolyte discharge.

For symmetrical OMC, in the general case, the high
surface activity was characteristic not only at a mercury
electrode but also on amalgams, for example, the same as
for di(B-cyanoethyl)mercury on indium(55 mass %)—gal-
lium alloys.!'® In addition to the mentioned compounds,
mercury dimethyldithiocarbamate complexes deserve men-
tion.?’2 The adsorbability was quantitatively characterized
by the Damaskin—Stenina—Fedorovich criterion,?93294
namely, the sum (InB+a), where B is the adsorption
equilibrium constant and a is a constant that Frumkin
referred to as an ‘attraction constant’. This criterion 2%3 is
widely used in assessing the adsorbability of miscellaneous
substances.!?1-294 Considering the adsorption characteris-
tics of OMC by the example of two representative
compounds containing strongly polar groups, i.e., per-
fluorodiphenylmercury 13120121 and  di(B-cyanoethyl)-
mercury,'1% 126 mention should be made of the high attrac-
tion constant (1.82) for perfluorodiphenylmercury
(E =0 V) (Ref. 120) and 0.92 for di(B-cyanoethyl)mercury

(E = —0.6 V).126 These compounds are adsorbed flatly on
the electrode and can contact one another only with either
fluorine atoms (perfluorodiphenylmercury '8) or still more
electronegative cyanoethyl groups [di(f-cyanoethyl)mer-
cury],!?® which should result in repulsion of adsorbed
molecules rather than in their attraction. In such orienta-
tion, mercury atoms could interact with the electrode
material rather than with one another, i.e., through the
molecule —electrode interactions or the ‘classical’ pair cou-
pling between adsorbate molecules but transferred through
the electrode metal.

11
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Insofar as due to the presence of the coordinatively
unsaturated mercury atom,'!-14 154 R,Hg molecules could
form complexes with different ligands (see Section II), it can
be expected for the complex to disintegrate upon the
adsorption and for the Hg atom to form a bond of the
coordination type with the electrode material.

It is probable that for more negative substituents in the
organometallic molecule and more positive central metal
atom the stronger interactions of such a kind could ari-
se.120-121 In this case, @ can depend on the potential, i.e.,
with its increase, the electrostatic component of the elec-
trode metal-metal in the molecule interaction could
increase (incongruence of the isotherm with respect to
potential), as observed '?¢ for di(B-cyanoethyl)mercury,
where a varied from 0.92 to 1.77 in the potential range of
—(0.6—1.3) V. These factors in aggregate (including the low
solubility of perfluorodiphenylmercury 13- 118) were argu-
ably attributed '?! to the anomalously high value (14.33) of
the Damaskin — Stenina — Fedorovich criterion for this com-
pound. It is noteworthy that for much better soluble
di(B-cyanoethyl)mercury, this criterion was also large, i.e.,
11.64 in the vicinity of the zero charge potential.!2¢

Thus, the range of weak interactions in the adsorption
layer was probably wider 12! than assumed earlier and a
could depend on some other factors besides the pair
interactions.

The adsorption characteristics of symmetrical OMC had
a substantial effect on the kinetics of their electrode reac-
tions. Thus for the ER of di(B-cyanoethyl)mercury at
indium amalgams,!!'® an, smoothly decreased from 0.55 to
0.30 as the indium content increased from 0 at.% to
67.8 at.%. The formation of an RoHg complex with the
electrode material was also postulated;!'¢ the latter depend-
ence was due to the proportional decrease in the coefficient
of partial charge transfer at the adsorption, namely, the
higher the coefficient the lower charge n, transferred in the
slow electrochemical step, because it is unlikely for o to
depend on the electrode material.

From the dependences of the electron transfer rate on
the adsorption (i.e., on the electrode surface coverage) of
perfluorodiphenylmercury, bis(phenylethynyl)mercury and
di(B-cyanoethyl)mercury,!!4- 116-119 it follows that the ER
reactions of these OMC were unimolecular with the effec-
tive reaction order close to zero (probably due to the strong
intermolecular interactions in the adsorption layer). The
electron transfer rate for § — 1 usually decreased.
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Thus, the ER of a considerable number of OMC is
complicated by adsorption phenomena, including the for-
mation of condensed phases on the electrode surface, which
substantially affected the kinetics of electron transfer and
the mechanisms and rates of near-electrode reactions.

VII. Determination of organic and inorganic
mercury compounds using electrochemical
methods

In the early stages of the development of OMC electro-
chemistry, the studies of the electrochemical behaviour of
these compounds were associated with the demands for
elaboration of electrochemical methods of their analysis,
first, polarographic and, then, voltammetric techni-
ques (e.g., see Refs. 78, 79). However, by the 1950s, it
became clear that the mechanisms of reactions of mercury-
containing compounds are very complicated, especially, at a
mercury electrode. This conclusion seems obvious, taking
into account numerous decisive factors, particularly,
adsorption, acid-catalyzed transformations of OMC and
their intermediates and also the kinetics of inter-transitions
‘organic calomel’—R,Hg symmetrical compounds. This
should be taken into account in developing state-of-the-art
electrochemical methods for the analysis of OMC.

Often, the necessity arose of the determination (simulta-
neous or selective) of OMC and inorganic mercury (Hg3",
Hg?") (see Introduction); hence, the problems of their
analysis should apparently be considered jointly. Enormous
number of publications were devoted to the determination
of OMC and inorganic mercury derivatives using different
methods (including electrochemical 78— 88,270,271,295-396)
and their number still continues to increase. Thus it was

reported 23 that from 1967 to 1995 alone, ~ 10000 studies
were published and no less than 5000 publications appeared
over the past 15 years (from 1995 to February, 2010)
[information from ISI Web of Science (http://apps.isiknowl-
edge.com)].

Now, the most efficient methods for the determination
of such compounds are as follows (Table 3): atomic absorp-
tion, luminescence or X-ray fluorescence spectroscopy,
mass spectrometry and inductively coupled plasma optical
emission spectroscopy, neutron-activation analysis, differ-
ent types of chromatography (the latter, as was noted,32¢
proved to be not very convenient for the determination of
total mercury, in contrast to neutron-activation analysis
used for this very purpose 2°°). However, these methods are
very time-consuming, require expensive equipment and
lengthy procedures of sample pre-treatment. At the same
time, some of them are insufficiently selective, e.g., spectro-
scopy 2?3 (especially for samples containing heavy metal
ions). This is why the joint use of some of these methods is
recommended. For example, gas chromatography together
with cold vapour atomic absorption spectroscopy are highly
efficient 2°° in the co-determination of monomethylmercury,
inorganic mercury and also of their overall content in
biological objects [the detection limit was 6 x 10— 10 and
13x 1010 g litre—! for Hg(ll) and monomethylmercury,
respectively].

It is believed that the electroanalytical methods of OMC
determination 78-88,301.323,327-335  (Table 4), including
those exploiting enzyme electrodes,3!9-322:326-331  gen-
sors 298.331,332.376 or in combination with other methods
(for instance, with chromatography,?95-321-323.326 capillary
electrophoresis,324 325,334,335 atomic absorption spectro-
scopy,??>377 cold vapour atomic absorption spectrome-

Table 3. Potential of electrochemical and non-electrochemical methods of analytical determination of OMC and Hg(1I).

Analyte Determination method Detection limit Linearity range Ref.
of concentration
dependence
Hg?* cyclic voltammetry 4 pg litre—! 1050 pg litre—! 80
MeHg* the same 10 pg litre—! 10~4-10~7 mol litre ! 78
2 pg litre—! 80
4.5x 10~ " mol litre~! (10-250) x 10—? mol litre ! 82
MeHgCl " 5.6 x 10~7 mol litre—! (5-250) x 10—¢ mol litre ! 83
Hg?* voltammetry 3.2 pg litre ! 10-200 pg litre—! 299
0.1 pg litre=! 0.5-4.5 pg litre ! 300
EtHgCl AC sinusoidal voltammetry 10~7 mol litre~! 10=3-10~7 mol litre—! 94
MeHgCl stripping voltammetry 2 x 10~ mol litre ! (2-8)x 10~7 mol litre—! 301
0.49 pg litre ! 87
0.2 pg litre ! 88
Hg?* the same 3.4 x 10~ 10 mol litre—! 10—8-10—? mol litre—! 302
3x 10~ 12 mol litre ! 3x 10~ 12-10~% mol litre ! 303
0.40 pg litre—! 1-5 pg litre—! 304
1.5x 10~* pg litre—! 0.01-50 pg litre—! 305
0.12 pg litre ! 1-8 pg litre ! 306
5% 10~ mol litre ! (0.2—400) x 10=2 mol litre ! 307
0.005 pg litre—! 0-50 pg litre ! 308
0.06 pg litre ! 0.1-250 pg litre—! 309
0.012 pg litre ! 0.05—1 pg litre—! 310

differential pulse anodic stripping
voltammetry

1 pg litre—! 5-1000 pg litre—! 311
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Table 3 (continued).

Analyte Determination method Detection limit Linearity range Ref.
of concentration
dependence
Hg?* stripping chronopotentiometry 0.080 pg litre—! 0.02-200 pg litre—! 312
0.005 pg litre—! 38— 154 g litre ! 313
10~* pg litre—! 0.005-30 pg litre—! 314
stripping chronopotentiometry with 1 pg litre—! 1-1000 pg litre—! 315
coulometric detection
Hg?*, PhHgX potentiometry 4% 10~¢ mol litre ! 1-200 pg litre ! 316
Hg?* " 5x 107 mol litre ™! (2-500)-10~¢ mol litre ! 317
potentiometry with sorption preconcentration 10~ mol litre ! 318
Hg?>", MeHg™, EtHg™  amperometry at enzyme electrodes 2 pg litre—! 2-10 pg litre ! 319
Hg>* colorimetry 1 pg litre—! — 295
enzymatic methods 2 3x 10~ pg litre—! 0.6—5 x 10* ug litre ! 297
PhHg*, MeHg* cold vapour atomic absorption spectrometry 0.001-0.0001 pg litre—! 295
Hg?* the same 0.08—0.11 pg litre ! 303
5% 107 pg litre—! 5-40 ug litre—! 303
0.01 pg litre—! 303
0.008-0.012 pg litre—! 310
cold vapour atomic absorption spectrometry 6.23 x 10~ mol litre ! 320
with stripping voltammetric detection
fluorescence spectroscopy (1-2)x 10~ pg litre—! 295
(2-5)x 10—3 pg litre—! 310
0.080 pg litre—! 0.2-6.2 pg litre—! 303
MeHg™", Et,Hg atomic absorption spectroscopy 5% 107 pg litre—! 295
with electrothermal atomization
Hg?* the same 0.2 pg litre=! 25-200 pug litre ! 303
1.1x 10~% pg litre ! 295
inductively coupled plasma 1.39 pg litre ! 303
atomic emission spectroscopy 0.5—4 pg litre ! 10—1000 pg litre—! 295
10 pg litre—! 303
inductively mass spectrometry 3 ug litre—! 5-20 pg litre—! 303
coupled plasma 0.008 pg litre—! 295
neutron activation analysis 1 pg litre—! 303
MeHgCl, EtHgCl, high-performance liquid chromatography 0.070—0.095 pug litre ! 295
PhHgCl
Hg?* the same 0.0035 pg litre ! 295
Me, PhHg* " 0.0019-0.0025 pg litre ! 295
MeHgCl, EtHgCl, high-performance liquid chromatography 4% 1073 pg litre=! 295
PhHgCl with voltammetric detection
Hg?"; MeHgCl, the same (8=19) x 10~ 7 pg litre ! 295
EtHgCl, PhHgCl
Hg?*, MeHgCl, EtHgt " 1.2—1.8 pg litre—! 21000 pg litre—! 321
MeHgCl " 5% 10~8 mol litre ! 10— 120 pg litre—! 322
Hg?*; MeHgCl, " 8—10 pg litre ! 20-1000 pg litre—! 323
EtHgCl, PhHg*
MeHgCl, EtHgCl, gas chromatography 1 pg litre ! 295
PhHgCl
MeHg ™" gas chromatography with atomic absorption 10—* pg litre—! 295
spectrometry 5x 10~ pg litre—! 295
capillary electrophoresis with amperometric 3 pg litre—! 324
detection 0.4 ug litre—! 0.5-50 pg litre—! 325
Hg?* the same 0.1 pg litre—! 0.2-100 pg litre—! 324
0.005 pg litre—! 0.01—1 pg litre—! 325

4 Horseradish peroxidase was used as the enzyme.




Table 4. Results of electrochemical analysis of organic and inorganic compounds of mono- and bivalent mercury.

Analyte Determination method Solution composition; analysis optimal Electrode/modifying Detection limit; Linearity range of con- Ref.
conditions and possibilities; interfering impurities agent accuracy centration dependence
Monomethyl- DP-polarography, CV 0.1 mol litre~! HCIO4 HMDE 10 pg litre—! 10=#-10—7 mol litre ! 78
mercury (5% 10~ 8 mol litre— 1)
EtHgCl polarograpy, sinusoidal ac VA 0.1 mol litre~! HNOs; the Britton—Robinson buffer; DME, HMDE 10~7 mol litre ! 1073-10~7 mol litre—! 94
separate determination of EtHgCl and PhHgCl
Hg>+ VA HNO3; 1 mol litre=! HCI Au ultramicroelectrode 3.2 pg litre—! 10-200 pg litre=! 299
(1.6 x 10—? mol litre— ") (10—8-10—°mol litre—1)
0.05 mol litre—! HSO4; KI; As?*, Cd2+, SPAgE 0.1 pg litre—! 0.5-4.5 pg litre—! 300
Pb2* (2:1) do not interfere with determination
Hg?*, Cv 0.01 mol litre=! KNOs3, 1 and 0.1 mol litre=! HCI; carbon paste/ 4 pg litre=1; 6-10% 10-50 pg litre—! 80
MeHg* HNOs;, H,SO4; pH 2-8; Na™, K™, Zn?*, Pb2+, thiol resin Duolite (Hg™) (Hg™)
Cd?*, Ca?*, Mg?*, Cu>* do not interfere with GT-73 (30%) 2 pg litre—! — 80
individual determination of components (Hg?™", (MeHg™)
MeHg™", EtHg ™", PhHg™)
Hg?* CV, amperometry pH 2—9; Ag*, Zn?>*, Pb2*, Cd>*, Ni?*, Co? ™+, Pt 1.4 x 103 mol litre—!; 2x1078-3x 10~ °mol litre ! 336
Fe2™, Fe3 ™ do not interfere with determination, 2.2%
while Cu?™ ions interfere in less than tenfold excess
MeHg™* CV (single- and multipulse), 0.01 mol litre=! HC1O4+0.2% HCI+ GC, carbon paste/ 4.5%x 10~ " mol litre—! (10-250) x 10—2 mol litre—! 82
square-wave VA 5% acetate buffer Nafion®
Thiomersal ~CV, RDE acetate buffer (0.1 mol litre 1), pH 4; GC 9 ng litre=1; 2% — 5% 50—100 pg litre—! 81
Hg?+ VA, square-wave and DP VA 0.05 mol litre=! HCIO4; 0.01 mol litre—! HNO3, Pt (1-1.2) x 10~8 mol litre=!; 5x10-7-4x 10~8mol litre=! 337
pH 2; Zn?>", Pb%>*, Cd?*, Ca?™, Mg?*, Fe3 ™, 6% —7%
Cu?*, EDTA (< 10~¢ mol litre— "), C1—
(<10—* mol litre ') do not interfere with deter-
mination
CV, square-wave VA 0.2 mol litre ! NaCl (KCl, LiClO4, NaOAc); carbon paste/ 0.12 pg litre=1; 1.7% 0.16-0.4 pg litre—! 338
Britton— Robinson buffer, pH 2 (2—8); cryptofix, bentonite,
Zn2* Pb2* Ni2*t, Cd2*, Cu2™, Cr3* in tenfold C18
excess do not interfere with determination
MeHgCl fast scan CV 1 mol litre—! HCI; tenfold Hg? ™ excess do not thin Hg layer on Pt 5.6 x 10~ mol litre—1; (5-250) x 10—¢ mol litre—! 83
interfere with determination 3%—10%
the same 0.1 mol litre=! HCI thin Hg layer on carbon 75-300 pg litre—! 85
fibre
fast scan CV, RDE 0.1 mol litre =" HCl or NaCNS; Cd?*, Hg?* thin Hg layer on GC, <10~ mol litre—; (1-100) x 10—° mol litre—! 86

and Cl— (<0.5 mol litre~') do not interfere with

determination, Pb?* partially inhibits ER of MeHg*

carbon fibre or Pt

3-10%



Table 4 (continued).

Analyte Determination method Solution composition; analysis optimal Electrode/modifying Detection limit; Linearity range of con- Ref.
conditions and possibilities; interfering impurities agent accuracy centration dependence
MeHgCl DP ASVA 0.1 mol litre=! HNO3, 0.1 mol litre=! NaNOs; ~2 Au monolayers on 2 x 10~ mol litre—! (2-8)x 10~7 mol litre ! 301
pH 1-11; Hg?* excess does not interfere with determination ~ GC support
Hg?* the same 0.1 mol litre=! HNOs3, 0.1 mol litre=! NaNOs; pH 1-11; carbon paste 5% 1072 mol litre—! 2x107°-8x 10~ mol litre=! 298,
K*,NHJ, Ag™, Zn2*, Pb2*, Cd2*, Co2™, Sn2*, Ni2*, 327
Cu?* Bi**, Fe3*, Cr3* do not interfere with determination
0.1 mol litre=! HNOs3, 0.02 mol litre~! KCI; Au film on carbon paste 0.05 pg litre ! 0.2-50 pg litre—! 339
AuCls; Au deposition in situ (2.5 x 10~ 9 mol litre— ") (10=°-2.5% 10~7 mol litre—")
0.1 mol litre=! HCI1+ 0.02 mol litre —! KI multi-walled carbon 2x 10719 mol litre='; 6% 8x10719-5x10~7 mol litre=! 340
nanotubes on GC
0.1 mol litre=! HCIO4+ 3 x 10— mol litre—! HCI; Au film 0.12 pg litre—1; <5% 1-8 pg litre—! 306
Cu?" and Pb2* (<30 pg litre— ") do not interfere with deter-
mination
0.1 mol litre=! H,SO4+0.01 mol litre=! HCI GC/calixarene 0.04 pg litre—! 0.07-40 pg litre—! 341
(~2x10~ "9 mol litre—")
0.1 mol litre ! NaH,PO4, Na,HPO,, NaCl, Nas;POy, carbon paste/ 10~ 19 mol litre—!; 2.6% 10-2-5x10~7 mol litre—! 342
NaNOs, Nal, HOAc, citric and tartaric acids; pH 1-6; SWy-22
Hg?™, Me and EtoHg do not interfere with determination
0.01 mol litre=! KCI+0.02 mol litre—! H2SO4; pH < 5 SPCE/pcPVP P 0.003 pg litre—! 0.025-0.15 pg litre—! 343
Hgit DP ASVA, VA, CV 0.1 mol litre ! acetate buffer, pH 5; Zn?>", Pb2 ™, GC/TP* 2x10=° mol litre ! (VA), 10=°-2x 10—7 mol litre—! 344
Ni2*t, Cd?*, Fe?™, Co?*, Ba? ", AP, Mg? ™", 8 x 108 mol litre !
Ti?*, Mn?*, Cr3* do not interfere with determination (DP ASVA)
Hg?* the same 0.5 mol litre—! NaCl+ 0.1 mol litre ! acetate buffer, SPCE/resin 1.2x 10~ " mol litre—! (1-10) x 10—° mol litre—! 345
pH 4.5; 1000-fold excess of Cu?>" does not interefere with Sumichelate Q10R
determination
(0.01-1) mol litre~' NaCNS; pH 3.4—3.8 GC 5x 10~ mol litre~! 5x10714-3x 10~ 3 ug litre=! 346
0.1 mol litre—! HCI1 Au ultramicroelectrode 0.5 pg litre=! 10— 180 pg litre—! 347
on Ir
0.1 mol litre~! HC1O4+ 0.0025 mol litre—! HCI Au 0.05 pg litre ! 1-20 pg litre ! 348
0.1 mol litre=! HC1O4+(2.5-5.0) x 10~ 3 mol litre=! HCI+  carbon fibre UMV-30 5x 10719 mol litre—! 10=1°-10~7 mol litre ! 349
(2—35)x 10~7 mol litre~! HAuCl4
NaClOg4, Ag*, Pb2*, Fe3* do not interfere with determination Pt/PVF* (see9) 5x 10719 mol litre—'; 6%  — 350
0.1 mol litre =! HC1O4+ 0.03 mol litre~! HCI; Au Film on GC, graphite  0.46 pg litre—'; 6% 0.8—32 pg litre ™! 351

Ag™ in 10-fold, Cu?*, Zn?*, Pd®> ", Pb? ", Au
Pt** in 1000-fold excess do not interfere with determination

(10=°-4 x 10~8 mol litre— 1)



Table 4 (continued).

Analyte Determination method Solution composition; analysis optimal Electrode/modifying Detection limit; Linearity range of con- Ref.
conditions and possibilities; interfering impurities agent accuracy centration dependence
Hg>+ DP ASVA, VA, CV 0.1 mol litre = ! H,SO4+0.004 mol litre=! HCI; pH 1; carbon paste/ 0.005 pg litre ! 0-50 pg litre—! 308
TI", Zn?*, Cd?>*, Ni2t, Co? ", Cu?*, AP*, Bi**t, Cr3™, Au(ll)—L*¢
Sn*™, V3, Mo®* in 1000-fold excess do not interfere with
determination
1 mol litre=! KCI, KNO3; pH 1 diamond film doped 5x 10~ mol litre—! 5-5000 pg litre—! 352
with boron
DP ASVA, CV, NaCl, KCl, LiClO4, NaOAc; Britton — Robinson buffer, carbon paste/C18, 10 pg litre—! 0.07-0.42 pg litre ! 353
impedance pH 2 (2—10); Zn?*, Pb?>*, Cd>*, Cu?>*, Cr3™* in 10-fold pyrrole, 3-methyl-
excess do not interfere determination thiophene f
1 mol litre=! NaClOg4; pH 7.2; Zn?>", Pb?>*, Cd?>*, Cu?*, Au/oligonucleotides & 6x 10~ mol litre— !; (0.2—1)x 10~ mol litre—! 354
Ni2*, Mn2* in 200-fold excess do not interfere with 5.3%
determination
DP ASVA, CV, RDE 0.5 mol litre—! NaCl + 0.01 mol litre—! HCl GC/ionomer Tosflex® 1.7x 10~ mol litre—! 10-1"'—10-8 mol litre ! 355
(see™)
SVA, CV 0.2 mol litre~! NaOAc; pH 7—7.5; 0.12 mol litre~! HNO; carbon paste/ 2 ug litre=1; 2.68% 0.1-20 pg litre=! 356
Cadion A
SVA high selectivity of determination is reached even in the carbon paste, 5% 10~1% mol litre ! — 357
presence of large excess of other metals SPCE/polymer
1 mol litre=! HCI SPCE/co-polymer ¥ - 10-°-10~° mol litre ! 358
SVA in dc and ac modes 1 mol litre=! HCIO4 + 0.1 mol litre=! HCI Au- and Au-graphite — 10-8-1.5%x 10~7 mol litre ! 359
film RDE
SVA, square-wave ac VA 0.1 mol litre—! HCIO4 + 2.5 x 10—3 mol litre—! HCI; Au-RDE 5-50 pg litre—! 360
200-fold excess of Cu2* do not interfere with determination,
whereas C1—, Br—, I=, CNS—, CS(NH»)., EDTA
SVA with sinusoidal 0.1 mol litre = ! HCIO4 Au-RDE 2 x 10~ mol litre ! 0.02—0.12 pg litre ! 361
potential scan
MeHgCl SVA acetate (pH 4.6 and 6.1) and ammonium (pH 8.5) buffers; Au-film 0.49 pg litre ! 2.3%107°-~10~7mol litre ! 87
0.1 mol litre=! HC1O4+0.003 mol litre—! HCI (2.3 x 10~ mol litre— 1)
0.005 mol litre=! NaCl pH 1; Au deposition on GC in situ Au nanoparticles on GC 0.2 pg litre ! 0.6—10 pg litre—! 88



Table 4 (continued).

Analyte Determination method Solution composition; analysis optimal Electrode/modifying Detection limit; Linearity range of con- Ref.
conditions and possibilities; interfering impurities agent accuracy centration dependence
Hg>+ SVA 0.035 mol litre~! H2SO4 + 0.002 mol litre ! KCI; carbon, Au 0.02 pg litre—! 0.1-4.5 pg litre ! 362
interfering ions: Fe3™ and I—; Cu?* (> 100-fold excess),
Cl—, Br— (>0.02 mol litre ")
0.1 mol litre—! HClOy; 0.1 mol litre —! H,SOy4 GC, carbon nanotubes/ 0.06 pg litre ! 5x10719-1.25x 10~ %mol litre—' 309
Au nanoparticles (3% 10~ 19mol litre—1);
1.84%
sea water + 0.01 mol litre—! HCI; B(OH)4, I, Au microwire 6 x10~'2 mol litre—! — 363
SO?(, F~, HCOx3, especially, Br—, Cl—, should be
removed by pretreatment
0.01 mol litre=! HNO3+0.01 mol litre—!' NaCl; Au-RDE 5% 10~ mol litre—! (0.2-400) x 10—° mol litre ! 307
Cu2™, Pb2*, Bi** do not interfere with determination;
SO, F—, CI-, NO3, ClOj (>0.05 mol litre—1)
suppress the signal
0.2 mol litre~! KNO3 carbon paste/ 8 x 102 mol litre!; (20—-400) x 10~2 mol litre ! 364
silica gel! 3% —5%
0.15-0.8 mol litre~!' NaCl, NaClOg4; pH 3-12; GC/polymer film/ 2x 10~ mol litre ! (0.1-1) x 10~° mol litre—! 365
Cd2*+, Pb?™, Cd>*, Cu?™, Zn?* in 100-fold excess do not polyamines ™
interfere with determination; Cu?* jons interfere
1 mol litre=! KCI, pH 2 GC/silica film™ 4.3 %10~ mol litre—! (1-10) x 10~8 mol litre—! 366
pH 3; co-determination of Hg?*, Pb?>*, Cu?* carbon paste/ 4x10~7 mol litre—! (2—10) x 10— mol litre—! 367
SBA-15°
0.03 mol litre=! KCI1+0.04 mol litre—! HNO;, pH 1.5; Pt/P3HT filmP 5 pg litre=1; 1.3% — 368
Ni2* and Cd?* do not interfere with determination
1 mol litre=! HCIO4+ 0.35 mol litre—! HCI Au film 3x 10712 mol litre—! 3x10-12-10-8 mol litre—! 303
Au deposition on GC in situ Au nanoparticles on GC 1.5x 10~% pg litre ! 0.01-50 pg litre—! 305
0.1 mol litre=!' HCI pH 1 graphite/antipyrine 4 0.012 pg litre—! 0.05-1 pg litre—! 310
0.05-0.1 mol litre=! KNOs3, 0.1 mol litre—! KCI; GC, graphite, carbon (0.85-1.1)x 10—° 10-°—10—3 mol litre ! 369
pH2-3 paste/polymers " mol litre=!; 10%
Britton — Robinson buffer, pH 2.56 Au, GC/polymer * 4.4x 10~ mol litre—! 1.1 x (10=1°—10~7) mol litre ! 370
Hgit cathodic SVA with deposition of iridium oxide film from saturated diamond doped with 3.2x 10~ mol litre—! 5x (10210~ mol litre—! 371

amperometric detection

alkaline Ir(11I) solutions

boron/iridium oxide



Table 4 (continued).

Analyte Determination method Solution composition; analysis optimal Electrode/modifying Detection limit; Linearity range of con- Ref.
conditions and possibilities; interfering impurities agent accuracy centration dependence
Hg>* cathodic SVA with 0.06 mol litre=! HCI, 0.05 mol litre=! HCIO4, Au 0.40 pg litre ! 1—5 pg litre=! 304
amperometric detection, 0.07 mol litre —! HNO3; mixture HCIO4—NaCl
DP and square wave
anodic SVA
Hg?", mono-  stripping chrono- 0.05 mol litre=! HCI; 0.05 mol litre—! HCI + Au on GC support 0.080 pg litre='; 1.4% 0.02-200 pg litre—! 312
methylmer- potentiometry 0.05 mol litre—! HNO3; natural water
cury HNO; Au 5 pg litre=! — 372
Hg?+ " 0.05 mol litre=! HCI; Zn?>", Pb2*, Fe?*, Mn?* below  Au film/self-organized 0.3 pg litre=1; 2% 5-100 pg litre ! 373
25-fold excess do not interfere with determination, monolayers
whereas Cu?* — below 5-fold excess
sea water; 30% HCI; pH 2 Au-RDE 0.005 pg litre—!; 6.6% 38— 154 g litre ! 313
SVA with surface plasmon — Au 10~ '3 mol litre—! 10=15-10-19 ug litre ! 374
resonance and magneto-
hydrodynamic convection
electrochemiluminescence tap water; 0.04 mol litre ~! HNO3 Al 0.005 pg litre—! 0.01-1000 pg litre—! 375

Notes. The following designations were taken for determination methods and electrodes: DP-polarography is differential pulse polarography, CV is cyclic voltammetry, VA is voltammetry, RDE is a rotating disk
electrode, SVA is stripping voltammetry, DP ASVA is differential pulse anodic stripping voltammetry; DME is a dropping mercury electrode, HMDE is a hanging mercury drop electrode, SPCE is an electrode
prepared by screen printing. * Zeolite-modified electrode, SWy-2 is a sodium montmorillonite cation-exchanger; ® pcPVP is poly(4-vinylpyridine) partially (7%) cross-linked with 1,5-dibromopentane; ¢ TP is
2,2':6":2"-terpyridyl; 4 PVF* is an anion-exchange polymer matrix of polyvinylferrocene (PVF *+)CI—; ¢ Au(Ill) — L are complexes of Au(IIT) with pyrrolidine dithiocarbamate; fcarbon electrode modified with
3-methylthiophene, pyrrole, poly(3-methylthiophene), polypyrrole and octadecane (Cis); €thiolated poly(thymine) oligodeoxynucleotide; " polycationic ionomer Tosflex® IE-SA 48; i Cadion A, 1-(4-
nitrophenyl)-3-(4-phenylazophenyl)triazene; i coordinating polymer coating the electrodes was synthesized by oxidative electrochemical polymerization of ethylenediaminetetra-N-(3-pyrrol-1-yl)propylaceta-
mide; ¥ co-polymer of aniline, 2,2'-dithiodianiline and aniline derivatives containing S—S bonds; ' nanoporous silica gel functionalized with bipyridyl; ™ acrylic resin Paraloid B72, co-polymers of ethyl
methacrylate (70%) and methyl acrylate (30%) were used in preparation of the polymeric film electrode, while macrocyclic polyamine receptors, namely, 1,4,7,10,13,16,19,22,25,28-decaazacyclotriacontane
and 1,4,7,10,13,16,19,22,25,28,31-undecaazacyclotritriacontane, were used for its modification; » mesoporous silica gel film functionalized with thiol and containing 10% of mercaptopropyl groups; ° nano-
structured silica gel SBA-15 functionalized with benzothiazol-2-thiol; P P3HT is poly(3-hexylthiophene) synthesized by electrochemical polymerization of 0.1 mol litre=! 3-hexylthiophene; 9antipyrine or
sulfosalicylic acid; " water-soluble coordinating polymers: poly(ethylene imine), poly(1-vinyl-2-pyrrolidone), their thiourea-containing derivatives, namely, poly(ethylene imine)methylthiourea and poly(1-vinyl-
2-pyrrolidone)methylthiourea; $ GC coated with a film of electrochemically polymerized Methyl Red with the thickness of 1.2 x 10—° m; tself-organized monolayers, modified solid electrodes.
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try,32° inductively coupled plasma mass spectrome-
try 293-302) are still very important. The classical analytical
methods such as colourimetry (especially in combination
with chromatography)?%> or potentiometry 3!°-318 have not
lost their importance. They give no way in determination of
mercury [Hg(l) and Hg(1);*'7 Hg(ll) and phenylmercuric
acetate 319] in concentrations below 10—° mol litre ! (with-
out its preconcentrating by sorption3!%) but are character-
ized by simplicity and good reproducibility of results. The
same merits were typical of enzymatic methods the more so
that different enzymes are characterized by different sensi-
tivity with respect to organic and inorganic mercury com-
pounds,?®’ thus providing the possibility of selective
determination.

Combinations of different electrochemical methods, for
instance, electrolysis at a controlled potential and stripping
voltammetry are considered as efficient.?”8 Everything men-
tioned above pertains to the determination of mercury as
such (in vapour, solutions and other media).323-3%

Considering electrochemical methods as such, the most
popular methods are different kinds of voltammetry (first
of all, cathodic and anodic stripping voltamme-
try,340,349,360,361,379 cyclic voltammetry,’8~ 86301 rotating
disk electrode 81-329), reverse chronopotentiometry or coul-
ometry with preconcentration.?'4315 In recent years, in
addition to the mentioned methods, the methods of electro-
chemiluminescence,37? electrochemical impedance 333- 334,376
and also of stripping voltammetry coupled with surface
plasmon resonance and with magnetohydrodynamic con-
vection37* were used. According to certain data,?® the
method of cold vapour atomic absorption spectroscopy
may prove to be more convenient than voltammetry in the
analysis of biological objects, because it requires no time-
consuming pre-treatment of samples before the analysis. At
the same time, the voltammetric determination is much
cheaper; this method is highly competitive with spectrome-
try (especially, the atomic absorption version) as regards the
sensitivity and also allows the selective determination of
ions of other heavy metals.?®® The data shown in Table 3
make it possible to compare the potentialities of the electro-
chemical analytical methods with other methods of analyt-
ical determination of OMC and Hg(11). This problem was
comprehensively considered, for example, in several publi-
cations;293,303,310, 345,346,380 382 the comparative analysis of
purely electrochemical methods of analytical determination
of compounds mentioned was also performed.303313

The main advantages of these methods include their
relative simplicity, cheapness, quickness of determination,
and, first of all, high sensitivity, selectivity and sufficiently
low detection limit. In connection with this, it should be
stressed that it is the low maximum permissible concentra-
tion (MPC) of mercury (for example, 5x 1073 mg litre~! in
drinking water, 0,1 pglitre=! in natural water and
0.3 pg m—3 in residential area air, see Refs 297, 359, 379,
respectively) that dictate the very high requirements to
sensitivity of the determination methods. The modern
voltammetric analytical methods 78 88,326,333 adequately
meet the latter requirements (see Table 4); for instance, the
detection limit of MeHg ™ on modified electrodes of carbon
paste and GC was ~4.5x 10~ mol litre~! (Refs 80 and
82), which corresponds to the labile mercury concentration
in the World ocean.?? The detection limit of inorganic
mercury compounds on a Cryptofix 222-modified carbon
paste electrode,338-353.383 4 poly(vinylferrocene)-modified
Pt electrode 3 and a GC electrode covered with either

multiwalled carbon nanotubes3* or Langmuir— Blodgett
calixarene films34! varied from 2x10-1° to 10—'2 mol
litre=!. The use of differential stripping voltammetry in
place of common voltammetry allowed the decrease in the
detection limit by ca. two orders of magnitude,?*¢ for
example, in thiocyanate -electrolytes the Ilatter was
~ 10~ mol litre— ! (Ref. 346). However, it was noted 337
that partial desorption of Hg?™ occurs in its determination
by this method if the scan rate was insufficiently high, which
can lower the sensitivity of the analysis. The interest in such
studies survived in recent years,?79, 330,357, 364,376,384, 385 gnd
the number of publications on these issues considrably
exceeds the number of papers devoted to the ER mechanism
of mercury-containing compounds. The detailed analysis of
these studies is beyond the scope of this review. More
detailed information can be found elsewhere (see, e.g.,
Refs 295, 296, 298, 384 and 386).

The voltammetric determination of inorganic mercury
[Hg(1) and Hg(11)] is based on the well-known reaction

He() == Hg(l) == Hg(0). )

The Latimer diagram containing formal redox potentials of
reactions (42) (vs. SCE) has the following form:

058 5, 070
0.58) 82 031

0.63

2+

H gO

(figure in parentheses are the E values of the corresponding
chloride complexes).?87 The thermodynamics of all possible
steps of this process was comprehensively considered.387-388
At solid electrodes, Hg(1) and Hg(I1) are often reduced at
the same potential, 3¢ whereas at the Hg-electrode surface,
they immediately react with the latter by the following
scheme:

2Hg* +2e —> Hg', 43)

so that in place of steps (42) and (43), the following reaction
occurs:

Hg(ll) +2e === Hg(0). (44)

It is known !0 that the mercury ions (Hg2*, Hg2") do not
induce any individual polarographic waves under polaro-
graphic conditions provided they form no complexes with
organic or inorganic ligands.”?87-270,271.346

Considering OMC, the conditions optimal for their
analysis (solution composition, temperature and pH, see
Section I) were specified as early as in the polarographic
studies of the electroreduction of RHgX salts that follows
the Benesch mechanism.>? Particularly, it was shown 78 that
the first ER wave is of greater value for the analysis, being
located in a sufficiently convenient potential range, namely,
from —0.1 to —0.5 V [for example, it was shown 78 that for
the MeHg*/MeHg' redox pair, E®= —0.14 V in 0.1M
HCIlO4 solution, E, ~ —(0.2—0.3) V depending on the
scan rate]. The limiting current of this polarographic wave
in the concentration range of the determined substances of
10=7-10—% mol litre—! is linear and allows quantitation of
OMC in different samples. For MeHg ¥, the detection limit
of 1 pglitre=! (or 5x 102 mol litre~ ') was achieved.”®
The second wave of RHgX on mercury corresponding to
the set of reactions (2) in Scheme 1 was shown 78-83-86 o be
of little use for analytical determination. The main reason
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for this probably lies in the fact that this wave is of the
adsorption-diffusion nature and contains a kinetic compo-
nent (the formation of ‘organic calomel’, see Section VI).
Even the use of high-potential scan rates in voltammetry (or
high-density currents in chronopotentiometry) gives no way
of avoiding the effect of kinetics of the formation and
decomposition of this intermediate (see Section III) on the
response. These complications affected to the lesser extent
the monomethylmercury determination where the ER peak
of ‘organic calomel’ observed at platinum (about —0.45 V)
(Ref. 83) or carbon (about —0.35 V) (Ref. 86) microelectr-
odes coated with a mercury layer was used as the analytical
signal.

However, in the general case, voltammetric methods
proved to be less effective in the determination of R,Hg
and R'HgR compounds, first of all, due to the substantial
inhibition of the ER of many OMC, especially alkyl
derivatives (see Section II).

The earlier studies usually employed the mercury elec-
trode in the electroanalytical determination of mercury-
containing compounds;’®7° at present, in addition to this
electrode,333:383 non-toxic solid electrodes, first of all,
g0ld,87-299.304 306,315,347, 348. 360.372.373.381 due to its high
affinity to mercury, are used. Gold was shown to be the
electrode material of choice for the determination of mer-
cury by the method of stripping voltammery.3¢! Its draw-
back is the difficulty of removal of mercury fom the
electrode after the measurements.?®’ For this purpose,
when using the electrode containing gold nanoparticles
deposited on GC,%® it was recommended to bind mercury
into complexes with ethylenediaminetetraacetic acid, in the
similar manner as in bioelectrochemical studies of oligo-
deoxynucleotides in the presence of Hg(1).3%°

Moreover, in the electroanalytical practice, plati-
num 86-320,336,337,350 4d different forms of carbon, namely,
carbon  paste,310-311.327,342,356,364,365,390  fipreg, 85,86, 349
porous carbon,®! GC,81.86.314.340.344.370  graphite 351
doped diamond 332-371.392 are widely used. Carbon materi-
als of such a kind including also pyrolytic graphite and
carbon nanotubes were considered 33383 as the most
convenient supports for mercury film electrodes. Note that
the boron-doped diamond electrode proved to be more
efficient in the determination of Hg(l) (Ref. 371) and
Hg(11),352:371.383 a5 compared with GC, because the back-
ground current on the former electrode was substantially
lower. The presence of the nitrate and chloride ions made it
possible to increase the sensitivity of detection; the lowest
detection limit was 5 ng litre— ' (Refs 351, 371 and 383). At
the same time, the data on the ER of RHgX (particularly,
monomethylmercury ) at carbon electrodes were often
irreproducible; the severe complications were also associ-
ated with surface cleaning, especially, the surface of carbon
fibres. In the OMC determination, solid electrodes were
used coated (preliminarily or in situ) with mercury 8388 to
enhance the analytical resolution (see Section III).

The mentioned complications can be eliminated if com-
bined (also referred to as modified or sensor 2°%) electrodes
are used [for example, gold—graphite prepared
in situ3%%-393.3%94 or gold nanoparticles with carbon nano-
tubes with the detection limit of 3 x10~19 mol litre !
(Ref. 309)], which were prepared by deposition of the active
metal on the backing (for instance, deposition of gold on
carbon paste,?3* GC (Refs 88, 305) and iridium;**7 deposi-
tion of mercury on carbon,?>8¢ GC,8¢ Pt,83 gold 3%%), and
also electrodes modified with various organic and inorganic

additives 298,338, 345,346, 353,383,395 Thus the electrode mod-
ification with polymers, resins and other reagents allowed
extraction of the chloride ions thus preventing the adverse
formation of calomel, which made easier the surface regen-
eration.82-86.345 This procedure was especially efficient for
electrodes prepared by screen printing300,343,345.357,358
(particularly, carbon 343.345.357.358 3¢ well as silver 390),
which ensured high sensitivity and selectivity of detection.
The modification of a thick film graphite electrode with
gold(111)/pyrrolidine dicarbamate complex resulted in
enhancement of reproducibility.3°® A sensor based on sin-
gle-walled carbon nanotubes of high sorbability was pro-
posed.?®? The combined and simultaneously modified
electrodes were recommended, for example, 3,3',5,5-tetra-
methylbenzidine-based nanofibers doped with Pt(I1) fol-
lowed by Au nanoparticles.?*® With this sensor, the
detection limit of 0.008 ug litre ! could be reached; how-
ever, what is more important, the presence of a tenfold
excess of the Zn2", Mn2*, Fe2™, Cu?2™, Cr3" ions did not
prevent the determination of Hg(11). However, the determi-
nation of inorganic mercury at the subnanomolar level with
such electrodes is sometimes impossible (¢f. a review 2%8).
A substantial drawback of many such methods is that the
electrode preparation is difficult; their reproducible oper-
ation required recovery of the sensor surface, sometimes
before each analysis.?0%-382 However, the ‘classical’ electro-
des for mercury determination (impregnated graphite, car-
bon paste, GC, platinum, gold) sometimes required
complex pre-treatment, while their sensitivity and the
reproducibility of results were insufficient in some cases
for serial analyses.308

The data for electrodes of other materials could some-
what differ from those obtained on the ‘pure’ dropping
mercury electrode or the hanging mercury drop electrode.
Thus, in the voltammogram of the MeHg* cation measured
on a Pt microelectrode 25 pm in diameter coated with a thin
mercury layer, the first ER step corresponded to a broad-
ened peak (E, ~ —0.6 V).83 Insofar as the peak of ‘organic
calomel’ oxidation (near —0.45 V) turned out to be more
pronounced, especially, for v=50-100V s—!' it was
chosen 83 for the VA determination of monomethylmercury
(with the detection limit no less than 7.5x 10~ 19 mol
litre—1).

At mercury, MeHg" was reduced much easier’® than at
GC modified with Nafion® (Ref. 82), where E, was
—0.56 V (i.e., with respect to the Hg electrode, the differ-
ence AE > 0.2—-0.3 V). This was explained 8> by the higher
energy barrier to Hg? ™" electroreduction at glassy carbon
electrodes. However, at the electrode of gold nanoparticles
deposited in situ on GC, the complete reduction of mono-
methylmercury occurred even at ~0 V; presumably,®® this
was due to the structural effects and the lower ER barrier on
microparticles.

Simultaneous electroanalytical determination of inor-
ganic and organic mercury derivatives seems also promis-
ing,80-83.88 jtg alternative being time-consuming and expen-
sive cold vapour atomic absorption spectroscopy. The latter
proved to be more effective in combination with electrolysis
at a Pt electrode where inorganic and organic mercury have
been deposited separately at —0.1 and —0.2 V, respec-
tively.??> Monomethylmercury was easily determined by
voltammetry in the presence of a tenfold excess of Hg?*,
because under recommended conditions (platinum$3 and
carbon 85 microelectrodes), the difference of oxidation
peaks (—0.45 and +0.35 V, respectively) was ~0.8 V. At
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a carbon paste electrode, the anodic CV branch contained a
sharp Hg(1l) electrooxidation peak at 0.15 V, whereas a
wide signal at ca. —0.7 V corresponded to the ER.3!! For
these purposes, capillary electrophoresis with electrochem-
ical detection, amperometric or voltammetric,324 325,334,335
was often used, which allowed, for example, separate
quantitation 3?4 of MeHg ™, EtHg" and Hg?" (and also of
PhHg™", Ref. 334) in a sample.

Different anions?333 and cations (for example, see Refs
86, 307, 311, 353, 361 and 384) usually exerted no substan-
tial effect on the electroanalytical determination of mercury;
however, their presence could affect (see Table 4) the
analytical signal and the ER potential,3>3 especially if such
cation [for example, Au(Ill)] formed intermetallic com-
pounds with mercury.3*® The exception were the anions
well adsorbed on the Hg electrode in the working potential
range [Cl—, Br—, and especially I~ (even in concentration
>10~7 mol litre—1),3%2 CNS— and several other 333360 or
coordinated with mercury. For example, the ER of the
Hg?* cations in neutral non-coordinating media produced
two VA peaks, whereas in the presence of even a weak
complex-forming reagent such as the acetate ion (at
pH 4.5), only one peak was observed.?’® Only the ions
with the oxidation peaks close to the corresponding Hg(II)
signals, particularly, Ag*, TI3", Fe3*, Cr®*, or ions
capable of interacting with Hg(II), such as I—, V>*, V4+,
could affect the accuracy of determination.3'!-362 In this
case, binding the Hg?" ions into complexes (for example,
with diethylenetriaminepentaacetic acid)®’ that are not
reduced at potentials of monomethylmercury ER (if the
goal was to separately determine these components) or
complexation of the ions that interfere with the Hg?™
determination (e.g., Fe* ™ with F—) was efficacious. Due to
the substantial difference in equilibrium constants of com-
plexation, the coordination (for example with water-soluble
polymers 3%%) was successfully used in the selective determi-
nation of Hg?>" by the stripping VA in the presence of
certain ions, namely, Ag*, Cu?>*, Pb>", Cd>*. To enhance
the selectivity of determination, the analysis can be carried
out in a solution containing the tetraphenylborate anion,
which reacts with Hg?™ to form diphenylmercury; as a
result, a linear dependence of the decrease in the oxidation
peak height of this anion was observed on increasing the
mercury(IT) concentration.??” Preliminary treatment of the
analyte with SnCl,, which reacts only with inorganic mer-
cury, proved to be still more efficacious. This method was
successfully used ®® in the separate quantitation of mono-
methylmercury and inorganic mercury in acidified aqueous
and water —methanol solutions by the anodic stripping VA
at an electrode of gold nanoparticles deposited in situ on
GC. Without such pre-treament, the voltammogram dem-
onstrated the peak of common ER of monomethylmercury
and Hg?" (~0.56 V,88 the detection limit of mercury itself
at such nanostructured electrode was3%5 0.15 ng litre 1),
which agrees with the data of other studies (see Refs 80, 83,
86). Approximately at the same potential (E, = 0.53 V), a
mercury oxidation signal was observed on the electrochemi-
cally polished gold electrode.?®! At the same time, at an
electrode of carbon paste modified with sodium montmor-
illonite, Hg? ™ could be determined with high selectivity by
differential stripping VA where Me,Hg, EtoHg and Hg%+
produced no analytical responses under these conditions.3#?

A sufficiently convenient method of indirect Hg(II)
determination was preliminary binding of the metal into
inactive complexes with different amino acids, for instance,

with L-tyrosine.33® Insofar as these ligands are electrochemi-
cally active, the mercury was quantitated based on the
decrease in the tyrosine oxidation peak height. However,
this approach could not be applied to methylmercury,
phenylmercury and other OMC,33° because they should be
transformed beforehand into the inorganic form by oxida-
tion with permanganate, persulfate and other strong oxi-
dants.

The effect of a large number of cations and anions (more
than forty) on the voltammetric determination of mercury
on the carbon paste electrode modified with a liquid anion-
exchanger Amberlite LA2 was studied in detail.3!! Deter-
mination of mercury is markedly interfered with by cations
(Ag™, TI3*, Cr®") that are also adsorbed by this anion
exchanger and are oxidized at approximately the same
potentials as Hg2™ (i.e., 0.15V), cations (Bi’"T, Au?")
able to block the exchanging groups of the anion exchanger,
and platinum group metals (except for Os®*, see311).

These facts should be borne in mind in the simultaneous
determination of inorganic mercury and OMC. Thus Pb**
can exert a certain effect on the monomethylmercury ER
due to the competetive lead methylation reaction and the
concomitant partial blockage of the electrode surface with
the reaction product.8¢ The EO peak height of this com-
pound sharply increased in the presence of Hg? " ; however,
the EO peak height corresponding to ‘organic calomel’
remained unchanged.8®

The high sensitivity and selectivity was typical of sensors
based on oligonucleotides.37%-385 Thus when such biosen-
sors were used in the determination of Hg?* by the electro-
chemical impedance method, the detection limit varied from
1010 (Ref. 376) to 6 x 10~ ' mol litre—! depending on the
nature of modifying agent.?>* In connection with this, it
should be noted that the indirect determination of methyl-
mercury, ethylmercury and inorganic mercury that
employed a glucose sensor (from the suppression, in their
presence, of glucose formation from sucrose catalyzed by
the enzyme invertase) allowed the limit of only
2-10 pg litre—! (Refs 319 and 331) or somewhat lower to
be reached using a copper-modified GC electrode.??® The
presence of the Ni2™, Co?™, Mg?™", Zn?*, Ba?*Tand Cd>"
ions (and, according to certain data,?®> Mn?", Pb2™, Fe? ™,
Cu?*, Ca?") had virtually no effect on the determination,
which was explained 37¢ by specific coordination between
the thymine bases (T) of DNA and mercury [T —Hg(11) — T].
Such complexes of Hg(11) with oligonucleotides proved to
be sufficiently stable; they are reduced at potentials differ-
ent from those of the mercury ions.?®° Binding with, e.g.,
cysteine proved to be very efficient for the separate deter-
mination of EtHg ™, PhHg " and Hg?™" in a mixture by the
capillary electrophoresis with electrochemical detection.334
This allowed the detection limit of 0.05 to be achieved for
Hg?* and 0.4 pg litre—! for MeHg ™" (i.e., ~2.5x 10— 1% and
2 x 10—? mol litre—!, respectively).3>

The determination was usually preceded by pre-treat-
ment of samples, for example, by transferring mercury from
its organic form to inorganic (particularly, its conversion to
mercuric chloride)3!! by traditional chemical methods, e.g.,
by acid hydrolysis of Merfen Orange (phenylmercuric
borate) at elevated temperatures,3!! ultrasonication, ozoni-
zation 32 and also by the microwave or conventional
heating.348:368 It was shown®® that acid hydrolysis in a
microwave oven in the presence of a mixture of HNO3 and
H>O: is the most efficient method of sample pre-treatment.
Sample pre-treatment methods such as chromatomem-
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brane,?”? ion-exchange 823! and sorption 3'® preconcentra-
tion were described. Chemical reactions®® of mercury or
OMC with an electrode modifier such as Nafion® (Ref. 82)
or different resins, for example, thiol resins,° particularly
Sumichelate Q10R,3#> were often used as well as reduction
of the mercury cations to Hg® with SnCl, (Refs 88, 351, 376
and 377) (the detection limit is 0.46 ng litre —') 35! or NaBH4
or oxidation with bromine, KMnOy4, K,Cr,O7, etc. In the
case of reduction with NaBH4, centrifugation of an electro-
chemical cell with a gold film electrode allowed the detec-
tion limit to be lowered to 3 x 10— '2 mol litre—! (Ref. 303).

Yet another important pre-treatment method was the
preliminary conversion of inorganic mercury or OMC to
different kinds of coordination compounds 34> reducible at
potentials different from those of ER of non-coordinated
forms.87-270-271 It should be stressed that this approach is
vital for such methods as colourimetry or high performance
liquid chromatography with spectroscopic detection.?93
Naturally, in certain cases, inorganic ions interfering with
the detection [for example, C1—, Br—, =, CNS~ in concen-
trations above 10=2—-10—* mol litre—! (Ref. 360)] should
be bound and the strongly adsorbed organic ligands, partic-
ularly, thiocarbamide, should be eliminated.?®® The use of
anodic stripping VA on a gold electrode enhanced dramat-
ically the sensitivity and selectivity of the determination of
inorganic mercury by inductively coupled plasma mass
spectrometry;3°2 analogous advantages were also observed
at the combined use of cold vapour atomic absorption
spectroscopy and VA.320

The analysis, far from being comprehensive, of publica-
tions on the electrochemical methods of analytical determi-
nation of mercury provided the grounds to assert that these
methods not only retained their importance but also require
constant modernization. It is largely for this reason that the
interest in studying the peculiarities of the electrochemical
behaviour of OMC in different media was not lost.

VIII. Conclusion

In this review, an attempt was undertaken to generalize the
literature data on the electrochemical transformations of
OMC and also to outline the prospects of studies in this
field. Insofar as no generalization of such a kind was
published for more than 25 years, the authors were going
to fill this gap.

As was mentioned in the Introduction, despite the fact
that the present studies of the mechanisms of electroreduc-
tion of OMC at mercury and other electrodes were devel-
oped less actively as compared with the 1980—1990s, the
studies on upgrading of analytical methods have acquired a
new sense. This, first of all, was associated with the
necessity of solving environmental problems such as, e.g.,
utilization of wastes of mercury industries and conversion
of mercury from the organic to less toxic inorganic forms.
On the other hand, the electrosynthetic and electroanalyt-
ical studies were characterized by the active trend to
abandon the mercury electrode due to its ‘non-inertness’
and toxicity (which was not always justified and feasible).
Although the application region of the mercury and other
liquid electrodes (particularly, amalgam) has somewhat
narrowed down, while the environmental requirements
constantly become more stringent, the need in such materi-
als as the electrodes will probably hold at least in the years
ahead. Particularly, the method of dropping mercury elec-
trode lies in the basis of polarographic techniques, while the

precision adsorption and capacitance (and, sometimes,
voltammetric) measurements are impossible without using
the atomically smooth stationary mercury electrode (e.g.,
the hanging mercury drop). However, it is these methods
that were used most often in the detailed studies of the
mechanisms of electrode reactions of organic compounds
(including mercury-free compounds) at a mercury cathode,
which are accompanied by the OMC formation. It should
be stressed that due to their high sensitivity and selectivity,
the electrochemical methods proved to be convenient for
studying the kinetic parameters of the coordination of
miscellaneous depolarizers. Based on indirect data (varia-
tions in Ey», an,, I'w, etc.), even very unstable complexes
can be characterized, because the coordinated depolarizers
and electrochemically inert surfactants differ from those
uncoordinated in their electrochemical and adsorption
properties.

The possibility of quick and easy renewal of the surface,
which is absent for solid electrodes, provides great advan-
tages in the preparative electrosynthesis, too. For example,
a series of a,a-dicarbonyl selenides were successfully syn-
thesized 283 at a mercury cathode although the starting
(a-acyl)alkyl and (a-acyl)aryl halides actively reacted with
mercury. At the same time, at GC and Pt electrodes
passivation occurred, threfore they turned out to be alto-
gether useless in this synthesis.

It should be particularly emphasized that the mecha-
nisms of electrochemical reduction of OMC are very com-
plicated and their numerous aspects cannot be considered as
conclusively established. Additional difficulties of these
studies are associated with the high adsorbability of many
OMC and mercury-containing intermediates, which give
rise to the appearance of various adsorption effects. The
probability of formation of such intermediates depends not
only on the nature of depolarizer but also on other con-
ditions often unmanageable experimentally and, among the
chief factors, on the process duration. In some cases, this
explains the substantial deviations in the electrolysis prod-
ucts for the same depolarizer at electrodes of different
nature. This is why studying the electrochemical behaviour
of OMC and their intermediates should employ a wide
variety of modern chemical and physicochemical methods
including quantum chemical computations.

We believe that many aspects of OMC electrochemistry
still await their explorers and hope that this review will be
useful for chemists of different specialization.

This review was written with the financial support from
Programme No. 1 of the Division of Chemistry and Materi-
als Science of the Russian Academy of Sciences.
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