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I. IIltroduction 

The chemistry of organometallic compounds has been developing rap- 
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idly since the end of the 19th century and at present is an important part of 
organic syn tb esis. 

Organic compounds of lithium, sodium, zinc, cadmium, mercury, titanium, 
arsenic, antimony, seienium, manganese, iron, phosphorus, magnesium are pro- 
duced on an industrial scale. They are used as catalysts in stereospecific poly- 
merization of olefins, as stabilizers of polymeric materials and Iubricants, anti- 
knock compounds and additives to motor and jet fuels, antiseptics, biocides 
and pigments [ 1 ] . 

Some cases are known where organometallic compounds are formed elec- 
trochemically as the result of anodic and cathodic processes. Although this in- 
teresting method of preparation of organometalhc compounds began to attract 
the attention of scientists only fairly recently, certain advances have already 
been made in this field. A considerable body of esperimental data has been 
collected, testifying to the large potential of the electrochemical method. An 
electrochemical synthesis of tetraethyllead has been carried out industrially [2]_ 

The aim of this review is to try to outline the range of applicability of 
electrochemical methods in the synthesis of hetero-organic compounds and to 
consider the possible mechanisms of the processes leading to formation of 
the carbon--eIement bond. 

II. Cathodic processes. 

Organometallic compounds are formed at the cathode during electrolysis 
of carbonyl, unsaturated and halogen-containing compounds. 

A. Ehctrolysis of carbonyl compounds 
Electrolysis of acidic/aqueous solutions of ketones in some cases yields 

organometallic compounds. This reaction can he represented by equation 1. 

R 
2 ,;CO+M=& 

R, ,R 

R 1 R” 
CHMCH 

‘R’ 
(1) 

A reaction of this type was first carried out by Tafel and Schmitz in 1902 [3] 
and later was studied in detail [4-lo]. On the basis of available evidence, it is 
mainly aliphatic and ahcyclic ketones which form organometahic compounds 
by this procedure. 

Among metals, mercury and lead react most readily. There also is some 
evidence that organometallic compounds are formed during electrolysis of 
ketones at cadmium [ 111 and germanium [ 12 J cathodes. Extensive disinte- 
gration of a zinc cathode used during acetone reduction is atso attributed to 
formation of an unstable organozinc compound [ 131. 

Organometallic compounds are mostly obtained by electrolysis of un- 
symmetrical ketones in sulfuric acid solution. There is some evidence that 
increase of the solution temperature [4,5,8] and acid concentration [5,8] 
favor formation of organometallic compounds, their yield passing through a 
maximum with increasing current densi& [ 14 1. 

There is much Iess information available on the formation of organo- 
metallic compounds during electroreduction of aldehydes. An unidentified 
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organolead compound was obtained during electrolysis of citraJ [ 151. The 
reduction of propionic and butyric aldehydes at a tin cathode yielded substan- 
ces containing carbon, hydrogen and tin, but their structure was not deter- 
mined [16]. 

The only organometallic compound formed during tlectrolysis of alde- 
hydes which has been identified as dibenzylmercury obtained &om benzalde- 
hyde [17 1. 

2 C~HSC+ 
0 

‘H 
+ Hg ‘_yi:o C,H,CH, HgCH:C,Hj 

- _ 
(2) 

The attempts to carry out a similar reaction with vanilhn, anisaldelryde, sali- 
cyclic and propionic aldehydes, piperona!, furfur& p-osybenzaldehyde at 
lead, cadmium and mercury cathodes failed [ 17,181. 

The known examples of formation of organometallic compounds during 
electrolysis of carbonyl compounds are listed in Table 1. 

B. Reduction of unsaturated compounds 
During electrolysis of unsaturated compounds a carbon-metal bond is 

formed at the site where the double bond breaks, one of the carbon atoms 
undergoing protonation. 

2 RCH=CH? + M * H**2c RCH1CHZMCH2CH,R (3) 

This type of reaction was studied in greatest detail for the case of elec- 
troreduction of unsaturated nitriles [20-241 at a tin cathode. The electro- 
reduction of acrylonitrile at a graphite cathode in the presence of finely- 
dispersed sulfur, selenium and tellurium yielded organic compounds of these 
elements [22-231. A low current density and elevated temperature favor 
their formation. The coeIe&olysis of white phosphorus and styrene at a lead 
cathode gave organophosphorus compounds [25 1. 

The formation of organometallic compounds was observed also during 
reduction of methyl vinyl ketone at a mercury cathode 1261. Dimethylvinyl- 
carbinol sums to follow the same reaction scheme [27]. The data on the 
formation of organometallic compounds from unsaturated substances are listed 
in Table 2. 

C. Electrolysis of halogen-con taking compounds 
The electrolysis of halogen-containing compounds yielded symmetrical 

organometallic compounds (eqn. 4). This reaction was used first for prepara- 

2RX+M%RMR+2X- (4) 

tion of t&raethyUead by electroreduction of ethyl iodide at a lead cathode 
in alkaline alcohol 1281 or water solution [29]. Later the formation of organo- 
lead compounds during electrolysis of aikyl halides was found to depend 
strongly on the electrolyte solvent system [ 301. Thus the current efficiency 
in tetraethyliead preparation can be raised to 98-100 % by substituting ethyl 
bromide for ethyl iodide and using as electrolytes solutions of onium salts 

(Contrnued on p. 6) 
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in propylene carbonate and acetonitrile [31-331. In dimethylformamide the 
reaction occurs in good yield in the presence of sodium salts [ 34 ]. 

Galli [ 331 studied in detail the processes occurring during reduction of 
ethyl bromide at a lead cathode in propylene carbonate solution in the pre- 
sence of tetraethylammonium bromide. Formation of tetraethyllead starts 
when cathodic polarization exceeds 500 mV, and -when it approaches 1400 
mV the current efficiency of the organolead product reaches 100 lo, the cur- 
rent density being 0.001 A/cm’. 

The best current efficiency in tetramethyllead preparation (92%) was 
obtained during electrolysis of methyl bromide in a mixed solvent containing 
aprotic (acetonitrile) and hydroxyl (water, alcohol) components [ 351. 

Organomercury compounds were obtained during electrochemical re- 
duction of ally1 bromide [36], benzyl iodide [37], benzyl bromide and sub- 
stituted benzyl bromides [ 381, and 1-iodo-1-methyl-2,2-diphenylcyclopropane 
[ 393. The electrolysis of pentafluoroiodobenzene at a mercury cathode yielded 
bis( pentafluorophenyl)mercury [ 401. From the reduction products of o-bro- 
moiodobenzene and o-diiodobenzene, o-phenylenemercury was obtained [ 411. 

P-Iodopropionitrile proved to be very reactive. It was found [42] that 
electroreduction of this compound yields cyanoethyl derivatives of tin, mer- 
cury, lead and thallium. It is interesting to note that t&n&is@-cyanoethyl)tin 
was the main organometallic product obtained at a tin cathode during electrol- 
ysis of P-iodopropionitrile, whereas the electrolysis of P-chloropropionitrile un- 
der the same conditions yielded hexakis(P-cyanoethyl)ditin. By electroreduc- 
tion of aikyl halides in the presence of phosphorus at a graphite electrode, 
some organophosphorus compounds were prepared: primary, secondary and 
tertiary phosphines [44,43] and phosphonium salts [ 443 _ 

The organometallic compounds separated and identified during elec- 
trolysis of halogen-containing compounds are listed in Table 3. 

D. Some other cases of formation of organometallic compounds during 
cathodic processes 

Formation of organometallic compounds was observed duringelectrol- 
ysis of onium salts. Thus, in the presence of tetrae~.hylammonium chloride, 
lead and tin cathodes undergo disintegration and the reaction products con- 
tain organome+dic polymers of general formula [45]: [(C,H,)Sn] I and 

I(GH,)f’bl,- 
Electrolytic reduction of diphenyliodonium hydroxide and its 4,4’- 

dimethyl and 4,4’-dimethoxy derivatives at a mercury cathode at a controlled 
potential of -1.6 V vs. WE* yielded diphenylmercury, bis(p-toly1)mercur-y 
and bis(4-methosyphenyl)mercury according to reaction 5 [ 461. 

2 Phzl+ + Hg = PhzHg + 2 Phi (5) 
When speaking of cathodic processes, one should mention also a some- 

what peculiar mode of formation of organometallic compounds consisting 
of electrolytic reduction of an organic substance to an anion, followed by 
further interaction of the latter with the metal cation present in electrolyte, 
ra+Uier than with the elemental metal of the cathode [ 47,481. 

* scE=sk3ndardcalomdekctrode. 
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Thus, l,l-diphenylethylene in hexamethylphosphorotriamide containing 
lithium bromide at a platinum eiectrode yielded 1 ,1,4,4-tetraphenylbutane- 
dilithium; tetraphenylethylene gave tetraphenylethanedilithium, and triphenyl- 
chloromethane gave triphenylmethyllithium. Sodium and calcium derivatives 
also were obtained. 

(CsH5)&=CHz *U T [ (C6HS)~~CH2CH7~(C6H5)21 z (Li’), (6) 

(GHs ),C=C(CsHs), *U %+ [ (C,HS),c<(C6HS)] 2 ( Li*)2 (7) 

(C6Hj)JXl - (C6H5)3CLi+ + LiCl (8) 

A novel synthesis of transition-metal complexes has been carried out by 
electrochemical reduction of a mixture of a readily obtainable transition me- 
tal compound and cyclooctatetraene (COT) [49]. Depending on the affinity 

MX, + COT 2 MWW (9) 

for electron, the criterion of which is the polarographic half-wave potential, 
two reaction mechanisms are possible: first step, reduction of metal-contain- 
ing substance, followed by addition of ligand (as, for example, in electrolys’s 
of zirconium tetrachloride and cyclooctatetraene) or first step, reduction of 
cyclooctatetraene to the anion, followed by interaction with the metal com- 
pound, such as, e.g., diacetylacetonate of iron. This method was used for syn- 
thesis of dicyclooctatetraenetitanium (45%) yield, dicyclooctatetraeneiron 
(35%), cyclooctatetraenenickel(85%) and corresponding compounds of co- 
balt and zirconium, the electrochemical method giving much better results 
just for these two last-mentioned complexes. 

Electrolysis of acetylacetonates of cobalt and nickel, in the presence of 
1,5cyclooctadiene yielded x-cyclooctenyl-1,5cyclooctadienecobalt [ 501 and 
di-1,5cyclooctadienenickel [51]. If a cell without a diaphragm and with an 
electrochemically soluble anode is used, it is possible to obtain also such com- 
plexes from the anode metal. For instance, electrolysis of cyclooctatetraene 
with a nickel anode yielded cyclooctatetranenenickel. 

Of the same reaction type also is the formation of complex manganese 
compounds during electrolysis of cyclopentadiene or its derivatives with man- 
ganese salts, or in their absence, with the use of soluble manganese anodes [ 52- 
541. Table 4 lists the manganese complexes synthesized by this method. 

E. On the mechanism of formation of the carbon-eta1 bond during 
cathodic processes 

The occurrence of cathodic dissolution of metals seems to be paradox- 
ical, Tafel, the first to observe the dissolution of cathodically polarized mer- 
curl during electrolysis of acetone and to obtain an organomercury product, 
called this phenomenon a “strange formation of alkylmercury” [4]. Some oth- 
er processes are known which involve a decrease in the weight of the cathode, 
such as the electrolysis of aqueous solutions of alkali metal salts. In this case, 
the dissolution of the cathode material is explained by the interaction of me- 
tal with hydrogen at the moment of its evolution to form hydrides [ 55-581 or 
visible metal dispersion occurs due to the action of hydrogen and also as the 
result of a chemical decomposition by water of the electrochemically formed 
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intermetallic compound of the cathode metal with the alkali metal [59,60]. 
The process of cathodic formation of organometallic compounds differs 

from other electrochemical reactions in that it involves a chemical reaction of 
eIectrochemicaI.Iy generated particIes with the eiectrode material. In this respect 
the process under consideration is simiiar to cathodic incorporation of alkali me- 
t& into electrodes [ 611. 

Several hypotheses have been proposed to esplain the formation of 
organomet.alIic compounds during cathodic processes. According to one [62 J, 
the primary product of electrolysis is the anion derived from the organic reac- 
tant which draws out the metal cation from the crystal lattice of the cathode 
material. Itaiso is possible that the initial step could be the formation of a hy- 
dride of the cathode element, which then reacts further with the organic com- 
pound [63]. Reutov [64], Waters [ 651 and Walling [ 661 suppose that organo- 
metallic substances are formed by interaction of radicals generated at the ca- 
thode with cathode element. Another hypothesis has been advanced, namely of 
the formation of an intermediate chemisorbed complex of the organic compound 
with metal [67]. Upon electron transfer, a covalent metal-carbon then is formed. 

&low, on the basis of the experimental evidence available, we shall consi- 
der the applicability of the concepts of the mechanism of cathodic formation of 
the carbon-metal bond to the electroreduction of carbonyl, unsaturated and 
halogen-containing compounds. 

1. On the mechanism of formation of organometallic products during the 
electrolysis of carbonyl compounds 

In the case of formation of organomercury compounds from acetylnaphth- 
alene [lo] it is assumed that the fit reaction step is the generation of the ra- 
dical I which then attacks the electrode surface. The synthesis of a germanium 

0 
8 0 

?” (I) 
q-CH, 

compound with acetone is interpreted in the same way: first, the radical II is 
formed (eqn. 10) then it interacts with germanium. Since the electxonegativity 

CH,CCH, H+.q CH3&Ha 

b &-I (10) 
(JJ) 

of germanium is less than that of carbon, the electrons of the outer germanium 
atoms can approach so closely the carbon of the radical that the bonds of the 
germanium atom to adjacent atoms are weakened and the new compound 
formed passes into solution [ 121. This last-mentioned assumption agrees with 
TafeYs conclusions [4], who affirmed that the cathodically polarized metal 
participates in formation of organometallic substances as a free atom, rather 
than as a cation. This fact was proved experimentally. Thus, during electrol- 
ysis of methyl ethyl ketone at a mercury electrode, introduction of mercury 
salts into the solution did not affect the yield of di-set-butylmercury. 
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In a detailed survey 1681 on the electroreduction of acetone, on the ba- 
sis of an analysis of literature data, Scheme 1 is considered, which explains the 
formation of crganometallic compounds in acid medium. 

SCHEME I 

CH,f;CH, H+ 
Z =y43 - 

0 OH+ 

2 
H3C, 

H3C 

,CH-OH 

PH+ P”- 
CH,CCH, 2e CH3CCH3 

, 
/fMii (-13) I 

’ %Ili 

(Iul tm, 

2H*.2e H3C 
J 

‘C-M-C/ 
C’-‘3 

H3C/ I I’CH, 
OH OH 

I 4H’.4e 

q3c, 
M 2* +2 CH2 - 

2H’ H3C\ ,CH3 

/ 
,CH-M-CH, 

H3C H3C CH3 

tszm, (XL) 

According to this scheme, the protonated form of acetone, preadsorbed 
on the cathode and adding two electrons, is reduced in sulfuric acid. On the 
basis of the experimental data, the authors consider the transfer of precisely 
two electrons to be the first reduction step. The acetone anion thus formed 
reacts with the metal to form an unstable organometallic compound V, which 
is either reduced to isopropyl alcohol or to a more stable organometallic com- 
pound VI. The fact that no organometallic compounds have been obtained from 
aromatic ketones, although intermediate free radicals have been proved to 
form during their electroreduction, possibly is a point in favor of the ionic me- 
chanism. 

2. On the mechanism of formation of the carbon-metal bond during 
electrolysis of unsahuated compounds 

During electrolysis of acrylonitrile, cyanoethyl derivatives of tin, sulfur, 
selenium and tellurium have been obtained. It has been es’tablished that Q, p- 
unsaturated nitriles are reduced at a dropping mercury electrode in one step 
with addition of two electrons [69]. On this basis, it can be assumed that the 
acrylonitrile anion formed after addition of two electrons and one proton, re- 
acts with the cathode metal cation (eqn. 11). 

Sn4+ + 4(CH,CH,CN)- r* Sn(CHzCH2CN), (11) 

In ref. 20 and 21 concerned with the investigation of the electrolytic re- 
action of acrylonitrile with sulfur, selenium and teUurium, this process is con- 
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TABLE 5 

EFFECT OF ACRYLONITRILE ON THE ELECTROREDUCTION OF TIN. SULFUR. SELENIUM 
AND TELLURIUM 

Substance 

current efficieocy (5%) 

Hydrideo OrgaaOmetd.UiC 
product 

ElectmlY!ds condi~oas 

Temperatire current 

PC) density 

(A/cm2J 

PH 

Tm traces 46.2 15 0.006 6-7 
Sulfur 56.0 15.1 40 0.016 6-7 
Seleaiu 83.4 23.0 ?6-50 0.016 7.5-8 
Tellurium 4.0 13.4 46-50 0.016 6-7 

a Electro1~l.e l.N NazSO+b Electrolyte W NQSOJ t acrrlonitrile. 

sidered to proceed by the hydride mechanism; sulfur is electrochemically re- 
duced to hydrogen sulfide at a graphite electrode in neutral and alkaline me- 
dia with the current efficiency 55-57s [20]. Hydrogen selenide has been ob- 
tained with a current efficiency of 93-97s [20 1. Tellurium is also reduced to 
hydrogen telluride [ 701. 

It is known that in alkaline solutions acrylonitrile interacts readily with 
hydrogen sulfide to form bis(/3-cyanoethyl) sulfide [ 711. Table 5 lists the re- 
sults of the electroreduction of tin, sulfur, selenium and tellurium in the pre- 
sence, or absence, of acrylonitrile [63]. It is clear from these data that in the 
case of sulfur and selenium, the formation of the cyanoethyl derivative can 
proceed via a hydride stage, whereas for tin and tellurium, where under the 
same conditions, the current consumption in hydride formation is much less 
than for formation of a cyanoethyl product, this mechanism is unlikely. This 
conclusion is supported by the fact that tin hydride can be obtained in appre- 
ciable amounts at a current density greater than 100 A/dm’ [56], while the 
maximum yield of tetrakis(~-cyanoethyl)tin is obtained at a current densi- 
ty of 1-2 A/d& [23]. 

The observations made during simultaneous electroreduction of phos- 
phorus and styrene [25] show that organophosphorus compounds are not 
the product of interaction of initiahy formed phosphine with styrene since 
for phosphine and organophosphorus products of electrolysis the dependence 
of the current efficiency on temperature is of an opposite kind. 

The formation of an organomercury substance during electroreduction of 
methyl vinyl ketone in acid medium is accounted for by the reaction with 
mercury of the radical obtained by addition of one electron to the proton- 
ated form of ketone 1261 (eqn. 12). 

0 OH OH 
II 

0 

CH*=CHCCH, 5 CH;CH=dCH, 2 [bH2CH=dCHJ * tiH$H&,] s 
0 

figCH,CH&& ‘H2CH’CoCH3* Hg(CH&H$OCH& (12) 
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3. On the mechanism of formation of the carbon-metal bond during 
electrolysis of halogen-containing compounds 

Reduction of alkyl halides with a mobile halogen atom, such as benzyl 
iodide and ally1 bromide, to hydrocarbons at a mercury cathode involves for- 
mation of an intermediate organomercury compound. It has been established 
by polarographic investigations [ 72,731 that benzyl iodide interacts chemi- 
cally with mercury. The benzylmercury iodide thus obtained is further reduced to 
the radical C6H5CH2Hg, which dimerizes with separation of mercury to diben- 
zylmercury, or is reduced in aqueous solution to the hydrocarbon. The same 
mechanism is suggested for formation of diallylmercury from ally1 bromide. 

In ref. 38 the formation of bis(l-methyl-2,2diphenylcyclopropyl)mer- 
cury is interpreted in terms of the radical mechanism. The electroreduction 
process of 1-bromo-l-methyL2,2diphenylcyclopropane in acetonitrile occurs 
according to eqns. 13-16. 

R-Br + e + [ R’-Br- ] (13) 

[ R’-Br- ] + R’ + Br- (14) 
R’+ Hg,e --L R-Hg; (15) 
2 R-H&’ --c R-Hg-R + Hg, _ 1o (16) 

In the first reaction step the electron is transferred to the a-anti-bonding or- 
bital of the C-E bond to form the anion radical (eqn. 13), which on the mer- 
cury surface can dissociate to the radical R- (eqn. 14). The radicals are adsorbed 
on the mercury surface (eqn. 15) and dimerized to the dialkylmercurial (eqn. 
16). The competing reaction is a further reduction of the radicals to the hy- 
drocarbon. However, this mechanism does not agree with the experimental 
data. Investigation of the time dependence of the current and initial substance 
concentration has shown that the current drop is not proportional to the con- 
sumption of the halogen compound in solution, whose concentration decreases 
much faster. Thus, in this case the reaction mechanism is more complicated 
than shown in eqn. 13-16. 

The authors of ref. 39 during their investigations of the electroreduction 
of pentafluoroiodobenzene in dimethyl formamide, obtained bis(pentafluoro- 
phenyl)mercury quantitatively at a mercury cathode and at a copper cathode 
decafluorocliphenyl was produced. These data show conclusively that at the 
potential of the first polarographic wave at which electrolysis was carried out, 
a one-electron reduction takes place with formation of the anion-radical, which 
dissociates to radical and a halogen anion. Further, depending on the nature of 
the cathode metal, the radicals interact with the metal (mercury) or are dimer- 
ized (copper). The supposed primary formation of the anion-radical in aprotic 
medium is admissible, if we take into account the strong electron-attracting 
effect of the five fluorine atoms. 

CbFST + e + [ C6F5ir ] (17) 

[ChFSI: ] + CbFj. + I- (13) 

2 C,F; + Hg + C,$sHgCsFS (IS) 

The radical mechanism of formation of bis(pentafluorophenyl)mercury can 
be considered as proved. 
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The formation of bis(&oyanoethyl)mercury is explained in a different 
manner [63,69]. At a dropping mercury electrode P-iodopropionitrile is re- 
duced in two one-electron steps. Investigation of the polarographic behavior 
of j3-iodopropionitrile and &cyanoethylmercuric iodide has shown that the 
latter compound is not an intermediate reaction product as might have been 
assumed by analogy with the benzyl iodide reaction. The phenomena observed 
during electroreduction of iodopropionitrile can be explained by assuming that 
an adsorption complex I - CH,CH,CN is formed on the electrode surface, 

‘Hg” 

but the nature of the bonding in this species has not been determined. The ad- 
sorption complex adds an electron, a covalent C-Hg bond being formed and 
iodine passing into the ionic state (eqn. 20). 

I - 
‘Hg” 

CHzCHzCN + e --c I- + HgCH2CH7CN (20) 

This is followed by dimerization to bis(P-cyanoethy1)mercm-y. 

2 H~CH~CH~CN --f Hg(CHzCH.$N)r, + Hg (21) 

Unlike the concepts described above, a conclusion is made in ref. 74 that the 
electron is transferred directly to the fl-iodopropionitrile molecule, and the 
mercury-containing reduction products are formed as the result of subsequent 
reactions. This conclusion was based on the explanation of the complex de- 
pendence of the half-wave potential of fl-iodopropiontrile on its volume con- 
centration, proceeding from the concepts of the reduction on the electrode sur- 
face of the molecules whose adsorption is described by an S-shaped isotherm. 

Unlike fl-iodopropionitrile, alkyl halides form one two-electron polaro- 
graphic wave at a mercury catbode. However, one-electron reduction is pos- 
sible on other cathode materials_ 

It was shown by Bagotskaya and Durmanov 1751 that alkyi iodides are 
reduced at a dropping gallium electrode in wateralcohol medium with addi- 
tion of one electron. With increasing RI concentration, the reduction becomes 
inhibited due to formation of a film on the electrode surface. Using the pol- 
arographic and the differential capacity curve methods, it was shown that 
this fiIm does not result from adsorption of initial substances and is not a 
product of their chemical reaction with metal, but that it is formed by inter- 
action of the electrochemically generated radical R with gallium, i.e. an or- 
ganogallium compomA_ This conclusion is quite reasonable if we consider 
that galhum shows a greater affinity for organic radicals that does mercury. 

The most comprehensive work concerned with the investigation of the 
formation of the carbon-metal bond during electroreduction of alkyl hal- 
ides at a lead electrode was done by Ulery [ 761. By polarography of alkyl 
halides (RX, where R = Me, Et, I+, Bu and X = Br, I) at a stationary lead elec- 
trode in acetonitrile in the presence of ELNBr, it has been found that under 
these conditions they are reduced via addition of one electron. Correlation of 
the half-wave potentials of alkyl bromides with the logarithms of the rate con- 
stants of the solvolysis reactions of the same alkyl bromides in water-alcohol 
medium has shown an almost linear relationship between Ellz and log (k, ). 
Hence it can be concluded that the electroduction rate of RBr and the solvol- 
ysis rate are determined by the same factors. This result corresponds to Elving’s 



15 

postulate about the nucleophilic substitution process, iT it is assumed that the 
cathode acting as a nucleophilic agent, attracts the carbon atom bonded with 
halogen. 

__ 

fC-Br - -Cc + Br- (22) 

By anaiogy with the SN2 reaction, the rupture of the C-Br bond to a 
measure is compensated by formation of a new C-M bond. However, a rup- 
ture of the bond without formation of a new bond is possible: 

- 

I 
fc--Br - 

3 

‘c’i 

I -I- 
Br- (22a) 

The formation of C-M bond according to eqns. 22 and 22a should to a 
considerable extent depend on steric factors, the stability of R or on the pre- 
sence of readily adsorbed substances. Prom the fact that electrosynthesis of 
tetramethyl- and tetraethyl-lead occurs with a high current efficiency, it is 
concluded that alkyl bromides are reduced on lead according to reaction 22. 

On the basis of data on the electronegativity of elements, their chemi- 
sorption and the direction of polarization of the carbon-halogen bond, it is 
assumed that under the action of an electric field alkyl iodides become ori- 
ented with respect to the cathode in two modes, as shown in eqns. 23 and 24 
i.e., iodine approaches the cathode closer than does bromine. 

(23) 

(a) 

I 

L ‘:,, - if fit ] - j: (24) 

( b) cc 1 

Molecular models show that the state 24a should be valid for CHJ and 
C&HSI; with increasing carbon chain length, the orientation into position 23a 
begins to prevaiI. 

High tetraaikyllead yields suggest that the alkyl group obtained as the 
result of the reduction is either incapable of diffusion into solution, or alkylation 
occurs at a greater rate than diffusion. In accordance with the foregoing, a 
mechanism of electrochemical synthesis of tetraalkyllead in electrolysis of 
alkyl halides is proposed (eqn. 25, (Pb),Pb is an alkylated surface element). 

(Pb), Pb % (Pb), PbR y (Pb), PbRz F (Ph), PbR3 F 

-+ (Pb), + PbR4 (25) 



The authors of ref. 34 investigated the reduction of alkyl halides at a 
lead electrode in dimethylformamide containing sodium salts by means of 
pulse polarography and by analysis of the current-time curves. in their opin- 
ion, the observed dependence of the limiting current on the alkyl halide con- 
centration and the electrode potentiaI, as well as the change of the current 
with time, can be explained only by a catalytic reaction in which the catalyst 
is present as a thin layer and the equilibrium with this layer is reached slowly. 
A surface substance, whose formation has been proved to be independent of 
potential, is supposed to be this catalyst. 

It can be concluded from the foregoing that the reduction of alkyl bal- 
ides at lead is a very complex process, whose mechanism and kinetics depend 
on the nature of solvent and electrolyte. This influence can be probably ac- 
counted for by the competing adsorption of solvent molecules and electrolyte 
ions. 

In some cases, the process of organometallic compound formation at the 
cathode is accompanied by a preceding chemical reaction of organic substance 
with the cathode material. In this case, a monomolecular film of an organome- 
tahic halide is formed at the cathode surface, which sometimes can undergo 
electrochemical transformations to form a fully alkylated organometahic com- 
pound. 

Thus, in the reduction of ally1 iodide [77], benzyl iodide [ 37,381 and 
benzyl bromide [38], intermediate formation of organomercuric halides ap- 
pear to play an important role. The electrochemical behavior of some ethyl 
esters of a-iodine and o-bromine substituted ahphatic acids was investigated 
recently 1791. A kinetic wave was found, whose height, in the author’s opin- 
ion [79], is limited by the rate of the preceding chemical reaction (eqn. 26). 

RX+Hg+RHgX (26) 

The mercuric derivative formed is reduced at a high rate, which causes a kin- 
etic wave to appear. 

Investigating the electrochemical reduction of benzyl iodide and benzyl- 
mercuric iodide, Hush and Oldham 1371 found that at sufficiently low con- 
centrations both compounds are reduced with formation of two diffusion 
waves. The half-wave potentials both of the first and the second waves coin- 
cide. It was believed that the reduction of benzyl iodide is preceded by re- 
action 27, occurring only at “negatively polarized mercury”, the reaction 
being catalyzed by the electrolysis products. For instance, the electrochem- 
ical step 27a is foLlowed by the steps 27b-27d. 

RX+e-+R+X- (27a) 

iL+ Hg-, itHg (27b) 

itHg+RX+ RHgX+R (27~) 

RHgX+e+ RHg+X- (27d) 

The chronopotentiomehic study of the electrochemical reduction at 
mercury of ethyl esters of bromoacetic (EBAA) and cy-bromobutyric (EBBA) 
acids has shown [79] organomercury compounds to be formed as interme- 
diate products_ In particular, it has been found that during electrode polari- 



zation with high density direct current, an electrochemical process is observed 
to occur, which is associated with the reduction of some intermediate product 
of EBAA or EBBA reduction which accumulated on the electrode surface at 
the potentials of a rising polarization curve. The above authors have proved by 
special experiments that most likely it is the product of the one-electron re- 
duction of symmetrical organomercury compounds which accumulates. As- 
suming the rate of the chemical reaction 26 to be small, they arrive at the 
following mechanism of formation of organomercury compounds: 

RBr+R+e%R,Hg+Br- 

RBr + RHg + e + R2Hg + Br- 

RHgBr + RHg + e-s R,Hg + Br- 

Further transformation of organomercury compounds of type RzHg were 
studied in ref. 80, whose authors, having examined a number of compounds 
with R = C2HS, C6HSCkC and CH?COOCH,, came to the conclusion that com- 
pounds of the R,Hg type accumulate at the electrode and are stable only at 
the potentials at which the corresponding radicals RHg are electrochemically 
inactive. This means that there is always equilibrium at the electrode surface: 

Hg + R,Hg = 2 RHb 

The electrochemical transformation of pentafluorophenylmercuric bro- 
mide at a mercury electrode wa; observed by Ershler et al. [79]. By means of 
polarographic and cluonopotentiometric methods, the authors found that 
&F,HgBr gives two polarographic waves, one of which corresponds to forma- 
tion of bis(pentafluoropheny1)merctu-y and the other to its further reduction 
products, (CbFj)Z and Hg. 

As regards the reaction mechanism, the preparation of o-phenylenemer- 
cury constitutes a special case [ 41). During electrolysis at a mercury cathode 
1,2dibromobenzene undergoes dehalogenation to form dehydrobenzene 
(eqn. 28) which interacts chemically with mercury. During this process the 
primary electrochemical and the secondary chemical reactions become sep- 
arated. 

a Br 
2e - 0 = II + 2 Br- 

Bi- 

(28) 

III. Anodic processes 

So far only one type of anodic process leading to formation of organo- 
metic compounds has been studied in sufficient detail, viz., the electrolysis 
of solutions, or melts of organic complex electrolytes. 

Organometallic compounds of type RMR, or their solutions in polar sol- 
vents, possess an insignificant electrical conductivity 181,821 and therefore can 
not be subjected to electrolysis. However, mixtures of such compounds with 
salts of type MX, a&y1 halides, RX, metal hydrides and, finally, with other 
organometallk compounds, sometimes give conducting solutions. This phen- 
omenon is explained by formation of dissociating complexes. 
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This phenomenon,was observed first by Hein [83] in 1924, who found 
that a mixture of diethyizinc with ethylsodium forms a solution whose elec- 
trical conductivity is as high as that of a 0.1 IV potassium chloride solution. 
He explained this appearance of electrical conductivity by formation of the 
dissociating complex (eqn. 29). 

NaZn(C,H,)3 * Na* + ZU(C~H~)~- (29) 

At present a large number of complexes of similar composition have 
been studied, of greatest practical interest among them being those of mag- 
nesium, aluminum and boron. 

Table 6 lists the data on the electrical conductivity of some of the better 
studied complexes. 

To explain the abnormally high electrical conductivity of trietbylalumi- 
nium derived melts it is assumed that owing to their high dipole moment, the 
molecules of the comples under the action of electric field form molecular 
chains directed along the lines of force, through which the charge transfer 
occurs [87]. 

The plot of the electrical conductivity of the melt versus the inverse temp- 
erature shows a distinct inflection, which is explained by the association of mono- 
meric molecules existing at high temperature into the dimeric form (eqn. 30). 

[WR~)2NaF]~ * 2 (AlR3)*NaF (30) 

A. Ekctrolysis of organomagnesium complexes (Grignard reagents) 
When studying the electrolysis of solutions of Grignard reagents in ether, 

kench and Drane [88] observed dissolution of aluminum, zinc and cadmium 
anodes and deposition of magnesium on the cathode. Evans [89] later sugges- 
ted that dissolution of an aluminum anode in ethylmagnesium bromide yields 
triethylaluminum (eqn. 31). 

6CzHjMgBr + 2Al --f 3Mg + 3MgBr2 + BAl(C,H,), (31) 

Only fairly recently has this reaction attracted attention as a method of pre- 
paration of organometallic compounds. 

TABLE 6 

ELECTRICAL CONDUCTIVITY OF SOME COMPLEXES USED FOR SYNTHESIS OF ORCANO- 
ELEbrENT COMPOUNDS IN ANODIC PROCESSES 

Complex Solvent Equwaknt 
electrical 
conductivity 

(ohm -‘c&j 

NaF - 2Al(CzH~)3 

KF - 2Al(C2Hs)j 
NaAI(C2H514 
KAl(CzH514 
Na.B(C2H514 

CzH5W 

C2HSW 

bfelt 4x 10-2 84 
Melt 7 x 10-Z 84 
Melt 3.3 x 10-2 84 
Melt 8 X 1O-2 84 
Water (saturated solution) 9 x 10-a 85 
Water (IO-151 solution) 5 x 10-Z 85 
Ether (1 M solution) 3.2 X IO-2 86 
Ether (1 M solution) 7 x 10-Z 86 
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The electrolysis of Grignard reagents can be used successfully for syn- 
thesis of organic compounds of lead, boron, phosphorus and other elements 
(Table 7). Owing to the hazards involved in working with dietbyl ether, in pre- 
paration of Grignard reagents for electrolysis, higher ethers, such as dibutyl 
ether, are used as solvents. 

Primary consideration has been given to the development of an economic 
method of preparation of tetraethyllead. Several versions of the method have 
been proposed [97,100,109, IlO]. In patents [97,100] it is suggested that 
polyethers of type C6HSCH2(0CH2CH2), O&H5 be used as solvents for the 
Grignard reagent. The solution obtained after electrolysis is diluted with wa- 
ter, the top layer is separated and tetraethyllead is extracted from it with an- 
other solvent, such as diethylene glycol or tetramethyl sulfone. Tetraethyl- 
lead is separated from the solution thus obtained. It is possible [llO] to use 
tetrahydrofuran as solvent. In this case, for separation of tetraethyl lead after 
electrolysis the solution is steam distilled and the distillate in the counterflow 
column is treated with a water jet. TetraethyUead, which is insoluble in water, 
separates out. Then the aqueous tetrahydrofuran solution is distilled to recover 
the solvent. The flow sheet for an industrial synthesis of tetraetbyl- and tetra- 
methyl-lead via Grignard reagent electrolysis, as practised in the U.S.A., is 
shown in Fig. 1 [105]. 

B. Or~anoaluminum complexes 
Owing to the fact the Ziegler has developed a practical method of pre- 

paration of triethylaluminum [91,111], the interest in the use of this com- 
pound for synthesis of other alkylmetals has grown considerably. 

As has been pointed out above, the melts of complexes of type MX - 
AlR3 or MR - AIR, (where M is a univalent metal, X is shown is halogen or 
hydrogen) posses sufficient electrical conductivity. In 1956 Ziegler carried 
out an electrochemical synthesis of tetraethyllead -using the complex NaF . 
2 Al(C?HS)s as electrolyte [ 111. During electrolysis of this complex, aluminum 
metal is deposited on the cathode and tetraethyuead is formed at the lead an- 
ode undergoing dissolution. 

An electrolyte of this composition has been used for synthesis of alkyl 
derivatives of tin, zinc, antimony, indium, magnesium [ 113-1161, sihcon and 
germanium [117] (Table 8). It is interesting to note that an attempt to syn- 
thesize organogermanium compounds at the anode from a germanium single 
crystal has failed [118]. 

In spite of the first successful attempts to use organoaluminum complexes 
of the type described, their practical application has met with considerable dif- 
ficulties. Thus, aluminum was formed on the cathode as a loose depositwhich 
hardly could be separated from the electrolyte. Also, aluminum suspended in 
the solution partly reacted with alkylmetal. In order to eliminate this undesir- 
able reaction, it was necessary to separate the anodic and cathodic cornpart- 
ments which has its own drawbacks. 

Jf electrolysis is carried out for a sufficiently long time, the ratio of NaF 
and Al(C7H5)3 approaches unity and together with aluminum, metallic sodium 
is deposited on the cathode. In order to precipitate aluminum as easily separ- 
able dendrites, it was suggested to use high current densities, but this did not 
lead to a continuous process either. 
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Fig. 1. Flow sheet for Nalco Chemical Co.. electrolytic tetraethyl- and tetramethyl-lead process (from 
D. Seyfertb and R.B. King (Ed%). AMIMI Survey of OrganomelaUic Chemistry. Vol. 1. Elsewer. 
Amsterdam. 1965. p. 149). 

Later, in 1959 Ziegler showed that if the complex of the type NaAI(C2H5), 
is used as electrolyte, during its electrolysis with an aluminum anode, metallic 
sodium is deposited at the cathode and triethylaluminum at the anode [ 1271. 

3 N~AI(C~HS).I + Al --, 4 Al(C2H=,)3 + 3 Na (32) 

In this case the problem of electrolyte regeneration is easily solved, be- 
cause if a part of the triethylaluminum formed is returned to the cycle, by its 
reaction with sodium, ethylene and hydrogen, it is possible to prepare the in- 
itial complex again [ 1231. 

3 Na + 3 H2 + 3 C,H, + 3 Al(C,H,), + 3 NaAl(C,H,), (33) 

In addition to its easy regeneration, the complex of the type NaAl(C,HS), has 
another advantage, viz. sodium at the cathode can be obtained as an amalgam, 
or in liquid form and can be readily removed from the electrolyzer. 

Ziegler’s investigations initiated intensive search for a continuous process 
of electrochemical synthesis of alkylmetals, primarily of tetraethyllead. A de 
tailed consideration of various processes for the preparation of tetraethyllead 
is beyond the scope of this review, and we shall discuss only a few of them. 
However,.in order to obtain a general idea of the investigations carried out, 
in Table 9 are listed the electrolytes recommended for preparation of tetra- 
ethyllead, and in Table 10 the electrolytes recommended for synthesis of 
other alkyl compounds of lead. 

In his initial efforts [84] Ziegler proposed to carry out the electrolysis 
using a solid cathode under vacuum. In this case the tetraethyhead formed is 
distilled off, which eliminates the possibility of its contact with sodium. In 

fcontinued on p. 26) 
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vacuum sodium is deposited as a film which wets well the surface and is rea- 
dily removed from the electrolyzer. However, in addition to tetraethyuead, a 
smaU amount of gaseous products always was formed at the anode, so that a 
powerful pump was needed to maintain vacuum. For this reason the so-called 
“vacuum method” did not come into wide use. 

The “three cycles” method proved to be much more successful. In this 
process mercury is used as the cathode. During electrolysis sodium forms an 
amalgam, which does not interact with alkylmetal compounds and this elimi- 
nates the necessity of using a diaphragm. Metallic sodium can be separated from 
the amalgam by repeated electrolysis [ 141,142]. 

A potassium cation electrol_yte has a better electrical conductivity, but 
the separation of metallic potassium from the amalgam is difficult. This led to 
development of a method for regeneration of potassium-containing electrolytes 
based on the reaction of potassium amalgam with NaAIRJ [84,143]. The use 
of this exchange reaction gave reactions 34-37 for the preparation of tetraethyl- 
lead with complete electrolyte regeneration. 

KAl(CIHS)a + Pb +=% Pb(C,Hj), + 4 AI(C,Hj), + 4 K(Hg), (34) 

Al(CzHj), + Na(Hg), f C2Hd --c Nz&(CzHS)~ (35) 

NaWC,H,), + K(Hg), + KAUCzHS )J l NaWg), (36) 

KOH + Na(Hg), + NaOH + K(Hg), (37) 

Several methods of separation of the resulting alkylmetal compound from 
the electrolyte have been proposed. If the differences in the boiling points are 
large enougb, vacuum distillation can he used [ 1441. Sometimes prior separa- 
tion of the alkylmetal compound by addition of sodiumaluminum alkoside 
[ 1451 or sodium hydride [ 146,147] is recommended. In both cases the hot- 
tom layer enriched in the alkylmetal compotind is separated from which it is 
easy to isolate a pure compound. In some cases it is recommended to use ad- 
ditives which with the particular alkylmetal compound form complexes insolub- 
le in the electrolyte. In particular, h-ibutylamine [ 1481, sodium azide [149] and 
potassium cyanide 11501 are used for this purpose. 

In spite of the fact that by electrolysis of aluminum complexes it is pos- 
sible to synthesize a large number of different alkylmetal compounds, the use 
of these electrolytes presents significant difficulties due to their high reactivity. 
It is sufficient to note that triethylaluminum is inflammable in air, which 
makes special precautions necessary. 

C. Organoboron complexes 
The organoboron complexes of the type MR-BR3 and MBR4-MAlR4 

are of interest in that they are safe to work with. Numerous alkylmetai com- 
pounds can be prepared by their electrolysis (Table 11). The dimethyl ether 
of diethylene glycol is recommended as solvent. To increase the electrical con- 
ductivity, a small amount of water is added to the solution [ 1521. The elec- 
trolysis of tetraalkylboron complexes in an aqueous solution with a soluble 
anode has also been described [85]. This method has been used to prepare 
alkyl derivatives of mercury, bismuth and lead. The anodes from tin and anti- 
mony undergo passivation and the yield of corresponding organometallic com- 
pounds is not high. 
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D. Other anodic processes 
Electrolyses of some other complex compounds have been reported. It 

is difficult as yet to assess their ppctical value, but they are undoubtedly of 
theoretical interest. 

For instance, electrolysis of the system NaGe(&H,), in Liquid ammonia 
[ 1551 has yielded hexaphenyldigermane and triphenylgermane. These products 
were believed to be formed as the result of two indepeqdent reactions (eqns. 
38,39). The dimerization product content varies from 10 to 3570, depending 

2GeKJ-k )Y * [Ge(C6Hj)JZ (38) 

6Ge(C,Hj)J- + 2NH, 2 6 Ge(C6Hj)JH + Nz (39) 

on the anode material. The anode material also affects the secondary chemical 
reactions leading to nitrogen evolution. 

A new process of preparation of organotin compounds has been developed 
1156, 1571, which is based on the electrolysis of alkyl halides in butyl acrylate 
or in another ester with bromine or tin bromide additions. Tin acts as anode, 
magnesium as cathode. Of great importance is the presence in solution of free 
bromine. The authors of the above references note that a magnesium cathode 
undergoes destruction in the course of electrolysis. Apparently, during electrol- 
ysis, bromine, magnesium of the cathode and butyl bromide react to form in- 
termediate complexes, which at a soluble tin anode lead to organotin compounds. 
Under optimum conditions, the current efficiency of dibutyltin is about 60%. 

Anodic dissolution of ferrosilicon in absolute ethanol acidified by concen- 
trated sulfuric acid has yielded a mirture of alkyl silicates, in which the molar 
ratio of silicon to the ethoxy group is 2.4/1.9 [ 158 1. Electrolysis of a chloro- 
benzene-xylene mixture containing as a conducting addition aluminum tri- 
chloride has yielded tetraphenylsikme (70%), whereas by anodic dissolution of 
ferrosilicon, tetraphenoxysilane has been prepared from phenol containing dis- 
solved lithium chloride [108]. 

Some organoaluminum compounds have been synthesized by anodic dis- 
solution of aluminum in nonaqueous media. Thus, electrolysis of aluminum 
triiodide solution in methyl iodide with the use of an aluminum anode has 
yielded methylaluminum iodide [ 1591. If dichloromethane is used instead of 
methyl iodide, the main electrolysis product is bis(dichloroa!uminum)meth- 
ane [ 1601. The electrode occurring in this case can be represented by the equa- 
tions 40 and 41: 

at the cathode: CH&I- --t ClCH&H&I (40) 

at the anode: Cl--e + AI + AICl 
(41) 

AlCl + CHzCIz + Cl,AlCH&l = CIZAICH2AICl, 

In conclusion, it should be mentioned that electrolysis has been reported 
to have been used for preparation of dicyclopentadienyliron [ 1611. The me- 
thod is based on the electrolysis of cyclopentadienylthalium in dimethylfor- 
mamide solution with an iron anode. The process occurring in this case is ex- 
pressed by equation 42. 

Fe + BTlCp+ FeCp, + 2Tl’ + 2e (42) 
(Conlinued on p. 30) 
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The dicyclopentadienyiiron yjeld was 91.2%. Nickelocene, dicyclopentaciienyl- 
nickel, was prepared by a similar method. 

6. On the mechanism of the anodic process leading to the formation of the 
metal-carbon bond 

Practically all workers who have studied the anodic dissolution of metals 
during elecetrolysis of organometallic comp!eses are of the option that the 
formation of the carbon-metal bond is due to the action of organic radicals 
formed during electrolysis on the electrode material. For instance, during the 
electrolysis of the complex of N&H, and Zn(C2H5)z the Zn(C2HS)3- ions 
are discharged at the anode (eqn. 43). 

Zn(C2H&~ Zn(C2H,), + ti:IHS (43) 

From the complex _Al(CzHj)3-KF it is AlF(C,H,); anions which are dis- 
charged (eqn. 44). 

AiF(C,H,); 3 AlF(C?Hj)l + (?zH, (44) 

These radicals (&is) react with the anode material, e.g., with lead (eqn. 45). 

4 &Hs + Pb --f Pb(CzHj)a (45) 

The work of Evans on the electrolysis of Grignard reagents solutions in 
ethers [ 1621, on the whole, supports the radical nature of the anodic process. 
Thus, he established that the electrolysis of Grignard reagents with an insoluble, 
anode yields products whose formation can be due to disproportionation, dim- 
erization of the initially formed radicals and their interaction with the solvent. 
Investigating the dependence of the current strength on the applied potential, 
Evans found that at a certain potential, which he called “the potential of de- 
composition”, the current increases sharply. The dependence of “the poten- 
tial of decomposition” of organomagnesium compounds on the nature of an 
organic radical (Table 12) is consistent with the concept that the particle par- 
ticipating in the electrode process contains an organic radical. 

However, not all phenomena can be explained in terms of radical theory. 
Thus, there is no doubt now that the formation of hydrocarbons during elec- 
trolysis of carboxylic acids, the Kolhe synthesis, occurs by the radical mechan- 
ism 11631. In spite of this, not a single case has been mentioned of alkylmetal 
compounds being formed during electrolysis of carboxylic acids at anodes 
from different materials. 

TABLE 12 

“DECOHPOSITION VOLTAGE” OF GRIGNARD REAGENTS 

Rinf_be 
compound 
RMgBr 

Decomposition 
vo1-e W) 

iRin?.he 
compound 
R h¶gBr 

Decomposition 
volrage (V) 

W-G 2.17 (CH312CH 1.07 

CW 1.94 (CH3J3C 0.07 

C3H7 1.42 CH2=CHCH2 0.66 

=JH9 1.32 
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Fairly recently it was found that the composition of anodic gases formed 
during electrolysis of organic complexes is almost independent of the current 
density, but depends significantly on the anode material. Thus, during elec- 
trolysis of the solution of the complex NaF-2AI(CzHj)I, in Al(C!,Hj),H, hy- 
drogen, C,Hs, C,H ,,-, and C,H, evolution occurs as the result of anodic pro- 
cesses [ 164 1. At a copper anode the hydrogen content in anodic gas reached 
93.5%. The greatest ethane yield (68.7%) was observed at a palladium anode 
and the dimerization of radicals with formation of butane occurred most ef- 
fectively (with the yield of 39.5%) at an iron anode. Also, during electrolysis 
of NaGe(C,H,), in Liquid ammonia, the composition of the electrolysis pro- 
ducts depended considerably on the anode material [155]. 

These facts show that the radicals arising at the anode do not exist as 
kinetically independent particles, but are somehow associated with electrode 
material. 

IV. Electrolgzers for preparation of organometallic compounds by the 
eiectrcchemical method 

The preparation of organometallic compounds by electrochemical me- 
thods is specific in that the electrode is dissolved in the course of reaction. 
Therefore, with usual laboratory equipment used for electrosynthesis, only 
relatively short experiments can be carried out. This equipment is inappli- 
cable for more or less large scale preparation and we shall not dwell on it here. 
We shal.l consider only the electrolyzers applicable for contiuous processes. 

The problem of continuous preparation of organometallic compounds is 
most readily solved if liquid electrodes are used. Figure 2 shows an electrolyzer 
used for continuous preparation of diisoprcpylmercury. The electrolyzer is fit- 
ted with a mercury cathode (3). The diisopropylmercury formed accumulates 
at the bottom of the electrolyzer and is removed through an overflow pipe (6). 
The mercury level (1) is maintained constant by moving receiver 2. 

A continuous process with a solid electrode presents much greater diffi- 
culties. It is quite clear that a periodic change of electrodes is out of the ques- 
tion when working with a relatively powerful electrolyzer. Much attention has 
been given to the development of a convenient electrolyzer for preparation of 
tetraethyllead. Of great intetest is the application of a granulated anode [ 109, 
115,165]. In a patent [ 1651 an original electrolyzer for electrolysis of the 
Grignard reagent is described (Fig. 3). The body of the electrolyzer is a metal 
cylinder 1 connected to the anodic busbar and fitted with a lid 2 and a coni- 
cal bottom 3. Lead granules are charged inside the body; they are then in con- 
tact with it and act as soluble anode. In the lower part of the body there is a 
screen holding the granules. On the electrolyzer lid, by means of pins passing 
through insulating sleeves are fitted the cathodes 5. The cathodes are ‘m the 
shape of flat boxes covered on the outside by a membrane preventing the cath- 
ode from making electrical contact with the lead granules. The Grignard re- 
agent solution enters through the lower connecting pipe 6, passes through the 
layer of granulated lead, where the electrochemical reaction occurs, and is re- 
moved through the upper connecting pipe 7 for separation of organolead com- 
pounds. Fresh portions of lead granules are introduced as they are used up 
also through 7. 
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Fig 2. ElecLrolyzer used for continuous PreP~ratiOQ of dik.OPrOPYheI-CWY. 

Fig 3. Electzoly;?er used for electrolysis of Grigzxa-d reagcats. 

V. Conclusion 

On the basis of the work covered in this review, it can be concluded that 
both anodic and cathodic processes can be used for synthesis of organometallic 
compounds. 

The mechanism of tbese processes is not yet quite clear and apparently 
cannot be covered by one scheme. The mechanisms of the formation of the 
metal-carbon bond so far proposed have been confirmed only in some par- 
ticular cases. 

The majority of the electrochemical syntheses studied are intended for 
use with alkyl halides as starting materials. For preparation of organometahic 
compounds from alky: halides, anodic processes are preferable (t’hrough the 
Grignard reagent), where the highest yields of the products have been ac- 
hieved. The anodic method of preparation of tetraethyllead is already used 
on an industrial scale. 

However, in anodic processes it is necessary to exchange one metal in an 
organometallic compound by another and the first stage of th’s method is 
the preparation by chemical means of a more readily obtainable compound 
such as +-he Grignard reagent or triethylaluminum. 

The electrochemical preparation of organometallic compounds from un- 
saturated substances and from ketones can be carried out only at the cathode. 
The cathodic processes have an advantage over the anodic processes in that they 



33 

make it possible to carry out a more direct synthesis, starting from a metal and 
an organic substance. The cathodic processes have not yet been used for large 
scale synthesis, but they are more promising in this respect since they yield or- 
ganometallic compounds without intermediate stages. 

Note added in proof 
in the years 1972-1974 some works were pubhshed on the elzctrosynthesis 

of organometallic compounds: 

On the anodic synthesis of tetraethyllead: U.S. Pat., 3655536 (1972). 
On the cathodic synthesis of gallium, indium and thallium compounds: I.N. 
Chemykh and A.P. Tomilov, Elektrokhimiya, 9 (1973) 1025; 10 (1974) 971. 
On mercuric compounds: O.R. Brown and K. Taylor, J. Electroanal. Chem., 
50 (1974) 211; U.S. Pat., 3649483 (1972). 
On tin compounds: H. Ulety, J. Electrochem. Sot., 119 (1972) 1474; M. 
Fleischmann, G. Mengoli and D. Pletcher, Electrochim. Acta, 18 (1973) 231; 
O.R. Brown, E.R. Gonzalez and A.B. Wright., Electrochitn. Acta, 18 (1973) 
369; 18 (1973) 555. 
On lead compounds: M. Fleischmann, D. Pletcher, C. Vance, J. Electroanal. 
Chem., 29 (1971) 325. 
On bismuth compounds: I.N. Chemykh and A.P. Tomilov, Elektrokhimiya, 
10 (1974) 1424. 
On synthesis of the transition metal complexes: H. Lehmkuhl, W. Leuchte and 
W. Eisenbach, .tin. Chem., (1973 j 692. U.S. Pat., 3668086 (1972). 
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