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Bis(n-cyclopentadienyl)-N,N-dialkyldithiocarbamatovanadium(IV) tetraphenylborates exhibit two one-electron polaro- 
graphic reduction waves in the potential range +0.75 to  -2.2 V relative to a Ag-AgCKacetone) reference electrode. The 
first reduction (at "v-0.4 V) is fully reversible. It is believed that its associated electron is accommodated in a nonbonding 
orbital of the vanadium atom. The neutral vanadium(II1) complexes resulting from this reduction are susceptible to  dis- 
sociation, releasing free dialkyldithiocarbamate anions-a process which is greatly enhanced in the presence of oxygen. A 
study of sodium N,N-dialkyldithiocarbamates has shown that Hg(0) is oxidized to  Hg(1) in the presence of free dialkyldi- 
thiocarbamate anions, and since this process occurs at "v-0.5 V, a novel example of an ECE mechanism results. The ter- 
minology &, EC, has been used here to  describe the following processes associated with the initial reduction step 
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The second electrode process is not reversible. The system has been investigated by both dc and ac polarography, cyclic 
and linear sweep voltammetry, and controlled-potential electrolysis. 

Introduction 
Recently a number of air-stable complexes between the 

bis(r-cyclopentadienyl)vanadium(IV) moiety and some di- 
alkyldithiocarbamates have been synthesized and character- 
ized in this laboratory.' The physical properties of these 
compounds strongly suggest that they are of the form 

."here R is hydrogen or an alkyl group and X is either the 
tetraphenylborate or the tetrafluoroborate anion. 

The suggested structure of the cationic species is shown in 
Figure 1. The vanadium atom is approximately tetrahedrally 
coordinated by two n-cyclopentadienyl groups and the two 
sulfur atoms of the dialkyldithiocarbamate, and it is predicted 
that its unpaired electron resides in a nonbonding orbital di- 
rected between the two sulfur atoms.' Epr data collected on 
the corresponding complexes between the (CP),V'~ moiety 
and some dialkyl dithiopho~phates~ have shown conclusively 
that the vanadium-sulfur bonds are significantly covalent and 

(1) A. T. Casey and J. R. Thackeray, Aust. J .  Chem., 2 5 ,  2085  

(2) C. J. Ballhausen and J .  P. Dahl, Acta Chem. Scand., 15, 1333 

(3) A. T. Casey and J .  R. Thackeray, submitted for publication 

( 1 972). 

( 1  96 1). 

in Aust. J .  Chem. 

that the unpaired electron does indeed occupy an orbital of 
the predicted type. 

In view of the recent interest shown in the polarographic 
behavior of transition metal-dithio chelate complexes4-' and 
because of the uniqueness of stable complexes between early 
members of the transition series and dithio chelates, the above 
system seemed to warrant an electrochemical investigation. 
Indeed, it can be readily appreciated that the metal atom of 
these compounds is most favorably disposed toward reduc- 
tion since it has a d' configuration, is involved in a cationic 
species, and has a partly filled nonbonding orbital as its low- 
est lying incompletely occupied energy level. 

Since the compounds were completely insoluble in water, 
acetone was chosen as solvent. The complexes are moderate- 
ly soluble in this solvent and there appears to be no solvolysis. 
Preliminary investigations on free dialkyldithiocarbamate an- 
ions showed an oxidation wave at %-OS V relative to Ag- 
AgCl, while a reduction wave at %-0.4 V relative to the same 
electrode was obtained from the complexes. It is clear that 
if any dissociation of dialkyldithiocarbamate ligands from the 
complexes occurs as a result of their initial reduction, then 

(4) D. C. Olson, V. P. Mayweg, and G.  N .  Schrauzer, J. Amer. 

( 5 )  J .  A. McCleverty, Progr. Inorg. Chem., 10, 4 9  (1968) .  
(6) A. M. Bond, G. A. Heath, and R. L. Martin, J. Electrochem. 

(7) A. M. Bond, G. A. Heath, and R. L. Martin, Inorg. Chem., 10, 

Chem. SOC., 8 8 ,  4876 (1966) ,  and references therein. 

Soc., 117, 1362 (1970) .  

2026 (1971). 
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Figure 1. The proposed structure of the [(cp),V(dAdtc)]+ cation. 

the possibility of an interesting type mechanism arises. 
The term ‘‘3CE7’ has been introduced recently by Feldberg 
and Jeftic>to describe systems in which the reduction of a 
complex (E) is followed by a coupled chemical reaction (C) 
which results in the occurrence of an oxidation step (E). 
Thus the compounds were of interest not only from the chem- 
ical viewpoint but also because of the fact that they provide 
examples of interesting electrochemical mechanisms, as will 
be shown. 

Nomenclature. The following abbreviations have been used 
in the text: cp, n-bonded cyclopentadiene; dAdtc, dialkyldi- 
thiocarbamate(s); Mdtc, monomethyldithiocarbamate; dMdtc, 
dimethyldithiocarbamate; dEdtc, diethyldithiocarbamate; 
dPdtc, diisopropyldithiocarbamate; dBdtc, dibutyldithiocar- 
bamate; Ph, phenyl; Et? ethyl; Bu, butyl. 
Experimental Section 

acetone with a Metrohm Polarecord (E261) using 0.1  M tetraethylam- 
monium perchlorate as supporting electrolyte. A three-electrode iR 
compensated system using a Metrohm iR compensator (E446) was em- 
ployed for all conventional de measurements. The reference electrode 
was a Metrohm Ag-AgC1 EA425 electrode (0.1 M LiC1) in acetone. 
The auxiliary (or third) electrode was either a tungsten or a platinum 
wire, or an Ag-AgC1 electrode identical with the reference. Short con- 
trolled drop time polarograms were recorded with a Princeton Applied 
Research Corp. (PAR) electrochemical system, Model 170. A 
Metrohm Polarographie stand (E354) was utilized to  obtain controlled 
drop times between 0.16 and 0.32 see. 

Most ac polarograms were recorded on the PAR electrochemical 
system, Model 170; phase-sensitive read-out was used. An applied al- 
ternating potential of 10 mV (peak to peak) was employed at frequen- 
cies stated in the text. Some total current ac polarograms (10 mV 
rms, 50 Hz) were recorded using a modified Metrohm system combin- 
ing the ac modulator (E393), iR compensator (E446), and Polarecord 
(E261). A three-electrode system was used in all ac work. Cyclic 
and linear sweep voltammograms were recorded with the PAR electro- 
chemical system at both a Metrohm hanging drop mercury electrode 
(BM-503) and a platinum wire. 

All test solutions were thoroughly degassed with acetone-saturated 
argon (unless otherwise stated) and a continuous stream of argon was 
passed over the solutions while measurements were being taken. Solu- 
tions were thermostated to  20.0 ?: 0.1” in a water-jacketed cell. 

Preparations. (a) Bis(n-cyclopentadieny1)-N,N-dialkyldithiocar- 
bamatovanadium(1V) Tetraphenylborates (or Tetrafluoroborates). 
The complexes were prepared from (cp),VCl, and the dialkyldithio- 
carbamates by methods described elsewhere.’ 

(b) Sodium N,N-Dialkyldithiocarbamates. The compounds were 
prepared from CS, , the appropriate dialkylamine, and NaOH essential- 
ly by the method of Klopping and Van der Kerk.’ 

(c) Tetraethylammonium Perchlorate. A 25% solution of 
Et,NOH was neutralized with 20% HC10,. The resulting white pre- 
cipitate was recrystallized twice from EtOH (95%) and finally from 
MeOH (AR). The final product was dried and stored under vacuum 
over silica gel. 

metric amount of Na(dEdtc) was mixed with mercury(I1) nitrate (AR) 
in water. The resultant cream-colored precipitate was well washed 
with water and EtOH and dried under vacuum. 

(e) Tetraethylammonium Tetraphenylborate. Stoichiometric 

(8) S. W. Feldberg and L. Jeftic, J.  Phys. Chem., 76, 2439  (1972). 
(9) H. L.  Klopping and G. J .  M. Van der Kerk, Reel. Trau. Chim. 

Polarography. Conventional dc polarograms were recorded in 

(d) Bis(N,N-diethyldithiocarbamato)mercury(II). The stoichio- 

Pays-Bas, 70, 936 (1951) .  
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Figure 2. The dc polarogram of Na(dEdtc) 

amounts of Et,NCl and NaPh,B were mixed together in water. 

5 

The 
resulting whiteprecipitate wai well washed wi t i  water and dried over 
silica gel under vacuum. 

polarographic and voltammetric measurements. Other chemicals were 
commercial products. 

Results and Discussion 
Polarographic Behavior of Sodium N,N-Dialkyldithiocar- 

bamates. To aid in the interpretation of the polarographic 
behavior of the complexes, a complementary study was un- 
dertaken on the ligands. Certain dialkyldithiocarbamates 
have been studied in other qualitatively similar 
results have been obtained in acetone. The polarogram illus- 
trated in Figure 2 is typical of each of the compounds exam- 
ined. The wave at -1.7 V, absent for [(C2H5)4N] dEdtc, is 
the reduction wave for the sodium ion. The other three oxi- 
dation waves are characteristic of the dAdtc anion. Two of 
these occurred close to each other and to the anodic potential 
limit and hence were difficult to characterize. However. 
most of the interest in relation to the complexes lay in the 
wave near -0.5 V (wave l ) ,  which we consider in detail. 

at a concentration of 
marizes observations for two anions in the concentration 
range to 10-4M. For concentrations above 10-3M, 
wave 1 begins to broaden, probably because a new wave ap- 
pears near -0.4 V. Thus no values of E1,2 are recorded 
above 10-3M. At concentrations between and M 
the wave height is proportional to JF,  whereas at concentra- 
tions above 10-3M the total height of the complex wave (or 
two waves) follows the same proportionality. Plots of the 
limiting current vs. h are linear at lower concentrations but 
do not intersect the origin as do the id vs. Jh plots. 

M )  is shown 
in Figure 3. The marked decrease in drop time of the dme 
in the potential range of wave 1 indicates that the compound 
and/or product of the anodic reaction is strongly adsorbed. 
It appears that adsorption is absent at more negative poten- 
tials, however, since the two curves are coincident from -1 .O 
to -2.0 v. 

Materials. May and Baker “Pronalys” acetone was used for all 

Table I lists the half-wave potentials for the various anions 
M in acetone, while Table I1 sum- 

The electrocapillary curve of Na(dMdtc) 

A combination of these results and work in other media”-12 

(10) W. Stricks and S. K. Chakravarti, Anal. Chem., 34, 508  

(1  1) D. J .  Halls, A. Townshend. and P.  Zuman. Anal. Chim. Acta, 

(12) D. J. Halls, A. Townshend, and P.  Zuman, Anal. Chim. Acta, 

(1962) .  

41, 51 (1968) ,  and references therein. 

40, 459  (1968). 
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Figure 3. The ac polarogam of wave 1 (Na(dBdtc), M). The 
frequency was 50 Hz and the alternating potential 10 mV rms. 

Table I. Half-Wave Potentials of Na(dAdtc) at M 
(E,,> in V vs. Ag-AgCl)a 

Na(dAdtc) Wave 1 Wave 2 Wave 3 
Na(dMdtc) -0.502 +0.60 +0.70 
Na(dEdtc) -0.505 t 0 . 5 7  +0.72 
Na(dPdtc) -0.550 +0.55 +0.74 
Na( dB dt c) -0.514 t 0 . 5 3  +0.71 
Na(Mdtc) -0.510 t0 .59  t 0 . 7 0  

a Because of their nature and position (see text) the E,,, values 
for waves 2 and 3 are given to two significant figures only. 

Table 11. Dependence of Half-Wave Potential (El,2) and Wave 
Height ( id)  on Concentration for Na(dAdtc)a 

Na(dEdtc) Na( dB dt c) 

Concn, - - 
M E,/ , ,  V E,/,, V id ,  MA E, /z ,V E 3 1 4 3  V id ,  MA 

io-,  53.0 55.0 
5 x 10-3 27.4 28.0 

5 X -0.498 0.074 2.84 -0.505 0.072 3.06 
10-3 -0.505 0.078 5.35 -0.514 0.076 5.60 

10-4 -0.496 0.076 0.54 -0.505 0.072 0.60 

a For concentrations above M i d  refers to the total wave 
height of the two waves in the region of -0.4 to -0.5 V (see text). 

suggests that the more negative wave is adsorption controlled 
at higher concentrations. The limiting current was propor- 
tional to a concentration between and M as was 
the total limiting current above 10-3M. Thus, although ad- 
sorption significantly affects the behavior of this oxidation 
step, the limiting current of the overall electrode process is 
diffusion controlled. 

The ac polarographic behavior of the ligands confirms the 
dc results. Above M wave 1 showed the complex be- 
havior expected from a combination of an adsorption-con- 
trolled electrode process and a “normal” electrode process. 
At lower concentrations, the wave (Figure 4) exhibited the 
characteristics expected for a quasireversible ac electrode 
process or for a reversible charge-transfer step with coupled 
chemical or adsorption reactions. 

It thus seems likely that the electrode process associated 
with wave 1 is, in its simplest form 
dAdtc- + Hgo * HgI(dAdtc) + e- 

ra$d 
2Hg1(dAdtc) + HgII(dAdtc), + Hgo 

As would be expected if the above mechanism is essentially 
correct, the polarogram of Hg(dEdtc), in acetone was found 
to be identical with that of the dEdtc anion except that the 
wave corresponding to wave 1 was now cathodic. When Na- 
(dEdtc) was added to the solution of Hg(dEdtc), and the 
polarogram rerun, a composite cathodic-anodic wave was ob- 

B 

IO,..,.,.,,,,,,, 
+I  0 0 -I 0 -2 c 

VOLT vs A ~ / A ~ C I  

Figure 4. The electrocapillary curves (dme at h = 74 cm) of (a) 0.1 
M Et4NC10, in acetone (0 )  and (b) solution (a) plus 
(dEdtc) (e). 

M Na- 

t zero current -4 

wave I \ 5 3 u A  HgOoxidation 

-225 -165 - I 0 5  - 0 4 5  +015 +C 
b l t  vs Ag/A&I. 

5 

Figure 5. The composite cathodiclanodic dc polarogram of Hg- 
(dEdtc), and Na(dEdtc). The wave height of the Na+ reduction 
wave approximates to the anodic current of the composite wave 1,  
while the cathodic portion of the wave corresponds to that obtained 
from the Hg(dEdtc), complex prior to the addition of Na(dEdtc). 

tained as illustrated in Figure 5 .  This is normally taken as 
evidence that an electrode process is reversible; however, 
other data obtained suggest that a reversible or quasireversible 
assignment with other complications is more appropriate. 

Plots of log [ ( id  - i ) / i ]  vs. E and the ac data are consistent 
with n = 1, and not n = 2. Furthermore, we have found the 
wave height of the one-electron sodium ion reduction is ap- 
proximately equal to that of the mercury oxidation. It is 
concluded that the anodic wave 1 obtained from the polaro- 
gram of solutions containing dAdtc anions arises from the ox- 
idation of mercury rather than the ligand itself. This oxida- 
tion is followed by a rapid decomposition step which yields 
the mercury(I1) dialkyldithiocarbamate. The oxidation 
waves 2 and 3 observed in polarograms of Na(dAdtc) remain 
anodic in the polarogram of Hg(dEdtc), and occur at approx- 
imately the same potentials. They are almost certainly due 
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to oxidations involving the Hg11(dAdt~)~ [or HgI(dAdtc)] 
compounds. 

Results obtained for NaMdtc were similar to those of the 
dialkyldithiocarbamates except that a further wave was seen 
on the positive potential side of wave 1. This phenomenon 
has been observed in other media and has been attributed to 
a different mercury oxidation process deriving from the re- 
moval of a hydrogen ion from the monoalkyldithiocarbam- 
ate.12 

borate Anions. 
one oxidation wave at 4-0.484 V, while that of NaBF4 gave 
only the wave arising from the reduction of the sodium ion. 

Polarographic Behavior of the Complexes. For each of the 
[(~p)~V(dAdtc)] [XI complexes two one-electron reduction 
waves were observed (see Table IT1 and Figure 6). Wave 1, 
the more positive wave, was diffusion controlled in all cases. 
The diffusion current showed a linear dependence on concen- 
tration within the range 10 -3 to 10-4M while the half-wave 
potentials were independent of concentration. Plots of log 
(id - i)/i vs. potential were all linear over the range 51 log 
unit and showed the Nernstian slope expected of waves ob- 
tained from reversible one-electron reductions. Ac polaro- 
grams recorded using conventional or short controlled-rate 
drop times had half-widths of 90 .t 2 mV over the frequency 
range 50-600 Hz. The reversibility of this reduction in the 
ac sense is further evidenced by a comparison of the theoreti- 
cal wave expected for such a process13 with that obtained ex- 
perimentally (see Figure 7) and by the direct proportionality 
between the ac peak current and the square root of the fre- 
quency used. I t  can therefore be seen that the heterogene- 
ous charge-transfer rate constant for this reduction is very 
large. 

The second (more negative) wave for each compound is 
drawn out and arises from a nonreversible one-electron reduc- 
tion. The associated - E3,4 value is large. For each 
complex the limiting current of this wave is almost identical 
in magnitude with that obtained from the corresponding re- 
versible wave of the same complex (i.e., wave 1). In the ac 
sense wave 2 is very broad and, as expected for a nonreversi- 
ble reduction, has a low peak current relative to the reversible 
one-electron reduction. 

The behavior of the complex [(~p)~V(Mdtc)] [Ph4B] dif- 
fered from that of the [(cp),V(dAdtc)] [XI complexes. Al- 
though a reversible wave was observed at -0.41 8 V, three fur- 
ther waves (a, b, c) were obtained at lower potentials (see 
Figure 8). Since the only difference between this complex 
and the [(~p)~V(dAdtc)] [Ph4B] compounds is the replace- 
ment of one alkyl group on the dAdtc ligand by a hydrogen 
atom, the change in behavior must be attributable to this. 
Wave a occurs at a potential more negative than that 
for the reduction of free hydrogen ions (%1 .O V) and thus 
may be due to the reduction of the hydrogen atom attached 
to the ligand. The height of this wave is only marginally 
lower than that of wave 1, but the heights of waves b and c 
are substantially less. Wave b has a potential similar to those 
obtained from wave 2 of the [(~p)~V(dAdtc)] [Ph4B] com- 
plexes, while a polarogram of methylamine showed a wave 
at exactly the same potential as that at which wave c occurred. 
I t  would therefore seem that the processes associated with 
waves a, b, c involve the partial dissociation of the Mdtc lig- 
and itself, in addition to the usual reduction process occurring 
for wave 2 .  

Polarographic Behavior of the Tetraphenyl- and Tetrafluoro- 
The polarogram of Et4NPh4B exhibited 

The dimethyl and to a lesser extent the diethyl complex 

(13 )  A. M. Bond, J.  Electroanal. Chem., 35, 343 (1972) .  

Bond, Casey, and Thackeray 

Table 111. Half-Wave Potentials (El/,) for the Complexes 
(V VS.  Ag-AgC1) 

Wave 1 Wave 2 

Compd 

[(cp),V(dMdtc)] [Ph,B] -0.416 0.059 -1.654 0.120 
[(cp),V(dMdt~)] [BF,] -0.411 0.060 -1.650 0.105 
[(cp),V(dEdtc)] [Ph4B] -0.415 0.060 -1.710 0.120 
[ ( ~ p ) , V ( d E d t ~ ) ]  [BF,] -0.408 0.058 -1.697 0.119 
[(cp),V(dPdtc)] [Ph4B] -0.428 0.058 1.795 0.108 
[(cp),V(dBdtc)] [Ph4B] -0.422 0.060 -1.742 0.088 
[(cp),V(Mdtc)] [Ph,B] -0.418 0.060 a 

a Three further waves at -1.430 V (Ell4 -E3,4 = -0.068 V), 
-1.742 V, and -1.867 V, respectively. 

\ 
Ph,B- ', 

\ 
\ 

! 
1 

1 -105 I - 0 4 5  I +Ol5 1 +O 
-165 

Volt vs Ag/AgCI 
5 

Figure 6. The dc polarograms of [(cp),V(dBdtc)] [Ph,B] (5 x lo-, 
M). 

1 1  I I 

-0 3 -04 - 0.5 
Volt vs AglAgCl 

Figure 7. A theoretical-experimental correlation between the shape 
expected for a reversible one-electron ac wave (solid line) and experi- 
mental points taken from the ac wave 1 of [(cp),V(dBdtc)] [Ph,B] 
(circles). The experimental polarogram was recorded at  400 Hz US- 

ing an alternating potential of 10 mV peak to peak. 

showed a deviation in the limiting current region of the re- 
versible dc wave (i.e., at about -0.5 v) as shown in Figure 9. 
No evidence of such behavior was found with the other 
complexes. If extreme caution was taken to remove mo- 
lecular oxygen from the system, no evidence of an ac elec- 
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-165 -I 0 5  -045  +015 +075 
Volt vs Ag/AqCl 

Figure 8. The dc polarogram of [(cp),V(Mdtc)] [Ph,B] (5  X 
M. 

-0 Ld 2 - 04 Volt - 0 6  vs AglAgCl -0 a 

Figure 9. The dc polarogram of wave 1 for [(cp),V(dMdtc)] [Ph,B]. 

trode process corresponding to this dc phenomenon was ap- 
parent, except for the [(cp),V(dMdtc)] [XI and [(cp)~V- 
(dEdtc)] [XI complexes (see Figure 10B). However, if oxy- 
gen was allowed to enter the system slowly, a new ac wave 
(in addition to that caused by the nonreversible reduction 
of molecular oxygen at about -0.7 V) was seen to grow at 
about -0.5 V (see Figure 10A). When the system was re- 
purged of oxygen, the polarogram reverted to that shown 
in Figure 10B. The same effect was clearly evident on the 
dc wave. In the absence of oxygen (as can be seen from 
Figure 9) the limiting current was constant at -0.7 V. How- 
ever, when oxygen was present, the wave at about -0.5 V 
was greatly enhanced in the dc polarogram also (see Figure 
11). When free dAdtc anion was added to a solution of its 
corresponding complex, the deviation in the wave at about 
-0.5 V grew substantially and an anodic current was ob- 
served in the dc polarography. 

Much more convincing evidence of the nature of the elec- 
trode process was obtained from ac measurements where ad- 
dition of free ligand introduced another wave whose peak po- 
tential and shape coincided exactly with the new wave ob- 
tained by introducing oxygen into the system. Furthermore, 
addition of free ligand to a nondeoxygenated solution simply 
had the effect of increasing the magnitude of the alternating 
current at -0.5 V. Thus it would appear that the seemingly 
anomalous polarographic behavior of the complexes is caused 

A 

'L 
I I I I 1 I 

- 0 8  - 0 6  -04 -06 - 0 4  -C -06 
Volt vs Ag/AgCl 

Figure 10. (A) Theac polarogram of [(cp),V(dEdtc)] [Ph,B] in the 
region of wave 1 and in the presence of oxygen. (B) The same polar- 
ogram in the absence of oxygen. Both polarograms were recorded at 
50 Hz using an alternating potential of 10 mV rms. 

t -zero current 
I I I I I I I 

-02 -0 4 -06  -0 8 -10 
Volt vs AglAgCI 

Figure 11. The dc polarogram of [(cp),V(dMdtc)] [BF,] in the 
presence of oxygen. 

by release of the dAdtc anion subsequent to the initial reduc- 
tion and that the release of the ligand is catalyzed by oxygen. 
The ac peak height of wave 1 decreased markedly in the pres- 
ence of oxygen (see Figure 10) since the associated reaction 
complicates the electrode process. 

The lack of an anodic current in the dc polarograms of the 
complexes at potentials more positive than the first reduction 
wave proves that free dAdtc anion is not present in solution 
as impurity (see Figure 11). The situation is therefore quite 
exceptional, since the released dAdtc anion causes mercury 
to be oxidized at a more negative potential than that required 
for the first reduction step of the complexes (see Tables I and 
111). Indeed, few reports of such a phenomenon occur in the 
l i t e r a t ~ r e ~ " ~ - ' ~  and it is only recently that these types of 
electrode processes have been considered in any detail. 

Chem. Commun., 33,473 (1968). 
(14) E. Fischerova, 0. Dracka, and M. Melotln, Collect. Czech. 

(15) N. Tanaka and K. Ebata, J. Electroanal. Chem., 8 ,  120 

(16) H. A. Laitinen and P. Kivalo, J. Amer. Chem. Soc., 7 5 ,  2198 

(17) N. Tanaka and A. Yamada, Bull. Chem. SOC. J a p . ,  39, 920 

(18 )  H. B. Herman and P. M. Sorana, submitted for publication. 

(1964). 

( 19 5 3). 

(1966). 



892 Inorganic Chemistry, Vol. 12, No. 4, 1973 

The complete mechanism of the electrode processes associ- 
ated with the first reduction step of the compounds may now 
be written 
[(cp),VIv(dAdtc)]+ + e- * [ ( ~ p ) , V ~ ~ ~ ( d A d t c ) ] O  (3 
[(cp),VIII(dAdtc)]' * "[(cp),VIIII " + dAdtc- 

dAdtc- + Hg' * Hgl(dAdtc) + e' (E) 

2Hg1(dAdtc) t HgII(dAdtc), $. Hg' (C,) 

where kf and kb are the forward and reverse rate c o 3 t y t s .  
Thus the system provides an example of an unusual ECE 
mechanism and, because of the processes associatsd wgh the 
release of dAdtc anions, has been termed here an ECIECz 
mechanism. 

It  has been suggested that highly reversible reductions ob- 
served in other complexes between transition metals and di- 
thio chelates owe their reversibility to their associated n- 
electron systems: i.e., it is thought that an electron is able 
to flip quite freely into and from molecular orbitals of the 
r-electron system inherent to the metal-dithiochelate ring. 
Although a n system exists for the complexes of this paper, 
it is more likely that the electron associated with the 
E step above is accommodated in a nonbonding orbital of the 
vanadium atom directed between the two sulfur atoms of the 
dithio chelate. Since epr measurements3 have indicated that 
this orbital makes little or no contribution to the n system, 
the electron uptake is associated with the metal only. It is 
pertinent to note that a highly reversible one-electron reduc- 
tion step was also observed from corresponding complexes of 
the type [(CP)~V(L)] [BF4], where L is a chelating agent co- 
ordinating to vanadium through two oxygen atoms and there- 
fore where there is no extensive delocalized metal-chelate n- 
electron system." 

The dissociation of the neutral vanadium(II1) complex ob- 
tained from the initial reduction is apparently only very slight 
in the absence of oxygen but is greatly enhanced by its pres- 
ence in even minute traces. A significant amount of dissoci- 
ation was still evident in dc polarograms in which there was 
no trace of waves due to the reduction of oxygen. The oxy- 
gen catalysis of step C, is readily explicable in terms of the 
chemistry of vanadium. Vanadium has been termed a class 
"a" metal under the classification of Ahrland, Chatt, and 
Davies," and thus at first the stability of these complexes to 
oxygen and water seems surprising. Apparently the presence 
of the cyclopentadienyl groups bestows upon the vanadium- 
(IV) atom properties more characteristic of later members of 
the transition metal series. Once the metal is reduced to 
vanadium(III), however, the complexes become most suscepti- 
ble to  the presence of oxygen (the corresponding [(cp),Ti'I'- 
(dAdtc)lQ complexes are highly oxygen sensitive21), and the 
resulting formation of oxovanadium species could quite easily 
cause the release of the dAdtc anion. Since the addition of 
water to test solutions caused no discernible change in polaro- 
graphic behavior, the decomposition of the [(cp)2V111- 
(dAdtc)]' species in the absence of polarographically detect- 
able oxygen must result from minute traces of oxygen or 
simply from the lowered stability of this neutral species 
relative to the cationic vanadium(1V) species. Step C1 was 
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more pronounced in dc polarograms of the [(cp)2V(dMdtc)) 
[XI and [(cp),V(dEdtc)] [XI complexes than in those of the 
[( C ~ ) ~ V (  dPd tc)] [Ph4 B] and [( CP)~V( dB dtc)] [Ph4 B] com- 
pounds. Also evidence of a wave at -0.5 V was detectable 
in the ac polarograms of the former two complexes. This 
may be a reflection of the relative inductive effects of the 
different alkyl groups. 

It is interesting to note that the half-wave potentials varied 
little with change in the coordinated dAdtc ligand. Substitu- 
ent effects have beenshown markedly to alter the half-wave, 
potentials of some dithioketone transition metal complexes, 
but since the electron here enters an orbital divor'ced from 
the bonding orbitals, the half-wave potentials are expected to 
be insensitive to such changes. The second reduction step of 
the complexes, if associated with the metal, would produce a 
vanadium(I1) species. The instability of whatever product 
does result from this step is emphasized by the nonreversibil- 
ity of its associated wave, which indicates that significant 
structural changes follow as a consequence. 

Controlled-Potential Electrolysis. Despite many attempts 
at controlled-potential electrolysis at platinum sheet, tung- 
sten wire, and mercury pool electrodes, no evidence could be 
found for the formation of the vanadium(II1) species. The 
failure is believed to be due to the dissociation step C1 which 
follows the initial reduction and to adsorption, since the cur- 
rent achieved at the commencement of every electrolysis de- 
cayed rapidly but could be restored by cleaning or replacing 
the various electrodes. 

Cyclic Voltammetry. The applicability of this technique 
to the study of ECE-type mechanisms has been well illus- 
trated by Feldberg and Jeftic.* These workers have taken 
into account the modifying effect of a redox cro5s 2action 
and have calculated the behavior expected from ECE and 
ECE mechanisms for a range of dissociation constants of re- 
action C1, where the two electron-transfer steps are separated 
by 0.3 V. The corresponding possible redox cross reaction 
for this system 
[(cp),VIV(dAdtc)]+ + dAdtc- + Hgo * Hgl(dAdtc) + 

is obviously much more complicated than that considered 
theoretically since step E is followed by a further reaction 
(C,) and since oxygen can play an important catalytic role in 
step C1. Furthermore, step E is not considered to be com- 
pletely reversible here as is required in the theoretical treat- 
ment. The possible consequences of these complications 
where therefore borne in mind when comparing our results 
with those predicted in ref 8. 

Samples of cyclic voltammograms obtained at a hanging 
drop mercury electrode are shown in Figure 12. The slight 
dissociation (reaction C,) of the [(~p)~V"I(dMdtc)]~ com- 
plex in the absence of oxygen (Figure 12A, B) and the lack 
of it for the [ ( ~ p ) ~ V ~ ~ I ( d B d t c ) ] ~  complex even in the pres- 
ence of a small amount of oxygen (Figure 12C) are consis- 
tent with previous observations. When sufficient oxygen was 
allowed to enter the system, step C1 was catalyzed dramatical- 
ly forall complexes as evidenced by the marked increase of 
step E (Figure 12D). The addition of free dMdtc anion to a 
soluLion of the corresponding complex caused the wave due 
to (E) arising from complex dissociation to grow substantial- 
ly and the current toqecome anodic at potentials more posi- 
tive than that of the E step; indeed, for runs on pure com- 
plexes the current was slightly anodic in this region 
subsequent to the initial cycle (Figure 12A, C). 

In the theoretical volotammograms of ref 8, the relative Val- 
ues of the respective E potentials (Eo is equivalent to polaro- 
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Figure 12. Cyclic voltammograms at a hanging drop mercury elec- 
trode (scan rate 100 mV/sec). Successive sweeps are numbered and 
zero current is marked in each case: A, [(cp),V(dMdtc)] [Ph,B] in 
the absence of oxygen; B, NadMdtc; C, [(cp),V(dBdtc)] [Ph,B] ; D, 
[ (cp),V(dMdtc)] [Ph,B] in the presence of oxygen. 

graphic half-wave potential) for reactions 2 (E"1) and 
E or 2 (E" ) were indicative of this type of ECE mechanism. 
For the ZCk case, and with increasing magnitude of the rate 
constant for reaction C, the wave from (E) grew and for any 
one voltammogram successive sweeps showed a decrease in 
the wave hei t pertaining to (2) and an increase in that per- 

tion and reaction C were exerting a strong influence, the cath. 
odic current dropped substantially (and even became anodic 
in the extreme case) in the potential region between Eo1 and 
EO3 during the first cathodic sweep. 

The behavior of voltammograms obtained here is qualita- 
tively similar to the above theoretical predictions for an &E 
mechanism, although for reasons mentioned earlier no quan- 
titative comparison can be made. Also, because the poten- 
tial difference [ E O 1  - E03] is not as large as that considered 
theoretically, the effect of increasing the rate constant of 
(C,) or of possible cross reactions is not as pronounced as 
might otherwise be the case. The results are therefore con- 

taining to ( &? ). For cases where both the redox cross reac- 
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Figure 13. Voltammograms of [(cp),V(dBdtc)] [Ph,B] at a platinum 
electrode recorded using scan rates of (a) 200, (b) 100, and (c) 50 
mV/sec (peak potential -0.450 V in all cases). 

sistent with those expected of  an ECE mechanism and also 
with the results obtained from polarography. 

trode. In the course of electrolysis measurements it was 
found that voltammograms of the complexes could be re- 
corded successfully at a platinum electrode. The first reduc- 
tion step remained reversible at this electrode, as shown by 
the constancy of peak potential over a range of scan rates and 
by the direct proportionality between the peak height and 
the square root of scan rate (typical scans are shown in Figure 
13). The half-wave potential for reversible one-electron proc- 
esses is 0.028 V more anodic than the peak potential at 25°.22 
This gives a half-wave potential of -0.422 V for [(cp)zV- 
(dBdtc)] [Ph4B] at a platinum electrode (cfi -0.422 V ob- 
tained at the dme). 

Cyclic voltammograms at a platinum electrode produced 
results consistent with those obtained from other techniques. 
In the absence of oxygen a wave characteristic of reaction 
(3) wa5 seen. In the presence of oxygen the cathodic wave 
from (E) gradually diminished with successive scans and on 
anodic sweeps little evidence for a wave was5een since the 
vanadium(II1) species generated by reaction E was removed 
by step C1. The fact that no wave corresponding to the oxi- 
dation step E was obtained in the absence of mercury further 
verifies the proposed mechanism. 
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