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The reaction of electrochemically generated Co(1) T complexes with phenol in nonaqueous solvents has been studied by 
dc polarography, cyclic voltammetry, differential pulse polarography, and bulk electrolysis. Deuterium-labeling experiments 
establish that the protonation of the cobaltocene anion takes place directly at the ligand and does not involve a metal hydride 
intermediate. Cyclopentadienylcobaltacarboranes reduced to the Co(1) state also react with phenol in what seems to be 
a parallel pathway. 

Introduction 
The role played by the metal in the reactions of metallocenes 

has been an  important and often controversial subject. 
Structures like 1, involving direct bonding of a reacting ligand 
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to the metal, have often been assumed to be involved in 
metallocene reactions, particularly in the electrophilic sub- 
stitution reactions of ferrocene.'-3 The most widely studied 
reaction seems to be the protonation of ferrocene, for which 
NMR evidence for 1 (E = H )  is obtained. Discussions of this 
reaction can be found in ref 4-9. 

Protonation reactions of other, more electron-rich, me- 
tallocenes have been studied without much success, due partly 
to the tendency of these compounds to undergo oxidation in 
acidic media. The protonation of nickelocene, (C5HJ2Ni, in 
trifluoroacetic acid has recently been shown to occur directly 
a t  the cyclopentadienyl ligand to form (C5H5)Ni(C5H6)+, 
without intervention of a Ni-H intermediate.'O 

Cobaltocene is also an electron-rich metallocene, but its 
treatment with acids generally leads to formation of 
(C5HJ2Co+ or to dec~mpositio-n."-'~ In contrast to the 
behavior of ferrocene, attempts to carry out electrophilic 
substitution on cobaltocene have been unsuccessful. However, 
electrophilic addition reactions are  known to occur.13 
Knowledge of the site of electrophilic attack on Cp2Co is of 
central interest to attempts to rationalize the differences in 
reactivity of the Fe and Co metallocenes. This paper reports 
a new approach to the problem, in which we first reduce the 
cobalticinium ion (2) by two electrons to the cobaltocene anion, 
Cp2Co-, and then allow the anion to react with weak acids 
added to the solution. All of the data are consistent with the 
attack taking place directly a t  the ligand, with no metal 
hydride intermediate. Data on analogous cobalt dicarbollide 
complexes 3-5 are also included. 
Experimental Section 

Cobalticinium hexafluorophosphate was made by stirring an 
air-saturated solution of cobaltocene in benzene over 20% aqueous 
HCI for 3 h. The aqueous layer was filtered and an excess of KPF6 
in water added. The resulting Cp2CotPF6- was filtered and re- 
crystallized from acetone/ethanol. Cyclopentadienyl(cyc1openta- 
diene)cobalt, CpCoC5H6, and its deuterated analogue CpCoCSH5D 
were made from cp2C0+ and LiA1H4 (or LiAID4) by the method of 
Green and c o - ~ o r k e r s . ' ~  The cobal ta~arboranes '~  (n-cyclopenta- 
dienyl)(n- 1,2-dicarboIlyl)cobalt (3, CpCoB9C2HlI) ,  bis(n-1,2-di- 
carbolly1)cobaltate [4 ,  ( B 9 C 2 H 1 1 ) 2 C ~ - ,  E t 4 N t  salt] ,  and 
(B9C2H8Br3)CoCp-, Et4Nt salt (5), were obtained from Professor 
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M. F. Hawthorne. 2-5 are all air-stable yellow Co(II1) compounds, 
whereas CpCoC5H6 is air-sensitive, particularly in solution. 

Tetra-n-butylammonium hexafluorophosphate was used as sup- 
porting electrolyte (0.1 or 0.2 M) for all electrochemical experiments. 
I t  was made by metathesis of B u 4 N  and in acetone/water 
and recrystallized several times from 95% ethanol. N,N-Di- 
methylformamide (DMF) was Spectro Grade. 1,2-Dimethoxyethane 
(glyme) and tetrahydrofuran (THF) were distilled from the potassium 
ketyl of benzophenone or from LiAIH4 to ensure dryness and eliminate 
peroxides. Electrochemical solutions were purged with prepurified 
nitrogen which was passed over an oxygen-scavenging catalyst and 
through pure solvent before entering the cell. Standard Metrohm 
or H-cells were used for electrolyses. A Princeton Applied Research 
(PAR) Model 173 potentiostat with Model 179 digital coulometer, 
or the PAR Model 170 electrochemistry system, was used for vol- 
tammetry and coulometry. The aqueous saturated calomel electrode 
was used as reference electrode. Other electrochemical procedures 
were as previously reported.16 

Results and Discussion 
Reversibility of the Co(II)/Co(I) Reductions. Each of the 

compounds 2-6 undergoes two separate one-electron reductions 
involving a Co(II1) + Co(I1) * Co(1) reduction (Figure 1). 
Substitution of a dinegatively charged dicarbollide ligand for 
the cyclopentadienide ligand in 2-4 results in a negative shift 
in E l l 2  values, but the bromo-substituted compound 5 is the 
easiest of all to reduce (Table I). The Co(II1) + Co(I1) 
reductions have all been noted e l ~ e w h e r e , ' ~ J ~ - ~ ~  and it is the 
Co(I1) + Co(1) couple which is of interest here. 

The second reduction wave of each compound [Co(II) + 
Co(I)] is a diffusion-controlled, reversible, one-electron process. 
This was established from the heights of the waves (Id values), 
slopes of the dc polarographic waves (ca. 60 mV),22 cyclic 
voltammetry peak separations (see ref 23), current 
 function^^^^^^ (constant vs. scan rate), and ia/ic  ratio^^^,^' (near 
unity at  slow scan rates) in cyclic voltammetry (CV). There 
were nuances of change in some of these parameters when the 
solvent was varied. For example, CV scans on mercury in 
glyme for Cp2Co/Cp2Co- gave ia/ic ratios greater than unity 
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Table I. Voltammetric Data for Cobalt II Complexes 
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Ep,(pro tonated Co(II1) j t  Co(I1)G Co(I1) j t  Co(1)b 

compd solvent E, I l d  ipdiiD$ El Izd ipd/ipCe (Vf )  product)c 

cp ,co+ &me -0.81 1.00 (SO) -1.90 1.14 (50) -2.30 
CPCo(BqC,H,,) &me -1.19 1 .oo (200) -2.21 0.97 (200) -2.70 

THF -1.18 1.01 (100) -2.23 1.00 (100) 
CoCo(B, C, H, Br THF -0.78 1.05 (SO) -1.84 1.10 (SO) -2.28 
Co(B,C,Hii )z &me -1.38 1.00 (60) -2.38 1.02 (60) . . .  THF -1.43 1.01 (100) -2.45 1-00 (100) 

a First reduction wave. Second reduction wave. 
polarographic half-wave potential in volts vs. aqueous saturated calomel electrode. e Ratio of anodic-to-cathodic currents in cyclic voltam- 
metry, calculated by method of ref 27. f v = scan rate in mV/s. 

Peak potential of cathodic wave observed after addition of phenol to solution. Dc 

v ,  
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Figure 1. Cyclic voltammogram a t  a hanging mercury drop electrode 
of 4 X 

(ca. 1.1-1.2 a t  slow scan rates), indicating perhaps that weak 
adsorption of the anion occurs in this solvent.28 It has already 
been pointed out29 that Cp2Co- undergoes a follow-up reaction 
(not a protonation) in CH3CN but is stable in g l ~ m e ~ ~  and 
in DMF.30 Protonations of the Co(1) species were therefore 
carried out in glyme, THF,  and DMF in order to ensure that 
no other side reactions were occurring. Thus, we investigated 
the electrochemical characteristics of solutions of the cobalt 
compounds to which weak acids were added, at the potential 
of the second wave. The follow-up reactions which occurred 

M (B9CzHll)zCo- in glyme; scan rate 100 mV/s. 

were due to reaction of the acids with the Co(1) species 
Cp,Co-, C P C O ( B ~ C ~ H ~ ~ ) ~ - ,  C ~ C O ( B ~ C ~ H ~ B ~ , ) ~ - ,  or 
(B,C,H, ,hCo3-. 
\ ,  

Effect'of Acids on Co(I1) Co(1) Reduction. The reaction 
of Cp2Co- with acids is extremely facile. The cobaltocene 
anion is rapidly protonated by weak acids such as phenols or 
benzoic acid. When a few milligrams of phenol was added 
to a glyme solution, ia/ic values for the Cp2Coo/- wave dropped 
well below unity and a new wave appeared at about -2.3 V 
which was more prominent at slower scan rates. This wave 
was at the same potential as the known two-electron reduction 
of cyclopentadienyl(cyclopentadiene)cobalt, CpCoC5H6 (6).3i 
Although phenol itself does not exhibit a wave in this solvent, 
it has the effect of making the potential of the electrochemical 
background discharge more positive and increases the current 
base line after about -2.3 V. This made it difficult to quantify 
the amount of current for the CpCoC5H6 wave by CV and dc 
polarography, in other than a qualitative sense. Consequently, 
we used differential-pulse polarography, which yielded a 
well-resolved peak-shaped curve (Figure 2), for quantitative 
analysis of the CpCoC5H6 wave. 

Thus in the presence of phenol, the reduction of cobaltocene 
is an ECE process [(A)-(C)] in which CpCoC5H, is formed 
(A) Cp,Co + e- + Cp2Co- El j2  = -1.89 V 

(B) 

(C) CpCOC5H6 + 2e- - products E l / ,  = -2.30 V 

cp2cO- + C ~ H S O H  - CpCOC5H6 + CsH50- 

(step B) and subsequently reduced at a more negative potential 

1 

Figure 2. Left: Dc polarogram (only trace of current maxima shown) 
of Cp,Co+ in glyme with phenol added. The wave a t  about -2.3 V 
is due to CpCoC5H6. Right: Differential pulse polarogram of same 
solution. 

(step C). Confirmation of the ECE process was found in the 
drop-time dependence of the ratio of the wave at -2.3 V to 
that at -1.9 V in either normal- or differential-pulse po- 
larography. At longer drop times, the relative height of the 
more negative wave increased, as greater time was available 
for the protonation (B) to occur. These data allowed us to 
measure the rate of the protonation reaction by using a 
modification of the method of Nicholson et al.32 These authors 
calculated the interrelationships for an ECE mechanism 
between drop time, rate constant of the intervening chemical 
reaction, and the height of the dc polarographic wave ( ik) ,  
compared to the height obtained in the absence of the reaction 

The ratio ik/id and the drop time are then used to calculate 
the rate constant, kapp, of the chemical reaction. Since our 
most accurate current-potential data were obtained by using 
differential-pulse polarography (DPP) (vide ante), we sought 
to adapt this method to our DPP measurements to obtain a 
rate constant. Although no theoretical treatment has appeared 
for the study of an ECE process by DPP, there should be a 
correspondence between ik, the total height of the dc po- 
larographic wave due to the two electron-transfer steps 
(E1CE2), and the sum of the peak currents of the two DPP 
waves for El  and E2. Consequently we used, in place of ik/id,  
the value (il + i 2 ) / i 1 ,  where il and i2 were the peak currents 
at -1.9 and -2.3 V, re~pec t ive ly .~~ Under these assumptions, 
we calculated values of kappt (Table 11) and plotted average 
values against concentration of phenol (Figure 3). This 
analysis gave a pseudo-first-order rate constant of kapp = 
29[phenol] L2/(mo12 s) for the protonation of Cp2Co-. This 
rate constant should be viewed as an approximate number, 
since the calculations were not based on a rigorous model. 
However, the point to be made is thatcthe cobaltocene anion 
reacts fairly rapidly even with a weak acid like phenol. 

Metal vs. Ligand Protonation Site of Cp2C0-. Although the 
above data establish that Cp2Co- is protonated at one of the 
cyclopentadienyl rings, they do not eliminate the possibility 

( i d )  * 
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Table 11. Differential Pulse Polarography Data Used To 
Calculate Rate of Protonation Reaction of CD-CO- with Phenola 

3 .O 1 .o 
3.0 2.0 
3.0 5.0 
5.1 0.5 
5.1 1 .o 
5.1 2.0 
5.1 5 .O 
8.1 0.5 
8.1 1 .o 
8.1 2.0 
8.1 5.0 

1.04 (5)  
1.07 
1.12 (5) 
1.04 (5) 
1.05 (5) 
1.12 
1.21 
1.06 
1.12 
1.21 
1.34 

0.10 0.10 
0.15 0.07 
0.28 0.06 
0.10 0.20 
0.12 0.12 
0.28 0.14 
0.51 0.10 
0.12 0.24 
0.27 0.27 
0.52 0.26 
0.98 0.20 

a Glyme solution, 0.1 M Bu,NPF,, 5.4 X M Cp,Co*PF,'. 
DPP parameters: pulse width 25 mV, sampling duration 15 ms. * Mechanically controlled drop time. Ratio of the sum of the 
peak heights at -1.9 and -2.3 V to that at  -1.9 V (corrected for 
the 2e reduction at -2.3 V: see text). The apparent rate con- 
stant (kappt is derived from the ia/& value and the working curve 
from Table I of ref 32. 

[PHENOL] (mM) 

Figure 3. Apparent rate constant for the protonation of Cp2Co- 
calculated from differential-pulse polarography data, plotted against 
phenol concentration. Error bars give standard deviation. 

that  a metal hydride intermediate like 1 may mediate the 
process. 

If the metal hydride intermediate is involved the incoming 
proton must occupy a position endo to the metal. In principle, 
direct attack upon the ligand could yield either an exo or endo 
product, but steric considerations strongly favor exo at-  
t a ~ k . ~ ~ , ~ ~ - ~ ~  The stereochemistry of the proton addition was 
probed by reaction of the cobaltocene anion with D 2 0 .  As 
shown below, only the exo-deuterated product was isolated. 

0- 
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0 

Since stereospecific exo attack can result only from direct 
attack upon the ligand, it must be concluded that there is no 
evidence for a metal hydride intermediate in the Cp2Co- 
protonation. 

Bulk Electrolysis of Cobaltocene in Presence of Acids: 
Isolation of CpCoCjH5D. 6 or its deuterated analogue, 
CpCoC5HjD, can be isolated in quantitative yield by working 
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Figure 4. Cyclic voltammetry scans of a glyme solution at a hanging 
mercury drop electrode at 50 mV/s scan rate: dotted line, phenol 
added; solid line, phenol plus CpCo(B9C2Hll). 

up an electrolyzed solution of cobaltocene in DMF/water, with 
use of inert-atmosphere techniques. Thus, electrolysis of 200 
mg of Cp,Co+PF6- a t  -2 V in 40 mL of D M F  containing 5% 
H 2 0  and 0.2 M Bu4NPF6 passed 2.1 equiv of electrons 
(Cp2Co+ - Cp,Co-) and resulted in a deep red solution. After 
addition of a large amount of water, ether was used to extract 
the red CpCoC,H6. The ether layer was washed first with a 
K 2 C 0 3  solution and then by water, dried (MgS04), and 
evaporated, yielding 100 mg (90%) of CpCoC,H6, which was 
identified by its N M R  and IR ~ p e c t r a . ' ~  A similar result was 
obtained in DMF/phenol solutions (58 mg of Cp2Cof, 40 mg 
of phenol). After electrolysis a t  -2 V a virtually quantitative 
yield of CpCoC5H6 was obtained by an isolation procedure 
similar to that described for the DMF/water electrolysis. The 
cyclopentadiene product could also be obtained from aqueous 
ethanol electrolysis of Cp,Co+, but in lower yield.39 

CpCoC5H5D was isolated after the electrolysis of Cp2Co+ 
in DMF/5% D 2 0  a t  -2 V. The infrared spectrum of the 
compound showed four peaks in the vicinity of 2050 cm-I and 
showed no bands in the 2750-cm-' region (CpCoCjH6 gives 
a strong band a t  2742 cm-l).l4 Thus the spectrum was 
identical with that r e p ~ r t e d ' ~  for CpCoC,H,D prepared by 
the action of LiA1D4 on Cp2Co+. These bands fall a t  an 
unusual energy and hence were originally thought to arise from 
close proximity of an  endo hydrogen or deuterium to the 
metal.14 However, later structural  determination^^^-^^ on 
substituted CpCoCjHjR compounds showed conclusively that 
the 2750-cm-' band was only present when there is an  exo 
C-H. Since this band is absent in our CpCoC5HjD, this shows 
that the proton addition results exclusively in the exo product 
and gives strong support to the statement that electrophilic 
addition of a proton to Cp2Co- does not involue the metal in 
any direct way. 

Voltammetry of Co(1) Carboranes in Presence of Acid. As 
noted previously, the cobaltacarboranes 3-5 formed stable 
Co(1) species in THF or glyme as a dianion (3 and 5) or a 
trianion (4). The mixed-sandwich compounds 3 and 5 are 
protonated by acids with the protonation product giving a wave 
about 0.5 V more negative than for the Co(I1) + Co(1) couple. 

Consider the cyclic voltammetry data for CpCo(B9C2H1 1) 

in glyme/phenol (Figure 4). The ia/ic values for the second 
reduction dropped below 1 and a new wave (irreversible) 
appeared at  epc = -2.10 V, barely resolved from background. 
The wave is more prominent a t  slower scan rates, indicating 
its kinetic character, controlled by the rate of the protonation. 
Similar results were obtained with the bromo-substituted 
mixed-sandwich CpCo(B9C2H8Br3) (Figure 5). In this case, 
all the waves were shifted to less negative values due to the 
electron-withdrawing nature of the bromo substituent, and the 
product peak came at  epc = -2.28 V. The height of the product 
peak was, again, kinetically ~ o n t r o l l e d . ~ ~  
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Figure 5. Cyclic voltammogram of CpCo(B9C2HsBr3) in THF at a 
hanging mercury drop after addition of phenol. Prior to addition of 
phenol, the wave at -2.3 V was not present. Scan rate 50 was mV/s. 

Thus, the reduction mechanisms of Cp2Co+, CpCo- 
(B,C2H11), and CpCo(B9C2H8Br3) in the presence of added 
acids are strikingly similar. Each exhibits a kinetically 
controlled, irreversible, wave 0.4-0.5 V negative of the Co(I1) 
F= Co(1) couple. Since the wave for the cobaltocene case 
involves protonation of the Cp ligand, we assume that the 
protonation of the cyclopentadienyl cobaltacarboranes also 
involves attack at the cyclopentadienyl ring, rather than at the 
dicarbollide cage, and results in the compounds (C5H6)- 
Co( B9C2H1 1)- and (C5H6)Co( B9C2HsBr3) ,- 

Attempts were made to learn if the bis(dicarbo1lide) Co(1) 
species Co(B9C2Hl 1)23- was protonated under similar con- 
ditions, but our efforts were frustrated by the very negative 
potential needed to form this species, leaving insufficient 
potential range in which to look for the protonated product 
wave. 
Conclusion 

Electrophilic attack at  the cobaltocene anion proceeds 
directly at the ligand and does not involve a metal-bonded 
intermediate, at least when the proton is the electrophile. 
Protonation of cyclopentadienylcobaltacarboranes probably 
follows the same route, with electrophilic attack at the Cp ring 
favored over the carborane cage. 

Acknowledgment. W.L.B. and W.E.G. gratefully ac- 
knowledge the support of the National Science Foundation 
(Grant CHE76-83668) in this work, We wish to acknowledge 
helpful discussions with Professor David Brown at  the 
University of Vermont and the generosity of Professor M. F. 
Hawthorne in providing samples of the cobaltacarboranes. 

Registry No. 2, 12241-42-8; 3, 37100-20-2; 4, 11078-84-5; 5, 

CpCo(B9C2HsBr3)-, 70775-24-5; C ~ C O ( B ~ C ~ H ~ B ~ ~ ) ~ - ,  70788-24-8; 

H6)Co(B9C2Hl ,)-, 70788-25-9; (CSH6)Co(B9C2HsBr,)-, 70788-26-0. 

References and Notes 

55760-46-8; 6, 33032-03-0; CP~CO, 1277-43-6; CP~CO-, 55917-09-4; 
C ~ C O ( B ~ C ~ H ~ ~ ) - ,  51850-04-5; C P C O ( B ~ C ~ H ~ ~ ) ~ - ,  70749-39-2; 

C O ( B ~ C ~ H ~  1)2’-, 5 1850-08-9; C0(B9C2H11)2~-, 5 1850-08-9; (Cy 

(1) M. Rosenblum, ‘Chemistry of the Iron Group of Metallocenes”, Part 
I, Wiley-Interscience, New York, 1965. 

(2) D. W. Slocum and C. R. Ernst, Organomet. Chem. Rev., Sect. A, 6,337 
(1970). 

Inorganic Chemistry, Vol. 18, No. 9, 1979 2361 

M. Rosenblum and F. W. Abbate, Adv. Chem. Ser., No. 62, 532 (1967). 
T. J. Curphey, J. 0. Santer, M. Rosenblum, and J. H. Richards, J.  Am. 
Chem. SOC., 82, 5249 (1960). 
T. E. Bitterwolf and A. C. Ling, J .  Organomet. Chem., 40, 197 (1972). 
G. Cerichelli, G. Illuminati, G. Ortaggi, and A. M. Giuliani, J .  Organomet. 
Chem., 127, 357 (1977). 
C. J. Ballhausen and J. P. Dahl, Acta Chem. Scand., 15, 1333 (1961). 
J .  W. Lauher and R. Hoffmann, J .  Am. Chem. Soc., 98, 1729 (1976). 
M. S. Foster and J. L. Beauchamp,J. Am. Chem. Soc., 97,4814 (1975). 
G. K. Turner, W. Klaui, M. Scotti, and H. Werner, J.  Organomet. Chem., 
102, C9 (1975). 
A. Miyake, H. Kondo, and M. Aoyama, Angew. Chem. Inl. Ed. Engl., 
8 ,  520 (1969). 
D. V. Banthorpe, B. V. Charlwood, and A. Wassermann, J .  Chem. Soc., 
Chem. Commun., 294 (1972). 
J. E. Sheats, J .  Organomel. Chem., in press. 
M. L.,H. Green, L. Pratt, and G. Wilkinson, J .  Chem. Soc., 3753 (1959). 
M. F. Hawthorne, D. C. Young, T. D. Andrews, D. V. Howe, R. L. Pilling, 
A. D. Pitts, M. Reintjes, L. F. Warren, Jr., and P. A. Wegner, J .  Am. 
Chem. Soc., 90, 879 (1968). 
W. E. Geiger, Jr., C. S. Allen, T. E. Mines, and F. C. Senftleber, Inorg. 
Chem., 16,2003 (1977). 
J .  A. Page and G. Wilkinson, J .  Am. Chem. Soc., 74, 6149 (1952). 
A. A. Vlcek, Collect. Czech. Chem. Commun., 30, 952 (1965). 
S. P. Gubin, S. A. Smirnova, and L. I. Denisovich, J.  Organomet. Chem., 
30, 257 (1971). 
W. E. Geiger, Jr., and D. E. Smith, Chem. Commun., 8 (1971). 
W. E. Geiger, Jr., and D. E. Smith, J .  Electroanal. Chem. Interfacial 
Electrochem., 50, 31 (1974). 
Slope of the plot of -E vs. log [i/(id - i ) ] .  
In more conductive solvents like DMF or acetone, peak separations were 
near 60 mV, but in THF and glyme they tended to be a minimum of 
about 70-75 mV, indicative of the high resistance and concomitant iR 
loss in the ether solvents. 
The cathodic current function is defined as the cathodic peak current 
divided by the square root of scan rate. It is constant for an uncomplicated 
diffusion-controlled electron transfer (see ref 25). 
R. Nicholson and I. Shain, Anal. Chem., 36, 706 (1964). 
Ratio of anodic to cathodic current, measured by method of Nich~lson.~’ 
R. Nicholson, Anal. Chem., 38, 1406 (1966). 
R. H. Wopschall and I. Shain, Anal. Chem., 39, 1514 (1967). 
W. E. Geiger, Jr., J .  Am. Chem. SOC., 96, 2632 (1974). 
N. El Murr and E. Laviron, Can. J .  Chem., 54, 3350 (1976). 
N .  El Murr and E. Laviron, Can. J .  Chem., 54, 3350 (1976). 
R. Nicholson, J. Wilson, and M. Olmstead, Anal. Chem., 38, 542 (1966). 
The published calculations assumed equal numbers of electrons passed 
on each wave. Since the -2.3-V wave is a two-electron wave, we divided 
the current increase (ik - id) over the diffusion-controlled limit by 2 to 
account for the greater number of electrons passed in the second E of 
the ECE process. Thus, referring to Table 11, at a drop time of 0.5 s 
for a 3.0 mM solution of phenol (the first row of data), we see the peak 
current at  -2.3 V was actually 5% of that at -1.9 V, but we employed 
half of that value, 2.5%, in our analysis. 
T. H. Whitesides and R. W. Arhart, J.  Am. Chem. Soc., 93,5296 (1971). 
B. F. G. Johnson, J. Lewis, P. McArdle, and G. L. P. Randall, J .  Chem. 
Soc., Dalton Trans., 456 (1972). 
B. F. G. Johnson, J. Lewis, and D. Yarrow, J .  Chem. Soc., Chem. 
Commun., 235 (1972). 
J .  Evans, B. F. G. Johnson, J. Lewis, and D. J. Yarrow, J .  Chem. Soc., 
Dalton Trans., 2375 (1974). 
R. F. Heck, “Organotransition Metal Chemistry”, Academic Press, New 
York, 1974, pp 225-230. 
Aqueous systems suffer from the fact that the pH must be raised 
sufficiently high to push the hydrogen discharge potential negative of 
the second Cp2Cot wave. The resultant high pH is not conducive to 
protonation of Cp,Co-. A yield of 20% CpCoC5H6 was obtained in 
electrolysis by using a pH 11.9 aqueous ethanol buffer. 
M. R. Churchill and R. Mason, Proc. R.  SOC. London, Ser. A,  279,191 
(1964). 
M. R. Churchill, J .  Organornet. Chern., 4, 258 (1965). 
P. H. Bird and M. R. Churchill, Chem. Cornmun., 777 (1967). 
For example, the ratio of the peak current at the more negative wave, 
compared to the -1.84-V wave, was 0.93 at  v = 50 mV/s, 0.49 at 200 
mV/s, and about 0.3 at 500 mV/s. 


