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The electrochemical behaviour of di-(1,2-bisdiphe- 
nylphosphinoethane)M(Z) perchlorate (M = Co, Rh, 
Zr) has been investigated on the mercury electrode in 
acetonitrile under a carbon monoxide atmosphere. The 
reduction has been found to proceed via a two-electron 
step on the pentacoordinated CO adducts, thus provid- 
ing evidence for the reversible addition of carbon mon- 
oxide also on the rhodium complex, and leading to 
anionic diphosphine carbonyl complexes. 

Furthermore, the results showed that d9 cobalt com- 
plex in the presence of carbon monoxide is highly un- 
stable and a tentative interpretation of this behaviour 
is suggested. Reactions of the resulting metallo anions 
with electrophilic reagents, such as mercuric cyanide 
and triphenyltin chloride, afforded novel complexes 
containing metal-metal bonds. 

Introduction 

Recently we discussed the electrochemical reduction 
of the ionic d8 complexes of cobalt, rhodium and irid- 
ium with 1,2-bisdiphenylphosphinoethane (DPE) as 
ligand, i.e. [M(DPE),]+ ly2. The results strongly in- 
dicated the formation of a fugitive anion [M(DPE),r 
able to undergo a fast reaction with the applied solvent 
to give [MH(DPE),]. Such a reactivity could be re- 
lated to the weak n-acceptor properties of the phos- 
phine ligands and, consequently, their substitution with 
better n-acceptors, like the CO molecule, could result 
in more stable anions. To achieve this goal, which was 
the pourpose of this work, the easiest method was the 
reduction of the complexes under CO atmosphere and, 
in fact, this procedure has been reported3,4 as a simple 
and reliable method to obtain stable mixed carbonyl- 
phosphine metal anions useful as Intermediates in the 
synthesis of unusual organometallic compounds. Fur- 

thermore, since among the complexes we studied, the 
cobalt and iridium ones are known to coordinate the 
CO molecule, this allowed us to study the d” pentaco- 
ordinated systems which are related to an initial step 
in homogeneous catalysis. 

Experimental Section 

Materials 
The complexes of the type [M(DPE),]ClO, were 

prepared by established methods”5V6. The preparation 
of 1,2_bisdiphenylphosphinoethane (DPE) and the 
purification of acetonitrile have been reported in a pre- 
vious paper7. All the chemicals employed were of re- 
agent grade quality. Polarographic grade tetraethylam- 
monium perchlorate, TEAP (R. P. C. Erba), was dried 
in vacuum at 75” C and used without further purifica- 
tion. All solutions contained 0.1 M TEAP as supporting 
electrolyte. 99.999% argon was used for the removal of 
oxygen. 99.995% carbon monoxide, supplied by SIO 
(Italy), was employed in the experiments. 

Apparatus and Procedure 
The apparatus and the technique which were involved 

in the use of the polarographic apparatus, controlled 
potential coulometry and cyclic voltammetry have also 
been described previously’. 

The characteristics of the capillary were: m = 0.238 
mg 8’ (air) at a mercury head of 47 cm. The dropping 
time was maintained at 1.0 s by forced fall of the drop. 

Cyclic voltammetric polarograms were recorded, de- 
pending on the time scale of the experiment, either 
with the oscilloscope provided with a Polaroid camera 
attachment or with a Hewlett-Packard Model 7054A 
X-Y recorder. The surface area of the working elec- 
trode (H. M.E.) was in the range 1.36 to 1.40 sq.mm. 
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TABLE I. Infrared Spectra. 

Complex 

[Co(DPWCO)]+ 
DW’WW- 
[Co(DPE)(CO)J 
[Co(DPE)(CO),]- 
[Co(DPE)(CO),LHg 
[Co(DPE)(CO),(SnPh,)l 
MDP%W31C 
[IrPP%(CO)I- 
MDW(C~M- 
[Ir(DPE)(Co),(snPh,)l 
[Rh(DPWCO)]+ 
W(DPE)(CO)J 
[Rh(DPE)(Co),(snPh,)l 

a Acetonitrile solution. b KBr disk. 

yco, cm-’ 

1925” 
176Y 
1785, 1845” 
1830,1925” 
1895, 1935b 
1900, 1950b 
1945” 
1775” 
1790, 1845” 
1920, 1960b 
1960” 
1805,1860= 
1935, 1970b 

In the polarographic measurements the concentra- 
tion of the depolarizer was in the range 2~ 104- 
2 x 1V3M, in the coulometric ones varying from 
5 x lo-3 to 2 x 1rzM. 

Figure 1. Polarograms of 1.2 x 1W3M [Co(DPE),]+ (wave 
A) and [Co(DPE),(CO)]+ (wave B) in O.lM TEAP, 
CH,CN soln. at 25.0” C. 

Unless otherwise stated the temperature was fixed 
at 25.0 + 0. lo C. Infrared spectra were recorded in KBr 
disks or in solution on a Perkin-Elmer Model 457 
grating spectrometer. Positions of the infrared bands 
assigned to the CO stretchings are given in Table I. 

Elemental analysis was performed by the Microana- 
lytical Laboratory of the Pharmaceutical Chemistry 
Institute of the University, Padua. The results are col- 
lected in Table II. 

Exhaustive controlled potential electrolysis in the 
potential range of the plateau required two mol of 
electrons per mol of depolarizer, giving a pale yellow 
solution. The IR spectrum of this solution showed two 
strong bands in the carbonyl region, 1925 and 1830 cm-‘, 
different from those of [Co(DPE)(CO),]-9, but 
quite identical (1925 and 1830 cm-‘) with those of 
an authentic sample of [Co(PPh3)(CO)J1’. By 
evaporation of the solvent under reduced pressure, and 
subsequent extraction with benzene one mol of DPE, 
m. p. 143’ C, per mol of cobalt was recovered. 

Results 

Cobalt System 
The solution of [Co(DPE),]+, generated in the 

polarographic cell’ starting from [CO(DPE)J*+, 
when saturated with CO changes from brown to yel- 
low, typical of the formation of [Co(DPE),(CO)]+* 

(yco = 1925, CH,CN soln.). In the same time a 
single two-electron, reversible wave (E,,, = -1.3OV), 
resulting from the two reversible one-electron steps of 
the decarbonylated Co(I) complex, appeared in the 
polarogram (Figure 1). 

In view of the particular stability of [Co(DPE), 

(CO)l’> we repeated the electrolysis of the carbonyl 
adduct without free CO in solution, i.e. under argon 
atmosphere. In this case a two-electron reduction is 
still obtained, but the product was unstable as showed 
by the fading of the orange colour in the time. In order 
to identify such a product, some experiments were per- 
formed at -30” C. At this temperature the electrolysis 
afforded a stable orange solution whose polarogram 
showed a two-electron anodic wave with the same 

half-wave potential as the starting compound. The IR 
spectrum of this solution exhibited a single strong band 
at 1765 cm-*, attributable to a stretching mode of CO 
bonded in a low-valent anionic complex”. Further- 

TABLE II. Elemental Analysis. 

Compound 

[CoWE)(C%Id-k 
[Co(DPE)(Co),(snPh,)l 
[Ir(DPE)(Co),(snPh,)l 
[Rh(DPE)(Co),(snPh,)l 

Calculated % 

C H 

54.80 3.94 
63.99 4.55 
55.44 3.94 
60.89 4.33 

Found % 

P 0 C H P 0 

10.10 5.21 55.11 4.04 9.90 5.40 
7.17 3.71 62.97 4.27 7.00 4.03 
6.22 3.21 55.36 4.01 6.17 3.27 
6.83 3.53 61.10 4.45 7.04 3.30 
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more, by adding with a gas syringe to the solution the 
equivalent amount of carbon monoxide the colour 
changed from orange to lemon-yellow, while one mol 
of free DPE per mol of cobalt precipitated (at -30” C, 
in CH,CN, DPE is sparingly soluble). The IR spectrum 
was now identical with that of the solution of an au- 
thentic sample of [Co(DPE)(CO)J9. The identity 
of this anion has been, furthermore, checked by reac- 
tion with Hg(CN)2 and ClSnPh, which caused preci- 
pitation of the known Hg[Co(DPE)(C0)Jz9 and 
the previously unreported [Ph,SnCo(DPE)(CO),], 
respectively. A further addition of carbon monoxide to 
the solution of [Co(DPE)(CO),]- resulted in the 
obtaining of the previously described compound (see 
above). This last result together with the infrared 
spectrum strongly suggests for this species the formula- 
tion [Co(DPE)(CO),]-, with DPE acting as mono- 
dentate ligand. Attempts to isolate this species as [Ph,. 
SnCo(DPE)(CO),]or as Hg[Co(DPE)(CO),], fail- 
ed. Furthermore, the removal of the solvent under 
reduced pressure afforded the recovery of the previ- 
ously described dicarbonylated complexes. 

Iridium System 

When CO is bubbled into the orange solution of [Ir 
(DPE),]+ a fast discharge of the colour is noted, and 
the known [Ir(DPE),(CO)]+ is formed’* (yco = 
1945, CH,CN soln.). Since it is known that the CO 
uptake is reversible”, we investigated the electro- 
chemical behaviour of the complex under CO atmo- 
sphere. 

The two-electron reduction wave, unlike that of the 
decarbonylated species*, was irreversible with a shift 
of half-wave potential from -1.7OV (decarbonylated 
species*) to -1.95V (carbonylated species) (Figure 2). 

After electrolysis (two mol of electrons per mol of 
iridium) the infrared spectrum of the colourless solu- 

2 .o 

9 

1 .o 

Figure. 2. Polarograms of 1.3 x 10-“M [Ir(DPE),]+ (wave Figure 3. Polarograms of 1.2 x 10W3M [Rh(DPE),]+ in 
A) and [Ir(DPE),(CO)]+ (wave B) in 0.1 M TEAP, CH,CN 0.1 M TEAP, CHaCN soln. at 25.0” C: under argon (wave A) 
soln. at 25.0” C. and under carbon monoxide (wave B). 
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tion indicated the absence of the starting complex (no 
band at 1945 cm-‘). Two strong carbonyl bands, ob- 
served at 1845 and 1790 cm-‘, are in the low-frequency 
region expected for carbonyl anion complexes”. 

The subsequent addition to the electrolytical cell of 
ClSnPh, gives a white crystalline precipitate, identified 
by elemental analysis and IR spectrum as [Ph,SnIr 
(DPE)(CO),]. Furthermore, the evaporation under 
reduced pressure of the solvent allowed the recovery 
of the stoichiometric amount of extra DPE. 

It is inferred from the infrared spectrum and chemical 
reaction that the species in the reduced solution is the 
iridium(-I) carbonyl anion [Ir(DPE)(CO),r, ana- 
logous to the previously described cobalt one. Since in 
the cobalt system it was possible to verify the primary 
formation of a monocarbonylated anion which under- 
went a subsequent fast reaction with the carbon mon- 
oxide to afford [Co(DPE)(CO),r (see above) we 
tried to do the reduction of [Ir(DPE),(CO)]+ without 
free CO in solution. At low temperature (-30°C) the 
loss of the coordinated CO is undetectable and, in such 
conditions, the two-electron, irreversible reduction 
.gives an orange solution whose IR spectrum showed a 
single carbonyl band at 1775 cm-‘, in accordance with 
the presence of a monocarbonylated metallo anion. 
Bubbling CO into the orange solution discharged the 
colour and afforded the previously identified [Ir(DPE) 
(CO),]- together with the precipitation of the re- 
leased DPE. 

Rhodium System 

The polarographic pattern of [Rh(DPE),]+ in the 
presence and in the absence’ of CO is quite different, 
in the former case a shift of the polarographic wave of 
50 mV towards more positive potentials and a modifi- 
cation from reversible shape to an irreversible one 
being noted (Figure 3). This result was hard to under- 
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216 

stand since the lack of coordination of the CO molecule 
to the rhodium(I) complex was known13. 

Exhaustive controlled potential electrolysis under CO 
atmospheric pressure showed: i) the uptake of two mol 
of electrons per mol of depolarizer; ii) no formation 
of the metal hydride previously found in the absence 
of CO’; iii) a fading of the starting yellow colour to a 
very pale-yellow one; iv) the presence in the infrared 
spectrum of the reduced solution of two bands at 1805 
and 1860 cm-‘; v) the release of one mol of DPE per 

mol of complex. Furthermore the addition of one mol 
equivalent of ClSnPh, resulted in the precipitation of 
a light yellow crystalline product identified by elemental 
analysis and I.R. spectrum as [Ph,SnRh(DPE)(CO),]. 

G. Pilloni, G. Zotti and M. Martelli 

Such behaviour could be rationalized in terms of a 
chemical reaction of carbon monoxide with the reduc- 
tion product, viz. [Rh(DPE)J*, to give [Rh(DPE) 
(CO),]-, this interpretation being, however, in con- 
trast with the polarographic response. In fact an irre- 
versible chemical reaction following a reversible charge 
transfer (EC mechanism) implies an anodic shift of 
the wave, the reversible shape of the same being not 
affected. 

To shed some light on these discrepancies we did 
detailed cyclic voltammetric experiments, particularly 
suitable to characterize complex reaction sequences. 
The voltammetric profile is very sensitive to the rate 
of potential scan, as shown in Figures 4, 5,6. It appears, 

Figure 4. Cyclic voltammetric curve in a 0.7 x 1W3M [Rh(DPE),]+, 0.1 M TEAP, CH3CN soln. saturated with CO at 
25.0” C; scan rate = 0.033 V s-‘. 

Figure 5. Same as figure 4; scan rate = 40.0 V SK’. 
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Figure 6. Same as figure 4 ; scan rate = 1 .O V b’. 

in fact, that only a single two-electron cathodic re- 
sponse, irreversible at low scan rates, but approaching 
that of reversible charge transfer as the scan rate is 
increased, is observed. As the potential is returned to 
anodic values, three additional anodic responses (C, 
D, E), may be observed, depending on the rate of 
voltage scan. This behaviour, taking into account that: 
i) peak C is the oxidation of [Rh(DPE)& back to 

PWW,I+ *, ii) peak E is ascribed to the oxida- 
tion of the final product, i.e., [Rh(DPE)(CO),]-, as 
supported by cyclic voltammetric experiments per- 
formed in solutions electrolyzed under CO, could be 
accounted for by the following reaction scheme: 

,Rh(D:E)2]+ :t’y* [Rh(D:E)2(CO),’ 
L 

E,M 2e ” B112e 

[Rh(DPE)2ra[Rh(DPE)2(CO)j- 
C D 

+ [WDW(W,I- 
E 

The CO adduct, B, is assumed to be reduced at a 
little more anodic potential than the parent one A. 

Thus, in the electrode process the reduction of both 
A and B in equilibrium takes place. However, if the 
time scale of the experiments is great relative to the 
rate of the chemical reaction, the response is that of 
the uncomplicated irreversible reduction of B to D fol- 
lowed by the partial conversion of D to E (Figure 4). 
At the opposite extreme in rate of the potential scan 
no significant conversion of A to B can take place: 
under such conditions the voltammetric profile is de- 
termined by the equilibrium concentrations of the re- 
ducible species (Figure 5). At intermediate condi- 
tions both reductions of A and B are operating with a 

ratio depending on the kinetic parameters, kr and kb, 
and on the pressure of carbon monoxide (Figure 6). 
Furthermore, the presence of peak D also at the highest 
scan rate (Figure 5) where presumably the experi- 
ment is over before significant conversion of A to B 
and/or C to D can occour, implies the existence of 
detectable amount of B in equilibrium with A. Thus 
the presence in solution of complex B must be re- 
cognized as supporting the proposed reaction scheme. 
In fact the infrared spectrum of a concentrated 
(6 x lO_*M) solution of [Rh(DPE)*]+, when saturat- 
ed with carbon monoxide (1 atm.), reveals a carbonyl 
band at 1960 cm-‘, providing additional evidence for 
the formation of a carbonylated rhodium(I) complex. 
The fast disappearance of the CO band when the so- 
lution is swept with argon, is consistent with the re- 
versibility of the CO addition. 

Discussion 

Some points of interest follow from the experimental 
results. First of all, the previously found differences 
between lighter and heavier elements of the same 
triad’ disappear in such a way that the polarographic 
reduction pattern of the d* pentacoordinated CO ad- 
ducts of cobalt, rhodium and iridium can be accounted 
for by a common scheme (L-L = DPE): 

with the electrochemical step reversible for the cobalt 
complex and irreversible for the rhodium and iridium 
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ones. This different behaviour strongly suggests that 
the activation energy of the processes is in the order 
Co< < Rh and Ir. It is well known that such an energy 
is related to that required for the electronic rearrange- 
ment of the depolarizer before or in the course of the 
electrode process to vacate a low-lying orbital for the 
direct acceptance of electrons14. Consequently, the 
cobalt complex must possess, probably in an excited 
state very close to the ground one, such a low-lying 
empty orbital, the lowest vacant one in the isoelectronic 
congeners being of relatively high energy. This con- 
clusion can be rationalized in at least two ways. The 
pentacoordinated species could have different struc- 
tures, ranging between trigonal bipyramidal and square 
pyramidal geometries which involve a different energy 
level ordering. Alternatively this trend could arise from 
the increasing u bonding in the order 3d < 4d < 5d, with 
the parallel destabilization of the o antibonding empty 
orbital. 

since i) the role of the metal with the “amphoteric” 
*(in Vaska’s sense) CO ligand cannot be defined at 
present , I6 ii) different kinetic factors for the two metal 
complexes could be implied. 

Finally it can be noted also that a single CO group 
present in the d” species is not enough to stabilize it. 
In such a case the anion still reacts either rapidly with 
extra CO if present, or slowly with the applied solvent 
to form, quite probably, carbonylated hydridic com- 
pounds as showed by the infrared spectra of the crude 
and intractable products obtained after removal of the 
solvent (bands in the M-H region and in the CO 
stretching region). 

Furthermore, from the two-electron uptake, common 
to the three metals, emerges the high instability also 
of the cobalt d9 configuration, when a CO molecule is 
present as a ligand. In fact, previously we found the 
d9 [Co(DPE),] as the product of the one-electron 
reduction of [Co(DPE),]+ ‘. In supposing that such 
an instability could be related to the presence of a 
carbonyl group in the complex we did the reaction 
between [Co(DPE),] and CO. Quite instantaneously 
the reaction went to completion and the two products 
in 1: 1 ratio were identified polarographically and 
by i.r. spectra as [Co(DPE)(CO),]- and [Co(CO) 
(DPE),]+. The promotion of the disproportionation 
by the carbon monoxide is not an unusual fact”. How- 
ever, almost in our case, such a finding could be ac- 
counted for in considering that in CH,CN the very 
fast equilibrium: 

When two CO groups are present in the d” anionic 
complex the resulting product is perfectly stable as 
proved by polarographic and IR measurements as a 
function of time. The basic character of these d” 
anionic complexes, as well as that of the isoelectronic 
neutral one?, is manifest in the reaction with Lewis 
acids such as mercuric cyanide or triphenyltin chloride. 
These reactions afford isolable products which apparent- 
ly contain metal-metal bonds, and support the electro- 
chemical method as a useful route to obtain such 
compounds of considerable current interest. 
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