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Electrochemical characteristics of the planar tetrametallic clusters [ M'zMZz(q5-C5H5)2(p3-C0)z- 
(p-CO),( PR3)J (M'  = Pt or Pd; MZ = Cr, Mo, or W; R = Me, Et, Bun, or Ph) have been determined 
in the non-aqueous solvents dimethylformamide and 1,2-dichloroethane. The clusters undergo a 
two-electron reduction and two distinct one-electron oxidations. The reduction and the second 
oxidation steps are followed by chemical decomposition. Major species resulting from the sequence 
of reduction and chemical steps have been identified. 

The electrochemical studies carried out up to now on tetra- 
metallic clusters were mainly devoted to homometallic species 
involving a Fe,,' CO,,~ or Ir,3 framework, and revealed that 
these clusters undergo several distinct one-electron steps in 
reduction as well as in oxidation. It was also observed that poly- 
dentate ligands like bis(dipheny1phosphino)methane (dppm), 
and tris(dipheny1phosphino)methane HC( PPh,), increase the 
chemical stability of the electrogenerated cluster radical anions 
and cations. Less is known of the electrochemistry of mixed- 
metal clusters; ' only those involving the metallic cores PtCo,, 
P ~ , C O , , ~  Co2M2 (M2 = Cr, Mo, or W), CoM3M4 (M3 = Fe, 
M4 = Mo or Ni), FeCo,,' and Ni,Co * have been studied. 

on the mixed tetrametallic 
clusters [M' 2M22(q5-C5H5)2(p3-CO)2(p-C0)4(PR3)2] (M' = 
Pd or Pt; M2 = Cr, Mo, or W; R = Ph) established that these 
clusters undergo a single two-electron irreversible reduction 
and two distinct one-electron oxidations. After exhaustive 
reduction, two types of fragments were identified: the anions 
[M2(q '-C,H,)(CO),] - and other zerovalent M1 -containing 
fragments. The crystal structure of these diamagnetic clusters is 
characterized by a planar metal framework l o  which remains 
unaltered in organic solvents, as indicated by i.r. and n.m.r. 
spectroscopy. An unprecedented feature of these clusters is the 
presence of two M2(qS-C,H,)(CO), fragments interacting with 
two metal atoms, namely the M '-M ' unit. These interactions 
have been formally described as resulting from two four- 
electron donor [M2(q5-C5H5)(C0)3] - anions bridging the 
d9-d9 (L+M1-M' tL)2f  central unit.'' The catalytic rele- 
vance of such clusters has been illustrated by the selective 
heterogeneous carbonylation of nitrobenzene to phenyl iso- 
cyanate. ' 

The present paper reports further investigations and new 
results on the electrochemical behaviour of these clusters and 
on the chemical reactions induced by electron transfer to and 
from the clusters. These chemical reactions were observed to be 
strongly dependent on the solution composition and major final 
products were identified. Also, significant substituent effects 
were detected in the reduction step, by changing R from Me to 
Et, Bun, and Ph. 

A preliminary communication 

Ex per imen t a1 
The electrochemical experiments were carried out with 
platinum electrodes (area 3.14 mm2), by voltammetry at a 

M' = Pd or Pt 
M~ Cr, MO or w 
R = Ph,Bu",Me or Et 

rotating disc electrode (r.d.e.) (o = 2 OOO revolutions min-'), 
cyclic voltammetry (c.v.), and controlled-potential coulometry. 
Voltammetric measurements involved a Bruker E 130 M 
potentiostat and a high-impedance mV-meter (Tacussel Minisis 
6000 and X-Y Ifelec 3802 recorder). Controlled-potential 
coulometry was performed with a PAR 173 potentiostat and a 
digital coulometer PAR 179. In the three-electrode cell, the 
auxiliary electrode was a platinum foil and the reference 
electrode was a saturated calomel electrode (s.c.e.) electrically 
connected to the non-aqueous solution by a 'salt bridge' 
containing the same non-aqueous solvent and the supporting 
electrolyte. 

Under the experimental conditions employed the ferrocene- 
ferrocenium couple exhibited E ,  = +0.54 V us. s.c.e. in 1,2- 
dichloroethane + 0.1 mol dm-, NBu,CI04 and +0.49 V us. 
s.c.e. in dimethylformamide (dmf) + 0.1 mol dm-3 NEt,CIO,. 

The clusters were prepared according to published pro- 
cedures.' ' 

Part 3 is ref. 4. 
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The solvents used were anhydrous dmf and 1,2-dichloro- 
ethane to compare cluster (or cluster-derived fragments)-solvent 
co-ordinative interactions. Several tetra-alkylammonium salts 
were used as supporting electrolytes: tetraethylammonium 
perchlorate, tetrabutylammonium perchlorate, tetraoctyl- 
ammonium perchlorate, tetrahexylammonium perchlorate, and 
tetrabutylammonium fluoride trihydrate, bromide, and 
h ydrogensulphate. 

It was verified that identical reduction potentials were 
measured at Pt (r.d.e.) and Hg (dropping mercury electrode). 
Therefore, only results obtained at platinum electrodes are 
reported, since Pt offers a wider anodic electroactivity range 
than Hg. 

Infrared spectra in solutions were recorded on a Perkin- 
Elmer 398 spectrophotometer or after solvent removal and 
separation of the supporting electrolyte (KBr pellet). E.s.r. (X- 
band) spectra were recorded on  a Bruker ER 200 D at 106 K. 

Results 
All clusters studied exhibit one reduction and two oxidation 
steps in dmf as solvent. Unless indicated otherwise, the R 
substituent in PR, was Ph. 

Reduction of the Clusrers.-The reduction of the tetranuclear 
clusters was studied under an argon atmosphere in carefully 
deaerated dmf solutions, and the effects of introducing the basic 
ligands PPh, and CO in the studied solutions were examined. In 
the presence of PPh, ligands (1-10 mmol dm-,) all clusters are 
reducible at potentials not significantly different (Table 1)  from 
those measured in the absence of PPh,.' For a given constant 
metal (MI or M'), the potentials were observed to shift as a 
function of the basicity of the second metal. For instance, a 
cathodic shift in reduction potentials was observed (Table 1)  
from Pd to Pt (310-350 mV for compounds Pd,M2, and 
Pt,M2,), from Cr to Mo (14&160 mV for compounds M',Cr, 
and M',Mo,), and from Mo to W (90-1 10 mV for compounds 
M1,Mo, and M',W,). 

The two-electron reduction of the clusters' results in 
cleavage of the metal-metal bonds, at any time-scale of the 
electrochemical experiments. In addition, the following obser- 
vations were made in stationary voltammetry at the r.d.e., in the 

Table 1. Oxidation/reduction characteristics of tetranuclear clusters in 
dmf. Stationary voltammetry at a platinum rotating disk electrode 
(2 OOO revolutions min I )  

Reduction" Oxidation 

EtRed/ 
Cluster V us. s.c.e. 

MI = Pd - 0.85 
M 2  = Cr 
MI = Pd - 0.99 
MZ = MO 
MI = Pd - 1.08 
M2 = w 
MI = Pt - 1.16 
M 2  = Cr 
M' = Pt - 1.32 
M 2  = MO 
MI = Pt - 1.43 
M2 = w 

72 

70 

75 

72 

68 

€pi E*? 
V us. s.c.e. 

+ 0.3 1 + 1.08 

+0.32 + 0.77 

+ 0.25 + 0.56 

+ 0.23 + 0.86 

+ 0.24 +0.54 

+0.14 + 0.45 

Concentration range: 0.9 x 10-4-2.0 x l(r4 mol d m 3 .  

not affected by PPh,) under Ar. Reductive coulometry: nrcd = 2. 
dmf + 0.1 mol dm-3 NEt,CIO,. 

In dmf + 0.1 mol d m 3  NEt,CIO, + 3.5 x le3 mol dm-, PPh, (Et 
In 

absence of PPh, added to the solution: (i) the limiting current is 
smaller than expected for a two-electron process, suggesting 
electrode passivation; (ii) a Pd-containing deposit was identified 
by electron scanning microscopy of the platinum electrode after 
large-scale reduction of the cluster [Pd2W2(q5-C5H5)2(C0)6- 
(PPh,),]; and (iii) in controlled-potential reductive coulometry, 
an average of 1.4-1.5 electrons were exchanged per mol of 
cluster, after which the current decreased to a residual value 
owing to electrode surface passivation. 

In cyclic voltammetry, where the time-scale of the 
electrochemical measurements is smaller (t' 2 0.1 V s-I) the 
return (oxidative) scan exhibits three re-oxidation peaks with 
Pt, [Figure l(a)] and only two peaks with Pd, dusters [Figure 
2(a)]. These peaks correspond to the oxidation of fragments 
generated by chemical decomposition of the reduced clusters. 
Among the fragments, [M2(q5-C5H5)(CO),] -- was unambigu- 
ously identified for all studied clusters by (a) comparison with 
authentic samples obtained by electrochemical reduction of the 
dimers [{ M2(q5-C,H,)(C0)3}2] and (b)  observation of 
characteristic i.r. spectra," v(C0) at 1 895s and 1 770s, br 
cm-' for M2 = Mo and 1888s and 1772s, br cm-' for 

Introduction of PPh, in the studied solutions did not modify 
the electron-transfer characteristics, but the following chemical 
interactions were identified between PPh, and dissolved species. 
First, none of the original clusters except Pd,Cr, reacts 
spontaneously with PPh,. Secondly, PPh, reacts with the 
reduced clusters (other than Pd,Cr2) or fragments therefrom 
as evidenced by the following observations. (i) Two oxidation 
peaks are present on the return scan of cyclic voltammograms 
for both Pt,M2, and Pd2MZ2 clusters [Figures l (b) and 2(b)]. 
One of these peaks corresponds to the oxidation of [M2- 
(q5-C,H5)(CO),] - already observed at the same potential in 
the absence of PPh,,' E,,,,(re-oxidation) at 0.2 V s-': -0.12 

M2 = W. 

Figure 1. Cyclic voltammetry: reduction of the Pt2Cr, cluster in dmf + 
0.1 mol dm-, NEt,ClO, at a platinum electrode; 0.2 V s-'. The 
asterisks indicate the start of the scans. (a) Cluster alone (1.7 x 10-4 
mol dm-'); (b)  addition of free PPh, (3.5 x mol d m 3 )  
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3 I Table 2. Oxidation characteristics of the studied clusters in 1,2- 
dichloroethane + 0.05 rnol dm-3 NBu,CIO,. Stationary voltammetry 
as in Table 1 

First oxidation Second oxidation 
r 

.+O"I 
V us. s.c.e. 

+ 1.00 
Cluster 

M'  = Pd 
M Z  = Cr 
M '  = Pd 
MZ = MO 
M '  = Pd 
M Z  = W 
M '  = Pt 
M Z  = Cr 
M '  = Pt 
M Z  = MO 
M '  = Pt 
M Z  = W 

+ 0.27 66 + 0.70 58 

56 +0.19 62 + 0.66 

+0.19 63 + 0.88 54 

+ 0.20 63 + 0.69 62 

+ 0.08 59 + 0.54 59 

Concentration: 10 x to 1.6 x le4 rnol drn-,. Coulometry: 
noxl = 1, nox* = 1.  I 

I / 

-1 

a 
1 
0 
. 
+ 

Figure 2. Cyclic voltammetry: reduction of the Pd,W, cluster under the 
same conditions as in Figure 1: (u) cluster alone (1.5 x lW4 rnol 
dm-3); (b) addition of free PPh, (3.5 x 10 rnol dm-,) 

for M 2  = Cr; -0.01 for M2 = Mo; and +0.01 V us .  s.c.e. for 
M2 = W. The second peak corresponds to the oxidation of 
M1(PPhJ4 as shown in (ii). (ii) Authentic samples of [Pt- 
(PPh,),] and of [Pd(PPh,),] were oxidized at E ,  = +0.03 
and -0.02 V us. s.c.e. respectively under comparable conditions 
(dmf + 0.1 rnol dm-, NEt,CIO,). These potentials were those 
measured on  the second oxidation peak mentioned in (i) for Pt, 
and Pd, clusters respectively.* (iii) By comparison of limiting 
currents measured by stationary voltammetry at the r.d.e. with 
those of standard solutions of [M2(q5-C5H5)(C0),] - and of 
[M '(PPh,),], i t  was established that each rnol of reduced cluster 
generates 2 rnol of [M'(PPh,),] and 2 rnol of [M2(q5- 

When reduced in CO-saturated 1,2-dichloroethane (+ about 
0.05 rnol dm-, NEt,CIO,), Pt,W, clusters? generate [W(q5- 
C5H5)(C0),] - as above, plus oligomers [Pt,(CO),(PPh,),J 
and [Pt,(CO),(PPh,),]. All these species were isolated and 
identified by i.r. spectroscopy: v(C0)  at 1 848w and 1 786s for 
Pt, ~ l u s t e r , ' ~  1995s, 1 887w, 1 852s, 1 810vs, and 1 785vs cm-' 
for Pt cluster. 

These results clearly demonstrate that electrochemical two- 
electron reduction of the studied tetranuclear clusters leads to 
rupture of the metal-metal bonds. 

C5H5MCO)J - .  

. 
U ( b )  cu 

1 
+ l  * -0 .5  

V vs .  s.c.e 
a 
1 . 

Figure 3. Oxidative cyclic voltammetry of clusters in 1.2-dichloro- 
ethane + 0.05 rnol dm-, NBu,ClO, at a platinum electrode, 0.2 V s-l: 
(u) PdzWz (1.0 x rnol drn-,); (h) Pt,W, (1.6 x 10 mol dm-,); 
broken line indicates the first oxidation step only 

EIec*troc*humicuI 0.uidution.-The studied clusters are oxidized 
in two steps, of which the potentials are solvent dependent as 
shown in Tables 1 and 2. In 1,2-dichloroethane both oxidation 
steps are almost reversible (Table 2). The first step near 0.2 V us. 
s.c.e. is diffusion controlled (i l im is proportional to concentration 
and 1 / i l im is linearly related to 1 /of in stationary voltammetry at 
the r.d.e.) and no chemical step was detectable after this first 
oxidation, as evidenced by the following results: (a) /,,//,, = 1 

*When 1 equiv. PPh, was added per mol of the Pt,W, cluster, 
[Pt(PPh,),] (E,"' = +0.67 V L'S. s.c.e.) was identified in the solution 
instead of [Pt(PPh,),]. 
t Pd,M2, clusters decompose spontaneously in the presence of CO, 
generating dimers [(M2(q5-C,H5)(CO),},] and other species currently 
under investigation. 
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I 

100 G 
H 

-J v 
Figurel E.s.r.spectra at 106 K offrozen solutions( 1,2-dichloroethane + 
0.05 mol d m - 3  NBu,CIO,) after one-electron oxidation of (a) Pt,W, 
at +O.? V V.S. s.c.e. and (h) Pd2W2 at +0.4 V us. s.c.e. G = lo-' T 

in cyclic voltammetry for u ranging from 0.02 to 1 V s-' (Figure 
3) and (h) exhaustive potentiostatic first oxidation of clusters 
( n  = 0.9 & 0.1 electron per molecule), followed by one-electron 
reduction of the obtained solution, regenerated the starting 
cluster. On the other hand, in cyclic voltammetry the peak 
separation Ep = Epal - Epcl increases from 60 mV to higher 
values with increasing scan rates, thus allowing the calcul- 
ation l 6  of heterogeneous rate constants of about 1 x 1c2 to 
2 x cm s-'. 

The species generated in this first oxidation of the clusters 
were clearly identified as radical cations [cluster]' + . E.s.r. spectra 
of the oxidized clusters Pt,W2 and Pd,W, were obtained after 
electrolysing at - 30 "C solutions of the clusters (5 x rnol 
dm-3) in 1,2-dichloroethane and 0.05 mol dm-3 NBu,CIO, at 
a potential corresponding to the first anodic wave and sub- 
sequent freezing of the solution at 106 K (Figure 4). The g 
values obtained are: gxx = 1.943, gyy = 2.015, and gZZ = 2.108 
@ = 2.022) for Pd,W2; and g,, = 1.802, g,, = 2.000, and g,, = 
2.237 (g = 2.013) for the Pt2W2 cluster. The e x .  spectra do 
not exhibit definite hyperfine structure. The g values obtained 
are consistent with a hole delocalized on the four metals and 
weakly interacting with the metallic centres. These results are in 
agreement with a highest occupied molecular orbital (h.o.m.0.) 
mainly based on metals in the clusters. 

The second oxidation wave (at the r.d.e.) (Table 2) exhibits a 
limiting current of the same magnitude as that of the first wave 
(except for chromium clusters in which the second wave is 
higher than the first). For W- or Mo-containing clusters, 
potentiostatic coulometry confirms the exchange of one 
electron per molecule. The limiting current of this second wave 

Figure 5. Linear free-energy relationship for the first reduction of the 
studied clusters (dmf + 0.1 mol dm-3 NEt,C10, platinum electrode): 
(A) MI = Pd, M 2  = Mo; (n), MI = Pt, M 2  = W; (0) MI = Pd, 
M 2  = W. p = 0.251 

is diffusion controlled, like that of the first wave. This second 
oxidation step of the clusters is followed by chemical decom- 
position of the electrogenerated species as indicated by cyclic 
voltammetry. On the time-scale of cyclic voltammetry, this 
decomposition is fast for Pt2Cr2 and for  all Pd2M2, clusters (no 
return peak) [Figure 3(a)], whereas it is slow enough to 
compete with the electron transfer for Pt2W2 (IpcZ/Ipa2 increases 
from 0.7 at 0.02 V s-' to 1 at 1 V s-') [Figure 3(h)] and for  
Pt2Mo, (Ipc2/Ipa2 increases from 0.4 at 0.02 V s - I  to 0.6 at 1 V 
s-'), On the other hand, the voltammetric characteristics of this 
second oxidation step are dependent on the supporting electro- 
lyte in 1,2-dichloroethane as solvent, probably as a result of ion- 
pairing effects. I n  the presence (0.05 mol dm-3) of the following 
electrolytes, E,  of the second oxidation step of the Pt,W, 
clusters shifted from +0.55 V us. s.c.e. in the presence of 
NBu,' to +0.53 V us. s.c.e. for N(C,HI3),+ and +0.51 V 
us. s.c.e. for N(C8H,7)4+, the anion being ClO,-. On the 
other hand, this potential shifted from +0.55 V with ClO,- 
to +0.34 V with HSO,-, +0.32 V with F -  (3H20), and 
+0.24 V for Br-, the cation being NBu,'. 

Consistent with the above co-ordination effects is the obser- 
vation that changing the solvent modifies also the voltammetric 
characteristics in oxidation of the clusters. For instance, if 1,2- 
dichloroethane as solvent is replaced by dmf, the obtained 
radical cation undergoes chemical reaction in dmf as illustrated 
by a decrease of Ip,/Ipa in cyclic voltammetry [eg. for Pt,W, this 
ratio is 0.7 at 1 V s-' in dmf, cf 1 .O in 1,2-dichloroethane, Figure 
3 ~ 1 .  

Suhstituent Ej'ects.-The effects of substituents R (Me, Et, 
Bun, or Ph) on the electrochemical reactivity were examined in 
several clusters (M' = Pd, M2 = Mo or W) and also in part 
(R = Et or Ph) for the clusters with M'  = Pt and M2 = W. 
The corresponding oxidation/reduction potentials are given in 
Table 3. The measured reduction potentials are linearly 
correlated with the ordinary Hammett substituent constants, 
0.' From the corresponding linear free-energy plots (Figure 5) 
the positive slope (p = +0.251) is consistent with the obser- 
vation that the reduction becomes more difficult as the electron- 
donating effect of R increases, i.e. from Ph to Me, Et, and Bun. 
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Table 3. Substituent effects on the oxidation/reduction potentials (V us. s.c.e.) of tetrametallic clusters in dmf + 0.1 mol dm-3 NEt,CIO, at a 
platinum rotating disk electrode (2 OOO revolutions min-') 

M' = Pd, M Z  = W M '  = Pt, M Z  = W M '  = Pd, MZ = MO 
A A r \ r  ) I  A 

7 

Ligand R EtRed E,O" L Et% EtRCd EtO"I  E t O " l  EtR=d E,OX I €*OX> 

Ph - 0.99 + 0.32 + 0.77 - 1.07 + 0.25 + 0.56 - 1.42 +0.14 + 0.45 
M e  - 1.17 + 0.24 + 0.39 
Et - 1.20 + 0.25 +0.53 - 1.27 +0.16 + 0.44 - 1.57 +0.12 + 0.39 
Bu" - 1.23 + 0.26 + 0.56 - 1.32 +0.18 + 0.47 

Oxida t ion  s c h e m e  
~ 

- e  ( I V )  

te ( I l l )  

c l u s t e r  - [c L U  s t e rI '+  - z- I c luster]  2++e - f r a g m e n t s  

Scheme. ( i )  Excess of PPh,, M '  = Pt or Pd; (ii) CO, M '  = Pt; (iii) only for Pt,W, and Pt,Mo, clusters: (iv) chemical decomposition 

The observed effects of R on the oxidation potentials are 
much weaker than on the reduction potentials, the oxidation of 
the phenyl derivatives always requiring a higher energy. 

Discussion 
All the studied clusters undergo a single two-electron reduction 
which results in further decomposition to anions [M2(q5- 
C,H,)(CO),] - and formally zerovalent M -containing species. 
As indicated in the Scheme, the M1 fragments generate a 
metallic deposit on the electrode, in the absence of co- 
ordinating species, whereas PPh, and CO ligands stabilize M 1  
in the solution: [M '(PPh,),] complexes (n  = 3 or 4) are formed 
in the presence of PPh,, while bubbling CO into the solution 
yields [Pt,(p-CO),( PPh,),] and [Pt,(p-CO),(CO)(PPh,),]. I t  
is remarkable that the two-electron reduction of polymetallic 
clusters leads in all the few established examples ' 3  l to rupture 
of a metal-metal bond. 

In previously studied examples, the lowest unoccupied 
molecular orbital (1.u.m.o.) was antibonding and metal centred. 
I n  the present case, i t  is reasonable to assume that the 1.u.m.o. is 
also antibonding and mostly centred on the metal framework, 
as the disruption of this core results upon the reduction. O n  the 
other hand, the observed Hammett plot (Figure 5) indicates that 
electron-donating ligands make the reduction of the cluster 
more difficult. 

The oxidation of the studied clusters occurs in two distinct 
one-electron steps. As mentioned above the monocation radi- 
cals generated by the oxidation are reasonably stable and were 
characterized. On the other hand the dications are only stable 
for [ Pt 2M22(q5-CSH,)2(p,-C0)2(p-C0)4( PPh,),] ( M2 = Mo 
or W) on  the time-scale of cyclic voltammetry and for other 
clusters they decompose more rapidly. I n  contrast to the 
reduction potentials, the oxidation potentials are rather insen- 
sitive to R substituent effects (Table 3). This could indicate that 

the phosphine ligand only plays a limited role in the h.o.m.0. 
consistent with e.s.r. results on the monocation radicals. 

Further studies are in progress on the electrochemical 
characteristics of other polymetallic clusters. 
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