
ELSEVIER Inorganica Chimica Acta 226 (1994) 61-68 

Infrared spectroelectrochemistry of [Rh(TM4),M(C0),lz2+ 
(TM4 = 2,5-diisocyano-2,5_dimethylhexane; M = Re, Mn): electron- 

transfer-promoted metal-metal bond cleavage and formation 

Michael G. Hill, John P. Bullock, Timothy Wilson, Paul Bacon, Christine A. Blaine, 
Kent R. Mann * 

Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, USA 

Received 21 March 1994 

Abstract 

Two tetranuclear complexes of the form Rh2(TM4),(M(C0)5)ZZ+ (TM4 = 2,5-diisocyano-2,5_dimethylhexane; M = Mn or Re) 
have been studied by electrochemical (CV) and IR spectroelectrochemical methods. In 0.1 M TBA’PF,-/CH-,CN (TBA+ = 
tetrabutylammonium), le- oxidation of Rh2(TM4)4(Re(C0)&2C produces a stable radical (Rh,(TM4),(Re(CO),),‘+) that has 
been characterized by EPR and IR spectroscopy. Upon further oxidation, one Rh-Re bond is cleaved, resulting in the formation 
of Rh2(TM4),(Re(C0)5)3+ and Re(C0)5(CH,CN)+. The trimetallic fragment Rh,(TM4),(Re(C0),)3+ is reduced by a net 2e- 
process to yield free Rh*(TM4),‘+ and Re(CO),-. These successive 2e- oxidation/reduction reactions of Rh,(TM4),(Re(CO),),‘+ 
ultimately yield a solution containing Rh,(TM4),‘+, Re(CO),(CH,CN)+ and Re(CO)S-. For Rh,(TM4),(Mn(CO)&*+, oxidation 
occurs via a net 2e- process to form the tetranuclear tetracation, RhZ(TM4),(Mn(C0)=JZ4+. Further oxidation of this species 
results in Rh-Mn bond cleavage, giving Rh,(TM4),4+ and two equivalents of Mn(C0)5(CH,CN)+. The initially formed, le-- 
oxidized radical, Rh,(TM4),(Mn(C0),)23f, has been observed transiently via fast-scan cyclic voltammetry. These ET-induced 
bond cleavage reactions are paralleled in the reduction chemistry of Rh2(TM4),(Mn(CO),),‘+ and Rh,(TM4),(Re(CO),),‘+. 
Reduction of both complexes occurs by a net 2~ process, yielding free Rh,(TM4),** and M(C0)5-. Interestingly, upon 
oxidation at the coupled return for this irreversible process, the tetranuclear starting materials are regenerated in quantitative 
yield (i.e. no M2(C0)10 is produced). This chemistry stands in sharp contrast to the oxidations of M(C0)5- anions, which 
produce M2(CO),o in the absence of Rh,(TM4),‘+. We suggest that oxidation of Rh,(TM4), ‘+, M(CO)*- tight ion aggregates 
produce M(CO), radicals that are entirely scavenged by Rh,(TM4),‘+ to form the tetranuclear species. 
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1. Introduction 

Tetranuclear species of rhodium (e.g. Rh,(bridge),6’ 
(bridge = 1,3-diisocyanopropane)) [l] and platinum 
(‘platinum blues’) [2] have been discussed in terms of 
metal-metal bonding. Some years ago [3], we discovered 
a heterometallic tetranuclear species, Rh,(TM4),- 
(M(CO),):+ (where TM4 = 2,5-diisocyano-2,5-di- 
methylhexane; M = Mn or Re), formed by the ‘oxidative 
additions’ of M2(C0)1,, dimers across the d*-d* binuclear 
species Rh,(TM4),*‘. We anticipated that redox pro- 

cesses in these compounds would be particularly in- 
teresting because electron transfer in and out of the 
frontier molecular orbitals could be coupled to changes 
in three metal-metal ‘bonds’. IR spectroelectrochemical 
methods were applied to address this question, as they 
are ideally suited for characterizing the species gen- 
erated by the electrode processes of these molecules. 
The frequencies of the carbonyl and isocyanide vibra- 
tional transitions are sensitive probes for estimating 
relative changes in the electron densities of the rhenium/ 
manganese and rhodium atoms, respectively. By meas- 
uring the patterns and relative shifts of these stretching 
frequencies, we have determined the electrochemical 
products and have developed a qualitative picture of 
the metal-centered redox processes of these com- 
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2. Experimental 

2.1. Preparation of compounds 

All solvents used for synthesis were of reagent grade 
quality, and were used without further purification. 

Mn(CG),, and Re,(CO),, were purchased from Strem 
Chemicals, and sublimed prior to use. The TM4 
ligand, as well as Rh2(TM4)4(PF6)2, Rh,(TM4),- 

Mn,(CG)lO(PF& and Rb,(TM4),Re,(CG)10(PF,),, 
were prepared as previously described [3,4]. 

2.2. Electrochemistry 

All electrochemical experiments were performed with 
a Bioanalytical Systems (BAS) model 100 electrochem- 
ical analyzer. Cyclic voltammetry (CV) was performed 
at 20 + 2 “C with a normal three-electrode configuration 
consisting of a highly polished glassy-carbon-disk work- 
ing electrode (A = 0.07 cm’), and an AgCl/Ag reference 
electrode containing 1.0 M KCl. The working com- 
partment of the electrochemical cell was separated from 
the reference compartment by a modified Luggin cap- 
illary. All three compartments contained a 0.1 M solution 
of supporting electrolyte. 

Acetonitrile (Burdick and Jackson) was distilled from 
P,O, prior to use. Tetrabutylammonium hexafluoro- 
phosphate (TBA+PF,-) (Southwestern Analytical) was 
used as received. Electrolyte solutions were prepared 
and stored over 80-200 mesh activated alumina (Fisher 
Scientific Co.) and activated 4 8, molecular sieves. 

Potentials are reported versus aqueous AgCl/Ag and 
are not corrected for the junction potential [5]. Under 
conditions identical to those employed here, the fer- 
rocenium/ferrocene couple [6] has an E”‘= +OSO V 
with E,,-E,,=94 mV at v=lOO mV s-‘. 

2.3. Spectroelectrochemistry 

IR spectroelectrochemistry was carried out in specular 
reflectance mode, using a modified commercial flow- 
through cell [7]. The working electrode consisted of a 
highly polished platinum disk similar in design to that 
reported by Clark and co-workers [S]. Data were col- 
lected on a Mattson Galaxy 6020 FTIR spectrometer 
during a slow (2-8 mV s-l) linear potential sweep. 

X-band EPR spectra were recorded on a Bruker 
ESR-100 instrument. 

3. Results 

Rh,tTM4),tMn(C0),),2f and Rh,(TM4),(Re- 

(CO),),2 + are formed by the formal oxidative additions 
of M,(CO),, across the Rh(I)-Rh(1) complex, 
Rh,(TM4),” [3,4]. As outlined in Scheme 1, this process 

proceeds by photochemical bond cleavage of the d7-d7 
metal carbonyls (via excitation into the a-u* absorption), 
followed by addition of the 17e- M(CO), radicals to 
the Rh,” core. 

MZ(CO)10 -% ZM(CO), 

2’M(C0)5 +Rh,(TM4),‘+ - Rh,(TM4),(M(CO),~2’ 

Scheme 1. Preparation of Rh2(TM4)4(M(CO),),” complexes. 

A schematic representation of the resulting 
‘M( - I)-Rh(II)-Rh(II)-M( - I)’ compounds is shown 
in Fig. 1. 

The IR stretching frequencies of Rh,(TM4),- 

(Mn(CG)&” and Rh,(TM4),(Re(CO),),‘+ are sum- 
marized in Table 1. Each compound exhibits two car- 
bony1 stretches, and one isocyanide stretch that is 
characteristic of other Rh(I)-Rh(1) diisocyanide- 
bridged compounds [4]. The carbonyl region is typical 
for monosubstituted pseudo-octahedral M(CO),L spe- 
cies, with the higher-energy band corresponding to one 
of the two A, stretching modes and the lower-energy 

Fig. 1. Schematic representation of Rh2(TM4),(M(C0)5):2f corn 
plexes. 

Table 1 
IR stretching frequencies of Rh,(TM4),(M(CO),),‘+ and related 
complexes 

Complex v(CN) v(CO) 
(cm-‘) (cm-‘) 

RhZ(TM4)4(Re(CO)&Z+ 2166 2063, 1987 
Rh,(TM4),(Re(CO),),‘+ 2181 2111, 2019, 1996(sh) 
Rh,(TM4),(Re(CO)s)” 2189, 2160 2130 
Re,(CO),,, 2012, 2012, 1967 
Re(CO),(CH,CN)+ 2170(w), 2062, 2035(w) 
Re(CO), 1917, 1863 

Rh2(TM4)4(Mn(CO)&*+ 2180 2037, 1975 
Rh,(TM4),(Mn(CO)& 4+ 2199 2089, 2008 
Mnz(CO),,j 2047, 2012, 1981 
Mn(C0)5(CH,CN)+ 216O(vw), 2074, 2052 
Mn(CO)S - 1901, 1863 

Rh,(TM4),2+ 2160 
Rh,(TM4),(NCCH& 4+ 2225 



M.G. Hill et al. / Inorganica Chimica Acta 226 (1994) 6168 63 

peak resulting from the overlap of the second A, mode 
and the E mode (in C,, symmetry) [9]. The absence 
of any additional carbonyl or isocyanide stretches except 
those expected for isolated M(CO),L and M2(L)4 units 
indicates that there is essentially no vibrational coupling 
between the capping groups and the central Rh,(TM4), 
unit. 

On the basis of these spectra, an ‘oxidative addition’ 
description of the oxidation states of the tetranuclear 
species at M( -1) and Rh(I1) is misleading. For example, 
the V(CN) stretch of Rh,(TM4),‘+ (2160 cm-‘) shifts 
only 6 and 20 cm-’ to higher energy upon ‘oxidative 
addition’ of Re,(CO),, and Mn,(CO),, across the 
Rh(I)-Rh(1) core (compared to a 53 cm-l shift in 
v(CN) upon oxidative addition of Cl,) [lo]. Moreover, 
the v(C0) stretches of the M(CO), moieties of the 
tetranuclears (2063 and 1989 cm-’ for Re; 2037 and 
1975 cm-l for Mn) are much higher than those for 
free M(CO),- (1917 and 1863 cm-’ for Re; 1901 and 
1863 cm-l for Mn) and, in fact, are closer in energy 
to the peaks of M2(C0)10 (2012 and 1967 cm-’ for 
Re; 2012 and 1981 cm-l for Mn; Table 1). Thus a 
better approximation of the metal oxidation states is 
probably M(O)-Rh(I)-Rh(I)-M(0). These small changes 
in the v(CN) and v(C0) stretching frequencies and 
the rich redox chemistry exhibited by M,(CO),, [ll-161 
and Rh,(diisocyanide),‘+ [17] suggested that the te- 
tranuclears would exhibit extensive oxidation and re- 
duction chemistry. 

Fig. 2 shows the cyclic voltammogram (CV) of 
RhZ(TM4),(Re(CO)5)22 + in 0.1 M TBA+PF,-/CH,CN. 
This complex undergoes a quasi-reversible le- oxidation 
(E;L12+ = +0.54 V) followed by an irreversible le- 
oxidation (Epa = t-O.98 V) with a coupled return at 
- 0.27 V. The IR spectral changes accompanying these 
oxidations are shown in Fig. 3. As the potential is swept 
through the first process, peaks due to the 
Rh,(TM4),(Re(CO),),2’ starting material ( Y(CO) = 

Fig. 2. Cyclic voltammograms of RhZ(TM4),(Re(CO),),Z+ in 0.1 M 
TBA+PF,-/CH$ZN at a scan rate of 0.100 V s-‘. 

(4 Wavenumbers 

2300 2200 2100 2000 1900 
@) Wavenumbers 

Fig. 3. IR spectroelectrochemical oxidation of Rh2(TM4)4- 

(Re(C0)5)2*’ 1x1 0.1 M TElACPF6-/CH,CN. (a) Spectra recorded 
during a slow potential sweep (8 mV SK’) through the first oxidation 
process. (b) Spectra recorded during a slow potential sweep (8 mV 
s-‘) through the second oxidation process. The starred peak is due 
to some Rh2(TM4)4(Re(C0)5)2ZC remaining from (a). 

2063 and 1987 cm- ‘; V(CN) = 2166 cm- ‘) decrease in 
intensity to give four new bands (v(CO)= 1996(sh), 
2019 and 2111 cm-‘; v(CN) =2181 cm-‘). The con- 
version of the dication to the radical trication is clean, 
as evidenced by isosbestic points at 2174, 2135, 2048 
and 1999 cm-‘. 

The most obvious change in the IR spectrum upon 
oxidation is the dramatic shift in the carbonyl stretch- 
ing frequencies relative to those of the isocyanides: 
Av(CO) = v(CO)(Rh,ReZ3’) - v(CO)(Rh,Re,*+) = 35 
(A, mode) and 48 cm-’ (E mode) versus AV(CN) 
= v(CN)(Rh,Re,“) - ~(CN)(Rh2ReZzf) = 15 cm-‘. 
These data provide strong evidence that the first ox- 
idation of Rh,(TM4),(Re(C0),)22+ occurs primarily at 
rhenium and produces a delocalized Rh,(TM4),- 
(Re(CO),),3+ radical with equivalent rhenium centers. 
This assignment is further supported by the EPR spec- 
trum of Rh,(TM4),(Re(C0),)23 + recorded in frozen 
(77 K) 0.1 M TBA’PF,-/CH,CN solution (Fig. 4). A 
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Fig. 4. EPR spectrum of Rh,(TM4),(Re(CO),),‘+ in 0.1 M 
TBA+PF,-/CH,CN frozen at 77 K. The spectrum is from 1600 to 
4600 G at v=9.2766 GHz. 

preliminary analysis of this spectrum 1 clearly indicates 
that the unpaired electron is delocalized over two 
equivalent Re(CO), fragments, with very little inter- 
action with the Rh, central core. 

Sweeping the potential positive of the second oxi- 
dation of Rh,(TM4),(Re)(CO),),z’ yields the spectral 
changes shown in Fig. 3(b). Five new peaks grow in 
at higher energy (~(CO)=2023, 2062 and 2130 cm-l; 
v(CN) = 2189 and 2164 cm-l). The IR stretch at 2062 
cm-’ is characteristic of free Re(CO),(CH,CN)’ [16], 
indicating that oxidation of Rh,(TM4),(Re(C0),),3+ 
is accompanied by Rh-Re bond cleavage to produce 
Re(CO),(CH,CN)+. The remaining absorbances are 
assigned to a trinuclear species, Rh,(TM4),Re(C0),3’. 
Based on the frequencies of these stretches, the tri- 
nuclear trication is probably best described as a highly 
delocalized Rh(I)-Rh(I)-Re(1) species. Interestingly, 
reduction of Rh,(TM4),Re(C0),3’ occurs by an ir- 
reversible 2e- process 2 to yield Rh2(TM4),2’ and 
Re(CO),-. Because the reduction of Rh,(TM4),- 
Re(C0),3’ (Ep,= -0.27 V) is more positive than that 
of Re(CO),(CH,CN)’ (Epa= - 1.29 V) [16], reduction 
of the 2e--oxidized solution back to its initial electron 
count completes a net electron-transfer cycle in which 
the tetranuclear Rh,(TM4),(Re(CO),),” complex is 
split into Rh,(TM4),* +, Re(CO),(CH,CN)+ and 
Re(CO),- (Scheme 2). Combining Schemes 1 and 2, 
the redox chemistry described above constitutes a net 
photo-electrochemical disproportionation of Re,(CO),,. 

’ Qualitatively, this spectrum can be fit to a spin-l/2 system with 
a rhombic g tensor (g, =3.5, g,=3.0, g3-2.3) and ‘“‘Re (spin 5/2) 
hyperfine splittings of A, ~50, A2 = 100, and A, ~250 G. While we 
have not performed an exact simulation of this spectrum, the above 
parameters account for the general line shape and splitting pattern 
found in Fig. 4. Specifically, the large rhenium coupling constants 
evident in the spectrum indicate that the unpaired electron resides 
largely on the rhenium centers. 

2 The IR data clearly show the clean formation of Re(CO),- 
during the initial stages of the electrochemical reduction of Rh,(TM4),- 
(Re(C0)5)3+. However, as the concentration of Re(CO),- builds 
up in solution, peaks due to Re,(CO),,, (presumably formed via 
comproportionation of Re(CO),- and Re(CO),(CH,CN)+) and other 
oligomeric materials (e.g. Re3(C0),,,-) grow in [18]. 

Rh,(TM4),(Re(C0)5);+ + CH,CN -e- Epa= +a98 ” 

Re(CO),(CH,CN)’ +Rh,(TM4)4Re(C0)53* 

Re(CO),- + Rh,(TM4),‘+ 

Net: 
(i) -a- 

Rh,(TM4),(Re(C0)5)22+ + CH3CN - (ii) +a- 

Rh,(TM4),‘+ +Re(CO),- +Re(CO)5(CH,CN)’ 

Scheme 2. Net chemistry resulting from initial oxidation of 
Rh2(TM4),(Re(C0),),*+. 

We have also investigated the oxidation chemistry 
of Rh2(TM4),(Mn(C0),)22’ in 0.1 M TBA+PF,-/ 
CH,CN. At slow sweep rates (v< 0.1 V SK’), this complex 
undergoes an irreversible oxidation (E,, = + 0.47 V), 
coupled to a cathodic return at -0.18 V. Bulk elec- 
trolysis at +0.7 V results in the passage of 1.7 e-l 
tetranuclear. At faster scan rates (~25 V s-l), the 
oxidation becomes quasi-reversible, and a new irre- 
versible process appears at +0.98 V, again with a 
coupled return at -0.18 V. We suggest that at fast 
scan rates, Rh2(TM4),(Mn(C0),)22’ is reversibly ox- 
idized to Rh2(TM4),(Mn(C0),)23’; at slow scan rates, 
this radical species disproportionates to give a net 2 
electron process. The large peak separation may be 
due to a large Rh-Rh bond length change that is 
coupled to the second electron transfer. 

The IR spectral changes that occur during these 
processes are shown in Fig. 5. Initial bands at 2180, 
2037 and 1975 cm- ’ give way to three new bands: 

2300 2200 2100 2000 1900 1800 
Wavenumbers 

Fig. 5. IR spectroelectrochemical oxidation of Rh,(TM4)4- 

(Mn(CQ),)z *+ in 0.1 M TBA+PF,-/CH,CN. Spectra were recorded 
during a slow linear potential sweep through the first oxidation 
process of RhZ(TM4),(Mn(C0)5)z*+. 
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2090,2008 (v(C0)); 2195 (v(CN) cm-‘). Based on the 
coulometry data, we assign this spectrum to the doubly 
oxidized tetranuclear Rh,(TM4),(Mn(CO)JZ4’; in- 
deed, rapid-scan IR spectra obtained during the early 
stages of the spectroelectrochemical oxidation reveal 
a transient feature at 2189 cm-‘, presumably due to 
the initial formation of Rh,(TM4),(Mn(CO),),‘+. Re- 
duction of Rh,(TM4),(Mn(C0),),4’ at potentials neg- 
ative of the coupled return at -0.18 V in the CV 
regenerates the Rh,(TM4)4(Mn(C0),),2’ starting ma- 
terial in nearly quantitative yield. Further oxidation of 
Rh,(TM4)4(Mn(CO)J,4+ (Eapp> + 1.5 V) results in 
metal-metal bond cleavage, giving the d’-d’ complex 
Rh,(TM4),(NCCH,),“+ (V(CN) = 2225 cm-‘) and two 
equivalents of Mn(CO),(CH,CN)+ (v(C0) = 2076 and 
2056 cm-‘). These processes are summarized in Scheme 
3. 

Rh,(TM4),(Mn(CO),)s4+ +2CHsCN - 
Ea> + 1.5 ” 

Rh,(TM4),(NCCH,),4+ +2Mn(CO),(CH,CN)+ 

Scheme 3. Net chemistry resulting from initial oxidation of 
Rh,(TM4),(Mn(C0)5)22+. 

In contrast to the differences in the oxidation chem- 
istry of Rh,(TM4),(Mn(CO),),‘+ and Rh,(TM4),- 
(Re(CO),)$‘, the electrochemical reductions of each 
species are similar. Both show an irreversible 2e- process 
(Epc = - 1.00 V, Rh,(TM4),(Mn(CO),)~‘; E,, = - 1.25 
V, Rh,(TM4),(Re(CO),)~‘), coupled to an anodic 
return at more positive potentials (Epa = -0.16 V, 
Rh,(TM4),(Mn(CO)J,2 + ; E,, = - 0.47 V, Rh,(TM4),- 
(Re(CO),)$‘). Th e reduction chemistry of Rh,(TM4),- 
(Mn(CO)JZ”’ and Rh,(TM4),‘+ in the presence of 
Mn,(CO),, is summarized in Scheme 4. 

+2u- 
Rh,(TM4),(Mn(CO),),‘* G 

-2p- 

Rh,(TM4),‘+ +2Mn(CO),- 

In the presence of Mn,(CO),,: 
+Zr- 

Mn,(CO)IU + Rh,(TM4),‘+ z 

2Mn(CO),- +Rh,(TM4),*+ 

2Mn(C0)5- + Rh,(TM4),‘+ -am 
x 

Mnz(CO)lo +Rh,(TM4),‘+ 

Scheme 4. Reduction chemistry of Rhz(TM4)4(Mn(CO)s)zZC. 

Fig. 6(a) shows the IR spectroelectrochemical reduction 
of Rh,(TM4),(Mn(CO),),*’ in 0.1 M TBA+PF,-/ 
CH,CN. As bands due to the starting material disappear, 

(a) 
2100 2000 1900 1800 

Wavenumbers 

(b) 

2200 2100 2000 1900 1800 
Wavenumbers 

Fig. 6. (a) IR spectroelectrochemical reduction of Rh2(TM4)4- 

(Mu(CO)& z+ in 0.1 M TE3A+PFo-/CH,CN at -1.20 V. (b) IR 
spectroelectrochemical oxidation of the products of (a). 

three new featuresgrow in at lower energy (v(CN) = 2160 
cm-‘, v(CO)= 1863 and 1901 cm-l). Based on the 
energies of these absorptions, we assign the 2160 cm-’ 
stretch to free Rh,(TM4),‘+, and the 1901 and 1863 

-I stretches to Mn(CO),-. Interestingly, oxidation 
zythis solution regenerates Rh,(TM4),(Mn(CO),),‘+ 
in quantitative yield (Fig. 6(b)). Indeed, 
Rh,(TM4)4(Mn(CO),),2’ can be efficiently prepared 
by first reducing Mn,(CO),,, then oxidizing the resulting 
Mn(CO),- anion in the presence of Rh,(TM4),‘+ (Fig. 

7). 
This chemistry stands in sharp contrast to the redox 

behavior of Mn,(CO),, [ll] and Re,(CO),, [16] in the 
absence of Rh,(TM4),“. For example, Mn,(CO),, 
undergoes an irreversible 2e- reduction at - - 1.0 V 
in CH,CN, coupled to an anodic return at - -0.3 V. 
IR spectroelectrochemistry confirms that reduction oc- 
curs by a net 2e- process to yield Mn(CO),- (Fig. 
8(a)), and that oxidation of the Mn(CO),- reduction 
product regenerates Mn,(CO),O in very high yield 
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0.0 

(a) 
!200 2100 2000 1900 1800 

Wavenumbers 

(b) Wavenumbers 

Fig. 7. (a) IR spectroelectrochemical reduction of Mn,(CO),, in the 
presence of Rh,(TM4),2C. The product bands at 1901 and 1863 
cm-’ are due to Mn(CO),-. (b) IR spectroelectrochemical oxidation 
of the products of (a). The final spectrum with bands at 2180, 2037 
and 1975 cm-’ is due to Rh,(TM4),(Mn(CO)S)ZZ+. 

(Fig. 8(b)) 3. This latter result has been previously 
attributed to rapid coupling of the initially formed 
Mn(CO), radical, which dimerizes near the diffusion- 
controlled limit [12]. Given that we observe no 
Mn,(CO),, when Mn(CO),- is oxidized in the presence 
of RhZ(TM4),’ + , we propose that the manganese anion 
and dirhodium dication form tight ion aggregates in 
CH,CN, so that once generated, the Mn(CO), radicals 
are completely scavenged by Rh,(TM4),2+ to form 
Rh0M4),(Mn(CO)JZ2’. 

As previously reported, spectroelectrochemical oxi- 
dation of Mn,(CO),, results in metal-metal bond cleav- 
age, yielding the mononuclear species, Mn(CO),- 
(CH,CN) + (y(C0) = 216O(vw), 2074 and 2056 cm-‘) 
[13]. Surprisingly, reduction of this cation occurs as a 

0 25 

0.20 

0.15 

o.ic 

0.05 

00 

0.2: 

0.2f 

0.1: 

o.ic 

0.05 

00 

2100 2050 2000 1950 1900 1850 18Of 
Wavenumbers 

2100 2050 2000 1950 1900 1850 180( 
Wavenumbers 

Fig. 8. (a) IR spectroelectrochemical reduction of Mnz(CO),a in 0.1 
M TBA’PF,-ICHCN. (b) IR spectroelectrochemical oxidation of 
the product of (a). 

2e- process, yielding not Mn,(CO),,, but mononuclear 
Mn(CO),- (Fig. 9). I n accord with the observations 
of Kochi and co-workers who investigated the electron- 
transfer kinetics of Mn(CO),(CH,CN)+ with 
Mn(CO),- [14], if the spectroelectrochemical reduction 
of Mn(CO),(CH,CN)+ is stopped midway through the 
process, the resulting 1:l mixture of ‘disproportionated’ 
cation and anion is kinetically stable toward compro- 
portionation over many minutes, despite the calculated 
driving force for the recombination reaction of - 10 
kcal mol-’ [15]. This kinetic stability presumably orig- 
inates from a slow initial electron transfer in which 
two 18e- species are converted into 17e- and 19e- 
radical intermediates, respectively. 

3 As previously noted by Kadish and co-workers [ll] the actual 
yield of Mn,(CO),, formed during the electrochemical oxidation of 
Mn(C0)5- depends on the applied potential: a potential significantly 
positive of the irreversible peak (E,,= -0.30 V) results in a portion 
of the Mn(C0)5- anion being directly oxidized to Mn(C0)5- 
(CH,CN) +. 

4. Discussion 

The metal-metal bond cleavage products that result 
from electrochemical oxidation and reduction of Rh,- 
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2100 2050 2000 1950 
(a) Wavenumbers 

2100 2050 2000 1950 1900 1850 1 
(b) Wavenumbers 

1850 

Fig. 9. (a) IR spectroelectrochemical oxidation of Mnz(CO)ro in 0.1 
M TRA+PF,-/CH,CN. (b) IR spectroelectrochemical reduction of 
the resulting Mn(C0)5(CHSCN)+ cation produced in (a). Product 
bands at 1901 and 1863 cm-’ are due to Mn(C0)5-. 

tTM%tWCO),),2 + and Rh,(TM4),(Re(CO),),2’ 
can be understood within the framework of a simple 
molecular orbital model developed previously [lb,3,4]. 
The metal-metal u bonding can be described in a linear 
tetranuclear species with a Huckel-type molecular or- 
bital scheme composed of levels derived from a metal 
dZ2 orbital on each center. The central (P(Rh-Rh)) and 
outer (P(M-Rh)) bond orders (neglecting overlaps) in 
terms of the mixing coefficients CY and p have been 
calculated for relevant species containing 3 to 8 dZZ 
electrons. Further, making the assumption of Miskowski 
and Gray [lb] that full delocalization is not energetically 
favorable 4, the maximum total bond order 
@‘(total) = 2P(M-Rh) +P(Rh-Rh) is reached for all the 

4 We believe that this assumption is not strictly applicable to the 
heteronuclear case discussed here, but the qualitative predictions it 
allows may still be valid. 

various oxidation levels when (Y= p = (J5 - 1)/2 = 0.618. 
Values for P(M-Rh), P(Rh-Rh) and P(tota1) are given 
in Table 2 for cu=p=O.618. 

Examination of the bond order values in Table 2 
suggests that reduction of the Rh,(TM4)4(M(C0),),2’ 
species (6dZ2 electrons) by 2 electrons would result 
in the production of the neutral species, 
Rh,(TM4),(M(CO),),. This species has a predicted 
bond order of 0 for both the M-Rh and Rh-Rh 
interactions and should be unstable with respect to loss 
of the M(CO),- units. Our spectroelectrochemical re- 
sults show that the W-reduction process produces 
Rh,(TM4),‘+ and M(CO),-, which interact only 
through ion-pairing. Reoxidation of the reduced solution 
efficiently reforms the Rh,(TM4)4M(C0),),2’ species. 

This simple bonding model also has some predictive 
value for the oxidation chemistry we have studied. As 
the Rh,(TM4),(M(CO),),‘+ species is sequentially 
oxidized to Rh,(TM4),(M(CO),),” and then to 
Rh,(TM4),(M(C0),),4+, P(M-Rh) increases as 
P(Rh-Rh) decreases. (A decrease in P(Rh-Rh) does 
not cause disruption of the tetranuclear species because 
the Rh-Rh unit is bridged by the four diisocyanide 
units.) Thus the spectroscopic observation of the Rh,- 
(TM4),(Re(CO),L3+ and Rh,(TM4)4(Mn(C0),),4+ re- 
dox levels are consistent with the model. The apparent 
instabilities of Rh,(TM4)4(Mn(C0),),3’ (with respect 
to disproportionation) and Rh,(TM4),(Re(C0),),4’ 
(with respect to Re-Rh bond cleavage) are not straight- 
forwardly predicted by the model. Unanticipated steric 

Table 2 
Calculated bond orders” for relevant Rh,(TM4),(M(CO),)zn+ species 

n No. of d,z e- P(M-Rh)b P(Rh-Rh)b P(tota1) 

5 3 0.67 0.59 1.93 
4 4 0.89 0.45 2.24 
3 5 0.67 0.59 1.93 
2 6 0.45 0.72 1.62 
1 7 0.22 0.36 0.81 
0 8 0.00 0.00 0.00 

“The four wavefunctions are: 

* = (4M~+(bRhl+hlZ+4JM2) ; 
I \/(z 

bP(AB), bond orders, are calculated as P(AB)=@,CyCej where 
the sum is taken over a11 occupied MOs; ?z, is the number of electrons 
in thejth MO and C, and C,, are the orbital coefficients of atoms 
A and B in the jth MO. 

‘P(tota1) = 2P(M-Rh) +P(Rh-Rh). 
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effects or changes in the relative stabilities of mono- 
nuclear cleavage products (i.e. Re(CO),(CH,CN)+ ver- 
sus Mn(CO),(CH,CN)+) may explain these deviations 
from the predictions. Again, in accord with experiment, 
the model correctly predicts that the oxidation of 
Rhz(TM4),(M(CO),),“+ to Rh,(TM4),(M(C0),),5 + 
should increase P(Rh-Rh) and decrease P(M-Rh). 
Experimentally, we observe that the oxidation of 
Rh2(TM4),(Mn(CO),),4’ leads to Mn-Rh bond cleav- 
age to produce Mn(CO),(CH,CN)+ and Rh,(TM4),4f. 
As further developments of the synthetic chemistry and 
the model occur, a more detailed treatment of these 
redox reactions can be made. 
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