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The redox behavior of the iron carbonyl species Fe3(CO)12-,L, (n = 0-3 )  and Fe(CO)5-,L, (n = 0-2 )  (L = PPh3, P(OMe)3, 
P(OPh),) has been studied in acetone and dichloromethane using the techniques of dc polarography at mercury electrodes 
and dc cyclic voltammetry at platinum electrodes. A chemically reversible one-electron reduction step was observed for 
the triiron species within the temperature range 203-293 K. The Er112 values for the reduction became increasingly negative 
with increasing phosphine substitution which correlates well with the charge density on the iron atoms in the parent complexes. 
The carbonyls Ru3(CO) Iz and O S ~ ( C O ) ~ ~  undergo an irreversible reduction within the temperature range of this investigation 
leading to rapid decomposition of the carbonyl moieties. Further reduction to the dianions Fe3(C0)12-,L,2- occurred for 
the iron species and caused irreversible disintegration of the cluster unit. A one-electron oxidation step was observed for 
Fe3(C0),[P(OMe),l3. The mononuclear iron derivatives gave well-defined one-electron oxidation and two-electron reduction 
waves at mercury electrodes. The oxidation step was found to be chemically reversible. No evidence was found for the 
formation of the radical anion Fe(C0)5-. under the experimental conditions employed. 

Introduction 
Earlier papers in this series3 described an investigation of 

the remarkably stable paramagnetic radical anions produced 
from the methinyltricobalt enneacarbonyls YCCO~(CO)~  and 
the somewhat less stable phosphine-substituted anions.* 
Electro~hemical~~ and spectral studies3b allowed a complete 
characterization of the redox behavior and provided kinetic 
and thermodynamic data for the cluster/radical anion couple. 
These studies also added to our understanding of the HOMO 
and LUMO levels in the neutral tricobalt carbon cluster and 
the kinetic and thermodynamic stability of the radical anions 
was attributed3b to an "electron-reservoir" mode of bonding 
and stereochemical protection afforded by the equatorial and 
axial carbonyl  group^.^ Whether these ideas have any validity 
when applied to metal-carbonyl clusters that do not include 
a nonmetal atom as an integral part of the cluster framework 
is open to question and thus we extended our investigations 
to tri- and tetrametallic cluster derivatives. 

Trinuclear metal carbonyl clusters M3(CO) 12 differ 
markedly in structure and properties6 from the tricobalt carbon 
system but preliminary ESR studies' of the products from 
alkali metal reduction suggested that they might also be 
reduced to give radical anions. Unambiguous interpretation 
of the ESR data proved more difficult in this instance and the 
success achieved with electrochemical studies in the cobalt 
system3a prompted the electrochemical investigation of M3- 
(CO)12 (M = Fe, Ru, Os) and the Lewis base substituted 
derivatives Fe3(C0),,,L, ( n  = 0-3) reported herein. Further, 
since alkali metal reduction apparently produced monomeric 
and dimeric compounds, as well as trinuclear anions,* an 
electrochemical investigation of Fe(C0)5 and the substituted 
derivatives Fe(C0)5-,L, ( n  = 1,2) was also undertaken. The 
electrochemistry of a limited range of iron carbonyl derivatives 
has been reported previo~sly,~- '~  but this did not include a 
systematic examination of the redox behavior as the a-donor 
and s-acceptor properties of the ligands are varied. Dessy et 
al.9 found a reduction wave for Fe(CO)5 at  mercury in di- 
methoxyethane which they interpret as being due to the 
formation of the unstable radical species Fe(CO)5--. Picket 
and Pletcher13 also described a one-electron reduction of 

* To whom correspondence should be addressed at the University of Otago. 

Fe(C0)5 at platinum in THF which they attribute to the 
overall process 
_. Fe(CO), + e- = */2[Fe,(CO),] '- t CO 

Experimental Section 
Fe(C0)5, Fe3(CO)lz, R U ~ ( C O ) ~ ~ ,  and O S ~ ( C O ) ~ ~  were purified by 

distillation or sublimation in vacuo. Phosphine and phosphite de- 
rivatives were prepared from Fe3(C0)12 in hexane by published 
procedures.l~ls Separation of the complexes from a particular reaction 
was most satisfactorily achieved using preparative TLC. The 
compounds [Et3NH] [Fe3(CO)IIH] and [(Ph,P),N] [HFe(C0)4] were 
prepared from Fe(C0)5 using procedures based on the methods of 
McFarlane and Wilkin~on'~ and Case and Whiting,'O respectively. 

Electrochemical hwtrumentation. Dc polarograms, from which data 
in this paper are reported, were recorded with a PAR Electrochemistry 
System, Model 170. Acetone or dichloromethane was used as the 
solvent with Et4NtC104- as the supporting electrolyte at a con- 
centration of 0.10 (acetone) or 0.08 mol dm-3 (dichloromethane). All 
the solutions were thermostated at the appropriate temperature and 
degassed with argon for 10 min prior to undertaking measurements. 
A three-electrode system coupled with positive feedback circuitry was 
employed to minimize iR drop losses. The working electrode was either 
a dropping mercury electrode (controlled drop time) or a platinum-disk 
electrode. The reference electrode was Ag/AgC1 [O. 1 mol dm-' LiCl 
(acetone)] and the third electrode was platinum wire. Modifications 
to the Model 170 Electrochemistry System enabling ac cyclic vol- 
tammetry etc. to be performed are described in the 

Fe3(CO)12. Figure 1 shows the dc polarographic behavior 
of Fe3(CO)12 in acetone. Two extremely well-defined reduction 
waves are observed in freshly prepared solutions, with E I l 2  
values -0.21 and -0.76 V vs. Ag/AgCl, respectively. On 
standing in the electrochemical cell, some decomposition 
occurred and additional waves appeared near the anodic limit 
(+0.8 V vs. Ag/AgCl) and at  potentials more negative than 
-1.2 V vs. Ag/AgCl. Little decomposition was observed in 
dichloromethane and, in this solvent, two well-defined waves 
were again found (E , /*  = -0.30 and -0.64 V vs. Ag/AgCl) 
corresponding to the same electrode processes as seen in 
acetone. Analysis of the wave shapes and positions (Tables 
I and 11) and the number of electrons, n, obtained from the 
limiting-current magnitude and applied potential, were 
consistent with an initial one-electron reduction followed by 
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0.1 0 . 0  -0.1 -0.2 -0.3 - 0 . 4  - 0 . 5  -0.6 -0.7 -0.8 -0.9 

volt vs A q / A g C l  

Figure '1. Dc polarogram of Fe3(C0)12 in acetone a t  298 K; drop time 0.5 s; scan rate 10 mV s-'. 

Table I. Polarographic Dataapb 

0 . 1 5  0 .05  - C . O 5  -0.15 - 0 . 2 5  -0.35 - 0 . 4 5  - 0 . 5 5  

volt vs A g / A q C l  

Figure 2. Dc cyclic voltammogram at  platinum of Fe3(C0)12 in 
acetone at  268 K; scan rate 200 mV s-'. 

a second one-electron reduction step. 
Figure 2 shows a cyclic voltammogram of the first reduction 

process in acetone at a platinum electrode at 268 K. It can 
be seen that, at  this temperature, the electrode process is 
completely reversible in the chemical sense; above this tem- 
perature the process is not entirely reversible. This first 
reduction step can therefore be assigned to the formation of 
a radical anion 
Fe,(CO),, f e-* Fe,(CO),,-. 

In dichloromethane, chemical reversibility for this electrode 
process was observed at  room temperature under cyclic vol- 
tammetric conditions with a scan rate of 200 mV s-l. Thus 
Fe3(C0),* forms a radical anion that has reasonable stability 
on the electrochemical time scale. 

Figure 3 shows cyclic voltammograms obtained at  a 
platinum electrode over an extended potential range, in acetone 

1-e redn Oxidn Further 
- E,, ,  - redn 

Compd E,,,' E3/411 E , / ,  E,,, E,,,' 
-0.208 
-0.404 
-0.444 
-0.406 
-0.758 
-0.592 
-1.033 
-0.92 
-1.13 

-1.676 

-1.63 
-2.2e 

-2.1e 
e 

-1.94 
-0.815 
-1.16 

56 
44 
46 
45 
49 
45 
30 

42 

140 

83 

30 
100 

94 

0.72c 

0.484 
(0.66)d 
0.737 

(0.594)d 
0.734 
0.50 

(0.53)d 
0.66 
0.42 

0.64 
-0.27 

-0.764 
-1.12 
-1.10 
-0.99 
-1.12 
-0.95 

-1.10 
6 1  -1.90 

30 

40 
45 

30 
75 

90 
- 2.0 

a In volts vs. Ag/AgCl [0.1 M LEI,  acetone] except E,, ,  -E,,,  
values which are in mV. Solutions: 
Et,NCIO,, 298 K. Superscript 1 (as in E , / , ' )  refers to a first re- 
duction process; superscript 2, to further processes. 
time 0.5 s; scan rate 10 mV s-' (or 20 mV s-' for monomeric 
derivatives). 0.76 V at Pt, the process being reversible a t  lower 
temperatures. Prewave associated with the oxidation wave. 

M in acetone, 0.1 M 

DME; drop 

e Reduction wave merges with the solvent wave. f L = PPh,; L' = 
P(OMe),; L" = P(OPh),. 

at 203 K (Figure 3b) and in dichloromethane at  293 K. In 
all cases, the radical anion generated at approximately -0.26 
V (acetone) or -0.39 V (dichloromethane) vs. Ag/AgCl 
undergoes a further one-electron reduction process at  more 
negative potentials. Reduction of the radical anion is found 



Paramagnetic Organometallic Molecules 

( a )  

Inorganic Chemistry, Vol. 16, No. 9, 1977 2201 

I , 
0.4 0 . 2  0 . 0  -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 1 . 0  0.8 0.6 

volt vs Ag/AgCl 

Figure 3. Dc cyclic voltammograms of Fel(CO)12 over an extended range in (a) dichloromethane at 298 K and (b) acetone at 203 K; scan 
rate 200 mV s". 

to be chemically completely irreversible over the temperature 
range 313-203 K and a range of voltage scan rates. The 
presence of additional waves in the reverse scan of the volt- 
ammogram suggests that fragmentation of the Fe3(CO) 12 unit 
accompanies the addition of a second electron. The reduction 
of the radical anion is therefore described by the equation 
Fe,(CO),;. + e--+ Fe,(CO),,'--*products 

The basic electrode processes are similar in both acetone and 
dichloromethane but the decomposition of the dianion species 
is faster in acetone. Comparison of voltammograms in acetone 
at  293 and 203 K shows the complete absence of waves 
corresponding to decomposition products at the lower tem- 
perature, although the reduction of the radical anion clearly 
remains irreversible. Voltammograms recorded in an at- 
mosphere of carbon monoxide and in solutions that had been 
saturated with CO gas showed that both electrode processes 
were independent of CO concentration. 

The Ell2 values (Table I) found in this investigation for the 
reduction of Fe3(C0)12 are at variance with those of Dessy 
et al.9 which suggested that the reduction of Fe3(CO)12 occurs 
at very negative potentials (- 1.6 and 2.4 V vs. Ag/AgC104). 
The differences between the two sets of data may be explained 
by the observation that Fe3(C0)12 decomposed in the polar 
solvent, acetone, to give products which produced additional 
waves close to the cathodic limit. We suggest therefore that 
the values quoted by Dessy for solutions in dimethoxyethane 
refer to these, as yet, uncharacterized decomposition products. 

Fe3(C0)12-,L, [L = PT3, P(OR)3; n = 1-31. Tables I and 
I1 summarize the electrochemical data for a range of phos- 
phine-substituted triiron dodecacarbonyl derivatives. The 
electrochemistry at  a dropping mercury electrode is char- 
acterized by a well-defined reduction step and a second, more 
diffuse, reduction step at more negative potentials. Additional 
electrode processes at very negative potentials also m u r  and 

- 

- 0 . 5  -0.6 - 0 . 7  -0.8 - 0 9  -1.0 -1.1 -1.2 -1.3 

volt vs Ag/AqCl  

Figure 4. Dc polarogram of Fe3(CO),o[P(OMe)3]2 in acetone at 293 
K; scan rate 10 mV s-I. 

these become increasingly complex as phosphine substitution 
at the metal cluster increases. Two corresponding reduction 
steps are observed in cyclic voltammograms at platinum 
electrodes. Figures 4 and 5 show representative polarograms 
and voltammograms obtained at  293 K. Considerable sim- 
plification of the electrode processes occurs at  lower tem- 
peratures (Figure 6). In particular, the first reduction step 
is chemically reversible at  195 K and, at  this temperature, 
decomposition of the radical anion species is arrested for all 
but the trisubstituted derivatives. The voltammograms at 195 
K closely resemble the corresponding i-E curve for Fe3(C0)12 
at  ambient temperature (Figure 2). The complete electrode 
process at  195 K can therefore be written as 

Fe,(CO),,-,L, + e- - [Fe,(CO),,-,L,]-. 

[Fe,(CO),,-,L,]-. + e' - [Fe,(CO),,-,L,] '- ---+products 

195 K 

195 K fast 
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1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1 .o -1.2 

volt vs A g / A g C l  

Figure 5. Dc cyclic voltammogram at  platinum of Fe3(CO)I~[P(OPh)3]  in acetone a t  293 K; scan rate 200 mV s-'. 

Table 11. Cyclic Voltammetric 

Oxidn 1-e Further 
redn redn 

Compd EDr* EprZ Epox2 EDOXd EBrd 

Fe,(CO),, 

Fe,(CO),,Le 

Fe,(CO),, L' 

Fe, (CO) ,, L" 

Fe, (CO),, L' , 
Fe, (CO) &", 
Fe,(CO), L', 

Fe, (CO), L", 

[HFe,(CO),, 1 
Fe(C0) 

Fe(CO),L 
Fe(CO),L, 

Fe(CO), L' 

Fe(CO),L', 
[HFe(CO), 1 - 

-0.66 -0.50 
-0.26 -0.95 0.20 0.50 

-0.74 -0.65 -0.20 
-0.48 -0.96 0.18 

-0.62 -0.42 
-0.52 -1.15 0.16 0.52 

-0.73 -0.65 -0.47 
-0.44 -1.1 0.18 0.50 

-1.10 -0.96 
-0.84 -1.18 -0.40 0.27 

-0.98 -0.89 
-0.66 -1.11 0.27 0.54 

-1.2 -1.0 
-1.13 -1.32 -0.45 0.76 

0.09 
-0.90 -1.0 0.33 

0.16 0.54 
-1.21 0.66 0.48 0.58 
-1.67 -1.37 0.64 

0.65 
- 1.86 -1.31 0.76 

0.62 
0.57 

-1.73 0.75 
0.44 
0.61 

-1.98 -0.1 1 

0.68 

0.58 
0.59 
0.72 
0.48 

0.52 

0.30 
-0.32 

a In volts vs. Ag/AgCl [0.1 M LiC1, acetone].  Solutions: 
M in acetone, 0 .1  i%f Et,NClO,, 298 K. Superscript 1 (as inEpr') 
refers to a first reduction process: superscript 2, t o  further proces- 
ses. Pt wire electrode, scan rate 200 mV s-* for trimeric deriva- 
tives: hanging Hg drop electrode, scan rate 1 V s-' for other 
derivatives. Epoxz refers t o  fragmentation peaks on reverse and 
subsequent scans (switching potential - 1.4 V). Reduction proces- 
ses for the monomeric derivatives were not  reversible under any 
conditions studied. 
gree of reversibility. e L = PPh,; L' = P(OMe),; L" = P(OPh),. 

At higher temperatures, the electrochemistry is complicated 
by the concomitant decomposition of the radical anion and 
the first irreversible reduction step is 

Fe,(CO),,-,L, + e- - [Fe,(CO),,- ,L,]~~-+ products 

The oxidation processes showed some de- 

293 K fast 

0 . 0  - 0 . 2  -0.4 -0.6 - 0 . 8  -1.0 - 1 . 2  0 . 2  

Figure 6. Dc cyclic voltammogram at  platinum of Fe3(CO)II[P-  
(OPh),] in acetone a t  195 K: scan rate 200 mV s-'. 

The - E 3 / J  values and other data indicate that the 
products are electroactive to give an ECE type mechanism. 
The electrochemistry of the phosphine derivatives in di- 
chloromethane is similar to that in acetone apart from slight 
kinetic differences in the decomposition steps. Saturation of 
the solvent with CO did not serve to stabilize either of the 
reduced species although some alteration of the relative heights 
of waves due to decomposition products was detected under 
these conditions. 

Substitution of a phosphine ligand for carbon monoxide at 
Fe3(C0)12 has a number of significant effects on the elec- 
trochemistry of the system. The most striking is the clear trend 
to more negative values for the first reduction waves with 
increasing phosphine substitution, Le., with increasing charge 
on the iron atoms. The first reduction potential is remarkably 
insensitive to the a-donor/?r-acceptor capabilities of the ligand 
for the Fe3(CO)11L series but this is not true for the more 
highly substituted derivatives. In these cases the P(OMe)3 
derivatives have significantly more negative potentials than 
the comparable P(OPh)3 compounds (Tables I and 11) al- 
though, as will be discussed later, this difference probably 
arises from steric effects. Another consequence of increased 
phosphine substitution is to increase the rate of decomposition 
of both the radical anion and the dianion species. Decom- 
position is faster in acetone than in dichloromethane and this 
may be due to a solvent-assisted disproportionation of the 
reduction products. Attempts to characterize the decom- 
position products from both reduction steps are under way. 

The [Fe3(CO) IIH]- Anion. The [Fe3(CO)11H]- anion un- 
dergoes an irreversible one-electron reduction in acetone at 
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a Pt electrode. However, this reduction is reversible at low 
temperatures at mercury electrodes and occurs at a more 
negative potential (E l l z  = -1.13 V vs Ag/AgCl) than those 
for Fe3(CO) 1L derivatives. A second irreversible reduction 
step occurred at -1.9 V vs. Ag/AgCl close to the solvent limit. 
Dessy et al.9 also reported two reduction waves although it 
seems that they do not correspond to those we observed. The 
potential for the first reduction step is close to that for 
Fe,(CO),[P(OMe),] and, like this derivative, the anion 
undergoes a one-electron oxidation at both platinum and 
mercury electrodes. Presumably the hydride ion is retained 
in the oxidized product and it may be possible to isolate a 
neutral paramagnetic Fe3(COh1H species. 

Oxidation of the Fe3(CO) 12-nLn Derivatives. Atte'mpts to 
electrochemically oxidize the phosphine-substituted triiron 
dodecacarbonyl derivatives at both mercury and platinum 
electrodes proved fruitless, within the range of solvent stability, 
with one exception. Polarograms and voltammograms for 
Fe3(CO)9[P(OMe),] 3, in acetone, revealed a reversible wave 
corresponding to a one-electron oxidation at approximately 
+0.7 V (vs. Ag/AgCl). The electrode process is therefore 

Fe,(CO),[P(OMe),] + Fe,(CO),[P(OMe),]~ t e' 

A decrease in oxidation potential with increasing substitution 
of ligands which are good B donors has been noted previously 
by a number of ~ o r k e r s . ~ ~ , ~ ~ , ~ ~  Presumably in this case, the 
replacement of three carbonyl by three P(OMe)3 groups results 
in an increase in electron density on the iron atoms sufficient 
to raise the energy of the highest occupied level to a point 
where oxidation can occur within the potential range of the 
solvent. 

R U ~ ( C O ) ~ ~  and O S ~ ( C O ) , ~  The electrochemistry of both 
carbonyls is characterized by a well-defined reduction step that 
was both chemically and electrochemically irreversible at 
temperatures as low as 195 K. A second, ill-defined wave 
appeared in the polarograms of both species at very negative 
potentials (Table I). The electrode process corresponding to 
this second wave cannot be designated with certainty (in fact, 
it probably is an electrode process involving a fragmentation 
product of the clusters) but, by analogy with the iron system, 
the initial reduction can be written as 
M,(CO)12 + e- -+ M,(CO),;. -+products 

(M = Ru, Os) 

The values, -0.82 V for R U , ( C O ) ~ ~  and -1.16 V for 
Os3(CO) 12 (vs. Ag/AgCl), show their reduction to be con- 
siderably more difficult than that of Fe3(C0)1z. 

Fe(C0)5-,L, [L = PPh3, P(OMe)3, P(OP~I)~;  n = 0, 1, 31. 
Iron pentacarbonyl and its phosphine-substituted derivatives 
give well-defined reduction waves in acetone at mercury 
electrodes. These occur at very negative potentials (Tables 
I and 11) and, for the disubstituted species, the waves merge 
with the solvent limit (--2.25 V vs. Ag/AgCl). Figure 7 
shows the result of cyclic voltammetry at a mercury drop for 
Fe(C0)5 from which it can be seen that the reduction step is 
not reversible. Lowering the temperature of the solution had 
little effect on the nature of the waves produced. No well- 
defined waves were found for the mononuclear iron derivatives 
at platinum electrodes in acetone. 

The Fe(CO)5-nL, derivatives also undergo a reversible 
one-electron oxidation at mercury electrodes, the reversibility 
being demonstrated by cyclic voltammetry 
Fe(CO),,,L, * Fe(CO),-,L,+ + e- 

Figure 8 shows a polarogram for Fe(CO)5 over an extended 
potential range from which it can be seen that the height of 
the oxidation wave is approximately half that of the reduction 
step. A prewave is associated with the oxidation step. A 
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-1.2 -1.3 -1.4 - 1 . 5  -1.6 -1.7 - 1 . 8  

volt v i  Rq/hgCl 

Figure 7. Dc cyclic voltammogram of Fe(CO)5 in acetone a t  293 K 
using a hanging H g  drop electrode; scan rate 1 V sd. 

similar oxidation process has been reported previously for 
Fe(C0) in a~etonitrile'~ and trifluoroacetic acidz6 and for 
Fe(C0)3Lz in dichl~romethane.~~ 

Our data do not support the suggestion of Dessy et al.9 that 
the reduction wave for Fe(CO)5 a t  mercury in dimethoxy- 
ethane is due to the formation of the unstable radical anion 
species Fe(C0)5-.. In acetone at a mercury electrode the 
current per unit concentration for the reduction of Fe(CO)5 
was found to be almost exactly twice that for the known 
one-electron reductions of C ~ C C O ~ ( C O ) ~ ~ ,  Fe3(C0)12, and 
Fe3(CO)11P(OPh)3. This, together with the relative heights 
of the oxidation and reduction waves for Fe(CO)> mentioned 
previously, leads us to attribute the reduction at mercury to 
a two-electron step 

Fe(CO), i- 2e- -t Fe(CO),'- + CO 

The ultimate product under conditions of controlled-potential 
electrolysis could well be Fez(C0)82- or other polynuclear 
carbonyl anions as the electrochemical behavior of Fe(C0)42- 
is as yet unknown. In our hands, no electrochemical evidence 
could be found for a one-electron reduction step at a mercury 
electrode or for the formation of Fe(CO)5-. in the temperature 
range 233-298 K. It is surprising that reduction did not occur 
at platinum electrodes and this raises the question as to 
whether mercury derivatives of iron carbonyl anions are in- 
volved in the electrode processes.''" Hopefully our IR and ESR 
studies4 will answer this question but it is pertinent to note 
that Picket and Pletcher described' a one-electron reduction 
at platinum in THF. They concluded that Fe2(CO)82- is the 
product and clearly the solvent and electrode material play 
an important role in the electrochemistry of Fe(C0)5. The 
anion HFe(C0)4- undergoes an irreversible oxidation at 
mercury electrodes and it is certainly not a product in elec- 
trochemical reactions of Fe(CO)5 or [HFe3(CO)11]-. 

Discussion 
In acetone or dichloromethane solution the trinuclear iron 

clusters Fe3(C0)12-,L, ( n  = 0-3)  undergo a one-electron 
reduction to the radical anions [ Fe3(CO) 12-nLn]-*, Substitution 
of a carbonyl group by a basic ligand progressively decreases 
the lifetime of the reduced product, concomitant with a 
cathodic shift in E 1 p  Examination of ac cyclic voltammo- 
grams and ac polarograms over a range of dc scan rates 
(voltammetry) and drop times (polarography) and frequencies 
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0 . 5  0.6 0.7 0.8 0.85 -1.0 -1.2 - 1 . 4  -1.6 -1.8 -2.0 - 2 . 2  

"'It Vs Ag/AgCl 

Figure 8. Dc polarogram of Fe(CO)5 over an extended potential range a t  293 K; scan rate 20 mV sd. 

demonstrated that Eliz  values were only slightly perturbed 
from Er112 by the follow-up chemical reaction and for dis- 
cussion purposes Ellz  values can be equated with the ther- 
modynamic E" values. Provided that the free energy of 
solvation during the reduction is constant for this series of 
compounds (a restriction which is probably met as the 
compounds have basically the same ligand conformation about 
the metal atoms) and that no gross structural change takes 
place on reduction, then one would expect a correlation be- 
tween the electrode potentials and the difference in energy 
between the highest occupied molecular orbitals (HOMO) and 
lowest unoccupied molecular orbitals (LUMO). Theoretical 
 calculation^^^-^^ and arguments based on chemical and 
structural data27,28,31 suggest that both the HOMO and 
LUMO (which is possibly an antibonding level) in metal 
carbonyl clusters are predominantly metal in character. 
Therefore, an increase in charge on the iron atoms brought 
about by substituting a basic ligand will increase the energy 
of the HOMO and reduction will become more difficult. This 
trend culminates at Fe3(C0)9[P(OMe)3]3 and in an anionic 
derivative [Fe3(CO)I ,HI- where the HOMO levels have been 
raised in energy to the extent that a one-electron oxidation 
is also observed. Within the limited Fe3(CO)11L series [L = 

PPh3, P(OMe)3, P(OPh),] examined in this work there is no 
significant dependence of E1i2 on the u-donor /a-acceptor 
ability of the ligand. This is in direct contrast to the large 
variations in E1/2 with ligand basicity f o ~ n d ' ~ , ~ ~ * ~ ~  for the 
oxidation potentials of a number of mononuclear carbonyl 
complexes. In this context, the nature of the redox orbitals 
is undoubtedly important. For mononuclear derivatives the 
redox orbitals appear to have contributions from both the 
carbonyl and phosphine  ligand^,'^^'^ whereas for the clusters, 
these are largely metal in character and small variations in 
charge on the metal atoms are buffered through delocalization 
over the cluster unit. However, on this premise it is difficult 
to understand the marked difference in Ellz values for Fe3- 
(CO)1O[P(OR)3Iz (R = Me, Ph). Infrared and 13C NMR 
studies3* show that, in solution, the bis-substituted derivatives 
have a CO-bridged configuration at the temperatures used in 
our investigation and for this configuration space-filling models 
show that there are serious CO-CO and CO-ligand steric 
interactions (assuming an axial-equatorial ligand orientation). 
Because of an accentuated steric effect when the ligand is 
P(OPh)3 there will be a barrier to metal-ligand interaction 
and the energy of the highest occupied level will be depressed 
relative to that in the P(QMe)3 compound leading to a more 
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positive E" 1/2.  The same argument holds for the Fe3(CO)9L3 
compounds and it is significant that only the P(OMe)3 de- 
rivative gave a well-defined reversible oxidation wave. 

The potentials for the second reduction step, corresponding 
to the reduction of the radical anion species, mirror the trend 
discussed for the first reduction step. The instability of the 
two-electron reduction product of YCCo3(CO)9 clusters could 
be readily explained3a in terms of the Wade32 theory of bonding 
in electron-deficient cluster systems. A similar treatment of 
Fe3(CO) 12-nLn derivatives is not so successful as this theory 
would designate the neutral derivatives, with six available 
skeletal bonding pairs, to an arachno structure based on a 
trigand bipyramid with two unoccupied vertices. There is no 
provision in this theory for the addition of two further electrons 
to give the (n + 4) skeletal electron pairs of the dianion species. 
An alternative treatment of the Fe(C0)12-,L, derivatives is 
to regard them as electron-precise polyhedra, having just the 
correct number of skeletal electron pairs to form two-center, 
two-electron bonds along the three edges of the metal tri- 
angle.12 Provision for electron-precise and electron-rich 
polyhedra in skeletal electron accountancy has been made by 
M i n g ~ x , ~ ~  who proposed that each electron pair over and above 
those required for an electron-precise system will result in the 
breaking of one edge bond in the polyhedron. On this ap- 
proach, two-electron reduction of Fe3(CO) 12 or its derivatives 
would give an electron-rich species. The concomitant loss of 
one edge bond would result in a V-shaped molecule and the 
stability engendered by the metal cluster system would be lost. 
Such an approach accommodates the belief that the added 
electrons enter antibonding molecular levels with consequent 
destabilization of the polyhedral framework. 

Reduction of mononuclear iron carbonyl derivatives occurs 
at very negative potentials and this ill-defined two-electron 
process is irreversible. The electron density in the redox orbital 
of these compounds is clearly sufficient to raise the energy to 
the stage where one-electron oxidation is feasible and it is the 
paramagnetic oxidized species which should be most readily 
detected by ESR methods. The paramagnetic mononuclear 
iron compounds produced in the sodium reduction of the 
trinuclear derivatives' must arise from cleavage of the Fe3- 
(C0)12-,L, radical anions or dianions rather than reduction 
of mononuclear impurities. This would explain why there is 
no correlation between the electrochemical behavior of these 
fragmentation products and that of the Fe(C0)5-,L, deriv- 
atives. Preliminary ESR results indicate that the fragmen- 
tation products are solvated species of the type Fe(CO),_,J,,(S) 
(S = THF  et^.).^ In the case of the Fe(C0)5-,L, derivatives 
it is not possible to give a satisfactory description of the redox 
orbital except that it is unlikely to be largely metal in 
character. The ESR spectra of paramagnetic species generated 
from 13CO-substituted species show hyperfine coupling to the 
I3C n u ~ l e u s , ~  and this suggests that the redox orbital has 
significant carbonyl contribution. If this is correct, then it is 
not surprising that only a high-energy two-electron reduction 
is observed and that oxidation is thermodynamically more 
feasible. 

Reduction of the congeners of Fe3(C0)12 becomes pro- 
gressively more difficult as the atomic number of the metal 
increases. The instability of the anion radicals has the effect 
of making El l2  more positive than E' with the shift from E' 
being in the order Os > Ru > Fe. Consequently the de- 
composition of the anion radical causes the values to 
converge and differences in E e values are even greater than 
those for the tabulated values. Changes in the free energy 
of solvation or entropy during reduction should not account 
for the differences in E" for these isostr~ctural~~ clusters and 
they must arise from variations in the internal energy of the 
neutral/radical anion cluster system. In fact, the experimental 
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results indicate that the energy gap between the HOMO and 
LUMO increases from Fe3(C0)12 to Os3(CO)12. Little at- 
tention has been given to the excited-state chemistry of these 
clusters but, simply on the basis of their color, it is anticipated 
that low-energy metal-metal transitions would be ordered 
energetically as Os > Ru > Fe.38 This indeed is the case, and 
there is a good correlation with the E l l z  values. A theoretical 
rationale of this trend is not simple as the symmetry and 
relative energies of metal-centered orbitals for these clusters 
is unknown. Nevertheless, the more efficient orbital overlap, 
decreased valence-shell repulsions, and intramolecular ligand 
interactions down the group would all contribute to a decrease 
in the energy of the HOMO. It is interesting that there is a 
much greater difference in ElI2  values between Fe3(CO)12 and 
R U ~ ( C O ) ~ ~  than between R u ~ ( C O ) ~ ~  and O S ~ ( C O ) ~ ~ .  Clearly, 
valence-shell repulsions and intramolecular carbonyl inter- 
actions are more important39 in Fe3(C0)12 and this, combined 
with a lower effective nuclear charge, will additionally raise 
the energy of the HOMO. One consequence of the lower free 
energy of neutral Fe3(CO) 12 is the increased lifetime of the 
reduced species relative to its congeners. In fact the lifetimes 
of R U ~ ( C O ) ~ ~ - *  and Os3(CO)12-* are so short on the elec- 
trochemical time scale, even at low temperatures, as to 
preclude the observation of a second reduction step to the 
dianion. The reduction wave observed at potentials more 
negative than -1.7 V (vs. Ag/AgCl) must result from an 
electrode process involving a fragmentation product. Certainly, 
the differences in potential between the first and second waves 
for the ruthenium and osmium compounds are significantly 
greater than those of any triiron derivative. 

The electrochemical work on R U ~ ( C O ) ~ ~  and O S ~ ( C O ) ~ ~  
gives a lead to the systems which will be most profitable to 
investigate spectroscopically. With more extensive devel- 
opment of delocalized cluster bonding, as in hexanuclear 
clusters like Os6(CO)18, it should be possible to reach an 
energetic situation where one- or two-electron-reduced species 
can be generated electrochemically or chemically, with life- 
times suitable for spectroscopic investigation. On the other 
hand, phosphine-substituted ruthenium and osmium clusters 
should undergo facile one-electron oxidations. A comparison 
with the YCCO~(CO)~  clusters2 shows that, although one- 
electron reduction is just as readily achieved for Fe3(C0)12 
and its monosubstituted phosphine derivatives, the lifetime of 
the resulting radical anions is an order of magnitude shorter 
than that of YCCo3(CO)9-* at ambient temperatures. Sodium 
reduction, which was a convenient means of generating the 
tricobalt carbon radical anions? is therefore unlikely to give 
a clean reaction for the iron compounds. The assignments of 
ESR signals produced by sodium reduction7 must be viewed 
with caution until comparable species have been generated by 
controlled electrochemical reduction, although there is no 
doubt that paramagnetic trinuclear iron compounds were 
detected. It is interesting to note that similar trinuclear and 
mononuclear radical anions can be formed by electron at- 
tachment to Fe3(CO) 12-nLn or Fe(C0)5-,L, utilizing the 
electrons obtained from the photodissociation of N,N,N',- 
N'-tetramethyl-p-phenylenediamine in organic glasses.30 
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Spectrochemical and electrochemical studies have been carried out on a series of macrocyclic complexes of cobalt, which 
vary in the nature and degree of ligand unsaturation. The complexes are of the type [ C O ( M A C ) ( C H ~ C N ) ~ ] "  where MAC 
represents a series of 14-membered macrocycles varying in their degree and position of ligand unsaturation and substitution. 
Spectral analysis of the cobalt(II1) complexes provides an evaluation of the variation of the ligand field strength as a function 
of position and degree of ligand unsaturation for macrocycles of the same ring size and donor atoms. The half-wave potentials 
for the Co"/Co' couple vary in a predictable manner related to ligand unsaturation, while the Co"'/Co" couple is insensitive 
to these structural variations. 

Introduction 
Macrocyclic complexes of cobalt(II1) have been the subject 

of several studies concerning various aspects of stereochemistry, 
electrochemistry, and electronic structure.'-4 Stereochemical 
considerations have led to a better understanding of such 
factors as ring size effects, steric interactions, the inflexibility 
of unsaturated structures toward folding, and the energetics 
and consequences of possible chelate ring conformations. In 
the case of cobalt, electronic relationships have received scant 
attention, so that the effect of varying the position and extent 
of ligand unsaturation in the macrocyclic ring on such pa- 
rameters as ligand field strength and the oxidation state 
stability of the cobalt complexes i s  poorly documented. 
Electrochemical studies on macrocyclic complexes of nick- 
el(II)5-7 and iron(II)8 have shed considerable light on the 
chemistry of such systems, including the stabilization of 
unusual metal oxidation states, the ease o f  oxidation or re- 

and the reactivity of the ligand as a function of the site of 
electron donating or withdrawing substituents. 

The availability of a substantial series of complexes of 
cobalt(II1) with macrocyclic ligands (Figure 1) allows an 
extension of our studies to this metal system. The complexes 
present a unique opportunity to study and correlate the sig- 
nificant changes in spectroscopic and redox properties which 
occur as a result of changing ligand structural parameters. The 
complexes reported here all involve coordination of  14- 
membered tetradentate macrocyclic ligands in a square-planar 
fashion, with coordinating CM3CN groups present in the axial 
sites. The use of acetonitrile in the coordination sphere, and 
as solvent in our investigations, overcomes the problems as- 
sociated with solvolysis reactions when other coordinated 
species, such as C1- or Br-, are used. 

Results and Discussion 
duction of the central metal ion with respect to macrocyclic 
ring size and the degree and position of ligand unsaturation, 

Synthesis of the New Complexes. The series of 14-mem- 
bered macrocyclic cobalt(II1) complexes containing coordi- 




