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weighing. The 22 hydrogen atoms were included in the f d  cycles 
of refinement and held at idealized geometry. Final cycles in- 
cluded 1 /ZZ weighting scheme and converged at R1 = 0.053 and 
R, = 0.068 for the 1481 reflections, with an estimated standard 
deviation of an observation of unit weight of 1.970. In the final 
cycle of least-squares refmement, no shift/error was greater than 
0.07 averaging less than 0.01. 
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The redox chemistry of (p-butatriene)hexacarbonyldiiron compounds, Fe2(CO)6(RR’C=C=C=CRR’), 
has been investigated by electrochemical and spectroscopic methods and Fenske-Hall quantum-chemical 
calculations. The sequence of the electrode processes has been postulated on the basis of the response 
of different electrochemical techniques, electron spin resonance (ESR) spectroscopy, and chemical tests. 
The butatriene chain, interacting with the bimetallic Fe2(CO)6 framework in a multicentered u / r  fashion, 
is able to stabilize the electrogenerated anions. 

Introduction 
A number of stable (cumulene)hexacarbonyldiiron com- 

pounds have been reported.’ These complexes show that 
the Fe2(CO)6 frame is able to stabilize through extensive 
U / T  coordination even the unsubstituted butatriene H,- 
C=C=C=CH2, which is not isolable under usual condi- 
t i om2  

The butatriene complexes can be synthesized by starting 
from iron carbonyls ti.e. Fe(COI6, Fe2(C0)9, and Fe3(C0)12) 
according to the following methods: (a) reaction with 
stable cumulene? (b) zinc-assisted dehalogenation of alk- 
ynyl dihalides,2 and (c) dehydroxylation of alkyne diol^.^ 
Since these compounds are diamagnetic, the EAN for- 
malism requires the interaction of all six a-electrons of the 

(1) Nakamura, A. Bull. Chem. Sac. Jpn. 1966,38,1868. Nakamura, 
A.; Kim, P.-J.; Hagihara, N. J .  Organornet. Chem. 1966, 6, 420. Joshi, 
K. K. J. Chem. SOC. A 1966,594. Joshi, K. K. Zbid. 1966,598. King, R. 
B. J .  Am. Chem. SOC. 1966,88,2075. 

(2) Nakamura, A.; Kim, P.-J.; Hagihara, N. J. Organornet. Chem. 1965, 
3, 7. 

(3) Victor, R. J. Organornet. Chem. 1977, 127, C25. 
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butatriene chain and the presence of an iron-iron bond. 
Two X-ray structural determinations have been reported 

for Fez(C0)6[p-bis(biphenylylene)butatriene]4 and Fez- 
(CO)5(PPh3)(p-butatriene)5 molecules. The butatriene 
chain assumes a nonlinear configuration twisted end by 
end by about 90°. This modification of the originally linear 
butatriene is dictated by the optimum overlap of the cu- 
mulene a MO’s with the iron AO’s. These structural de- 
scriptions have been corroborated by a ‘H NMR study in 
a nematic phase6 and by a ‘3c NMR investigation of a large 
number of such derivatives? Finally, quantum-mechanical 
calculations within the CNDO scheme on some butatriene 
complexes8 coupled with an UV-PES study have been 
performed. 

(4) Bright, D.; Mills, 0. S. J .  Chem. SOC., Dalton Trans. 1972, 2465. 
(5) Gerlach, J. N.; Wing, R. M.; Ellgen, P. C. Inorg. Chem. 1976, 15, 

3454 --””. 
(6) Arumngam, S.; Kunwar, A. C.; Khetrapalm, C. C. J .  Organornet. 

( 7 )  Victor, R.; Riugel, I. Org. Magn. Reson. 1978, 11, 31. 
(8) Granozzi, G.; Casarin, M.; Aime, S.; Osella, D. Znorg. Chem. 1982, 

Chem. 1984, 265, 73. 
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Figure 1. Sketch of the structure of the p-butatriene complexes 
under study along with the atom-numbering scheme employed 
in the Fenske-Hall calculations: R = R’ = R” = R”’ = H, 1; R 
= R”’ = Me, R’ = R” = H, 2a; R’ = R’” = Me, R I R” = H, 2b; 
R’ = R” = Me, R = R”’ = H, 2c; R = R’ = R” = R”’ = Me, 3; 

Ph, 4. R = R! = Rt! I Rttt = 

In some of these investigations, it  has been suggested 
that the description of such molecules requires two va- 
lence-bond formulas. In the former the organic chain is 
viewed as a trans-butadiene a-bonded via the central 
carbon atoms and a-bonded via the terminal double bonds 
(Figure 1); in the latter the chain is regarded as a bis- 
(q3-allyl) system. These features prompted us to undertake 
an electrochemical investigation of a number of such 
compounds coupled with theoretical calculations within 
the Fenske-Hall scheme. In particular, we are interested 
in understanding whether the butatriene chain is able to 
stabilize the electrogenerated anions by clasping the 
Fez(C0)6 moiety together. 

Results and Discussion 
Electrochemical Investigation. The butatriene com- 

plexes 1-4 have been synthesized by reacting Fe3(C0)12 
with the appropriate alkynediol in a ~ e t o n e . ~  Their purity 
has been checked by IR and ‘H and 13C NMR spectros- 
COPY. 

According to a previous r e p ~ r t , ~  complex 2, namely 
Fe2(CO),(MeHC=C=C=CHMe), has been obtained as 
an isomeric mixture, where isomer 2a (having the two 
methyl groups trans to carbon atoms) is by far the most 
abundant one (Figure 1). 

The CV response of 2 is similar to those of isomeric pure 
1,3, and 4 complexes and shows no spurious peaks. The 
different isomers probably exhibit very close reduction 
waves, which completely overlap in the cyclic voltammo- 
gram. As shown in Figure 2, complex 1 undergoes a sin- 
gle-step reduction process, whereas the other butatriene 
complexes 2-4 undergo two distinct reduction steps a t  a 
mercury electrode in acetonitrile solution. 

In each case, controlled-potential coulometry at  poten- 
tials 100 mV beyond the wave in 1, or the more cathodic 
wave in 2-4, indicates that the overall reduction consumes 
2 faradays/mol. For the unsubstituted F€!~(CO)~(HZC= 
C=C==CH2) derivative (I), the reduction proceeds through 
an apparently single-step two-electron process, which is 
totally irreversible. In fact, even at a scan rate as high as 
10.0 V s-’, no directly associated reoxidation wave can be 
detected. 

A rotating-disk-electrode (RDE) test on an acetonitrile 
solution of 1 at  a mercury-plated gold electrode (f’ = 800 
rpm, scan rate 5 mV s-l) shows a linear plot of E vs log [(il 
- i ) / i ]  with a 33-mV slope consistent with a two-electron 
quasi-reversible (diffusion-controlled) process. Thus, the 
overall irreversibility is associated with a fast chemical 
decomposition of the electrogenerated dianion l”, as 
confirmed by the presence of several small reoxidation 
waves in the CV reverse scan, rather than with an intrin- 

Figure 2. Cyclic voltammograms recorded at a mercury electrode 
on acetonitrile solutions containing [NEt,] [C104] (0.1 mol dm-3) 
and (a) 1 (1.2 mmol dm-3), (b) 2 (1.1 mmol dm-9, (c) 3 (1.7 mmol 
dm-3), or (d) 4 (1.0 mmol dm-3). Scan rate 0.2 V s-l. 

sically slow electron-transfer rate. 
In contrast, the substituted derivatives 2-4 exhibit two 

distinct one-electron reductions. However, marked dif- 
ferences are found in the separation of the formal electrode 
potentials of the two subsequent reductions as well as in 
the stabilities of the electrogenerated mono- and dianions. 

In the case of Fe2(CO)6(MeHC=C=C=CHMe) (2), 
analysisgJo of the first reduction response, O/ 1-, with scan 
rate shows that the current ratio between the cathodic 
wave and its directly associated anodic wave (ip”/ip”) is 
practically zero at 0.02 V s-l and gradually increases up 
to unity at 2.0 V s-l. This indicates that the 0/1- redox 
process is followed by chemical decomposition of the 
monoanion 2-. Assuming a first-order chemical reaction, 
we can calculate a half-life of about 2 s for the monoanion 
2-. A fairly shorter half-life can be associated with the 
dianion 22-. 

In contrast, the reduction processes for 3 and 4 afford 
stable mono- and dianions, at least on the CV time scale. 
Indeed, for the two complexes the ipa/i$ ratio is constantly 
equal to unity for 0/1- and 1-/2- redox processes. 

The difference between the peak potential of the forward 
and backward responses, ffi, = E,C - E;, gradually in- 
creases from 70 (at 0.02 V s-l) to 200 mV (at 5.0 V s-’) for 
0/1- and from 90 to 320 mV for 1-/2- processes in the 
same scan rate range. Under the same experimental 
conditions, the oxidation of ferrocene, which is assumed 
to be a “perfectly” reversible electron transfer, actually 
exhibits at a Pt electrode an increase of AE, from 65 to 
120 mV. Therefore, we can state that complexes 3 and 4 

(9) Brown, E. R.; Sandifer, J. R. In Physical Methods of Chemistry: 
Electrochemical Method.9; Rossiter, B. W., Hamilton, J. F., Eds.; Wiley: 
New York, 1986; Vol. 2. 
(10) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: 

New York, 1980. 
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Table I. Formal Electrode Potentials (in V vs SCE) of the 
Diiron Complexes 1-4 

Fez(CO)6(C4H4) (1) -1.08" -1.08" +1.39 -1.32O -1.32" 
Fe2(CO)&C4H2Me2) (2) -1.06 -1.29 +1.41 -1.19 -1.40 
Fe2(CO)&C4Me4) (3) -1.13 -1.42 +1.05 -1.22 -1.45 
Fe2(CO)&C4Ph4) (4) -0.83 -1.31 +1.08 -0.94 -1.36 

Single two-electron wave. 

undergo two subsequent quasi-reversible one-electron re- 
ductions uncomplicated by following chemical reactions. 
The AE, values for both complexes suggest that the het- 
erogeneous charge transfers are somewhat slower for the 
1-/2- with respect to the relative 0/1- processes: Cor- 
roboration for this hyphothesis comes from a RDE test on 
an acetonitrile solution of 3 at a mercury-plated electrode 
(f' = 800 rpm, scan rate 5 mV s-'). Two well-resolved 
waves are observed, characterized by almost equal limiting 
currents (il(O/l-) = 87 PA, i1(1-/2-) = 82 PA). 

The 0/1- wave exhibits a E3 - E1/4 value of 60 mV and 
a slope of the linear plot of d vs log [(il - $ / i ]  equal to 
62 mV. The 1-/2- wave shows a EY4 - E114 value of 85 
mV and a slope of the linear plot o E vs log [(il - i ) / i ]  
equal to 88 mV. 

According to the generally accepted electrochemical 
~riteria,~JO these features indicate a more pronounced 
kinetic sluggishness for the second electron transfer. Thus, 
one can speculate that the 1-/2- process is accompanied 
by a somewhat significant structural rearrangement of the 
complex" (vide infra). 

The same overall electrochemical features hold in the 
less coordinating dichloromethane solvent. Table I sum- 
marizes the redox potentials of the butatriene complexes. 
As one goes from a mercury to a platinum working elec- 
trode, the rate of the heterogeneous charge transfer slows 
down for all complexes; this, however, leaves substantially 
unaltered the formal electrode potentials, Eo' N - 
(E; + E,')/2. Such a behavior is not unusual in organo- 
metallic electrochemistry; Le., Hg is not an "innocent" 
electrode material but could stabilize the electrogenerated 
anions.12 

The use of a platinum electrode provides evidence that 
in acetonitrile solvent (where the anodic range is wider) 
a totally irreversible two-electron oxidation process also 
occurs for all the compounds under study (Table I). The 
depopulation of the HOMO, which represents the iron-iron 
interaction (vide infra), causes a quick and irreversible 
decomposition of the butatriene complexes. 

Interestingly, the difference between the formal elec- 
trode potentials of the two subsequent reductions, A E O '  
= EO'(O/l-) - E0'(1-/2-), increases as the number and the 
steric bulk of the substituents of the butatriene chain 
increases. In fact, A E O '  is C150 mV for 1 (Le. the two 
reduction processes are actually indistinguishable in the 
CV e~per iment ) '~  and 230, 290, and 480 mV for 2-4, re- 
spectively. Coulombic effects should make ED'( 1-/2-) 
more negative with respect to Eo'(O/l-). For instance, the 
two subsequent reductions of several aromatic hydro- 
carbons, where the two electrons add to the same nonde- 
generate LUMO, show a AE"' value of 700 mV.14 This 
represents, to a first approximation, the energy required 

- 

(11) Geiger, W. E. h o g .  Inorg. Chem. 1985, 33, 275. 
(12) Bond, A. M.; Peake, B. M.; Robinson, B. H.; Simpson, J.; Watson, 

D. J. Inorg. Chem. 1977,16,419. Brockway, D. J.; West, B. 0.; Bond, A. 
M. J .  Chem. SOC., Dalton Trans. 1979, 1891. 

(13) Heinze, J. Angew. Chem., Int. Ed. Engl. 1984,23, 831. 
(14) McKinney, T. H. ElectroanaL Chem. 1980,10, 97. 
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Figure 3. X-Band ESR spectra of 3- electrogenerated at a 
mercury pool (E = -1.30 V) from a CHzClz solution containing 
3 (6.7 mmol dm-y) and [NBu4][C104] (0.2 mol dm-9: (a) liquid- 
nitrogen-temperature; (b) ambient temperature. 

to overcome electronic repulsion within the same orbital. 
Several organometallic clusters exhibit similar features and, 
accordingly, the A E O '  values are almost independent of 
chain substituents and metal comp~sition.'~ In contrast, 
lower A E O '  values can be found when structural changes 
accompany the charge transfer, making more facile the 
second reduction step. This is the case for Cr(CO)&ar- 
ene)16 and Fe3(CO)&alkyne)" compounds. 

The Fenske-Hall calculations (vide infra) clearly indi- 
cate the presence of a nondegenerate LUMO having, 
moreover, negligible contributions from the butatriene 
MO's, which rules out any important conjugation effects 
through the organic chain. A possible explanation of these 
data is that the 1-/2- reduction of the butatriene com- 
plexes is likely to be accompanied by a structural rear- 
rangement of the organic chain. This structural change 
facilitates the second reduction step, thereby decreasing 
the value of A E O ' .  As the steric bulk of the chain sub- 
stituents increases, structural reorganization is hindered 
and the reduction to the dianion is less favorable. 
ESR Study of Electrogenerated Anions. As expected 

from its CV response, the monoanion 2- is very labile. An 
isotropic ESR signal can be detected immediately after the 
exhaustive one-electron reduction of 2 in acetonitrile so- 
lution at  a mercury pool (Table 11). This signal rapidly 
vanishes while new, small resonances from unidentified 
paramagnetic fragments begin to appear. In contrast, 
complexes 3 and 4 give stable monoanions. Figure 3 shows 
the liquid-nitrogen-temperature (a) and the room-tem- 
perature (b) X-band EPR spectra of 3-, electrogenerated 
in dichloromethane solution. The spectrum of the frozen 
solution is indicative of a rhombic structure (gl = 2.068; 
g, = 2.025; gh = 2.007). The room-temperature gi, value 
of 2.032 (AHk, = 5.4 G) agrees nicely with the calculated 
gi, value of 2.033. The line shape analysis of the spectra 

(15) Lindsay, P. M.; Peake, B. M.; Robinson, B. H.; Simpson, J.; 
Howrath, H.; Vahrenkamp, H.; Bond, A. M. OrgunometuZlics 1964,3,413. 

(16) Rieke, R. D.; Arney, J. S.; Rich, W. E.; Willeford, B. R.; Poliner, 
B. S. J. Am. Chem. SOC. 1979,97,5951. 

(17) Osella, D.; Gobetto, R.; Montangero, P.; h e l l o ,  P.; Cinquantini, 
A. Organometallics 1986, 5, 1247. 
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Table 11. X-Band EPR Parameters of the Monoanions 2'4- Electrogenerated in Different Solvents 
CHzClz MeCN 

monoanion g1 gm gh g, W d G  g gm gh gi, M i , I G  
2- ... ... ... ... ... 2.042 5.5 
3- 2.068 2.025 2.007 2.032 5.4 2.065 2.032 a 2.035 5.5 
4- 2.066 2.025 2.004 2.031 4.0 2.067 2.027 2.003 2.032 5.3 

The line broadening arising from acetonitrile solvent prevents an accurate evaluation of this parameter. 

2100 2000 1900 ern-' 

V 
Figure 4. IR spectra in the CO stretching region of a CHzClz 
solution of 3 (a) before and (b) after one-electron electrolysis at 
a mercury pool (E, = -1.30 V): 3, 2063 m, 2021 vs, 1987 s, br, 
1968 m, sh cm-'; 3-, ZOO0 m, 1950 vs, 1920 s, br, 1907 m, sh cm-'. 

of 3- in both dichloromethane and acetonitrile and in the 
temperature range from 100 to 300 K does not reveal any 
hyperfine splitting, thus suggesting the fact that the added 
electron does not reside on the organic chain, according 
to the metallic character of the LUMO (vide infra). 

The ESR rhombic pattern along with the near-reversi- 
bility of the 0/1- electron transfer suggests that anion 3- 
has a geometry similar to that of parent complex 3. In- 
deed, IR spectra, recorded before and after one-electron 
exhaustive electrolysis in acetonitrile, exhibit very similar 
patterns in the urn stretching region for 3 and 3-, the latter 
being shifted uniformly about 60 cm-' (Figure 4). This 
is in accord with a significant charge delocalization onto 
the Fe2(CO)s moiety.ls Analogous ESR and IR patterns 
are displayed by 4- (Table 11). Evidence of the stability 
of monoanions 3- and 4- is also given by CV tests per- 
formed on electrolyzed solutions of 3 and 4. As an exam- 
ple, in Figure 5 the CV response of 4 in dichloromethane 
solution (a) is compared with that recorded after its ex- 
haustive one-electron reduction at  -1.06 V (b). It is easy 
to see that the two responses are complementary, indi- 
cating the persistence of the monoanion 4-. 

Macroelectrolyses a t  potentials corresponding to the 
second reduction steps reveal that 22- is highly unstable. 
In addition 3* and 4*, which appeared to be stable on the 
shorter CV time scale, are in fact similarly unstable. As 
a common feature, the increasing consumption of charge 

(18) Connor, R. E.; Nicholas, K. M. J.  Organomet. Chem. 1977,123, 
c45. 

Figure 5. Cyclic voltammograms recorded at a platinum electrode 
on a dichloromethane solution containing 4 (2.3 mmol dmJ) and 
[NBu4][C104] (0.1 mol dm-9 (0 marks the initial scan): (a) 
starting solution; (b) solution after one-electron reduction at a 
mercury-pool electrode (E, = -1.06 V). Scan rate 20 mV s-l. 

H 

100 G - 
Figure 6. Ambient-temperature ESR s ectrum recorded on an 
acetonitrile solution of 4 (2.2 mmol dm- ) and [NEt4][C104] (0.1 
mol dm-3) after the consumption of 1.5 efmolecule at a mercu- 
ry-pool electrode (E, = -1.40 V). 

passing from 1 to 2 faradays/mol corresponds in the ESR 
spectrum to a decrease in intensity of the resonance of the 
monoanion and to the appearance of new, small signals 
that are assigned to paramagnetic fragments. In Figure 
6 the ESR spectrum of an acetonitrile solution of 4 after 
1.5 faradays/mol is reported. 

Chemical tests confirm the instability of electrogener- 
ated dianions. After exhaustive two-electron electrolyses 
of 3 and 4, electrochemical reoxidation at 0.00 V vs SCE 
or chemical reoxidation with an excess of AgPFs does not 

P 
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Figure 7. Correlation of the molecular orbitals of the Fe2(C0)6 
and H2C=C=C==CH2 fragments in 1. Fragment orbital energies 
are taken from the Fock matrix of complex 1. A dotted correlation 
line indicates that a metal fragment MO mixes into an MO of 
1 but does not overlap significantly with an MO of the butatriene 
fragment. 

afford any identifiable organometallic compounds. In 
contrast, the same procedure after one-electron electrolysis 
gives back the parent complexes in almost quantitative 
yields. 

MO Calculations. The bonding in 1 has been consid- 
ered in terms of the interaction of an Fe2(CO)6 fragment 
with butatriene, H2C=C=C=CH2, and the results com- 
pare favorably with those obtained by using the CNDO 
methods.8 The drawings at the top of Figure 8 illustrate 
the orientation of the butatriene molecule relative to the 
Fe2(C0)6 framework, and a correlation diagram for the 
interaction of the MO’s of the two fragments is given in 
Figure 7. The frontier orbitals of the Fe2(C0)6 fragment 
have been previously de~cribed,’~ and it is important to 
remember that the directionality of the orbitals is signif- 
icantly affected by the orientation of the carbonyl ligands.lg 
Thus, for example, although MO 37 (Figure 8a) possesses 
Fe-Fe bonding character, the electron density is concen- 
trated on the side of the metal-metal bond away from the 
butatriene ligand. This is a direct consequence of the 
disposition of the carbonyl ligands, and as a result, in- 
teraction of MO 37 with the butatriene orbitals is negli- 
gible; MO 37 becomes the HOMO of 1 (Figure 7), as was 
noted in the previous CNDO results.6 The primary in- 
terfragment interactions involve MO’s 38 and 39 of Fez- 
(CO), and MO’s 10 and 11 of H2C=C=C=CH2; the or- 
bital interactions (39-11) and (38-10) are schematically 
illustrated in Figure 8b,c. The twisted nature of the or- 
ganic chain (see insert in Figure 8) provides the carbon 
r-system with the versatility it requires to allow each of 
MOs 11 and 10 to simultaneously, and efficiently, overlap 
with the Fe2(C0)6 fragment MO’s 39 and 38, respectively. 

The results of the Fenske-Hall calculations support 
those drawn from earlier CNDO calculations* (see the 

~~ ~ ~~ 

(19) Thorn, D. L.; Hoffmann, R. Inorg. Chern. 1978, 17, 126. 

l a )  ( b l  C )  

Figure 8. Schematic representations of (a) MO 37 of the Fq(CO)6 
fragment, which becomes the HOMO of 1, (b) the interaction of 
Fe2(C0)6 MO 39 and H2C=C=C=CH2 MO 11, and (c) the in- 
teraction of Fe2(CO), MO 38 and H2C=C=C=CH2 MO 10. 

/- - _ -  -, 

(a)  ( b )  

Figure 9. The LUMO of 1: (a) schematic representation; (b) 
amplitude contour plot in the plane containing the Fe-Fe bond 
and bisecting the butadiene ligand through C(2)-C(3). 

Table 111. Interatomic Mulliken OverlaD PoDulations in 1“ 
Mulliken overlap 

population/e 
bond Fenske-Hallb CNDO‘ 

Fe(l)-C(2) = Fe(2)-C(3) 0.14 0.22 
Fe(l)-C(3) = Fe(2)-C(2) -0.05 0.00 
Fe(l)-C(4) = Fe(2)-C(1) 0.03 0.07 
C(l)-C(2) = C(3)-C(4) 0.61 1.07 
C(2)-C(3) 0.68 1.38 

Atom numbering is given in Figure 1. bThis work. Reference 
8. 

interatomic Mulliken overlap populations in Table 111). 
Both sets of results point out that the trans-butadiene 
valence-bond formula (Figure 1) is the most appropriate. 

Reduction of complex 1 should result in a lengthening 
of the Fe-Fe bond since the LUMO (well separated from 
the second lowest lying unoccupied MO) is metal-metal 
antibonding (Figure 9). In an attempt to understand the 
reasons for the different electrochemical behaviors of the 
complexes Fe2(CO),(RR’C=C=C=CRR’) as a function 
of the organic substituent, we have compared the electronic 
structures of Fe2(CO)6(MeHC=C=C=CHMe) (2) and 
Fe2(CO)6(Me2C=C=C=CMez) (3) with that of 1. The 
H2C=C=C=CH2, MeHC=C=C=CHMe, and Me2C= 
C=C=CMe2 ligands interact with the Fe2(CO), fragment 
in analogous manners, and the interfragment orbital 
analysis given above is equally appropriate for any of the 
three complexes. The Fenske-Hall HOMO-LUMO sep- 
arations are also very similar: 3.70 eV for 1, 3.60 eV for 
2, and 3.57 eV for 3.20 There is no apparent electronic 
effect to which we can attribute the changes in the elec- 
trochemical behavior. However, it seems reasonable that, 

(20) Note that it is the trend in these values that we find significant, 
not the absolute values themselves. 



(p-Butatriene)hexacarbonyldiiron Complexes 

as a result of Fe-Fe bond weakening, (and, presumably, 
lengthening) upon occupation of the LUMO, the organic 
ligand may be forced to alter its conformation in order to 
maintain effective metal-ligand orbital overlap. Figure 
8a,b illustrates that the interactions (39-11) and (38-10) 
wil l  be sensitive to changes in the metal-metal bond length. 
As the steric requirements of the butatriene substituents 
increase, the flexibility of the chain will tend to become 
less, thus mitigating against complex reduction. 

Concluding Remarks 
In this study we have shown that the presence of a large 

organic chain such as butatriene, interacting with the 
bimetallic Fe2(CO)6 moiety in a multicentered U / T  fashion, 
is able to stabilize the electrogenerated anionic species. 
The LUMO of each butatriene complex is iron-iron an- 
tibonding. Thus, on reduction, the metal-metal interaction 
is weakened. The organic chain serves as a bridge between 
the metallic centers, altering its conformation but, a t  the 
same time, holding the metal atom together. We suggest 
that, on reoxidation, direct bonding between the two iron 
atoms can be restored, along with the original conformation 
of the overall molecule. 

In contrast, most of the unbridged L,M-ML, complex- 
esZ1 (L = CO, CSH5), in which such a clasping effect is not 
present, exhibit a two-electron reduction followed by a 
complete separation of the metallic moieties: 

L,M-ML, -% 2L,M- 

Experimental Section 
The Fe&CO)6(butatriene) complexes were synthesized according 

to the literature procedures? as briefly described in the Results 
and Discussion. 

The IR and MS spectra were recorded on Perkin-Elmer 580B 
and AEI MS 12 instruments, respectively; the 'H and 13C NMR 
spectra were obtained on a JEOL GX-270 spectrometer. The ESR 
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spectra were obtained on a Bruker 200 D-SRC instrument, op- 
erating at 9.78 GHz (X-band). The electrochemical apparatus 
was a BAS 100 A (in Siena, Italy) or a PAR 273 instrument (in 
Torino, Italy). All potentials are referred to the saturated calomel 
electrode (SCE). Ferrocene was used as an internal standard. 
Under the actual experimental conditions the FeCptl+ couple 
is located at +0.38 V in MeCN and at +0.49 V in CHzC12,21 

The Fenske-HallZ2 quantum-mechanical technique was used 
to examine the bonding in compounds of formula Fez(C0)6- 
(RR'C=C=C=CRR') (R = R' = H, 1; R = Me, R' = H, 2; R = 
R' = Me, 3). Atomic coordinates were based on those determined 
crystallographically for F~(CO)6[p-bis(biphenylylene)butatriene],' 
but the geometry of each complex was idealized to Cz symmetry. 
The structure of the Fez(C0)6(C4) core of each complex was kept 
constant throughout the calculations, and only the substituents 
were altered. Pertinent distances are as follows (A): Fe-Fe = 
2.625, Fe-Cco = 1.74, C-0 = 1.15, C-CbukMe, = 1.365, C-H = 
1.08, C-CMe = 1.52. An atom-numbering scheme is included in 
Figure 1. 

The Fenske-Hall calculations employed single-r Slater func- 
tions for the 1s and 2s functions of B, C, N, and 0. The exponents 
were obtained by curve-fitting the doubler functions of Clementi2) 
while maintaining orthogonal functions; the double-r functions 
were used directly for the 2p orbitals. An exponent of 1.16 was 
used for H. The Fe 1s-3d functions,u chosen for the +1 oxidation 
state, were augmented by 4s and 4p functions with exponents of 
2.00. 
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