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structural feature of the site is the bridged binding of exogenous 
ligands between the type 2 and each of the type 3 coppers. It is 
now important to extend these studies in order to probe the in­
teractions of exogenous ligands with the trinuclear site in partially 
reduced, catalytically relevant oxidation states and to directly 
characterize the structures of the bound oxygen intermediates in 
both native and TlHg laccase. 
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Introduction 

The investigations of the electronic structure of mixed-valence 
bi-1 and polynuclear2 inorganic complexes have provided much 
insight regarding intramolecular electron and charge transfer or 
delocalization1-3 Organic ligands such as fulvalene in bi-
ferrocene4'5 also bring about analogous problems of localization 
vs delocalization of the mixed valence.5 The information gained 
from these studies is of potential use in applied areas such as solar 
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energy storage,6 where intramolecular electron transfer is a key 
step. Hendrickson has shown that the lattice, i.e., the counteranion, 
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Abstract: The reduction of [(FeCp)2(biphenyl)]2+ (2a2+) was found to be a chemically and electrochemically reversible two-electron 
process by cyclic voltammetry in DMF at -38 0C. With LiAlH4 this 2e reduction in THF at -80 0C gives an ESR-silent 
blue species 2, unstable above -50 0C, the structure of which was searched by using Cp* (Cp* = C5Me5). The 2e reduction 
of the new complex [(FeCp*)2(biphenyI)]2+(PF<f)2 (2b2+), using Na/Hg in THF at 20 0C gives the ESR-silent stable blue 
diamagnetic complex 2b, analogous to 2a, whereas the cyclic voltammogram of 2b2+ shows close reversible one-electron waves. 
The complex 2b was shown by 1H and 13C NMR and Mdssbauer spectroscopy to have a 36e Fe2"bicyclohexadienylidene structure. 
Comproportionation (A: = 172 at 20 0C) was achieved by mixing 2b2+(PF6")2 and 2b in THF at 20 0C, which gives an 80% 
yield of the green mixed-valence complex 2b+. The latter is a 37e complex with a weak distortion of the biphenyl ligand and 
showed 3g values in ESR characterizing a Fe1Fe" complex. Its Mdssbauer spectra at 0 field are essentially temperature independent 
and only contain one quadrupole doublet between 4 and 293 K with an isomer shift and a quadrupole splitting intermediate 
between those of Fe1 and Fe" monomeric units. This indicates an average valence structure with delocalization or fast electron 
hopping. Under a field of 6 T, an isotropic value of -3.3 T is obtained for the saturation hyperfine tensor [A]. For the latter, 
an expected orbital contribution of -0.4 T, mainly representing the contact term, corresponds to 25% of the total spin density 
on the biphenyl ligand of 2b+. SCF-MS-Xa calculations on 2a2+, 2a+, and 2a show that, when 2a2+ is reduced, the first electron 
transfer involves a metallic bu level, which has some ircc antibonding character between the two atoms linking the phenyl rings. 
The second electron transfer is accompanied by a significant increase of this 7rcc antibonding character. A decreasing of the 
7rcc bonding character of the highest occupied levels of ag symmetry is also noted. Additional calculations on Ia2+ [Fe2-
(^2,V2-fulvaIene)(biphenyl)]2+ (Ia2+) (isomer of 2a2+) indicate that, in contrast to the unoccupied bu biphenylic level of 2a2+, 
the corresponding fulvenic b„ level is too high in energy to be accessible. Consistently, the reduction of Ia2+ is essentially 
a metal reduction, whereas the reduction of 2a2+ can be considered as only involving the biphenyl ligand. Altogether, an accurate 
determination of the electronic and structural transformation (including their orbital description and thermodynamic estimation) 
that occurs upon each ET of a fast, reversible 2e-transfer process is reported for the first time, which allows for understanding 
and thus designing of fast 2e-transfer reagents. 

0002-7863/90/1512-9548S02.50/0 © 1990 American Chemical Society 



Binuclear Electron Reservoir Complexes J. Am. Chem. Soc, Vol. 112, No. 26, 1990 9549 

Scheme I: Comparison of the Fulvalene-Bridged Series I2+ with the 
Biphenyl-Linked Series 22+a 
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"No major structural changes along the reduction I2+ -» 1. Note 
the structural change in 2. In the fulvalene series 1, for which no 
structural change occurs upon at least two Ie reductions, the cyclic 
voltammogram (Hg, DMF) showed four waves separated by 0.3-0.5 

greatly influences the localization of the mixed valence in 35e 
biferrocene cation and its alkyl derivatives.5 It has been indicated 
that the molecular electronic structure and the lattice are strongly 
coupled in Fe1 sandwiches via the cooperative dynamic Jahn-Teller 
effect as monitored by Mossbauer spectroscopy.7"10 In addressing 
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the studies of binuclear radicals, we have varied the nature of the 
bridging organic ligand. Fulvalene vs biphenyl has been used to 
link both iron centers (Scheme I), allowing the modulation of the 
set of HOMOs and LUMOs. 

Since the LUMO of the fulvalene series has a much higher 
energy than that of the biphenyl series, the former does not lead 
to reduction of the ligand (intramolecular coupling) whereas the 
latter does. This rationalization stems from the theoretical cal­
culations and compares with the experimental data, which are 
detailed in this article. The fulvalene series is not subjected to 
significant structural reorganization upon two or three successive 
reversible monoelectronic transfers. On the other hand, the bi­
phenyl series gives rise to intramolecular coupling upon transfer 
of two electrons, characterized by a structural reorganization 
recorded by X-ray spectroscopy. The reduced biphenyl ligand 
is thus transformed into a bicyclohexadienylidene TJ5 bonded to 
each iron atom in a ferrocene-like 18e configuration. Some 
synthetic and structural results have been reported in their pre­
liminary form.IOab In this paper, we are reporting in detail the 
synthetic, electrochemical, electronic structure, and theoretical 
(Xa) data on the novel family of complexes [|Fe(C5Me5))2(bi-
phenyl)]"+, 2\f*, including the Cp*-stabilized three oxidation states 
n = 0-2. The new mixed-valence 37 electron complex 2b+ (« = 
1) is subjected to an accurate spectroscopic and theoretical sc­
rutiny. We start by disclosing the two-electron reversible reduction 
of the parent complex [(FeCp)2(biphenyl)]2+(PF6-)2 (2a2+). Then 
we use the accurate information on the permethylated series Ib^ 
and the comparison with the isomer [Fe2(fulvalene) (C6H6)J2+ 

(Ia2+). This understanding should show how and why a fast 
two-electron transfer occurs in 2a2+ and should find future use 
in the design of multielectronic redox catalysts required in energy 
conversion processes." 

Results 
Syntheses of the Precursor Dicationic Complexes [JFe-

(C5R5)}2(biphenyl)2+(PF6-)2 (R = H (2a2+); CH3 (Ib2+)). The 
parent precursor 36e complex [(FeCp)2(biphenyl)]2+ (2a2+) has 
been synthesized by Hendrickson et al.12a,b We have improved 
this synthesis by ligand exchange between ferrocene and biphenyl 
in the melt at 120 0 C. The yield reaches 53% (eq 1). 

We have already used FeCp*(CO)2Br/AlCl3 to complex the 
FeCp* moiety to mononuclear aromatics.7c'f Extension of this 
principle now allows us to synthesize binuclear complexes of 
polyaromatics. As for the complexation of FeCp, the reactions 
give the best yields when they are carried out in the melt (eq 2). 
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Recrystallization from acetonitrile gave a 32% yield of yellow 
crystals of 2b2+ as the PF6" salt. 
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The structure and purity of 2b2+ are shown by elemental 
analysis and 1H and 13C NMR. The multiplets of the biphenyl 
ligand appear between 6.1 and 6.2 ppm (1H) whereas the sub­
stituted (6 95.7 ppm), ortho (85.8 ppm), meta (91.5 ppm), and 
para (92.6 ppm) carbons are distinguished in the 13C spectra. 

Electrochemistry of [jFe(C5R5)|2(biphenyl)]2+(PF6-)2 (22+). (a) 
Cp Series: 2a2+. The outstanding feature disclosed in the volt-
ammogram of 2a2+ is the single reversible wave found at -38 0C 
(DMF, «-Bu4NBF4 (0.1 M), Hg cathode) at E0 = 1.12 V vs SCE 
using ferrocene as the internal standard. The comparison of the 
height of the peak of 2a2+ with those of ferrocene and biferrocene 
led to the finding that the wave of 2a2+ is a two-electron wave. 
After the diffusion control was checked, the measurement of the 
ratio /a//c = 1 showed chemical reversibility. The AEP value is 
28 mV, independent of scan rate, which indicated electrochemical 
reversibility and confirmed that this wave involves two electrons. 

We were intrigued by the pioneering report from Hendrickson 
et al.l2a on the polarography of 2a2+ at 20 0 C giving two waves 
at "£1 / 2" = -1.17 and -1.32 V vs SCE and attributed to two 
successive one-electron transfers 2a2+ —*• 2a+ —• 2a including the 
mixed-valence 2a+. Using cyclic voltammetry, we were able to 
confirm Hendrickson's experimental findings of two waves at 22 
0 C. However, the cyclic voltammogram (CV) shows that the 
chemical reversibility is nil for the first wave. The CVs at various 
temperatures between -38 and +22 0C were thus recorded and 
are compared in Figure 1. Since the first wave is not reversible 
in the room-temperature CV, we suspected the fast decomplexation 
of one iron-Cp moiety (EC process). We synthesized the mo­
nometallic complex [FeCp(biphenyl)]+PF6- (3a+),7bAI2c in order 
to compare its CV"M '12° with that of the second wave of 2a2+ 

at 22 0C. We indeed found that the second wave of 2a2+ at 22 
0C is due to the one-electron reduction of 3+ . This was shown 
by the independent recording of the CV of 3a+ as well as by the 
increase of the second wave without potential shift upon recording 
the CV of 2a2+ to which increasing amounts of 3a+ had been 
added. From these experiments, it is now possible to conclude 
that the two waves of the CV of 2a2+ at 22 0 C are due to an EC 
process of 2a (C = semidemetalation) followed by a reversible 
one-electron reduction of the monometallic complex [FeCp(W-

<ll>-^p> (PF,"), 

U <$> 

n* 
la 

. ^ 

Figure 1. Cyclic voltammogram of 2a2+ (DMF, M-Bu4NBF4 (0.1 M), 
Hg^ at various temperatures showing the progressive formation of 3a+, 
an EC process of 2a2+, C being the loss of one FeCp moiety from 2a2+. 
Note the increase of the wave of the monometal complex +3a+, formed 
by the EC process (semidemetalation of 2). 

- o :CH, 

VfSCE 

Figure 2. CV of [Fe2(M
2,')12-biphenyl)(C5Me5)2]

2+(PF6-)2 (2b2+) (DMF, 
M-Bu4NBF4 (0.1 M), Pt, -30 0C). 

phenyl)] +PF6~ (rather than to two successive one-electron re­
ductions of 2a2+ with a thermodynamically stable mixed-valence 
complex 2a+).12* 

We also synthesized [(FeCp)2(p^>-dimethylbiphenyl)]2+(PF6")2 

(2c2+) and recorded its CV at -38 0C, which showed a chemically 
reversible wave (ijic = 1). However, the half-height width is 
slightly larger than that of 2a2+. This can tentatively be attributed 
to the slight splitting of the two-electron wave into two very close 
one-electron waves (the second reduction would then be slightly 
more negative than the first one, contrary to the case of 2a2+). 
Consistently, we also noted a larger A£p (94 mV) than for 2a2+. 
Again, this is consistent with the slight splitting of the two waves 
rather than with a slow electron transfer (quasi-reversibility). 

(b) C5Me5 Series: 2b2+. This phenomenon of the splitting of 
the two-electron wave of 2a2+ into two close one-electron waves 
is clearly seen upon switching from the Cp to the C5Me5 series. 

The CVs of [Fe2(M
2,7?l2-biphenyl)(C5Me5)2]

2+(PF6-)2 (2b2+) 
present two reduction waves at E° = -1.27 and -1.4 V on the Pt 
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Table I. CVs Recorded at -35 0C on Hg Cathode (0.1 M A-Bu4NBF4, DMF)" 

first wave second wave 
compound £°, 

-1.15 
-1.12 
-1.27 
-1.20 
-1.30 

'a/'c 

1 
1 
1 
1 
1 

A£p, mV 

60 (Ie) 
28 (2e) 
50(Ie) 
94 (2e) 
70(Ie) 

'a/'c A£„, mV A£° 
[Fc2Fv(C6H6)J]2+ 

[Fe2(diphenyl)Cp2]
2+ 

[Fe2(diphenyl)Cp*2]2+ 

[Fe20',p-dimethyldiphenyl)Cp2]2+ 

[Fe2(p,/?'-dimethyldiphenyl)Cp*2]2+ 

-1.47 

.40 

-1.45 

70 

60 

80 

0.320 
0 
0.130 

0.150 

"E" values in volts vs SCE, independent of the sweep rate. Data for [Fe2Fv(C6H6)]
2+ are taken from ref 9a. 

Table H. Compared '3C Chemical Shifts for the Decoordinated 
Carbon of the Exocyclic Double Bond in Various Cyclohexadienyl 
and Cyclohexadienylidene Ligands 

Table HI. Mossbauer parameters at 0 field and 77 K for 
CpFe(cyclohexadienyl)-type Complexes 

compounds 13C for C = of the ring ref 

[FeCp|i,5-C6Me5(=CH2))] 
[Fe(HMB)W4-C6Me4(=CH2)2l] 
[Cr2(V°-biphenyl)(CO)6]

2-
[Fe2Cp*2(n,0-biphenyl)] 

140 
144.8 
102.17 
102.17 

7d 
8h 
17 
10a 

cathode, which are both chemically and electrochemically re­
versible (/a//c is a constant under diffusion control conditions; no 
variation of £p's with scan rate, AEp = 50 mV for the first wave 
and 60 mV for the second wave). No further reduction is observed 
to -3 V vs SCE. This trend is observed at 20 0C as well as at 
-35 0C and does not vary from the Pt to Hg cathode. With the 
height of the oxidation wave of ferrocene as a reference, both waves 
are found to involve one electron each. The CV data are sum­
marized in Table 1. 

The observation of the stabilization of the mixed-valence 
complex in the CVs and of that of the 2e-reduced neutral complex 
led to the idea that the mixed-valence complex might be isolable 
in this case. The comproportionation constant derives from the 
AE° values (differences between the two thermodynamic poten­
tials).23 

[Fe2(biphenyl)Cp*2]2+ + 
Fe2(biphenyl)Cp*2 ^ 2[Fe2(biphenyl)Cp*2]+ (3) 

where F is the Faraday constant (9.648 46 X 104 C/equiv), R is 
the molar gas constant (8.31441 J mol"1 K"1), and T is tem­
perature in kelvin (AE0 in volts). Then K = 172 (20 0C). 

The CV of the complex [(FeCp*)2(/>-CH3-biphenyl)2+(PF6-)2 

(2d2+) shows very similar trends. The two one-electron waves are 
now found at £° = -1.30 and -1.45 V vs SCE under the same 
conditions (Table I). The potential difference between these two 
waves is slightly larger than for the biphenyl complex. This 
indicates that the second reduction is comparably more difficult, 
giving some more credit to our observation that this might also 
be the case of the Cp series (vide infra). 

Two-Electron Reduction Using Redox Reagents: Bicyclo­
hexadienylidene Complexes. The LiAlH4 reduction of 2a2+ in THF 
at -80 0C immediately gives an intense blue complex. Attempts 
to record an ESR spectrum of this complex under various con­
ditions gave no ESR signal. This complex is very unstable and 
decomposes above -50 0C. We know that the low-temperature 
LiAlH4 reduction of complexes of the FeCp(arene)+ type gives 
electron transfer (ET) to generate the neutral Fe' complex.7' It 
is also well-known that room-temperature hydride reduction of 
FeCp(arene)"1" complexes gives ferrocene-like orange FeCp(i?5-
cyclohexadienyl) complexes.12' When the LiAlH4 reduction of 
the precursor FeCp(arene)+ cation is effected at low temperature 
(typically -80 0C) followed by warmup, the overall result is the 
same (hydride transfer), but it is decomposed in an ET at low 
temperature to form forest green Fe1 followed by H-atom transfer 
at higher temprature (-50 to 0 °C).7i Thus, we thought that the 
Fe1Fe" or Fe1Fe1 proposed by Hendrickson upon electrochemical 
reduction of 2a2+12a could be characterized at least by ESR 
subsequent to LiAlH4 reduction of 2a2+. Since this was not the 
case and since the blue color obtained detracted from the expected 
green color of Fe1 and Fe1Fe' complexes, we reasoned that 

77 K IS (vs Fe) QS 
[Fe(„5-C5H5)(>,5-C6Me6H)7i 

[Fe(17
5-C5H5)[n

5-C6Me5(=CH2)l]7li 

[Fe^'-CjMesMbicyclohexadienylidene)] (2b) 

0.43 1.88 
0.43 1.88 
0.564(1) 1.653(3) 

0IS, isomer shift (mm/s); QS, quadrupole splitting (mm/s). 

"abnormal" trends should be further sought by tentative repro­
duction of this chemistry using the stabilizing Cp* ligand. 

The Na/Hg reduction of 2b2+ in THF at 20 0 C is achieved 
in 3 h and gives a blue solution showing no sign of decomposition 
at 20 0C. Workup and recrystallization from toluene/pentane 
at -90 0C gave dark blue crystals of the neutral complex 2b in 
64% yield, which are air-sensitive but thermally stable (eq 4). 

Fe 

~T 

<i>-^s?> 

ZiT 

N a / H g / THF 

CH, 

N, -
J i (64 %) 

The 1H and 13C NMR spectra in C6D6 show that the neutral 
complex is diamagnetic and that the biphenyl ligand has been 
reduced to bicyclohexadienylidene: the para proton resonates at 
5 5.6 ppm whereas the meta protons are found at 8 4.1 ppm and 
the ortho protons at 8 2.6 ppm. Similarly, the 13C spectrum shows 
the bicyclohexadienylidene carbons at 8 77.7 ppm (para), 5 81.9 
ppm (meta), 8 53.1 ppm (ortho), and 8 102.7 ppm (C=C). These 
1H and 13C chemical shifts are characteristic of a cyclohexadienyl 
ligand. The 13C shift of the decoordinated carbon is analogous 
to the one found recently for [Cr(CO)3]2(bicyclo-
hexadienylidene)]2" (8 102.17 ppm) and is 40 ppm lower than for 
a cyclohexadienyl carbon bound to an exocyclic methylene (Table 
II). 

Thus, the electronic structure of 2b corresponds to a ferroc­
ene-like composition in which all the ligands are bound in a rf 
fashion to the Fe11 centers. The diamagnetism, the Fe" oxidation 
state, and the analogy with Fe"Cp(cyclohexadienyl)-type com­
plexes is confirmed by the Mossbauer spectra of 2b at zero field 
and by the data under a magnetic field of 6 T, which do now show 
a hyperfine field (Table III). Under 6 T, the low-asymmetry 
parameter (77 = 0.9 close to the maximum value 1) indicates a 
modified sandwich structure with low symmetry as expected in 
the case of cyclohexadienyl complexes. 

The X-ray crystal structure of 2b (Figure 3a), which has been 
reported in the preliminary communication,10* confirms the ex­
istence of a bicyclohexadienylidene ligand coordinated in a tj5 

fashion to both iron atoms. Its main features are an exocyclic 
full double bond (C11-C11. = 1.37 A) and a folding angle of 25° 
for the cyclohexadienyl ligands (angle between the mean C12-C16 

and the C11-C12-C16 planes). The value compares well with the 
folding angle of 32° reported for [FeCp)775-C6Me5(CH2))].

7h The 
distortion of the ligand also involves a departure from planarity 
of the double-bond substituents by 5.5°. 

Stabilization and Electronic Structure of the Mixed-Valence 
Complex [(FeCp*)2(biphenyl)]+(PF<f). In the course of the 
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5.5» 
1.49 » 

5.5« 

25* 
2b 2b+ 

Figure 3. X-ray molecular structure of 2b and 2b+.'°"'b The schemes (bottom) show the distortions of the biphenyl ligands. 

Table IV. Mossbauer Data for Organoiron Bisandwiches 
[(FeCp*)2(biphenyl)]"+ 

n complex 

2 2b2+ 

I 2b+ 

0 2b 

T, K 

300 
78 

300 
78 

300 
78 

IS,0 mm/s 

0.462 (3) 
0.568(1) 
0.498 (1) 
0.567(1) 
0.490 (2) 
0.564(1) 

QS,6 mm/s 

1.285 (4) 
1.321 (1) 
1.222 (3) 
1.249(2) 
1.653 (7) 
1.653(2) 

IY mm/s 

0.28 (1) 
0.272 (2) 
0.329 ( 5 ^ 
0.345 (3)* 
0.254 (6) 
0.278 (4) 

' IS are isomer shift values referred to metallic iron at 300 K. 6QS 
are quadrupole splittings. T are Lorenzian widths at half-height. 
''Average values over the two lines. 

Na/Hg reduction of 2b2+ to 2b, a transient green color was ob­
served. This encouraged us to attempt a rationale synthesis of 
the hoped-for mixed-valence complex 2b+ by comproportionation. 
Indeed, mixing equimolar amounts of 2b and 2b2+ in THF at 20 
0C gives the air-sensitive but thermally stable green complex 2b+ 

in 80% yield after recrystallization from acetone at -40 0C (eq 
5). 

^ 

£J2 + SLi4+(PF6-J2 

Fe 

Fe 

(5) 

2Jf 

The paramagnetism of 2b+ is shown by its ESR spectrum in 
frozen THF at 4 K consisting of three g values characteristic of 
the rhombic distortion of Fe1 and Fe1Fe" complexes (gx = 2.0394; 
gy* 1.9838;*,= 1.9378). 

The X-ray crystal structure of 2b+ has been reported in a 
preliminary communication.I0b The unit cell contains two inde­
pendent molecules with similar structures, close to the C2/, sym­
metry. One of these molecules is represented in Figure 3b. They 
are characterized by an exocyclic interatomic distance consistent 
with a conjugated single bond (respectively, 1.49 A for C2I-C27 

and 1.47 A for the other molecule). Their phenyl ligands are 
almost flat (folding angle 5.5°), with a coordination to the two 

Figure 4. Mossbauer spectra of [(FeCp)2(biphenyl)"+ (n = 0-2) at zero 
field and 78 K. 2b2+ (n = 2) behaves as two independent 18e cationic 
sandwich complexes: 2b+ (n = 1) is a delocalized 37e complex; 2b (n = 
0) also behaves as two independent 18e natural complexes. 

Figure 5. Mossbauer spectra of [(FeCp*)2(biphenyl)]+PF6~ (2b+) under 
a 6-T longtidinal magnetic field. Notice the thermal dependence due to 
the paramagnetic effect of the 37th electron. The diamagnetic and 
neutral complexes do not show thermal dependence in agreement with 
their diamagnetism. 

iron atoms, which can be viewed as being of distorted JJ6 mode 
with one long bond corresponding to the carbons linking the phenyl 
rings (average 2.25 A; range 2.23-2.27 A), and five shorter bonds 
(average 2.07 A; range 1.99-2.16 A). 

The Mossbauer spectrum of the powder at zero field is a doublet 
and the parameters are intermediate between those of the Fe1 and 
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Fe" sandwich complexes (Table IV and Figure 4). Interestingly, 
these parameters do not depend on temperature, in contrast to 
monomeric Jahn-Teller Fe' sandwiches. These trends clearly 
indicate that 2b+ is an average-valence complex on the Mossbauer 
time scale. More precisely, 2b+ is either a delocalized mixed-
valence complex or the hopping Fe1 j=s Fe" is faster than the 
Mossbauer time scale. Investigation of the near-infrared spectra 
usually allows a distinction between these two situations,3"5 but 
experiments have not been successful with the Fe1Fe" series. 

The Mossbauer spectra under magnetic field allow determi­
nation of the spin density on the metals by measuring the magnetic 
hyperfine interaction. Measurements under 6 T (Figure 3) show 
a paramagnetic effect; the hyperfine field created along the three 
principal axes of the magnetic system (supposed to match the 
[EFG] axes) can be measured. The data (Table IV) are inter­
preted in the simple model of a spin '/2 w>tn S ~ 2. 

Hh„ =-[A)(S)/S 

where [A] is a "saturation hyperfine field tensor" and (S) a 
thermal average given by the adequate Brilloin's function: 

(S) = SB]/2(2nBHat/kBT) 

It is worth noting that the [A) tensor determined this way 
(Table IV) has an isotropic value, -3.3 T, which mainly represents 
the contact term: indeed with giso = 1.987, the expected orbital 
contribution 

M J h . - (Si,o " 2)29 T13 = -0.4 T 

can be dropped, and on the other hand, the spin-dipolar term is 
canceled. So, such a low value of the contact term, compared 
with the expected value for a spin '/2 (~12-7 T13) shows that each 
iron atom experiences only 25% of the total unpaired spin density. 
This value contrasts somewhat with the 40% value found for Ib+.*1 

Theoretical Study 
In order to shed some light on the electrochemical and structural 

behavior of the studied complexes, we have carried out calculations 
on compounds Ia2+, 2a2+, 2a+, and 2a, using the SCF-MS-Xa 
method.14 Indeed, this method has been proven to be particularly 
useful for the rationalization of the bonding in closed- and 
open-shell sandwich complexes.15 In particular, we have recently 
analyzed by this method the electronic structures of several 18-
and 19-electron CpFe(arene) derivatives,"" which are of course 
related to the electronic structure of the la2+-2a dimers. The 
results obtained for CpFe(benzene)+ and CpFe(benzene)1011,16 lead 
to the following level ordering: 

ir(benzene) < 7r(Cp) < Fe(x2->>2, xy) < 
Fe(z2) « Fe(xz, yz) < ir*(benzene) < **(Cp) 

(the z axis being the pseudocylindrical axis). The pseudodegen-
erate xz, yz set is vacant in the case of the cation and singly 
occupied in the case of the 19-electron neutral molecule. Of 

(13) Mariot, J. P.; Michaud, M.; Lauer, S.; Astruc, D.; Trautwein, A. X.; 
Varret, F. Hyperfine Interact. 1983, 14, 333; / . Phys. 1983, 44, 1377. 

(14) (a) Slater, J. C. Adv. Quantum Chem. 1972, 6, 1. (b) Johnson, K. 
H. Adv. Quantum Chem. 1973, 7, 143. 

(15) (a) Weber, J.; Geoffroy, M.; Penigault, A. / . Am. Chem. Soc. 1978, 
100, 3395. (b) Weber, J.; Kundig, E. P.; Goursot, A.; Penigault, A. Can. J. 
Chem. 1985, 63, 1734. (c) Osborne, J.-H.; Trogler, W. C; Morand, P. C; 
Francis, C. G. Organometallics 1987, 6, 94. (d) R6sch, N.; Klemperer, W. 
G.; Johnson, K. H. Chem. Phys. Lett. 1973, 23,149. (e) Case, D. A.; Karplus, 
M. J. Am. Chem. Soc. 1977, 99,6132. (0 Goursot, A.; Penigault, A.; Weber, 
J. Nouv. J. CMm. 1979, 3, 675. (g) Case, D. A.; Huyng, B. H.; Karplus, 
M. J. Am. Chem. Soc. 1979, 101, 433. (h) Norman, J. G.; Renzoni, G. E.; 
Case, D. A. J. Am. Chem. Soc. 1979,101, 5256. (i) Anderson, J. G.; Fehlner, 
T. P.; Foti, A. E.; Slahub, D. R. / . Am. Chem. Soc. 1980, 102, 422. (j) Sunil, 
K. K.; Rogers, M. T. Inorg. Chem. 1981, 20, 3233. (k) Weber, J.; Goursot, 
A.; Penigault, A.; Ammeter, J. H.; Bachman, J. J. Am. Chem. Soc. 1982,104, 
1491. (1) Perfield, K. W.; Gervith, A. A.; Solomon, E. F. / . Am. Chem. Soc. 
1985, /07,4519. 

(16) (a) Le Beuze, A.; Lissilour, R.; Roch, M.; Weber, J., to be submitted 
for publication, (b) Le Beuze, A.; Lissilour, R.; Weber, J., to be submitted 
for publication. 

2Q2+ IQ2 + 

Figure 6. MO-level diagrams of Ia2+ and 2a2+. The two diagrams have 
been rescaled by placing their 3dj2 nonbonding levels at the same energy. 

Table V. Measured Values of the "Hyperfine field" Tensor [A] 
(Complex 2b+) 

T1K 

10 
6 

av 

(S)/S (calcd) 

0.199 
0.324 

Ax, T 

-10.6 
-9.5 

-10.0 

Ay, J 

+ 1.7 
+ 1.9 

+ 1.8 

A1, T 

-2.1 
-1.1 

-1.6 

""MSO' T 

-3.7 
-2.9 

-3.3 

peculiar importance for the following discussion is the level or­
dering of the ir and ir* ligand levels (only the two doubly de­
generate sets of the ligands ir systems are considered here). This 
level ordering is the same for the free ligands and takes its origin 
from their different topologies. 

We start our analysis with the two 36-electron isomers Ia2+ 

and 2a2+. Our results on Ia2+ are in qualitative agreement with 
previous calculations on this complex.*1 In this paper we focus 
the discussion on the similarities and differences between the two 
isomers. The two compounds can be considered as dimers made 
from two monomers having the same skeletal MOs as [CpFe-
(benzene)]+. Each of the monomeric levels generates in the dimers 
a pair of in-phase and out-of-phase combinations, which are easily 
identified in Figure 6, which show the energy level diagram 
calculated for Ia2+ and 2a2+. Table V indicates the charge dis­
tribution in some of these levels. Both dimers exhibit a block of 
six occupied low-lying levels derived from the monomeric "t2g" 
set (the x2-_v2 and xy levels being slightly below z2 orbitals) lying 
below a block of four vacant levels of dominant xz and yz ("e*") 
character. The energy splitting between two in-phase and out-
of-phase components is negligible in the t^ block, since these levels, 
essentially metallic in character, cannot significantly overlap. This 
splitting is moderate between the xz components (a, and bu), which 
have some minor character on the carbon atoms linking the two 
monomers. The difference between the two energy diagrams lies 
in the upper levels, which are of ligand-dominant character. As 
in CpFe(benzene)+ and, for the same reason, in both Ia2+ and 
2a2+ these levels are derived from the 7r*(benzene) orbitals. 
However, in the case of 2a2+, the ir* components of the two phenyl 
rings, which are symmetrical with respect to the symmetry plane 
of the molecule, overlap strongly because of their important 
localization on the carbon atoms linking the two monomers. 
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Scheme II: Qualitative jr MO Diagram of Biphenyl and Fulvalene, 
Constructed from the ir and jr* Orbitals of Benzene and of the 
Cyclopentadienyl Anion, Respectively" 

"The energy levels of the dimers are labeled with respect to the C2/, 
symmetry. 

Therefore, their 4bu bonding combination lies not far above the 
e* block. The situation is different in Ia2+: since the two arenic 
rings are not bonded, the four levels derived from the x*(benzene) 
levels afford no energy splitting and lie at an energy close to the 
one of the corresponding levels in CpFe(benzene)+. In compound 
Ia2+, the vacant monomeric MOs which overlap are, this time, 
the symmetrical components of the T* cyclopentadienylic rings. 
However, since the ?r*(Cp) levels lie at higher energy than their 
benzenic homologues, their bonding combination (5bu) remains 
high in energy, above the ir*(benzene) levels. Scheme II illustrates 
qualitatively the differences between the frontier orbitals of the 
biphenyl and the fulvalene ligands. As we shall see below, it is 
the accessibility of the 4bu level upon reduction in 2a2+ and its 
related compounds that makes the difference between the elec­
trochemical behaviors of the biphenylic- and the fulvenic-type 
dinuclear 36-electron complexes. 

The energy level diagrams of complexes 2a2+, 2a+, and 2a are 
shown together in Figure 5. In order to make the results com­
parable, the two MO diagrams have been adjusted by placing their 
essentially nonbonding 3dz

2 levels at the same energy. By using 
this rescaling procedure, one can avoid the energy shift between 
the levels of different complexes, which is an artifact of the "muffin 
tin" approximation. The larger difference observed is between 
2a+ and 2a. This is consistent with the geometries used in the 
calculations (idealized experimental structures): as said previously, 
the major structural change occurs during the second electron 
transfer. The 3bu LUMO of Ia2+ is the level that accepts one 
and then two electrons upon reduction. However, as one can see 
in Table VI, the localization of this level changes drastically when 
going from 2a2+ to 2a+ and to 2a. As said previously, this level 
in 2a2+ is of metallic dominant character with a weak localization 
on the biphenyl. In 2a the localization on the metals drops while 
the localization on the biphenyl ligand increases at the same time. 
In particular, the localization of the 3bu level on the pair of C 
atoms linking the two phenyl rings varies significantly: from 9% 
to 19% when going from 2a2+ to 2a. The opposite variation is 
observed for the 4b„ level. Clearly, when going from 2a2+ to 2a 
an avoided level crossing occurs between the 3bu and 4bu levels, 
i.e., the structural change accompanying the reduction stabilizes 
the bonding combination of the ir* phenylic orbitals so that it can 
be occupied by the incoming electrons, inducing a shortening of 
the C(phenyl)-C(phenyl) bond. The change in the nature of both 
3bu and 4bu is nicely illustrated by their plots in 2a2+, 2a+, and 
2a shown in Figure 7. 

The 3bu level in 2a still has a significant metallic localization, 
i.e., the mixing of the e* component of bu symmetry into the ligand 

4bu 

z8j 

3bu 

. 2a5 

Ia-

-

— 2a„ 

* 2 b u 

1a„ 

2a2* 

4bu 

_ 3 a , 
2au = 2bs 

-f-3b„ 

* 2 b u 

1°™1bu 

2a* 

— 4bu 

20u=3°S 
— 2bg 

-H-3bu 

2a,^2b , 

1b u * l b 9 

2a 

Figure 7. MO-level diagrams of 2a2+, 2a+, and 2a. The three diagrams 
have been rescaled by placing their 3d,! nonbonding levels at the same 
energy. 

jr* bu level is still large in 2a. Such a situation is, at first sight, 
surprising since, in 2a, the C(phenyl)-C(phenyl) bond distance, 
1.37 A, corresponds unambiguously to a full double bond. Clearly, 
other MO levels have to be considered. Indeed, the formation 
of a bond can be induced by both occupation of a bonding orbital 
and/or unoccupation of antibonding orbitals. Then the C(phe-
nyl)-C(phenyl) antibonding orbital that one has to check is the 
highest occupied level of biphenyl shown on Scheme II, of ag 

symmetry, which is an antibonding combination of the irs bonding 
phenylic levels. If one wants to identify this orbital in the cal­
culated MO diagram of 2a2+, one finds a level lying «0.5 eV below 
the t2g block, which has an overall 11% localization on the two 
C atoms linking the two phenyl rings. This localization drops to 
10% and then to 5% when going to 2a+ and 2a. In fact, because 
of their proximity in energy, all the highest occupied ag levels mix 
somewhat together and, consequently, get some localization on 
the above-mentioned C atoms. When going from 2a2+ to 2a the 
block of the highest occupied ag levels loses 0.3 electron on this 
pair of carbon atoms. This weakening of TTCC antibonding 
character of the occupied ag levels upon reduction arises from the 
shifting up in energy of the occupied ag MO of Scheme II when 
the C-C bond is shortened. This destabilization allows this level 
to mix with vacant ag levels in the complex, in a way that tends 
to balance the destabilization, i.e., in reducing its TCC antibonding 
character. Obviously, this loss of antibonding character by the 
occupied ag levels upon reduction brings a secondary but significant 
contribution to the building of the C(phenyl)-C(phenyl) double 
bond in 2a. 

Going back to the comparison of the accessibilities of the vacant 
MOs in compounds Ia2+ and 2a2+, it is now clear that, because 
of the high energy of its 4bu level, no structural reorganization 
of the fulvalene ligand upon reduction is expected for Ia2+ and 
related compounds. In fact, the only ligand levels of Ia2+ that 
appear accessible upon reduction are the ir* (benzene) orbitals (see 
Figure 5). Therefore the reduction of Ia2+ is expected to populate 
levels that are essentially metallic in character and/or T*(benzene) 
levels, the former being more accessible than the latter. Cyclic 
voltammetry experiments on [Fe2(arene)2(fulvalene)]2+ dimers 
are fully consistent with these MO arguments since it has been 
shown that the first three transferred electrons affect the iron 
oxidation states (successively Fe11Fe1, Fe1Fe1, Fe1Fe0), while the 
transfer of a fourth electron presumably induces a structural 
reorganization, which could be an ??6 to rf hapticity change of the 
metal atoms, associated with a formal 2-electron reduction of the 
arene rings.9d 
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2Q2+(^b1, 2a+(4b„ 

2a2+(3bu 2o*(3bu) 2Q(SbJ 

Figure 8. Contour plots in the symmetry plane of the molecule of the 3bu and 4bu MO in 2a2+, 2a+, and 2a. 

Discussion 
The two-electron transfer found in the reduction of the parent 

complex 2a2+ to 2a is decomposed in two one-electron reductions 
2b2+ -* 2b+ and 2b+ — 2b when the Cp ligand is permethylated 
(Cp*). The deep blue color, absence of ESR spectrum, and 
two-electron step indicate that the same structural rearrangement 
from a biphenyl complex 22+ to a bicyclohexadienylidene complex 
2 occurs in both the Cp and Cp* series upon bielectronic reduction. 
However, the Cp* series offers a unique opportunity to disclose 
the structural rearrangement concomitant with each electron 
transfer since the X-ray structures of both the one-electron re­
duction product 2b+ and the two-electron reduction product 2b 
are available. Two hypotheses could formally account for a 
structural rearrangement in a fast two-electron transfer. The first 
one implies that the structural rearrangement (SR) intervenes 
concomitant with the first electron transer (i), and the second one 
involves a structural rearrangement concomitant with the second 
electron transfer (ii). In the case of a 36-electron precursor, these 
two hypotheses can be summarized as follows in terms of valence 
electron count: 

36e • 35e — 36e 
SR 

36e -— 37e • 
SR 

36e 

(i) 

(ii) 

The X-ray crystal structure of 2b+ shows an almost completely 
planar biphenyl ring and the Mossbauer spectra indicate a de-
localized mixed valence (fast e hopping) or average-valence 
complex. Thus, 2b+ is a 37-electron complex with almost no 
structural change as compared to the precursor 36e complex. On 
the other hand, the X-ray crystal structure of 2b shows a con­
siderable structural change with a bicyclohexadienylidene ligand. 
This is corroborated by the NMR and Mossbauer data showing 
that 2b is diamagnetic, unlike lb, which is a biradical. The 
complex 2b can be assigned a 36e state, each half of the bi­
cyclohexadienylidene ligand being bound to an iron atom in a 
j;5-cyclohexadienyl-like mode. Thus, the structural rearrangement 
occurs essentially concomitant with the second electron transfer 
(fast electrochemical kinetics).108'b The difference in energy 
between the structure found for 2b and that of a 38e biradical, 

which would still contain an undistorted biphenyl ligand, corre­
sponds to a stabilization. This energy gain makes the second 
electron-transfer step less difficult and thus shifts the second 
reduction potential toward a less negative value. In the Cp series, 
this energy gain obtained upon structural reorganization con­
comitant with the second electron transfer fully compensates the 
additional electrostatic repulsion so that both electrons are 
transferred in a single step. This is fortunately not quite the case 
in the Cp* series, which allowed isolating 2b+. However, the two 
electron transfers are still energetically close so that the com-
proportionation constant is not very large: K= 172 at 20 0C. 
Thus, these thermodynamic data deduced from the values of the 
thermodynamic potentials of 2a2+ and 2b2+ can be compared to 
those of Ia2+ and Ib2+. The bielectronic reductions of Ia2+ and 
Ib2+ can serve as references since no significant structural re­
organization occurs upon reduction. Since the two first reduction 
waves of Ia2+, isomer of Ia2+, are separated by AE0 = 0.32 V, 
the reorganization energy of 

[(FeICp*)2(biphenyl)] -
t(FenCp*)2(bicyclohexadienylidene)] 

in 2b can be estimated to be of the same order e.g., using Weller's 
equation:17a'b 

AG0 = A£° X 23 = -7.4 kcal mol-' = -30.9 kJ mol"1 

Similarly, in the permethylated series, this reorganization energy 
can be best estimated by comparison of the difference between 
the E° values of the two waves of Ib2+ (AE0, = 0.48 V) and 2b2+ 

(AE0
2 = 0.13 V): 

AG0 = (A£°2 - AE0,) X 23 = -8.1 kcal mol"1 = 
-33.9 kJ mol"' 

Another reference complex is |biphenyl[Cr(CO)3]2}, which was 
shown by Rieke170"* to also be reduced in a single two-electron 

(17) (a) Rehm, D.; Weller, A. Isr. J. Chem. 1970, 16, 259. (b) Weller, 
A. Pure Appl. Chem. 1968,16, 115. (c) Rieke, R. D.; Henry, W. P.; Arney, 
J. S. lnorg. Chem. 1987, 26, 420. (d) Milligan, S. N.; Rieke, R. D. Or­
ganometallics 1983, 2,171. (e) Rieke, R. D.; Milligan, S. N. Organometallics 
1987, 6, 699. 
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step as 2a2+. Rieke17e could also recently show by NMR that the 
biphenyl ligand of the dianion adopts a bicyclohexadienylidene 
structure. The NMR data for this ligand are very close to 2b and 
|biphenyl[Cr(CO)3]2)

2~. In the absence of structural information 
for the thermodynamically unstable mixed-valence anion, Rieke 
proposed the other hypothesis (i), e.g., structural reorganization 
occurring concomitant with the first electron transfer. The great 
similarity between the behaviors of the chromium and iron systems 
(a single two-electron wave and rearrangement from biphenyl to 
bicyclohexadienylidene upon two-electron reduction) indicates that 
the structural reorganization presumably also occurs concomitant 
with the second electron transfer in the chromium case, e.g., 
hypothesis ii. 

Three monometallic series of transition-metal-arene complexes 
also show a two-electron transfer18 with rf to J;4 decoordination: 
Ru(arene)2

2+, MCp*(C6Me6), M = Rh or Ir and Cr(arene)L3, 
L3 = arene or (CO)3. Recent spectroscopic data18t favor a 
structural rearrangement in the course of the second electron-
transfer step in the Rh complex but no X-ray crystal structure 
is available for any single electron-transfer intermediate. On the 
other hand, with Cr(arene)L3, L3 = arene or (CO)3, it was pro­
posed that the partial decoordination occurs after the first electron 
transfer. I8f'g 

Conclusions 

The synthesis and stabilization by permethylation of Cp ligand 
of the novel sets of complexes V* (n = 0-2) leads to the first case 
for which a 2e transfer involving a structural rearrangement (Cp 
series) can be decomposed into two close, but structurally and 
electronically characterized, ET steps (Cp* series). 

This accurate structural and electronic information indicates 
that the structural rearrangement arises essentially concomitant 
with the second ET. The arene-linked series compares with the 
isomeric Cp-Iinked series that does not rearrange upon a 2e 
transfer, the difference being taken into account by the existence, 
in the biphenyl series only, of a low-lying unoccupied bu MO 
localized on the two coupled rings. 

The addition of one electron in the bu LUMO level provokes 
only a slight distortion of the biphenyl ligand (5.5° folding) so 
that the 37e complex Ib+ also has a ^V^biphenyl ligand. On 
the other hand, the parent binuclear radical Ia+ is not thermo­
dynamically stable. The unicity of the Mossbauer doublet, at zero 
field, shows that Ib+ is an average-valence complex on the 
Mossbauer time scale of 10~8 s"1 (delocalization or fast hopping). 
The spectra under 6 T show that about half of the spin density 
is located on the two iron atoms, in agreement with our calcu­
lations, which also indicates that the majority of the other half 
is on the biphenyl ligand, explaining the slight distortion of the 
latter. 

The addition of the second electron in the bu HOMO induces 
a deep stereoelectronic rearrangement of the biphenyl ligand since 
the folding is now of 25° and the inter-ring distance of 1.37 A 
is that of a double bond. The 1H and 13C NMR spectra, the 
absence of ESR spectra, and the Mossbauer spectra all show the 
diamagnetism, e.g., the intramolecular chemical coupling of la 
(isomer of the biradical 2a) and of lb (Scheme I). 
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The energy of the stereoelectronic rearrangement [(Fe1Cp)2-
(biphenyl)] - • [(Fe"Cp)2(bicyclohexadienylidene)] occurring 
during the second ET can be estimated by comparison with the 
isomer [Fe"2(fulvalene)(C6H6)2], which does not rearrange. A 
fundamental principle derived thereof is that a fast two-electron 
transfer occurs when this reorganization energy (here 32-34 KJ 
mol"1) fully compensates the electrostatic factor which would 
separate the reduction potential of a dication from that of a 
monocation in the absence of rearrangement. 

Experimental Section 

(1) General Data. All manipulations of sensitive materials were 
conducted in a VAC argon drybox or under argon in a Schlenk apparatus 
connected to a double manifold providing vacuum and dry argon. 
Reagent-grade tetrahydrofuran, pentane, and toluene were predried on 
Na foil and distilled from sodium benzophenone ketyl under argon. All 
other chemicals were used as received. 1H NMR spectra were obtained 
with a Brucker AC 200 spectrometer and the 13C NMR spectra were 
recorded with a Brucker AC 200 (50.3 MHz) or a Brucker (67.9 MHz). 
NMR spectra were referenced to Me4Si ('H) or the appropriate deu-
terated solvent (13C). Elemental analyses were performed by the CNRS 
Center of Microanalyses at Lyon-Villeurbanne. 

(2) Electrochemistry. Cyclic voltametry data were recorded with a 
PAR 273 potentiostat galvanostat. The effect of solution resistance was 
minimized by the use of positive feedback compensation and dilute so­
lutions (IO"4 mol L"1) to keep currents around 1-2 ^A. Thermodynamic 
potentials were recorded with reference to an aqueous SCE segregated 
from the test solution by a fine frit containing a DMF solution (n-
Bu4NBF4, 0.1 M). The electrode material (Hg or Pt cathode) was not 
found to influence the E" values. The switching potential Es. was chosen 
far enough away from the peak potential (at least 150 mV) so that its 
effect remained small. DMF was preferred to MeCN because of the lack 
of chemical reversibility of the wave with the latter solvent. Diffusion-
controlled electron transfers were systematically checked by verifying that 
'pc V~]/2 w a s constant over a wide scan range. The thermodynamic 
potentials values E" reported in Table I were obtained by taking the 
average of E^ and E9. since the waves were reversible. The number of 
electrons for each reversible wave was determined by comparison with 
the height the wave of oxidation of ferrocene (independently we checked 
that ferrocene and biferrocene showed comparable heights of the mon-
ooxidation waves). In the Cp* series of biphenyl complexes, the two-
electron reductions were checked by determination of the molecular and 
X-ray structures of the reduction products.10,b 

(3) [Fe2(biphenyl)Cp2]
2+(PF6-)2 (2a2+). The reaction was carried out 

in a 250-mL three-necked round-bottomed flask equipped with a nitrogen 
inlet and a reflux condenser topped with a gas outlet. A mixture of 18.6 
g (100 mmol) of ferrocene, 13.3 g (100 mmol) of AlCl3, 0.54 g (20 
mmol) of Al powder, and 1.5 g (10 mmol) of biphenyl was stirred for 5 
min under argon. The mixture was heated in the melt to 120 0C under 
argon and with agitation, for 16 h with an oil bath. The reaction mixture 
was hydrolyzed slowly with 100 mL of degassed ice/water and addition 
of concentrated NH4OH until pH 9 precipitated AI(OH)3. After fil­
tration, a yellow solid was obtained by addition of an aqueous HPF6 (10 
mmol) solution. The precipitate was filtered, dissolved in 50 mL of 
acetonitrile, and dried for 1 h over MgSO4. After filtration through a 
2-cm layer of Al2O3, addition of 20 mL of ethanol to the yellow solution 
followed by slow evaporation of the acetonitrile using a rotary evaporator, 
gave yellow microcrystals of 2a2+, 3.6 g (53.4% yield), found to be pure 
by 1H NMR. 

(4) [Fe2(p,p'-dimethylbiphenyl)Cp2]
2+(PF6-)2 (2c2+). Procedure 3, 

applied to 0.2 g (1.1 mmol) of p.p'-dimethylbiphenyl, 2 g (11 mmol) of 
ferrocene, 2 g (15 mmol) OfAlCl3, and 0.1 g (3 mmol) of Al powder at 
120 0C, provided 0.410 g (52% yield) of yellow microcrystals of 2c2+. 
Anal. Calcd. for C24H24P2F12: C, 40.34; H, 3.36. Found C, 40.40; H, 
3.35. 1H NMR (CD3CN, TMS) h 6.5 (m, aromatic CH, 8 H), 4.86 (s, 
C5H5, 10 H), 2.5 (s, CH3, 6 H). 

(5) [Fe2(biphcnyl)Cp*2r
,+(PF6-)2 (2b2+). The reaction was carried out 

as in 3: FeCp*(CO)2Br (9.8 g, 30 mmol), AlCl3 (27 g, 200 mmol), and 
biphenyl (0.8, 5 mmol) were stirred for 5 min under argon. The mixture 
was heated in the melt to 120 "C under argon with agitation for 2 days 
with an oil bath. While still in the melt, the reaction mixture was 
hydrolyzed very slowly with 200 mL of degassed ice/water. Addition of 
concentrated NH4OH was continued until pH 9 precipitated Al(OH)3. 
After filtration, a yellow solid was obtained by addition of an aqueous 
HPF6 (10 mmol) solution. The precipitate was filtered, dissolved in 50 
mL of acetonitrile and dried for 1 h over MgSO4. After filtration 
through a 2-cm layer OfAI2O3, addition of 20 mL of ethanol to the yellow 
solution, followed by slow evaporation of the acetonitrile under reduced 
pressure, gave 1.36 g (32% yield) of yellow microcrystals of 2b2+. Anal. 



Binuclear Electron Reservoir Complexes J. Am. Chem. Soc, Vol. 112, No. 26, 1990 9557 

Table VI. Charge Distribution in the Crucial MO Levels of Ia2+, 2a2+, 2a+, and 2a 

localization, 
% 

3bu 
2bg 
2a„ 
3a, 
4bu(5b„0 

Fe 
59 
55 
54 
50 
4 

Cp 
17 
21 
22 
28 
53 

Ia2+ 

L" 
12 
11 
11 
10 
01 

i» 
11 
13 
13 
12 
41 

0» 

1 
0 
0 
0 
1 

Fe 
50 
53 
52 
52 
16 

Cp 
22 
24 
23 
22 
03 

2a2+ 

L" 
14 
09 
10 
12 
59 

i* 
14 
13 
15 
13 
22 

O* 

0 
1 
0 
1 
0 

Fe 
42 
53 
53 
54 
27 

Cp 
16 
20 
20 
20 
07 

2a+ 

L" 
25 
12 
12 
12 
45 

i» 
17 
15 
14 
14 
20 

0» 

0 
0 
1 
0 
1 

Fe 
37 
57 
57 
54 
37 

Cp 
12 
18 
18 
17 
10 

2a 

L" 
33 
11 
11 
15 
34 

i» 
18 
14 
13 
14 
18 

o" 
0 
0 
1 
0 
1 

'Ia* L = C6H6; 2a**, 2a* and 2a: L = C,2H|0. *i = inner sphere; o = outer sphere. cIn the case of Ia* 

Table VII. SCF-MS-Xa Parameters 
atomic sphere 

Fe 
C 
H 
E" Cp (C5 ring) 
E" arene (C6 ring) 
out* 

radius, au 
2.2795 
1.6535 
0.8753 
1.0843 
1.3226 

11.6331 

O 

0.71151 
0.753 31 
0.777 25 
0.762 54c 

0.762 54c 

0.762 54' 
'Empty sphere. 'Outer sphere. c Weighted average of atomic val-

Calcd. for C32H40PjFi2Fe2; C, 46.48; H, 4.84. Found: C, 46.39; H, 4.83. 
1H NMR (CD3CN, Me4Si) £ 6.2-6.1 (m, C6H5, 10 H), 1.66 (s, C5Me5, 
30 H); 13C NMR (CD3CN) 6 95.7 (C OfC6H5), 93.7 (C of C5Me5), 92.6 
(CH para). 91.5 (CH meta), 85.8 (CH ortho), 10.1 (CH3). Mossbauer 
data (mm/s vs a-Fe at room temperature, 298 K) IS 0.462, QS 1.285. 

(6) [Fe2(p,p'-dimeihylbiphenyl)Cp*2]
2+ (2d2+). Procedure 5, applied 

to 0.8 g (5 mmol) of /j,/j'-dimethylbiphenyl, 9.8 g (30 mmol) of FeCp*-
(CO)2Br, and 27 g (200 mmol) of AlCl3 at 120 0C for 2 days, provided 
2.2 g (58% yield) of yellow microcrystals of 2d2+. Anal. Calcd. for 
C34H44P2F12: C, 47.77; H, 5.15. Found C, 47.41; H, 5.10. 1HNMR 
(CD3CN, TMS) b 6.06 (m, aromatic CH, 8 H), 2.40 (s, CH3, 6 H), 1.56 
(s, C5Me5, 30 H); 13C NMR (CD3CN, THF) S 105.8, 94.70 (complexed 
aromatic C), 92.70 (C of C5Me5). 

(7) Fe2(M2,V°-bicyctohexadienylidene)Cp»2 (2b). A 0.83-g (1 mmol) 
sample of the dication 2b2+ and 50g(10 mmol) of 1% Na/Hg were 
stirred for 3 h under argon in 50 mL of THF at room temperature in a 
Schlenk tube. Then, the blue solution was transferred into another 
Schlenk tube to remove the Na/Hg. After the THF was removed in 
vacuo, the dark residue was extracted with a minimum (10 mL) of 
toluene and filtered by the Schlenk technique. Pentane (100 mL) was 
added and the solution was cooled to -90 0C, which provided, after rapid 
filtration, 0.34 g (64% yield) of a dark blue microcrystalline powder of 
2b, very air-sensitive and thermally stable at 20 0C. 1H NMR (C6D6) 
S 5.6 (m, CH para, 2 H), 4.1 (m, CH meta, 4 H), 2.6 (m, CH ortho, 4 
H), 1.8 (s, C5Me5, 30 H); 13C NMR (C6D6) & 102.7 (C=C), 85.1 (C 
of C5Me5), 81.9 (CH meta), 77.7 (CH para), 53.1 (CH ortho), 10.8 
(CH3). These attributions were based on 1H and 13C (ortho, meta and 
para H's); Mossbauer data (mm/s vs a-Fe at room temprature, (298 K) 
IS 0.49, QS 1.65; (at 78 K) IS 0.56, QS 1.65. 

(8) [Fe2(WpKeHyI)CpM+PF6- (2b+). A THF solution of 0.268 g (0.5 
mmol) of the blue neutral complex 2b was added under argon to a 
suspension (0.413 g, 0.5 mmol) of the yellow dicationic complex 2I)2+ in 
THF. After being stirred for 30 min at room temperature, the solution 
became colorless and the mixture contained a suspension of a dark green 
powder. Filtration under argon gave 0.62 g (90% yield) of a dark green 
powder of 2b+. Anal. Calcd. for C32H40Fe2PF6: C, 56.39; H, 5.87. 
Found: C, 56.14; H, 5.85. Mossbauer data (mm/s vs a-Fe at room 

temperature, 298 K) IS 0.57, QS 1.25; (4.2 K) IS 0.49, QS 1.22. ESR 
(at 77 K, frozen THF solution) gx = 2.0458, gy = 2.0001, gz = 1.8404. 

(9) Mossbauer Data. Mossbauer spectra were recorded with a 25 mCi 
57Co source on Rh. The Mossbauer spectrometer operates in the constant 
acceleration mode; typically, reliability of the velocity scale is 0.2% and 
IS reproducibility is 0.002 mm/s. The instrumental line width is 0.215 
mm/s. The spectra of polycrystalline samples under external field 
(parallel to the g beam) have been stimulated, accounting for an "induced 
hyperfine field tensor" whose (following ref 19) main components can be 
fitted and represent the various values the hyperfine field would take if 
the external field were applied along each of the principal axes of the 
hyperfine tensor [A]; here it has been assumed (contrary to ref 19b) that 
all involved tensors ([A], [X1J, [EFG]) have same principal axes. 

(10) Computational Details. All the calculations have been carried 
out within the standard SCF-MS-Xa method.14 The muffin tin atomic 
sphere radii used in all the calculations are given in Table VI. They were 
determined by assuming at first touching spheres in 2a2+ and then en­
larging the carbon radii by 25% in order to assume a better description 
of the ring system.20 An additional empty sphere has been located in 
the center of each ring. The atomic exchange parameter a was obtained 
from Schwarz tabulation2' except for hydrogen, where the Slater value22 

was chosen. Those relative to the extramolecular (outer-sphere) and the 
inner-sphere regions are weighted-average values to the atomic ones. 
Potential waves up to / = 2 are included in the multiple scattering ex­
pansions in the metal sphere and the extramolecular regions; up to / = 
1 in the carbon and empty spheres. Only the / = 0 values was considered 
for hydrogen spheres. SCF calculations were converged to better than 
±0.0001 Ry on each level. The geometries used in the calculations on 
2a+ and 2a are averaged crystal structures of 2b+10c and 2b,,0a idealized 
to the C2j symmetry. The structure assumed for the Ia2+ and 2a2+ 

dimers is the same as the one used in previous calculations on the 
FeCp(benzene) monomer,10b assuming as a C-C bond distance of 1.50 
A between the two sandwich units. In all the calculations, a C-H dis­
tance of 1.10 A was assumed.24 
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