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Abstract: The stabilization of electron-rich neutral sandwiches has been investigated to provide suitable reagents for catalytic 
and stoichiometric electron-transfer processes of synthetic and mechanistic interest. The neutral $-CpFe-$-arene series is 
sterically stabilized by peralkylation of the arene and electronically destabilized by peralkylation of Cp. The dark forest green 

aqueous LiOH (0.1 N)) are synthetized with good yields by Na/Hg reduction of their cationic precursors in DME at 20 OC, 
crystallized, and characterized by elemental analyses, optical, EPR, NMR, and Mossbauer spectroscopies, and magnetic 
susceptibility (p  = 1.70-1 3 4  pB). Both stable and unstable $-CpFe-$-arene are d’ 19-electron complexes of Fe(1) (zE). The 
near degenerate HOMO e*l is approximately three-fourths metal based (contrary to recent predictions) and has slightly more 
Cp than benzene character. The rhombic distortion due to the single occupancy of e*, is static up to 20-30 K and nearly 
fully dynamic at 293 K (e*1 splitting = 100-140 cm-l). CpFe’C6Hb,Me, (5,  1 5 n 5 5 )  dimerize thermally (-20 “C) through 
the arene ring in the condensed state more rapidly than CpFeC6H6 (4). This process follows an intramolecular electron transfer 
from Fe(1) to an arene C. The favorable influence of Me groups cannot be taken into account by an electronic effect in the 
ground state but can be taken into account by lowering the transition state. This is best observed with CSMe5Fe’C6H6 (6 )  
(stable in DME at -20 “C) which cannot be obtained in the condensed state (contrary to 1-5) since removing the solvent 
gives the orange dimer (?s-CsMe,Fe”-q5-C6H6-)2 even at -80 OC. Electron reservoirs are the reduced forms of totally reversible 
redox systems having very negative redox potentials. Therefore the stable C&Fe1C6R’6 (e.g., with R’ = Me or Et) corresponds 
well to this definition insofar as they are efficient redox catalysts and are among the most electron-rich neutral species known 
to date. 

COmpleXeS ~’-CPFe-$-C6Me6 (I), $-CpFe-$-C&6 (2) and ?5-C5MesFe-)16-C6Me6 (3) (E112 = -1.8 to -1.9 v VS. SCE in 

Although much work has been carried out on the electro- 
chemistry of organometallic complexes4 and metal l~cenes,~ few 
electron-rich metal sandwiches have so far been isolatede6 It is 
however of major interest to bring about ready syntheses of 
electron-rich complexes which can be isolated in both reduced and 
oxidized forms. Useful applications are expected if the redox 
potential of such a system is very negative and if the reduced form 
is not sensitive to decomplexation or dimerization. Then it can 
be called, in our sense, an “electron reservoir”. The expected 
properties are the ability of these systems (a) to render feasible 
studies of stoichiometric electron-transfer reactions with substrates 
having various redox potentials and (b) to behave catalytically 
in electron-transfer processes. Although clusters and metal 
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chelates also present interesting redox properties, changes in 
oxidation levels involve orbitals of high metal character for the 
clusters’ and of high ligand character for chelates8 Thus, highly 
reduced species of this type often have high spin density on the 
periphery inducing decomposition. On this basis, clusters and 
chelates are unsuitable as starting points for the synthesis of 
electron reservoirs. Furthermore, many transition-metal sand- 
wiches can also be discounted. No sandwich compound with more 
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than 18 electrons is known for second- and third-row transition 
metals. Attempts to prepare a 19-electron species give rise to 
 dimer^,^ and the expected 20-electron complexes turned out to 
follow the 18-electron count, due to partial decoordination.1° By 
contrast, several examples of metal sandwiches with more than 
18 electrons are known for the first-row transition metals, but 
curiously, they have low redox potentials (EO): Cp,Ni/Cp,Ni+ 

(C5H5BR)2Co/(C5H5BR)2Co+mtc1z (19 e-/18 e-) have Eo’s in 
the range -0.4 to -0.6 V vs. SCE. The 18 e-/19 e- system 
Cp2Co/Cp2Co+ l3  has a somewhat more negative Eo (-1 V vs. 
SCE), but its reaction with O2 is a coupling that gives the peroxide 
( C p C 0 - q ~ - C p - 0 - ) ~ . ~ ~  The stability of the first-row transition- 
metal sandwiches which violate the 18-electron rule arises because 
they often have largely metal-based  HOMOS.'^ Note, however, 
that, for instance, CpCrC7H7-. was shown by EPR to have 
C7H7-based spin densityI6 and could therefore not be isolated. 
Interesting examples of isolated electron-rich metal sandwiches 
are the bis(cyclooctatetraeny1) lanthanides,6asb the bis(benz- 
ene)vanadium anion,& the recently reported bis(pentamethy1- 
cyclopentadieny1)manganese anion,We and the 20-electron complex 
bis(hexamethy1benzene)iron.l6 Only the latter bears more than 
18 electrons, and the class of highly reduced metal sandwiches 
does not necessarily correspond to a more than 18-electron count 
(Scheme I) .  

We are reporting here the syntheses, stabilization, and full 
characterization of a series of 19-electron mixed sandwiches of 
the general formula C&FeC6R’6. These sandwiches are electron 
rich and undergo interesting stoichiometric and catalytic electron 
transfer reactions such as the activation of O2I7 via 02-- and the 
catalytic electroreduction NO3- - NH3.1* Russian authors have 
reported CpFeC6H6I9 and some of its analogues,” but their 

(20 e-/19 (C6Me6)2Fe+/(c6Me6)2Fe2+ l 1  and 
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(10) (a) Huttner, G.; Lange, S. Acta. Crystallogr., Sect. B 1972, B28, 
2049-2060. (b) Fischer, E. 0.; Lindner, H. J .  Organomet. Chem. 1964, I ,  
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1967, 100, 705-708. (d) Wilkinson, G.; Cotton, F. A. Prog. Inorg. Chem. 
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unstabilities presumably precluded elemental and extensive spectral 
analyses. 

A preliminary account of this work has appeared,21 and the 
crystal structure of CpFerC6Me6 confirms that it is a 19-electron 
complex, both rings being planar and paralle121*22 (thus CpFe- 
(arene) = q5-C5H5Fe-q6-arene throughout this paper). 

Results 
Cationic Precursors. CpFe+C6H,(CH3),,,x- (X- = BF4- or 

PF;, n = 0-6) have been synthetized by ligand exchange between 
ferrocene and the a r e r ~ e , ~ ~  the yield being essentially quantitative 
if the reaction is carried out in the presence of water.24 The new 
complex C P F ~ C ~ ( C ’ H ~ ) ~ + P F ~ -  can also be synthetized according 
to this procedure in 44% yield after reaction overnight a t  72 OC 
in heptane. 

Although a plethora of CpFe+(arene) complexes have been 
r e p ~ r t e d , ~ ~ , ~ ~  no example with the ligand C5Me5 is known, pre- 
sumably because decamethylferrocene is inert toward the lig- 

(21) Astruc, D.; Hamon, J.-R.; Althoff, G.; Roman, E.; Batail, P.; Mi- 
chaud, P.; Mariot, J.-P.; Varret, F.; Cozak, D. J .  Am. Chem. SOC. 1979,101, 
5445-5447. 

(22) Batail, P.; Mayerle, J. J.; Astruc, D.; Hamon, J.-R.; Michaud, P., in 
preparation. 

(23) (a) Nesmeyanov, A. N.; Vol’kenau, N. A.; Bolesova, I. N. Dokl. 
Akad. Nauk SSSR, 1963, 149,615-618; Ibid. 1966, 166,607-610; Tetra- 
hedron Lett. 1963, 25, 1725-i729. (b) Khand, I. U.; Pauson, P. L.; Watts, 
W. E. J .  Chem. SOC. C 1968, 2257-2260; (c) Astruc, D.; Dabard, R. C. R. 
Hebd. Seances Acad. Sci., Ser. C 1971, 272, 1337-1340; Bull. SOC. Chim. 
Fr. 1975, 2571-2574. 

(24) (a) Nesmeyanov, A. N.; Vol’kenau, N. A.; Bolesova, I. N.; Poloni- 
kova, L. S. Koord. Khim. 1975, I ,  1252-1256. (b) Roman, E.; Astruc, D. 
Inorg. Chem. 1979,18,3284-3285. (c) Roman, E.; Astruc, D. Inorg. Chem. 
Acta 1979, 11, L465-L466. 

(25) Similar dealkylation was already reported to occur in the course of 
ligand exchange between ruthenocene and hexamethylbenzene.2“ C6(CzH5)6 
is much more sensitive to this side reaction than Cb(CH&, however. 

(26) (a) Nesmeyanov, A. N. “Proceedings of the Third International 
Conference of Organometallic Chemistry”; Buttenvorths: London, 1967; Adu. 
Organomet. Chem. 1972, 10, 1-75. (b) Slocum, D. W.; Ernst, C. R. Ibid. 
1972, 10, 79-114. (c) Sutherland, R. G. J.  Organomet. Chem. Libr. 1977, 
3, 31 1-342. (d) Khand, 1. U.; Pauson, P. L.; Watts, E. W. J .  Chem. SOC. C 
1968,2261-2265. (e )  Bachmann, P.; Singer, H. Z .  Naturforsch., B: Anorg. 
Chem., Org. Chem., Biochem., Biophys. Biol. 1976,31B, 525. (0 Astruc, D.; 
Dabard, R. J.  Organomet. Chem. 1975,96, 283-287. Ibid. 1976, 1 1 1 ,  339- 
347; Tetrahedron 1976, 32, 245-249. (g) Roman, E.; Astruc, D. Nouv. J .  
Chim. 1977, 1, 143-145. 
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and-exchange reaction. We have synthetized the complexes 
C5Me5Fef(arene)PF6- by the route outlined in Scheme 11. 

For the latter step, the solid reactants (with C6Me6) must be 
homogeneously mixed in an inert atmosphere and the reaction 
carried out in the melt at 125 OC since higher temperatures induce 
dealkylation of the a r e r ~ e . ~ ~  

19-Electron Complexes (Scheme IV). When the arene is 
hexasubstituted, we find that Na/Hg reductions of the yellow 
cations CpFe+(arene) or C5MeSFe+(arene) to the neutral green 
species (Scheme 111) can be carried out at ambient temperature 
since these 19-electron sandwiches are thermally stable. The best 
solvent is dimethoxyethane. In this manner, the neutral complexes 

nearly quantitative yields and recrystallized from pentane or 
sublimed. 

We have also examined the syntheses of the whole series of 
19-electron species CpFeC6HflMe6,, with n = 0-6 (Scheme Iv) .  
Only CpFeC6Me6 is stable in the solid state. All the series can 
be synthetized at -20 OC in DME, and the neutral complexes are 
not too unstable even at room temperature in this solvent, whereas 
they dimerize at a higher rate in the solid state ( n  = 1-5), mainly 
for n = 2, 3, and 4 (10 min at -20 "C). Thus the electronic effect 
of the methyl groups favors the dimerization occurring in the 
condensed state. On the other hand the steric effect of these 
methyl groups inhibits the dimerization as their number becomes 
close to 6. CpFeC6H5CH3 and c ~ F e c , H ( c H ~ ) ~  dimerize only 
at  -10 "C in 5-10 min and thus could be characterized as Fe(1) 
sandwiches by Mossbauer spectroscopy as the thermally stable 
analogues. The dimerization of CpFeC6H6 proceeds at  a lower 
rate;28,29 some disproportionation into ferrocene and metallic iron 
is also 0b~erved . l~  Overall, the highest rate of dimerization is 
observed for C ~ M ~ S F ~ C ~ H ~ .  Although we could characterize it 
by the Mossbauer spectrum of the green frozen DME solution, 
all attempts to remove the solvent led to dimerization in the solid 
state even at -80 "C. This d7 complex is stable in DME below 
-10 OC and dimerizes (50%) in 10 min in this solvent a t  20 'C. 
Remarkably this is the only compound in the whole series for 
which the green solid 19-electron complex could not be obtained. 
The dimers are orange crystalline d6 Fe(I1) complexes (CpFe- 
~s-cyclohexadienyl)2 which are well characterized by NMR? In 
their mass spectra, the molecular peaks are those of the monomers 
since easy splitting of the dimers occurs in the mass spectrometer. 
Thus the observation of the molecular peaks in the mass spectra 
is not specific to the monomers. 

The 19-electron complexes react slowly with water, giving H2 
and the 18-electron cations. They are extremely air sensitive even 
at a temperature as low as -78 OC; these reactions will be described 
elsewhere. The complexes CpFe'C6R6 are stable in hydrocarbon 
solvents and ethers but decompose immediately in CH3CN at 20 
OC to give ferrocene and the arene. Contrary to the d6 
CpFe+(arene) sa1ts,57,77-79 the neutral d7 complexes CpFeC6R6 
(R ' 7  alkyl) are inert to UV irradiation (pentane, 240 nm). 
Electrochemical and Spectroscopic Data 

The thermally stable complexes 1-3 have been characterized 
by elemental analysis, mass spectra, infrared spectra, EPR, 'H 
and 13C NMR,  magnetic susceptibility, redox potentials, and 
visible and Mossbauer spectra. Studies of crystal structures of 
1 at 205 and 298 K are in progress.22 

We have also characterized the thermally unstable complexes 
CpFeC6H6, CpFeC6HSMe, CpFeC6HMeS, and C&fe~FeC&6 as 

CPFeC6Me6, CpFeC6Et6, and C~MesFeC6Me6 are isolated in 

(27) With CpFe(CO)2Br, a similar route afforded the first synthesis of 
CpFe+C& (Coffield, T. H.; Sandel, V.; Closson, R. D. J .  Am. Chem. SOC. 
1957, 79, 5826). However a complicated mixture arises from this reaction 
because of side reactivity of the Cp group (Singer, H.; personal communica- 
tion). With the use of CsMeS this side reactivity is avoided. 

(28) Nesmeyanov, A. N.; Vol'kenau, N. A,; Petrakova, V. A. Izu. Akad. 
Nauk SSSR, Ser. Khim. 1974, 9, 2159-2160. 

(29) In aqueous alcohol media CpFe'(arene) (arene : PhMe,, 1 5 n 5 5 )  
are decomplexed when they are soluble whereas they dimerize when they are 
not, but CpFe'C6H6 (Cp = CsHJ or CsH4Me) are decomplexed whether they 
are soluble or not: (a) Moinet, C.; Roman, E.; Astruc, D. J .  Organomet. 
Chem. 1977, 128, C45-C48. (b) J .  Electroanal. Chem. Interfac. Electro- 
chem., in press. 
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Figure 1. Polarographic El,z values for the electroreduction d6 
CpFe+(arene)PF6- + d7 CpFe(arene) in aqueous LiOH (0.1 N). See 
also ref 29b. 
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Figure 2. Optical spectra of d6 CpFe+(arene)PF6- in CH3CN. 

Fe(1) species by means of Mossbauer spectroscopy. 
Reduction Potentials (Polarography, See Figure 1). Half-wave 

potentials for reversible reduction d6 d7 sandwich have been 
measured for aqueous LiOH (0.1 N) solutions by using both the 
PF6- and BF4- salts. All the recorded El /*  values of the BF, salts 
are 10-20 mV lower than for the PF6- analogues. Only the latter 
will be used throughout this section. El  values for some 
CpFe+(arene) salts have already been r e p ~ r t & : * ~ ~ ~ , ~ ~  and we shall 
concentrate here on the effect of the specific permethylation of 
Cp and arene ligands. 

(1) Referring to CpFe+C&PF6- (-1.62 v vs. SCE), the 
permethylation of Cp shifts Ellz significantly more ( 5  Me, 236 
mV) than the permethylation of benzene (6 Me, 160 mV), al- 
though both effects are of the same order of magnitude. 

(2) The shift observed upon methylation is not proportional to 
the number of methyl groups added. 

(a) Addition of only one Me on either ring already shifts the 

(b) Permethylation of the benzene ring in C5Me5Fe+C6H6 only 
shifts the El12 values by 14 mV and permethylation of Cp in 
CpFe+C6Me6 only shifts the Ellz values by 90 mV. 

Eli2 values Of CpFe'C6H6 by 60-70 m v .  
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Table I. Optical Data for CpFe+(arene)PF,- in CH,CNa 
la. nm ( E ,  L mol-' cm-I 

CpFe+C,H, C, Me, Fe+C, H, CpFe+C,Me, C, Me, Fe+C,Me, 

239 (12 900) 252 (25 000) 244 (12 100) 258 (20 200) 
261 (2600) 275 (1800) 264 (2400) 282 (2500) 
312 (245) 315 (1000) 323 (160) 325 (500) 
381b (80) 375 (101) 403' (85) 406 (99) 
450 (61) 444 (95) 455 (66) 456 (77) 

(4+) (6+) (I+) (3+) 

a See also ref 73 for 1' and 4+. h = 365 nm in THF. h = 
380 nm in THF. 
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Figure 3. Optical spectra of d7 CpFe(arene) in DME in the visible region. 

Optical Spectra. d6 Cationic Sandwiches (Figure 2). Per- 
methylation of C6H6 has more influence than that of c p  on the 
e2 (dxy, d + z )  M O  because the e2(C6H6) level is closer than the 
e2(Cp) level. This is clear for the band a t  381 nm which is 
blue-shifted by 6 nm for 6 and red-shifted by 22 nm for 1, con- 
sistently with the e2 - a2 transition assignment. 

Similarly, the quadrupole splitting of the Mossbauer doublet 
increases much more upon permethylation of C6H6 (by ~ 0 . 4  mm 
s-l) than upon permethylation of Cp (by ~ 0 . 1  mm s-l). This 
increase of the electric field gradient V, corresponds to an increase 
of the positive contribution V,, (e2J = 4 / 7 ( r - 3 )  of the dxy,xz - y z  
orbitals due to a lesser delocalization of these orbitals into the 
ligands (less covalency) .70 

These observations are consistent with the optical data obtained 
by Hendrickson et al.73 with CpFe+(arene) sandwiches showing 
that the variation of the arene strongly perturbs the e2 M O  and 
not the e*l LUMO. 

Among the five bands recorded for these d6 cations, the only 
one which is solvent dependent is the one located at  312 nm, 
previously assigned to a d-d transition.73 Therefore there must 
be some mixing with a charge-transfer band. Since permethylation 
of benzene shifts this band toward red to a much larger extent 
than permethylation of Cp, it may be assigned to a benzene - 
metal transition. Finally the high-intensity bands at 239 and 261 
nm were previously assigned to an intraligand a - T* transition 
involving the arene,73 These bands are shifted much more (1 3-14 
nm) upon permethylation of Cp than upon permethylation of 
benzene (3-5 nm); thus this attribution must be reconsidered. 

d7 Neutral Sandwiches (Figure 3). The spectra of the extremely 
air-sensitive 19-electron Fe(1) series were recorded with DME 
solutions. A broad, low-intensity band is found specifically for 
this series around 700 nm, which corresponds to the dark green 
color of these complexes. This band is strongly shifted upon 
specific permethylation of either ligand. Permethylation of Cp 
induces a red shift from 720 nm for 4 to 782 nm for 6 whereas 
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Figure 5. Molecular orbital diagram (d set) for d7 CpFeC6H6. Note that 
ring levels are raised upon permethylation. 

permethylation of benzene induces a blue shift to 684 nm for 1. 
Since it is excluded that such an effect could be caused by d-d 
transitions, we assign this band to a spin-forbidden metal -, ligand 
e*l - e*2 (benzene) transition. There may also be some mixing 
with d-d transitions (a weak shoulder is observed). The present 
assignment is consistent with the change in energy levels of the 
ligand's orbitals upon permethylat i~n~~ (see Discussion and Figure 
5). Permethylation of Cp raises el(Cp), which brings this orbital 
energy level closer to that of the d set and thus increases the 
covalency. The corresponding antibonding e*l M O  is subsequently 
higher in energy, whereas the e*2 benzene orbital level is un- 
changed, which decreases the energy of the transition. Per- 
methylation of benzene substantially raises its e*2 level (more than 
that of the largely metal-based e*l); therefore, the transition energy 
is increased. One may be tempted to extend this assignment to 
the purple 19-electron (C6Me6)2Fe+ complex (560 nm). Both M O  
calculations55b and UV data73 have pointed to a decreased in- 
teraction between the el metal and ring orbitals for the 18-electron 
(C6Me6)2Fe+ complex in comparison to FeCp, and to the 
CpFe+(arene) series. If one admits that relaxation of the orbitals, 
due to the presence of the nineteenth electron in e*l, does not 
change this effect, then e*l is lower in (C6Me&Fe+, which is 
consistent with the e*, - e*2 transition following a blue shift in 
comparison with the case for the CpFe*(arene) series. 

In the UV region, it is impossible to distinguish the bands of 
the CpFe'(arene) complexes from the intense ones of their oxi- 
dation products (of the CpFe" cyclohexadienyl type) which cannot 
be rigorously excluded at  concentrations below lo4 mol L-' due 
to the extreme sensitivity of the CpFe'(arene) complexes toward 
0 2 .  

EPR (Figure 4) and Magnetic Susceptibility. The EPR of the 
19-electron complexes of hexaalkylbenzene 1-3 have been recorded 
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Table 11. Spectroscopic Data for the 19-Electron Fe(1) SandwichesQ 

Hamon, Astruc, and Michaud 

optical dataC Mossbauer parametersd 

magnetic E ,  L m o r 1  QS, mm IS, mm entry susceptibility x EPRb g values A, nmQ cm- I temp, K S- S- 

1 CpFeC,Me, 1.84 1.864 684 68 293 0.50 0.74 
2.000 770 (s) 34 4.2 1.54 0.90 
2.063 1' 293 2.00 0.45 

77 2.00 0.56 
2 CpFeC,Et, 1.73 1.896 684 68 293 0.50 0.75 

2.059 2+ 293 4.92 0.44 
71 1.92 0.55 

3 C, Me, FeC, Me, 1.85 1.912 760 63 293 0.52 0.75 
2.002 4.2 1.50 0.90 
2.062 3+ 293 1.80 0.47 

77 1.80 0.58 
4 CpFeC,H, 2.00, 1.85'Oa 720 95 260 0.95 0.87 

768 (s) 86 4 .2  1.20 0.92 
2.26, 2.00620d 4t 273 1.64 0.41 

17 1.64 0.52 
6 C, Me, FeC, H, 782 65 7 7 b  0.82 0.73 

6t 293 1.40 0.45 
77 1.40 0.55 

1.865 5 80 604 29 3 0.66 0.77 

2.08676 dication 

2.003 770 (s) 25 4 .2  1.52 0.90 

7 (C,Me,),Fe+PF,' 1.8916* 1.996 47816a 4 16 4 .2  1.70 0.91 

293 2.14 0.51 
77 2.14 0.62 

s = shoulder. Frozen DME solution. DME solution. Fitted parameters (*0.01 mm s-'). 

in frozen dimethoxyethane only below 170 K and show three g 
values close to 2 very similar to those of Fe(C6Me6)2+ reported 
by Brintzinger30 and those of NiCp2+ reported by Ammeter.31 
Powdered samples do not show any spectrum above 30 K.32 The 
fast spin-lattice relaxation precluding observation of a signal a t  
room temperature is typical for d7 metallocenes with a singly 
occupied doubly degenerate e*lg Thus the host lattice 
effect splits the near degeneracy of e*l, giving rise to a rhombic 
distortion (3  g values being observed).32 That these 3 g values 
are close to 2 means, according to the calculations of Ammeter, 
that the dynamic Jahn-Teller coupling is large.32v35 Since no 
coupling with the nucleus can be observed contrary to the situation 
encountered in c ~ b a l t o c e n e , ~ ~ ~ ~ ~  only the product kV = 0.1 of the 
covalent factor k by the vibronic coupling term V can be reached 
but neither of them separately. Labeling with 57Fe must therefore 
be envisaged. 

The magnetic susceptibility measurements using the Gouy 
method on the thermally stable solids 1-3 indicate a Curie-Weiss 
behavior (x" = C/T  - 0) in every case, in the range 77-273 K. 
The moments found are close ( p e ~  = 1.70-1.84 pB) to the spin-only 
value for S = 1.73 pB, showing that the spin-orbit contri- 
butions to the moment generally observed in orbitally degenerate 
m e t a l l o c e n e ~ ~ ~  are small in this case. 

Paramagnetic N W .  In the proton spectrum of CPFeC6Me6, 
the Me group shows a sharp singlet a t  -2.15 ppm whereas the 
Cp protons are found at 35.01 ppm. Remarkably neither of these 
values indicate a large downfield shift. N M R  data for para- 
magnetic m e t a l l ~ c e n e s ~ ~ - ~ ~  and bis(arene)metal sandwiches have 
been reported and analyzed. Anderson and Drago@ concluded 

(30) Brintzinger, H.; Palmer, H.; Sands, R. A. J .  Am. Chem. SOC. 1966, 

(31) Ammeter, J. H.; Ostwald, N.; Bticher, R. Hela Chim. Acra 1975,58, 

(32) Ammeter, J. H.; personal communication. 
(33) Ammeter, J. H.; Swalen, J.  D. J .  Chem. Phys. 1972, 57, 678-698. 
(34) Warren, K. D. Struct. Bonding (Berlin) 1976, 27, 45-159. 
(35) Ammeter, J. H. J .  Magn. Reson. 1978, 30, 299-325. 
(36) Warren, K. D. Inorg. Chem. 1974, 13, 1317-1324. 
(37) Fritz, H. P.; Keller, H. J.; Schwarzhans, K. E. J .  Organomel. Chem. 

(38) Kohler, F. H. J .  Organomet. Chem. 1976, 110, 235-236. 
(39) Rettig, M. F.; Drago, R. S. J.  Am. Chem. Soc. 1969,91, 1361-1370, 

(40) Anderson, S. E.; Drago, R. S. J .  Am. Chem. SOC. 1969, 91, 3656- 

88, 623. 

671-682. 

1967, 7, 105-111. 

3432-3441. 

3658; Ibrd. 1970, 92, 4244-4254. 

that little spin density was localized on the ligand in the d7 
sandwich Fe(C6Me6)2+. Since both u- and ?r-delocalization 
mechanisms are expected to give downfield shifts for the methyl 
groups of arene ligands, no net spin is delocalized onto these 
methyls and the nineteenth electron is in a molecular orbital of 
high metal character as for Fe(c6Me6)*+. Moreover the obser- 
vation of a sharp resonance is consistent with a dynamic Jahn- 
Teller distortion for both Fe(C6Me6)2+ and CpFeC6Me6. Similar 
conclusions are drawn from the 13C spectrum (ring carbons, 449 
and 584 ppm; CH3, -35.9 ~ p m ) . ~ ~  

MWbauer Spectroscopy. There are no reports of a Mossbauer 
spectrascopic study of organometallic iron(1) The 
parameters observed at  293 K are very different from those of 
the Fe(I1) precursors and are specific for the Fe(1) series (IS = 
0.73-0.75 mm s-I; QS = 0.5-0.6 mm s-l). Since the monoelec- 
tronic 3d function is - 2  mm s-l for a degenerate e*lg MO," the 
difference between the QS value of the Fe(1) sandwiches and those 
of their Fe(I1) cationic precursors gives an opportunity of cal- 
culating 1.3-1.5/2 = 65-75% metal character for the antibonding 
HOMO e*lg of the nineteenth electron. This calculation4 is only 
approximate, however, as it does not take into account the re- 
laxation of the other filled orbitals.45 

The QS values vary with temperature and reach a limiting the 
same of 1.5 mm-' at 4 K for the stable Fe(1) complexes 1-3. 
Despite its thermal unstability, CpFeC6H6 could be examined by 
Miissbauer spectroscopy in the solid state. Its spectra show slightly 
lower QS values (0.4 mm-' a t  293 K, 1.2 mm-' at 4 K) and the 

(41) Cozak, D.; Beauchamp, A. L.; Hamon, J.-R.; Astruc, D., work in 
progress. 

(42) For rare known examples of Fe(1) complexes, see: (a) Murdock, H. 
D.; Lucken, E. A. C. Helu. Chim. Acta 1964,47,1517-1524; (b) Mutterties, 
E. L.; Sosinsky, B. A.; Zamaraev, K. I. J .  Am. Chem. SOC. 1975, 97, 5299- 
5300; (c) Rakowski, M. C.; Busch, D. H. Ibid. 1975, 97, 2570-2571; (d) 
Gargano, M.; Giannocarro, P.; Rossi, M.; Vasapello, G.; Sacco, A. J.  Chem. 
SOC., Dalton Trans. 1975, 9-12. 

(43) For preliminary accounts of this Mossbauer study, see: ref 21; (a) 
Mariot, J.-P.; Astruc, D.; Batail, P.; Varret, F. "Mijssbauer Discussion Group 
of the Chemical Society"; London, Nov 23 1978; Abstr p 1-2; (b) Michaud, 
P.; Mariot, J.-P.; Varret, F.; Hamon, J.-R.; Althoff, G.; Astruc, D. Ibid. 
Canterbury, 1979, Abstr p 1-2; International Conference Mossbauer 
Spectroscopy"; Porto-Roz, Sept 1979; J .  Phys. C 1980, I ,  319-320. 

(44) Varret, F. J .  Phys. C 1976, 6, 437-456. 
(45) The problem of the relaxation was first taken into account for fer- 

rocene from a theoretical standpoint by: CoutiBre, M.-M.; Demuynk, J.; 
Veillard, A. Theor. Chim. Acta 1972, 27, 281-287. 
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difference between the QS values of the Fe(1) and Fe(I1) sand- 
wiches is also lower. Mossbauer spectroscopy was also a useful 
tool to characterize the Fe(1) sandwiches CpFeC6HSMe and 
CpFeC6HMes in the solid state and CsMe5FeC6H6 in frozen DME 
solution. The parameters are the same as for the stable analogues 
with a similar electronic structure. Isomer shifts are constant along 
the Fe(1) series, and the difference between the values of the Fe(1) 
and Fe(I1) sandwiches is 3 times larger (0.3 mm s-l) than between 
those of Cp2Fe and Cp2Fe+ (0.1 mm SKI).& This is in agreement 
with a large metal character for e*,. The temperature dependance 
of QS for all the Fe(1) complexes is sensitive to substituents. It 
is connected to the rhombic distorsion becoming fully dynamic 
as the temperature is raised.47 The thermal population of the 
lower Kramers’ doublet corresponds to a splitting of e*, which 
is reduced to 100-140 cm-I by the dynamic Jahn-Teller effect. 

presents the same behavior as the d7 CpFe(arene) series, e.g., 
parameters in the same range and temperature dependence of QS 
indicating similar electronic structure and Jahn-Teller 

Discussion 
The CpFe(arene) series provides great possibilities for syntheses 

since many arenes and p o l ~ a r e n e s ~ ~  are complexable in this fashion. 
In particular functional  substituent^^^ may be introduced to the 
Cp or arene ring of CpFe+(arene) by oxidation,s0 nucleophilic 
sub~ti tut ion,~~ or benzylic activation.’* Moreover we have brought 
about a satisfactory route to CSMesFe+(arene) complexes. These 
features are also useful from a practical standpoint. For example, 
a convenient introduction of a carboxylate grouplEa affords 
water-soluble redox catalysts in this series. The electroreduction 
of the cations CpFe+(arene) to the neutral species has been shown 
to be highly r e v e r ~ i b l e ; ~ ~  therefore, the isolation of these latter 
complexes was brought about. However, not u n e x p e ~ t e d l y , ’ ~ ~ ~ ~  
CpFeC6H6 was foundI9 to be thermally unstable. That only two 
EPR g values were observed by Nesmeyanov et a1.% is in conflict 

We also find that the 19-electron d7 complex (C6Me6)2Fe+PF6+ 

(46) (a) Collins, R. L. J. Chem. Phys. 1965,42, 1072-1080; (b) Green- 
wood, N. N.; Gibb, T. C. “MBssbauer Spectroscopy”; Chapman and Hall: 
London, 1971; p 234. 

(47) With 1, a splitting of the quadrupole doublet is observed at 77 K. This 
is best explained in terms of two sites with different asymmetries of the 
external potential, due to a peculiar packing arrangement. These solid-state 
interactions will be described in detail. MWbauer and EPR studies in various 
host lattices and in various aromatic and aliphatic frozen solvents with natural 
abundance and S’Fe-enriched mono- and polycrystalline samples are in 
pr0gress.4~ 

(48) Arenes bearing alkyl, phenyl, methoxy, and amino groups have been 
complexed. With functional groups bearing CO, the complexation is inhibited. 
However the introduction of such a function is feasible after complexation.2h 

(49) (a) Morrison, W. H.; Ho, E. Y.; Hendrikson, D. N. J.  Am. Chem. 
Soc. 1974,96, 3603-3608. (b) Sutherland, R. G.; Chen, S. C.; Pannekoek, 
W. J.; Lee, C. C. J. Organomet. Chem. 1975,101,221-229. (c) Lee, C. C.; 
Demchuk, K. J.; Pannekoek, W. J.; Sutherland, R. G. Ibid. 1978, 162, 
253-269. (d) Sutherland, R. G.; Pannekoek, W. J.; Lee, C. C. Can. J. Chem. 
1978,56, 1782-1787. (e) Lee, C. C.; Demchuk, K. J.; Sutherland, R. G. Ibid. 
1979, 57, 933-936. (0 Schmitt, G.; Keim, W.; Fleischhauer, J.; Walbergs, 
U. J. Organomet. Chem. 1978,152, 315-327. 

(50) Sirotkina, E. I.; Nesmeyanov, A. N.; Vol’kenau, N. A. Izu. Akad. 
Nauk SSSR, Ser. Khim. 1969, 7, 1524-1529 and references cited therein. 

(51) (a) Nesmeyanov, A. N.; Vol’kenau, N. A.; Bolesova, I. N. Dokl. 
Akad. Nauk SSSR 1967,175,606-609. (b) Nesmeyanov, A. N.; Vol’kenau, 
N. A.; Isaeva, L. S. Ibid. 1967,176, 106-109. (c) Khand, I. U.; Pauson, P. 
L.; Watts, E. W. J. Chem. Soc. C 1969, 2024-2030. (d) Helling, J. F.; 
Hendrikson, W. A. J. Organomet. Chem. 1977, 141, 99-105, 1979, 168, 
87-95. (e) A great number of arene syntheses have been performed using such 
reactions in (arene)Cr(CO), series: Semmelhack, M. F. Ann. N.Y. Acad. Sei. 
1977, 295, 36-51 and references cited therein. 

(52) See: ref 17; also (a) Jaouen, G.; Meyer, A.; Simonneaux, G. J.  Chem. 
SOC., Chem. Commun. 1975, 813-814; (b) Simmoneaux, G.; Jaouen, G. 
Tetrahedron 1979,35,2249-2254; (c) Lee, C. C.; Steele, B. R.; Demchuk, 
K. J.; Sutherland, R. G. Can. J.  Chem. 1979, 57, 946-948; J.  Organomet. 
Chem. 1979,181,411-424; (d) Johnson, J. W.; Treichel, P. M. J. Chem. Soc., 
Chem. Commun. 1976, 688-689; (e) J. Am. Chem. Soc. 1977, 99, 

(53) (a) Astruc, D.; Dabard, R.; Laviron, E. “Proceedings of Fourth In- 
ternational Conference on Organometallic Chemistry”; Bristol, Sept 1969; 
Abstr B2; C.R. Hebd. Seances Acad. Sci., Ser. C 1969, 269, 608-6. (b) 
Nesmeyanov, A. N.; Denisovitch, L. I.; Gubin, S. P.; Vol’kenau, N. A,; 
Sirotkina, E. I.; Bolesova, I. N. J. Organomet. Chem. 1969, 20, 169-176. 

(54) Fritz, H. P.; Keller, H. J.; Schwarzhans, K. E. J.  Organomet. Chem. 

1427-1436. 

1968, 13, 505-511. 
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with the expected distortion of a d7 system and may be attributed 
to experimental difficulties related to this unstability. From the 
QS values found in the Mossbauer spectra, we deduce that 
CpFeC6H6 is d7 as well as thermally stable analogues CpFe’- 
(hexaalkylbenzene). 

The molecular orbital ordering for the late transition-metal 
metallocenes and bis(arene) has been establishedSS and is in 
agreement with our findings. The order is e2 (dxy, dxz-g) < a, 
(d,r) C e*! (dxz, dyz). See Figure 5. 

The antibonding e*lg orbital lies well above the nonbonding 
alg orbital. According to INDO SCF calculation of Warrens6 
on CpFeC6H6, the benzene e2 level lies on the same level or slightly 
under this e*, level so that the spin would be localized on the 
benzene ligand and the complex would be d6 instead of d7. 

Ligand Character in the e*, Level. Our Mossbauer, EPR, and 
NMR data indicate that the e*, HOMO of the 19-electron Fe(1) 
complexes has a high metal character. This is in accord with 
semiempirical extended Huckel calculations (in conflict with 
Warren’s  prediction^^^). Although e*, is the more covalent of 
the three sets of d orbitals (from semiempirical calculations and 
optical data) in the d6 as well as in the d7 sandwiches, the optical 
and Mossbauer spectra also indicate that e*, is much less sensitive 
to benzene substituents than the e2 MO. A probable explanation 
for this apparent contradiction is that there is more Cp than 
benzene character in e*l, and we shall now put forward supporting 
evidence for this statement. 

observed upon specific permethylation are 
a direct consequence of the covalency, e.g., of the ligand character 
in this orbital.66 The ligand orbital of el symmetry which mixes 
with the metal d,, orbital to provide the (e,, e*,) set lies far below 
the metal d level. Therefore any effect increasing the e l  ligand 
level will improve the mixing with d(xz,yz), thus increasing the 
ligand character in e*, while increasing its energy level. These 
effects are (a) the reduction of the size of the ring (C6H6 - C5HS) 
and (b) the addition of methyl groups. From these arguments, 
it should follow that e*, would have more Cp than benzene 
character. 

VlEek’s theorys9 allows estimating the ligand and metal 
“eigenvectors” in the LUMO using the Ell2 values of the free 
ligand@) and of the complex. This theory was used by Gubin 
et al. to calculate 20% of benzene character in the LUMO of the 
CpFe+(arene) series.60 However this estimate was based on 

The shifts of 

( 5 5 )  (a) Prins, R. Mol. Phys. 1970, 19, 603-620. (b) Anderson, S. E.; 
Drago, R. S. Inorg. Chem. 1972,11, 1564-1572. (c) Anderson, S. E.; Rai, 
R. Chem. Phys. 1970, 92, 4831. 

(56) Clark, D. W.; Warren, K. D. J. Organomet. Chem. 1978,152, C60- 
C62. 

(57) For example, I’OH-” is quantitatively decomplexed after 1 min to 
C6Me6, CpH, and Fe(OH)2 by uv irradiation (240 nm) of an aqueous so- 
lution. It was suggested by Russian authors that CpFe’C6H6 is an interme- 
diate in the photodemmplexation of CpFe+C6H6, following a solvent to metal 
charge tran~fer.’~*’~ Since 1 is stable both under UV irradiation and in 
aqueous LiOH,’8*B this mechanism is not valid (but rather e2 (dxy, d,z+) - 
e l2  (arene) MLCT). 

( 5 8 )  (a) Marcus, R. A.; Sutin, N. Inorg. Chem. 1975, 14, 213-219. (b) 
Kochi, J. K. Acc. Chem. Res. 1974, 7, 351-360. 

(59) VIEek, A. A. 2. Anorg. Allg. Chem. 1960, 304, 109-115. 
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complexes of po1yarenes:l and we now believe32 that, in contrast 
to the 1 !%electron d7 C&Fe1C6R6 series, CpFe(po1yarene) are 
dS rather than d7. Indeed it is impossible to estimate the covalency 
of ligands such as CsH<, C5Me5-, and C6Me6, e.g., their eigen- 
vectors in the LUMO of CpFe+(arene) series using VlEek's theory, 
because the half-wave potentials of these ligands are unknown. 
Neither is it strictly possible to use the comparison between the 
shifts of El lz  recorded upon substitution of Cp and benzene. 
However one may assume that the overall ligand character in e*l 
is small (-0.2) and that the Cp and benzene character are of the 
same order of magnitude. On the basis of the shifts of 
observed upon specific permethylation of Cp and benzene on one 
hand and secondly of the fact that the level of el(Cp) is higher 
than that of el(C&), it is probable that the covalency of c p  is 
superior to that of benzene. This latter distinction might no longer 
be valid for CpFe+C6Me6 since permethylation of benzene raises 
its el level. Indeed X-ray studies have shown that the metal-Cp 
distance is 0.12 A longer in CpFe'C6Me6 than in the 18-electron 
complexes, whereas the metal-arene distance is only 0.04 A 
longer.67 Thus there is more Cp than benzene character in e*l 
in 1 also, although the benzene character in e*l must be larger 
than in the unsubstituted parent complex. That the 3d (xz ,  yz) 
metal orbitals are delocalized to a larger extent onto the Cp el 
orbitals than onto the benzene el orbitals is thus presumably the 
result of geometrical factors. Consistently there is also more 
delocalization in the e*lg LUMO in ferrocene74 than in 
(C6Me6)2Fez+.73 The finding that e*l has more c p  than benzene 
character will be mast useful in the following discussion concerning 
the stereoelectronic stabilization of the CpFe'(arene) sandwiches. 

Stereoelectronic StabTzation-Destablization. Besides sensitivity 
to air and coordinating solvents, CpFeC6H6 is not thermally 
~ tab1e . l~  In pentane, or (more rapidly) in the solid state, it di- 
merizes through the benzene ring at  ambient temperature, ac- 
cordint to Scheme V. 

Since there is more spin density on the Cp than on the benzene 
ring, dimerization should occur through a Cp carbon if spin density 
on carbons in the ground state was the dominant factor (vide 
infra). Now permethylation of the Cp does lead to a much 
increased ability to dimerize. However this substitution sub- 
stantially raises the el(Cp) level, giving more Cp covalency in e*lg 
for 6. This is compensated by a smaller metal character in the 
HOMO, but the spin density on the benzene ring is the same in 
6 and in the parent complex 4.7s Thus here again the enhanced 
ability to dimerize cannot be explained in terms of changes in spin 
densities on the benzene ligands of the two Fe(1) complexes 4 and 
6 in the ground state. Remarkably, this permethylation of Cp 
introduces a pure electronic effect since the dimerization site is 
far from Cp (or CSMeS). Thus we have to consider electronic 
effects in the transition state of the dimerization pathway. This 
transition state is not easy to locate but may be estimated between 
A and B. 

Why permethylation of Cp lowers the transition-state energy 
remains an open question. The presence of Me groups on the 
benzene ligand also increases the rate of dimerization although 
to a lesser extent (contrary to 6, the Fe(1) monomers can be 
isolated at  low temperature). The maximum effect is obtained 
with 2, 3, and 4 Me. Steric and electronic effects are combined 
in this latter series, but the electronic effects play the same part 
as with Cp substitution (vide supra). 

It is noteworthy that CpFeC& (R = Me or Et) do not dimerize 
whatever be the temperature (they can be sublimed at 70-80 "C) 
in spite of a spin density on Cp larger than on C6H6 in 

Hamon, Astruc, and Michaud 

(60) For example, reported El l z  values53b for benzene, biphenyl, and their 
CpFet complexes are respectively (vs. SCE) -3.4, -2.70, -1.45, and -1.30 V. 
This theory provides 3.4 - 2.7/1.45 - 1.30 N 20% arene character for the 
LUMO of the cationic complexes. 

(61) The Russian authors' is based on E y 2  values of 
benzene, fluorene, naphthalene, phenanthrene, and their CpFe complexes. 
Only the results obtained with naphthalene give an arene character in the 
LUMO at variance with 20%. However, it has been shown since that what 
was believed to be (CpFe(phenanthrene))+ is in fact partly hydrogenated, 
phenanthrene being more susceptible than naphthalene to hydrogenation 
during the synthesis of the CpFe+(arene) comple~.~" 

FD 

Fe 

B - A - 
CSMeSFeC6Hs. One concludes that the transition state leading 
to dimerization through the Cp ligand has much higher energy 
than the one providing dimerization through the benzene ligand. 
Indeed the q4-C5H5R ligand is much less common than the qs- 
C6H6R ligands. Also note that dimerization through c p  would 
lead to a formally d8 Fe(0) complex whereas dimerization through 
C6H6 gives the d6 Fe(I1) configuration which is favored in these 
series. Rhodocene exists as a dimer and so do Re(C6Me6)2 and 
Tc(C6Me6)z. There would presumably be a too large spin density 
on the rings for the HOMO of the second- and third-row 19- 
electron sandwiches. This provides the driving force for dimer- 
ization through c p  or even through C6Me6 in spite of the per- 
methylation of the benzene ring, whereas such a steric effect 
precisely prevents it in the CpFe'(arene) series. Similarly co- 
baltocene and nickelocene exist as monomers, whereas their 
second- and third-row counterparts do not. In this respect, the 
spin density on the ligands in the ground state is all important 
if this spin density is very large (second and third row) but not 
if it is small (first row). 

Jahn-Teller Effect. The relatively narrow peaks observed in 
NMR, the similarity of the EPR spectra with those of Fe- 
(CbMe6)z' and NiCp2+, and the fact that the QS values no longer 
depend on temperature a t  293 K are all consistent with a dynamic 
rhombic Jahn-Teller effect a t  ambient temperature. Ammeter 
has shown that the Jahn-Teller effect was fully dynamic for the 
d7 system CpzCo and NiCp2+, the distortion parameter being a 
fraction of a vibrational quantum of the reactive coupling mode.35 

That the magnetic momsnts are very close to the spin-only 
values, indicating low spin-orbit coupling contribution, is consistent 
with a large distortion parameter (e.g., -2000 cm-I) as assumed 
from the kVproduct, which is close to the 0.4 value calculated 
for NiCp2+ and Fe(C,Me&+. On the other hand Raymond et 
al. have found by an x-ray investigation a static distorsion at 293 
K in the dS complex decamethylmanganocene.62 From the 
Mossbauer data obtained for the C S H S F ~ C ~ R ' ~  series it appears 
that the distortion static only up to 20-30 K (no dependence on 
temperature) and then progressively becomes dynamic. However 
the situation may be different for dilute samples which therefore 
need to be examined by both EPR and Mossbauer spectroscopies. 
It can already be stated that great similarities are observed among 
the Jahn-Teller behavior of the d7 sandwiches as noted from EPR 
and paramagnetic NMR63 data. 

Concluding Remarks. One of the main practical features is that 
localization of the spin density essentially on the metal prevents 
decomposition or dimerization of the sandwich and stabilizes a 
d7 complex. The localization of the nineteenth electron on the 
metal seems quite general and specific over the series of 19-electron 
complexes (C6Me6)2Fe+, CpZCo, C2Ni+, and (C5HSBR)zCo as 
was shown by Ammeter's results31 and can be checked by con- 
sidering the thermal stability of these species. However, among 
this d7 series of sandwiches, the CpFe'(arene) complexes are the 

(62) Freyberg, D. P.; Robbins, J. L.; Raymond, K. N.; Smart, J. C. J. Am. 

(63) Kholer, F. H. J. Organomet. Chem. 1916, 121, C61-C62. 
Chem. So<. 1919, 101, 892-897. 
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only ones having very negative redox potentials, which confer 
specific properties, as for instance the  redox catalysis of the 
aqueous electroreduction of NO3- to NH318. 

The CpFe'(arene) series are also unique among the 19-electron 
sandwiches of the  first row for their strong tendency to dimerize, 
although their HOMO is essentially based on the metal. We have 
shown that  electronic effects can facilitate this dimerization by 
lowering the transition-state energy, whereas steric effect can 
inhibit it, contrary to the  second- and third-row series. Note that 
the  dimerization is formally an  intramolecular electron transfer 
Fe(1) - C(arene) as, presumably, in other decomposition pro- 
cesses. The driving force for such specific metal t o  arene electron 
transfers may well be the lower energy of arene orbitals as com- 
pared to C p  ones. 

The large synthetic possibilities of CpFe(arene) design have 
afforded (i) stabilization and (ii) water-soluble redox catalysts 
as well as pentane-soluble electron-rich species. In both polar and 
nonpolar solvents, electron-transfer processess8 can now be provided 
for mechanistic and synthetic purposes, a s  exemplified by the  
dramatic activation of C-H bond upon short contact with O2 or 
air." 

Indeed, the  recent photoelectron spectroscopy da ta  obtained 
by Greenso indicate that  the thermally stable complexes 1,2, and 
3 are among the most electron-rich neutral species characterized 
to date ,  having ionization potentials close to that  of potassium 
metal. In this respect, as well as for the reasons summarized above, 
we believe they specially deserve the te rm "electron reservoirs". 
Experimental Section 

General Data. Reagent grade tetrahydrofuran and 1,2-dimethoxy- 
ethane were predried on Na foil and distilled from sodium benzophenone 
ketyl under nitrogen just before use. Benzene and toluene were distilled 
and stored under nitrogen. Reagent grade pentane and hexane were 
degassed with nitrogen before use. 1,2,3,4,5-PentamethyIcyclopentadiene 
was prepared according to the method of Bercaw et All other 
chemicals were used as received. All manipulations were done by 
Schlenk technique in a nitrogen-filled Vacuum Atmosphere Drylab or 
in glovebags. Infrared spectra were recorded with a Pye Unicam SP 1100 
infrared spectrophotometer which was calibrated with polystyrene. 
Samples were prepared between KBr disks in Nujol. Proton-decoupled 
"C NMR spectra were obtained at 25 MHz in the pulsed Fourier 
transform mode with a Varian H-100 spectrometer. IH NMR spectra 
were obtained with a Varian EM 360 spectrometer. All chemical shifts 
are reported in parts per million (6) with reference to tetramethylsilane 
and were measured relative to the solvent or Me.@. The usual 6 con- 
vention for diamagnetic molecules with positive values increasing down- 
field was also used for paramagnetic complexes (Dr. D. Cozak). Bulk 
magnetic susceptibility measurements were made on a Bruker Magnet 
MB4 magnetometer. Polarographic measurements were made on PO4 
Radiometer polarograph. Half-wave potentials were recorded with ref- 
erence to SCE in LiOH (0.1 N). Concentrations were 5 X lo4 M. A 
1% gelatin solution was added (to remove adsorbtion peaks) until El12 
values remain unchanged. Mass spectra were recorded by Dr. P. Gutnot 
at the Center of Physical Measurements of Rennes by using a Varian 
MAT 311 spectrometer. Ultraviolet spectra were recorded with a 
Beckman DB spectrophotometer. EPR spectra were recorded at Gre- 
noble (CENG) by using a Varian E 112 spectrometer. Mossbauer 
spectra were recorded with a 25-mCi s7C0 source on Rh, using a sym- 
metric triangular sweep mode. Thermally unstable 19-electron complexes 
were quickly transfered from the Schlenk tube to the Mossbauer cell by 
using a glovebag under argon which is cooled by passing through a plastic 
tube at -196 OC. Mossbauer spectra were fitted by J. P. Mariot. Ele- 
mental analyses were performed by the Center of Microanalyses of the 
CNRS at Lyon-Villeurbanne. 

Preparations. (1) CpFe+C6(CzHs)#F,. Ferrocene (2.8 g, 15 mmol), 
C6(C#5)6 (4.9 g, 20 mmol), aluminum chloride (8 g, 60 mmol), AI 
powder (0.4 g, 15 mmol), and HzO (0.27 g, 15 mmol) are mixed under 
N2 and heated at 72 "C for 12 h in 50 mL of heptane. After hydrolysis 
at 0 OC, aqueous NH3 is added to the aqueous layer to remove AI3+, and 
then aqueous HPF6 (1 1 mmol) is added to the filtrate to precipitate the 
desired salt. Reprecipitation by addition of excess ether to a CH2CI2 
solution provides 3.7 g (48.7% yield) of powdered salt found pure by 'H 
NMR. Recrystallization from hot ethanol gives 3.4 g (44% yield) of 
yellow flakes after the solution was cooled and left standing overnight 
at -21 OC (mp 260 OC dec): IR 432 (w), 482 (w), 565 (w), 745 (w), 

(64) Threlkel, R. S.; Bercaw, J. E. J. Organomet. Chem. 1977,136, 1-5. 
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855 (s), 972 (m), 1045 (s), 1258 (s), 2285 (m), 2940 (w) cm-l; 'H NMR 
(CD,COCDJ 6 4.91 (Cp, 5 H), 3.14 (q, CH2, 12 H), 1.42 (t, CH3, 18 
H); "C NMR (CD,CN) 6 105.4 (e6 ring), 78.2 (Cp), 23.8 (CH,), 16.3 
(CH,). 

Anal. Calcd for C2,HJ5FePF6: C, 53.92; H, 6.88; Fe, 10.90. Found: 
C, 53.94; H, 6.89; Fe, 11.09. 

(2) C5(CH,)5Fe(C0)zBr. To 15 g (30.4 mmol) of [C5Me5Fe(C0)2]z 
(prepared according to the procedure of King and Bisnette65) in 500 mL 
of CH2C12 at 20 OC was added a solution of Br2 (4.9 g, 30.4 mmol) in 
10 mL of CH2CI2 dropwise. The reaction was monitored by TLC 
(hexane/ether, 9/1). A 99% sample of crude compound is obtained after 
filtration and removal of the solvent in vacuo. Recrystallization from 
hexane gives 18.75 g (95%) of red-purple needles; mp 139 OC; IR 550 
(w), 580 (m), 620 (w), 1040 (w), 1400 (m), 1990 (s), 2060 (s), 2950 (m) 
cm-'; 'H NMR (CD,CODC,) 6 1.86 (CH,); ')C NMR (CD3CN) 6 
215.7 (CO), 97.5 (C5Me5), 10.0 (CH,). 

Anal. Calcd for Ci2HlSFeBr: C, 44.07; H, 4.62; Fe, 17.08; Br, 24.43. 
Found: C, 44.14; H, 4.47; Fe, 17.24; Br, 24.34. 

(3) csMe&+c&PF6-. C5Me5Fe(C0)2Br (5.52 g, 16.8 mmol) and 
AICI, (9.65 g, 72.3 mmol) were stirred under Nz in refluxing benzene 
(50 mL) for 12 h. Then the reaction mixture was hydrolyzed with 100 
mL of ice water. AI3+ was removed from the aqueous phase as in 1, and 
the salt was isolated by precipitation after metathesis with HPF* Re- 
precipitation as in 1 gives 4.44 g (63.% yield) of powder, found pure by 
IH NMR. Recrystallization from hot ethanol provides 4.0 g (57% yield) 
of canary yellow needles: mp -307 OC dec; IR 435 (w), 475 (w), 565 
(m), 855 (s), 885 (w), 1045 (w), 3120 (w) cm-I; 'H NMR (CD,COCD3) 
6 610 (6 H, C6H6) and 2.04 (15 H, CH,); I3C NMR (CD,CN) 8 92.3 
(C,H,), 90.4 (C5Me5), 10.2 (CH,). 

Anal. Calcd for C&iFePF6: c, 46.39; H, 5.1 1; Fe, 13.48. Found: 
C, 46.56; H, 4.93; Fe, 13.49. 

(4) C ~ M ~ ~ F ~ + C ~ M L ? ~ P F ~ .  C5Me5Fe(C0)2Br (1.37 g, 4.2 mmol), 
AICI, (2.4 g, 18 mmol), and C6Me6 (3.89 g, 24 mmol) were mixed in a 
glovebag under N2. The reaction mixture was melted and heated at 115 
OC for 12 h under stirring and N2 atmosphere. After the solution was 
cooled down, workup proceeds as above, yielding 0.806 g (38.6% yield) 
of powder found pure by IH NMR. Recrystallization from ethanol gives 
0.708 g (34% yield) of yellow needles: mp 323 OC dec; IR 430 (w), 453 
(w), 565 (m), 855 (s), 885 (w), 1038 (m), 2990 (w) cm-'; 'H NMR 

(65) King, R. B.; Bisnette, M. B. J. Organomel. Chem. 1%7,8,287-297. 
(66) Recently the noncorrelation of Dq and Ell2 and the importance of the 

spherical ligand field term V, was pointed out for inorganic complexes. 
Lindvedt, R. L.; Fenton, D. E. Inorg. Chem. 1980, 19, 569-570. 

(67) Batail, P., unpublished results. 
(68) From EPR data, Ammeter calculated 67% metal character in etl8 for 

In a recent paper, Weber et al. deduce even less metal character 
in e t l l  for Cp2Ni+ from the Xa molecular orbital method.69 For former 
calculations, see the references cited in these papers. 

(69) Goursot, A.; Penigault, E.; Weber, J. Nouv. J. Chim. 1979, 3, 

(70) Goldanskii et recorded the Mossbauer spectra "inter alia" of 
c FetC6H6BF4' (Qs = 1.67 mm s-'), CpFetC6H,Me2BPhc (Qs = 1.57 mm 

CpFe+(arene)X- are subjected to Mossbauer monitored relaxation motions 
in the solid state which strongly depend upon the substituents on the rings and 
on the nature of the counteranion. These phenomena have to be carefully 
avoided when comparing the QS values. A significant interpretation from the 
Russian authors to the reduction of QS in going from Cp2Fe to 
(C6H3Me3)2Fe2+ is that the d metal orbitals interact more with the e2 ring 
orbital in the latter case. 

(71) Stukan, R. A.; Vol'kenau, N. A.; Nesmeyanov, A. N.; Gol'danskii Izv. 
Akad. Nauk SSSR, Ser. Khim. 1966,8, 1472-1474. 

(72) Fitzsimmons, B. W. J.  Phys. C 1980, 1, 33-37. 
(73) Morrison, W. H.; Ho, E. Y.; Hendrickson, D. N. Inorg. Chem. 1975, 

14, 500-506. 
(74) That the etlg LUMO is so much destabilized in ferrocene (due to the 

covalency of 3d,, orbital with the Cp el orbitals) is part of the reason why 
it is so difficult to reach the d7 19-electron complex Cp2Fe-. The monoelec- 
tronic electroreduction of ferrocene (-2.93 V vs. SCE, reversible at -35 OC 
in DME) was only recently, but elegantly characterized. Mugnier, Y.; Moise, 
C.; Tirouflet, J.; Laviron, E. J.  Organomet. Chem. 1980, 186, C49C52. 

(75) These data are consistent with self-consistent extended Hlickel cal- 
culation. Rajasekharan, M. V., personal communication. 

(76) Brintzinger, H.; Palmer, G.; Sands, R. H. J. Am. Chem. Soc. 1966, 
88, 623. 

(77) For the photostability of even (18,20) and odd (17,19) electron me- 
tallocenes see: Borrell, P.; Henderson, E. Inorg. Chim. Acra 1975, 12, 

(78) (a) Nesmeyanov, A. N.; Vol'kenau, N. A.; Shilovstseva, L. S. Dokl. 

(79) Geoffroy, G. L; Wrighton, M. S. In "Organometallic 

(80) Green, J. C., personal communication. 

675-681. 

s- P ), and (C,H3Me3)2Fe2+(BPh4-)2, but recently Fitzsimmons'2 has shown that 

21 5-219. 

Akad. Nauk SSSR 1970, 190, 857-859. (b) Ibid. 1970, 190, 51-53. 

Photochemistry"; Academic Press: New York, 1979; pp 219-229. 
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(CDjCOCDJ 6 2.30 (18 H, C6Me6) and 1.70 (15 H, CSMeS); ''C NMR 
(CD3CN) 6 98.35 (C6Me6); 87.0 (CsMe5), 15.6 (C6Me6), 8.5 (C5MeS). 

Anal. Calcd for C22H33FePF6: C, 53.02; H, 6.67; Fe, 11.20. Found: 
C, 52.92; H, 6.64; Fe, 11.12. 

(5) CpFeC6Mee A 2.2-g sample of CpFe+C6Me6PF6- (5 mmol) in 
30 mL of dimethoxyethane is stirred with 35 g of Na/Hg amalgam (I%, 
15 mmol) for 30 min at ambient temperature under N2. Then DME is 
removed in vacuo, and the residue is extracted and recrystallized from 
pentane. Standing overnight a t  -40 OC affords dark forest green, air- 
sensitive crystals of 1 (1.28 g, 90% yield): sublimation 70 OC at 0.2 X 
lo-' mmHg; mass spectrum Mt calcd 283.115, found 283.1 15; 'H NMR 
(C6DsCD3) 6 35.01 (CsHS, line width at half-height = 330 Hz), -2.15 
(C6Me6, linewidth at half-height = 140 Hz); "C NMR (C6D5CD3) 6 44 
9 and 584 (ring C), -35.9 (CH,); IR (pentane) 785 (w), 823 (s), 1040 
(s), 1120 (s), 1285 (s) em-'. 

Anal. Calcd for C17H23Fe: C, 72.09; H, 8.22; Fe, 20.57. Found: C, 
71.81; H, 8.23; Fe, 20.55. 

(6) C P F ~ C ~ ( C & ) ~ .  An identical procedure applied to 1.37 g (2.67 
mmol) of C P F ~ + C ~ ( C ~ H ~ ) ~ P F ~ -  gives 0.387 g (1.05 mmol, 40% yield) of 
2 as dark forest green, air-sensitive crystals after recrystallization from 
pentane and 2 days of standing at -21 OC: sublimation 49 OC at 0.7 
mmHg; mass spectrum M+ calcd 367.209, found 367.209; IR (pentane) 
790 (m), 828 (s), 1040 (s), 1077 (w), 1120 (s), 1285 (s) cm-'. 

Anal. Calcd for C23H35Fe: C, 75.20; H, 9.60; Fe, 15.20. Found: C, 
75.13; H, 9.55; Fe, 15.08. 

(7) C5Me&c&k6. Similarly 5.02 g of C5Me5FetC6Me2F6 (10.08 
mmol) gives 1.424 g (4.03 mmol; 40% yield) of 3 as deep ivory-green 
crystals after recrystallization overnight from pentane at -21 "C: sub- 
limation 103 OC at 5 mmHg; mass spectrum M+ calcd 353.193, found 
353.193; IR (pentane) 830 (s), 1044 (w), 1102 (s), 1285 (s) cm-I. 

Anal. Calcd for C22H33Fe: C, 74.78; H, 9.41; Fe, 15.80. Found: C, 
74.82; H, 9.42; Fe, 15.69. 

(8) Isolation, Characterization, and Dimerization of CpFd6HNe,+,. 
(a) n = 6. The Na/Hg reduction of CpFe+C6H6BFc (1.5 g, 5.26 mmol) 
was carried out at -20 OC for 1 h in 30 mL of dimethoxyethane under 
N2. After removal of the solvent in vacuo, the residue was extrated with 
a minimum (2 X 5 mL) of toluene at -20 OC and filtered. Cold pentane 
(50 mL) was added, and the solution was cooled down to -78 OC, which 
provides 0.83 g (4.16 mmol) of dark green microcrystalline 4 (79% yield). 
Fast transfer to a Mossbauer cell in a glovebag which is cooled to --IO 
"C by flushing N2 through a plastic tubing at -196 OC afforded an 
observation of a clean Mossbauer spectrum of solid CpFeC6H6. 

(b) n = 1 and 5. CpFeC6H5Me and CpFeC6HMe5 were obtained with 
a similar procedure; since they were much more soluble in pentane than 
the parent complex 4, they were extracted from this solvent. After 
removal of the solvent and transfer to suitable cells, the Mossbauer 
spectra were observed as above. The rate of dimerization is greater than 
for CpFeC6H6, the transformation of the green monomer to the red 
dimers being complete in 10 min at -10 OC. 
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(c) n = 2, 3, and 4. Similarly the green solid monomers CpFe(p- 
xylene), CpFe(mesitylene), CpFe(durene), and CpFe(iscdurene) were 
isolated in the solid state after reduction of the cations, extraction with 
pentane, filtration, and removal of the pentane in vacuo, all these oper- 
ations being carried out a t  temperatures not higher than -20 OC. 
Transformations to bright orange dimers in the solid state were complete 
in 10 min at -20 OC. The monomers were stable in pentane for more 
than 1 h at 0 OC, as for n = 1, 5, and 6. The solid dimers were identified 
by comparison with authentic samples by 'H NMR, molecular weight 
determination in benzene, and mass spectra (M/2)+. 

(9)  Attempts to Isolate C5Me5Fd& in the Solid State, Characteri- 
zation in Frozen DME Solution and Dimerization. A 3-g sample of 
C5Me5Fe+C6H6PF; (7.3 mmol) was stirred in 30 mL of DME with 50 
g of Na/Hg amalgam (l%, 22 mmol) at -20 OC for 1 h. DME was 
removed in vacuo from the deep ivory-green solution. Upon saturation, 
a red solid always crystallizes from the ivory-green solution whatever be 
the temperature (this experiment was repeated about 10 times). After 
removal of all the solvent at -80 OC, only red microcrystals were obtained 
(if a DME solution is warmed to room temperature, the red dimer begins 
to appear only after ~ 2 0  min as a precipitate and the overall transfor- 
mation takes about 1 h). The weak pentane-soluble red solid is extracted 
(under N2) with a minimum (30 mL) of toluene. Filtration, addition of 
150 mL of pentane, and slow cooling down to -78 OC provide bright 
orange flakes (0.4 g, 0.74 mmol, 20.5% yield): mp 103 OC; mass spec- 

(s, 15 H, CHI), 1.60-1.80 (m, 3, V5-C6H6), 3.60 (m, 2), 5.12 (m, 1); I3C 

C ortho), 81.5 (2 C meta), 80.9 (1 C para). 
Anal. Calcd for C32H42Fe2: C, 71.39; H, 7.86; Fe, 20.74. Found: C, 

71.19; H, 8.31; Fe, 20.50. 
A cold, deep ivory-green, concentrated DME solution was transferred 

into a Mossbauer cell in a glovebag at --lo OC, which afforded the 
Mossbauer spectra of a frozen DME solution of C5Me5FeC6H6 as a 
monomer. 
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