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Abstract

The compound (ethene),(toluene)iron (1) is prepared by cocondensation of iron and toluene and subsequent treatment with ethene.
Reaction of (1) with 6,6-dimethylfulvene leads to the known products ansa-ferrocene and 1,1-bis(isopropylferrocene. Reaction of (1)
with 6,6-diphenylfulvene (2) gives 1,V-bis(benzhydryl)ferrocene (3). The intermediate in the formation of (3), bis(diphenylfulvene)iron
(4) was isolated. (4) was characterized by MS and a X-ray structure determination and its structure compared with the structure of the free
ligand (2). The structure of (4) was also determined by DFT-ab-initio calculations. © 1997 Elsevier Science S.A.
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1. Introduction

Fulvenes with their cross-conjugated w-systems build
a class of very interesting organic ligands that form a
great number of organometallic compounds if coordi-
nated towards a metal center.

Because of the number of double bonds in the ful-
venes, there is a great variety in binding modes in these
organometallic compounds. It can be coordinated in 32,
7*, »° or in the case of an aromatic substituent on the
exocyclic double bond, even n®. The following com-
pounds give examples for the different bonding modes.
Compound A shows m’-coordination on an endocyclic
double bond [1]. Compound B is n?-coordinated on the
exocyclic double bond [2]. n*-bonding appears in com-
pound C [3]. Compound D has a n°-coordination [4]. In
compound E the exocyclic phenyl substituent of the
fulvene is part of the coordinating 7-system to give
n®-coordination [5].

Compound A and B can be regarded as ene-com-
plexes of the metal centers, whereas compounds C and
D are diene- or triene-complexes. Compounds C and D
will be used later to discuss the structure of Fe(fulvene),.
Compound E shows that fulvenes can also coordinate to
dinuclear complexes.(Scheme 1)
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Scheme 1.

Although there are many compounds containing one
or more fulvene ligands, very little about compounds
containing only fulvene as ligands is known. E.O. Fis-
cher et al. described the synthesis of the cationic
bis(6,6-diphenylfulvene)-complexes of Co (F), Rh and
Ir [6,7]. These compounds were isolated as PF.-salts and
characterized by NMR- and IR spectroscopy.(Fig. 1)

In a later work, Behrens et al. tried to reproduce
these results to get material for structural investigations
but were not successful [8]. The only product they were
able to isolate was the cobaltocenium salt G which is
formed by hydrogen abstraction from the solvent.

This hydrogen abstraction appears also in a proposed
reaction mechanism that Tan et al. made for the cocon-
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densation of metal atoms with fulvenes [9]. They re-
acted iron atoms with 6,6-dimethylfulvene and isolated
a mixture of the (tetramethylethano)-bridged ansa-ferro-
cene and the 1,1-bis(isopropylferrocene. Scheme 2
shows the proposed mechanism for this reaction.

Our paper presents evidence that the postulated inter-
mediate M%(fulvene), has been isolated and character-
ized.

2. Results and discussion

In order to avoid problems of the direct metal-fulvene
cocondensation, as there are difficulties in separating
products from reactants and oligomerisation of the lig-
and 6,6-dimethylfulvene (in mass spectra we detected
dimers, trimers, tetramers and pentamers of the fulvene)
we were looking for another way of reacting iron atoms
with fulvenes. We used the compound bis (n*-
ethene),(1°-toluene)iron (1) because it is a highly-reac-
tive solvated form of iron atoms which is easy to
prepare and to handle. This compound is also a starting
material for many iron complexes [10,11]. (1) is pre-
pared by cocondensation of iron atoms with toluene at
77 K and warming to 196 K under an atmosphere of
ethene.(Fig. 2)

The used cocondensation apparatus is described else-
where [12]. After being filtered through alumina, the
solution can be stored at 196 K and its content of iron
determined by simply titrating an oxidized part of the
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solution.

Reaction of (1) with two equivalents of 6,6-dimethyl-
fulvene yields the expected mixture of ansa-ferrocene
and 1,1-bis(isopropyDferrocene (see Scheme 2 above).

Reaction of (1) with two equivalents of 6,6-diphenyl-
fulvene (2) leads to the formation of 1,1-
bis[(diphenyl)methyl}ferrocene (3).

Formation of the corresponding ansa-ferrocene com-
pound is not possible in this case because of the steric
hindrance of the phenyl substituents on the exo-methyl-
ene-group. Force field calculations showed that the
hypothetic bridging C—C bond between the cyclopen-
tadieyl rings would be about 190 pm in length [13].(Fig.
3)

During this reaction, that was carried out by adding a
solution of (2) to the solution of (1) both in toluene at
196 K and allowing to warm up slowly to ambient
temperature, dark red crystals grew on the wall of the
used Schlenk-tube just above the solvent level. It was
very little material isolated, however one of the crystals
was suitable for an X-ray crystal structure determina-
tion. The rest of the material was used to measure
high-resolution mass spectra.

This structure determination showed the isolated
compound to be the postulated bis(fulvene)iron interme-
diate (4) (see Scheme 2 above).

It is also the first reported structurally characterized
transition metal bis-fulvene compound and the first
neutral transition metal compound containing fulvene
ligands only.

The isolation of this compound is a proof for the
mechanism proposed by McGlinchey et al. [9] that the
initial step in the reaction of metal atoms with fulvenes
to form ansa- or bis-substituted ferrocenes is the forma-
tion of a complex of the metal and two molecules of
fulvene in which the metal center is still in oxidation
state 0. The following step is the electron transfer from
metal center to the 5-membered rings to give the metal-
locene compound with the metal in oxidation state +1II
and two cyclopentadienyl rings that can now either form
the ansa-bridge or undergo hydrogen abstraction (see
Scheme 2 above).

In further experiments we were not able to obtain (4)
from solution so one might say that (4) reacts to (3)
immediately if dissolved in toluene. An attempt to
follow the formation of (4) by low temperature NMR or
ESR spectroscopy was prevented by the fact that solu-
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tions of (1) always contain certain amounts of elemen-
tary iron due to partly decomposition, giving way to
extreme line broadening in NMR.

3. Structural investigations

The X-ray structures of the iron-bis-fulvene com-
pound as well as the structure of the free ligand 6,6-di-
phenylfulvene were determined in order to compare
bond lengths and angles.

In the iron-fulvene compound the fulvene ligands
coordinate through their 5-membered rings towards the
iron center. The exo-methylene groups are located eclip-
tically, so that both rings are not coplanar any more
because of the steric hindrance of the large phenyl-sub-
stituents on the exo-methylene groups. The metal-ring
perpendiculars form an angle of 150°.

Uncomplexed fulvenes have a planar system of the
six carbon atoms that form the skeleton. There is, as it
is a diene-like structure, a clear alteration of single and
double bonds in the ring [14,15].

The structure of 6,6-diphenylfulvene follows these
structural rules. (2) crystallizes with Z=4 in P1, it

)

Scheme 3. ORTEP plot of 6,6-diphenylfulvene (2).
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forms two independent molecules in the unit cell that
differ by the torsion angle of the phenyl rings towards
the five membered ring by 5°.(Scheme 3, Table 1,
Scheme 4, Table 2)

The fulvene rings in the bis-fulvene-iron compound
show some distortion from the diene-like structure. The
bond lengths C(2)-C(3), C(3)-C(4) and C(4)-C(5) are
of about the same, while bonds C(1)-C(5) and C(1)-
C(2) being markedly longer. The exocyclic bond C(1)-
C(6) has a value of 140.8 pm, that is in between a single
and a double bond. This shows, that there is a certain
amount of coordination of the exocyclic double bond
towards the iron center. The length of the exocyclic
bond of tricarbonyl-fulvene-iron C is 135.7 pm, show-
ing that there is certainly no influence of the iron center
to the double bond. In compound D, tricarbonyl-
fulvene-chromium, the exocyclic bond is longer than in
the free ligand, that shows that there is coordination to
the metal center. This becomes also clear by the fact
that the exocyclic bond is bent out of the plane of the
five-membered ring towards the chromium center by
31°. This angle also leads to a short distance between
metal center and exocyclic carbon that is about 253 pm.
In (4) the exocyclic C(6) stays in the plane of the
fulvene ring, so that the compound can be regarded as a
“‘real” fulvene complex and not some kind of ferrocene
derivative. Distances from iron center to C(6) and C(24)
are about 329 pm and are noncoordinative.

Another way of describing the bonding in (4) is the
formation of a biradicalic compound in which iron is in
oxidation state +II coordinated to two substituted cy-
clopentadienyl rings that are formed by the reduction of
the fulvene. The exocyclic carbons bear single elec-
trons, as shown in Fig. 4.

This view of the bonding is enhanced by the fact that
ligands present in this formulation of the structure,

Table 1 .

Selected bond lenghts of (2) [A]

C(1)-C(6) 1.356(3) C()-C(5) 1.466(3)
c(DH-C() 1.471(3) Cc()-Cc(3) 1.337(3)
C(3)~C(4) 1.454(3) C(4)-C(5) 1.341(3)
C(6)-C(13) 1.483(3) C(6)-C(D 1.492(3)
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Scheme 4. ORTEP plot of bis-diphenylfulvene-iron (4).

Table 2

Selected bond lenghts of (4) [A]

Fe—C(4)
Fe-C(22)
Fe—C(5)
Fe—-C(23)
Fe—C(1)
Cc()-c(6)
C(H-C(5)
C(3)-C4)
C(6)-C(13)
C(N-C(8)
C(®)-C®
cao-cn)
C(13)-C(14)
C(14)-Cc(15)
c16)-c(17)
C(19)-Cc(24)
C(19)-C(20)
C(1)-Cc(22)
c@4)-c31)

2.036(3)
2.036(3)
2.056(3)
2.066(2)
2.201(2)
1.408(3)
1.448(3)
1.410(3)
1.465(3)
1.396(3)
1.386(4)
1.375(5)
1.397(3)
1.378(4)
1.383(4)
1.398(3)
1.452(3)
1.417(3)
1.469(3)

Fe-C(21)
Fe-C(3)
Fe-C(Q20)
Fe-C(2)
Fe-C(19)
Cc(1)-Cc(2)
C(2)-C(3)
C(4)-C(5)
C(6)-C(N
C(7)-C(12)
C(9)-C(10)
C(11)-C(12)
C(13)-C(18)
C(15)-C(16)
C(17)-C(18)
C(19)-C(23)
c(20)-c(21)
C(22)-C(23)
C(24)-C(25)

2.035(2)
2.046(3)
2.063(3)
2.075(2)
2.209(2)
1.445(3)
1.406(3)
1.408(3)
1.472(3)
1.396(4)
1.375(5)
1.389(4)
1.404(3)
1.380(4)
1.377(3)
1.451(3)
1.408(4)
1.407(3)
1.482(3)

Table 3
Calculated and experimental bond lengths of (4) [pm]
Bond Exptl. Calc. Bond Exptl. Calc.

Fe-Cl 220.1 225.1
Fe-C2 207.5 206.6
Fe-C3 204.6 204.7
Fe-C4 203.6 204.7
Fe-C5 205.6 206.6

Cl1-C2 144.5 147.2
C2-C3 140.6 143.0
C3-C4 141.0 144.0
C4-C5 140.8 143.0
C5-Ct 144.8 147.2
C1-Ceé 140.8 137.9

cyclopentadienyldiphenylmethyl radicals, are closely re-
lated to the trityl radical which is known to be stable in
THF solution at room temperature [16].

The presence of two radical ligands could also ex-
plain the staggered position of the bulky substituents of
the cp-rings; there could be a certain amount of interac-
tion of the singly occupied orbitals on the exo-carbon
atoms the distance between is 434 pm. Proof for this

Table 4

Crystal data and data collection parameters

Compound 2 4)

Chem. formula CigHy, C, H,4 Fe
Mol. mass 230.29 516.43
Cryst size [mm] 0.2x0.4x0.4 0.1 X0.4%X0.8
Cryst system Triclinic Triclinic
Space group Pi Pl

a, [A] 10.0050(10) 10.456(6)
b, [A] 10.0440(10) 11.054(6)
¢, [Al 14.291(2) 13.557(10)
a,[] 90.630(10) 82.57(3)
B.[°1 99.810(10) 67.64(3)
v, [°] 113.260(10) 63.45(2)
v, [A] 1295.2(3) 1294 8(14)
V4 4 2

plcalc), [Mg/m*] 1.181 1.325
w[mm™'] 0.067 0.606
F(000) 438 540

26 max[°] 45.00 50.06

T, [K] 210 210

Refl. coliected 3382 6449

Refl. unique 3382 4567

Refl. observed (40 ) 2455 3571
R(int.) 0.0000 0.0266
No. variables 438 418
Weighting scheme® x/y 0.0472 /0.0491 0.0413 /0.5229
GOOF 1.020 0.997

R 1(40) 0.0351 0.0325
wR2 (all data) 0.0805 0.0790
Larg. res. peak [e/A’] 0.137 0.291

‘wl= g F2+(xPY + yP; P=(F} +2F?)/3.
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type of bonding would be possible by ESR and magnet-
ical measurements, but these methods would require
larger amounts of (4), so there is still work to be done.

In (4) it is not easy to determine the hapticity of the
fulvene ligands. Counting electrons, n4—coordination of
the cyclic double bonds of the fulvenes leads to a 16
VE-system, whereas n°-coordination leads to a 20 VE
compound. Regarding the bond lengths, a ‘“half-coordi-
nating’’ exocyclic double bond may be the best explana-
tion. Metal carbon distances in the ring are about 204 to
207 pm to C(2), C(3), C(4) and C(5), Fe~C(1) distance
is 220 pm. This is markedly shorter than the certainly
noncoordinating M-C(1) distance in (Fv)Fe(CO), that
is about 250 pm [3].

In order to decide between these both possible de-
scriptions of (4) we performed an ab-initio-calculation
of the molecule bis(fulvene)iron with the phenyl groups
substituted by hydrogen. We used the RI-DFT module
[17] of the program package TURBOMOLE [18] and
auxiliary SV(P)-basis sets.

The calculated geometry of (4) shows that the de-
scription as a bis-fulvene complex is the right one. The
calculated distances are very close to those experimen-
tally determined in the X-ray structure analysis.

The SEN (shared electron number) [19,20] as a mea-
sure for covalency in the exocyclic bond C1-C6 has a
value of 1.91 showing it to be a double bond clearly.

Selected bond lengths are listed in Table 3 and
compared to the experimental values.(Table 4)

4. Experimental section

All reactions were carried out under Schlenk-condi-
tions using dried solvents in an atmosphere of dried
nitrogen or argon. NMR spectra were recorded in C¢Dy
using a Bruker AC-SC 250 instrument.

Mass spectra were obtained on an Finnigan Mat MS
8230 instrument (EI, 70 eV).

Separation of products was carried out on dried
neutral alumina (Fluka) desactivated with 4% H,O.
Diphenylfulvene was purchased from Aldrich. Dimeth-
ylfulvene was prepared according to literature methods
[21]

4.1. Bis-ethylene toluene iron (1)

5 g Iron atoms were cocondensed with 80 ml of
toluene at 77 K and warmed to 196 K under an atmo-
sphere of ethylene. Iron atoms were generated in a
resistively heated crucible at about 1200°C. The solu-
ton was collected with the internal drain, filtered
through neutral alumina and stored at 196 K.

4.2. Reaction of (1) with 6,6-dimethylfulvene

A solution of 2 equivalents fulvene in toluene was
added dropwise to the solution of (1) at 196 K and

allowed to warm slowly up to ambient temperature. The
solution was filtered through neutral alumina. Removal
of solvent yielded the mixture of ansa ferrocene and 1,1’
bis-isopropyl ferrocene, products were identified by
comparison of their spectroscopic data with literature.

4.3. Reaction of (1) with 6,6-diphenylfulvene (2)

Two equivalents of fulvene (2) in toluene were added
to a solution of (1) in toluene at 196 K and allowed to
warm up to ambient temperature. After stirring for 48 h
the solution was separated on alumina (10 X 2 cm).
Eluation with toluene gave a yellow band of 6,6-di-
phenyl-fulvene (2) and a second, orange band of the 1,1’
bis(diphenylmethylferrocene (3). 'H NMR (C,D,,
ppm): 3.86 (8H, C H,), 4.85 (s, 2H, C;H,~CH-(Ph),),
7.0-7.2 (m, C¢Hs) " C NMR (C¢ Dy, ppm): 52.79 (C6),
59.59 (C4-C3), 70.81 (C2-C5), 90.79 (C1) High Reso-
lution MS for (1): 518.17072 M™, calc. 518.16968 High
Resolution MS for (4): 516.15107 M ¥, calc. 516.15405.

4.4. Structural investigations

Crystals of (2) were grown from a pentane solution
by slowly cooling. X-ray structures were determined
with an STOE STADI 4 diffractometer using Mo-K -
radiation with a graphite monochromator. Data collec-
tion was performed with commercial STOE software.
Structure solution was carried out with the program
package SHELLXTL for PC.

Acknowledgements

This work was financially supported by DFG (Benn,
Grant Ta 126 /2-5 + 2-6). The substantial support of
Prof. H. Schndckel is greatfully acknowledged.

References

{t] K.J. Jens, F. Edelmann, U. Behrens, Chem. Ber. 111 (1978)
2895.

[2] A. Christophides, J.A.K. Howard, J.L. Spencer, F.G.A. Stone, J.
Organomet. Chem. 232 (1982) 279.

[3] F. Edelmann, B. Lubke, U. Behrens, Chem. Ber. 115 (1982)
1325.

[4] RL. Cooper, E.O. Fischer, W. Semmlinger, J. Organomet.
Chem., 9 (1967) 333; V.G. Andrianov, Y.T. Struchkov, V.N.
Setkina, V.I. Zdanovich, A.’Zh. Zhakaeva, D.N. Kursanov, J.
Chem. Soc. Chem. Comm. (1975) 117.

[5] U. Behrens, E. Weiss, J. Organomet. Chem. 96 (1975) 399.

(6] E.O. Fischer, B.J. Weimann, Z. Naturforschg. 21b (1966) 84.

[7) E.O. Fischer, B.J. Weimann, J. Organomet. Chem. 8 (1967)
535.

[8] O. Koch, F. Edelmann, U. Behrens, Chem. Ber. 115 (1982)
1305.

[9] T.S. Tan, J.L. Fletcher, M.J. McGlinchey, J. Chem. Soc. Chem.
Comm. 19 (1975) 771.



110 R. Teuber et al. / Journal of Organometallic Chemistry 545-546 (1997) 105-110

[10] U. Zenneck, W. Frank, Angew. Chem. 98 (1986) 806; U.
Zenneck, W, Frank, Int. Ed. Engl. 25 (1986) 1129.

[11] U. Zenneck, L. Suber, H. Pritzkow, W. Seibert, Chem. Ber. 119
(1986) 971.

[12] M. Tacke, Organomet. 13 {1994) 4124.

[13] Force field calculations were carried out with HyperChem
Molecular Modelling System by Hypercube, Inc. and Autodesk,
Inc., 1993.

[14] N. Norman, B. Post, Acta Cryst. 14 (1961) 503.

[15] R. Bshme, H. Burzlaff, Chem. Ber. 107 (1974) 832.

{16] Fry, A.J., Synthetic Organic Electrochemistry, Wiley, New York,
1989.

[17] K. Eichkorn, O. Treutler, H. Ohm, M. Hiser, R. Ahlrichs,
Chem. Phys. Lett. 242 (1995) 652.

[18] The Program System TURBOMOLE, R. Ahlrichs, M. Bir, M.
Hiser, H. Horn, C. K&lmel, Chem. Phys. Lett. 162 (1989) 165.

[19] R. Heinzmann, R. Ahlrichs, Theoret. Chim. Acta 42 (1976) 33.

[20] C. Ehrhardt, R. Ahlrichs, Theoret. Chim. Acta 68 (1985) 231.

[21] H. McCain, J. Org. Chem 23 (1958) 632.



