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Summary

The products of the cocondensation of iron atoms with benzene, at both 7 and 77
K, have been investigated by Mossbauer spectroscopy. On the basis of a benzene
concentration study, it is concluded that iron forms two mononuclear bis-benzene
complexes. By comparison of the Mossbauer parameters of these complexes to
known systems, the two products are assigned to the 20 electron complex Fe(n®-
C4H,), and the 18 electron complex Fe(7®-C H¢)(n*-C4H). An Fe(CgH,) product
is also formed at low benzene concentrations.

Introduction

There is extensive chemistry of metal complexes that contain intact arenes
coordinated in an n® manner [1]. Many examples of both M(n°-arene)(ligand), and
M(n°-arene), complexes are known. (There are no known examples of mononuclear
transition metal complexes containing more than two n°-arene ligands.) The most
studied of the bis-arene complexes is Cr(C4H), and its derivatives [2]. For many of
the alkyl-substituted derivatives, the most efficient method of synthesis is the
cocondensation of chromium atoms with the arene at 77 K [3].

Mono-arene complexes, M(arene), of the Group IB metal atoms formed at 77 K
have been recently reported [4]. These are 7%, 17 electron complexes. Interestingly,
the copper complex is destabilized by substitution on the benzene ring by both
electron-donating and -withdrawing groups, the substitution having little effect on
the Ag and Au complexes. More recently, Ozin et al. [5] have synthesized both
mono- and di-n®-phenylvanadium complexes (11 and 17 electron complexes, respec-
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tively) by varying the benzene concentration in argon matrices at 12 K.

The cocondensation of iron atoms with arenes has been investigated by a number
of workers. The first report was the 77 K macroscale cocondensation of iron with
benzene [6]. This gave a complex, Fe(C4H,),. that was reported to decompose
explosively at —30°C.

A matrix isolation study [7] of Cr, Fe, Co, and Ni using both Ar/C H, (0.5-4%)
mixtures at 10 K and pure C;H at 77 K has been reported. On the basis of a ligand
concentration study and the use of mixed isotopes (C4H,/C,D;). it was concluded
that mono-arene complexes, M(C,H,) where M = Fe, Co, Ni, were the only mono-
nuclear products. In contrast to this, the researchers were unable to isolate the
M = Cr mono-arene complex, obtaining only the bis-arene complex. This suggests
that in the case of Cr, either the mono-arene complex is very weakly bound or that
there was sufficient migration in the fluid layer [8] that occurs before solidification
of the matrix to allow for further reaction to the bis-arene complex. However, as has
been previously noted [9,10], the absence of an infrared spectrum for a mixed
C H,/C¢D; complex in the mixed isotope studies does not conclusively prove that
x =1 in the complexes, M(C,H,),. It could be explained by weak vibrational
coupling between the two rings.

On the basis of the products recovered from the reaction of iron/toluene
solutions with deuterium gas, Skell and coworkers [9,10] concluded that the species
obtained was a ditolueneiron complex. They also stated that infrared studies showed
that the complex formed by cocondensation at 77 K and that in solution at 200 K
were the same.

UV-vis studies [11] of MCH /toluene (10%) (MCH = methylcyclohexane) cocon-
densed with iron show unequivocally that at least two products are present.
Deposition at 150 K in a rotary solution reactor gave three bands at 300, 355 and
436 nm. Preparation of a solid matrix at 77 K using the same mixture shows the
presence of the first complex, and a second product with bands at 310, 340 and 378
nm. This latter product converts to the first on melting of the matrix at 150 K. The
band of the first product at 436 nm was assigned to a metal-to-ligand charge transfer
band from the iron to diene #* levels. For this reason, the product was tentatively
identified as (n®-toluene)(n*-toluene)iron. No definite conclusion was reached for the
less stable second product. Possibilities named were n°-tolueneiron, di-n°-tolueneiron
or di-n*-tolueneiron.

Infrared studies [12] of the products remaining after cocondensation of iron with
arene (toluene, mesitylene and durene) followed by evaporation of the matrix led to
the conclusion that the products were di-n°-areneirons, based on the similarity of the
spectra of the iron products to those of the corresponding chromium complexes.

Thus, in spite of a considerable amount of work using several approaches, the
nature of the products of iron-arene cocondensations have not been unambiguously
characterized. It was felt by the authors that the unique specificity of *’Fe Moss-
bauer spectroscopy might allow this to be accomplished.

Results and discussion
The cocondensation of low concentrations of iron with benzene at 7 K results in

the formation of three products, A, B and C, shown in the decomposed contributions
in Fig. 1a. The use of higher concentrations of iron at 7 K results in an additional



413

product, D. Warming these matrices to 77 K results in the loss of the original
products and the formation of new ones. Whilst the original products are readily
reproducible, the new products vary from one experiment to another.

Cocondensation at 77 K (Fig. 1b) reproducibly results in the formation of A and
B, together with another product, E. However, the ratio of the products, A/B, is
different at 77 K from that at 7 K (A/B=1/1 at 7K, A/B=1/3 at 77 K). The
observation that the spectra are dominated by A and B at both 7 and 77 K strongly
suggests that the two products contain only one iron atom.

The pure benzene spectra give no information on the ligand stoichiometry of the
complexes. For this reason, lower concentrations of benzene in the noble gases were
examined. The cocondensation of iron with Kr/C,Hg (5%) at 7 K, shows the
presence of A, B and another product, F. The use of still lower concentrations of
benzene results in spectra that contain only F and unreacted iron atoms. Fe,. This
persists down to benzene concentrations so low that only unreacted Fe, and Fe, are
obtained. Further, F is obtained when the only other product is Fe,. This is very
good evidence that F contains only one iron atom and one coordinated benzene
molecule; thus, F is assigned to Fe(C H,).
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Fig. 1. Mossbauer spectrum of C¢Hg /Fe condensed at (a) 7 K, [Fe] = 0.6% and (b) 77 K, [Fe] = 0.7%, in
two different experiments.
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The absence of both A and B at very low benzene concentrations where Fe, and
Fe(C H,) are the only products, shows that both A and B must contain two benzene
molecules. The dominance of B over A at 77 K suggests that there is a larger
activation energy for the formation of B and/or that B is the thermodynamically
more stable product.

The isomer shift (8) and quadrupole splitting (A) of A are similar to those
recently reported [13] for the 20 electron complex Fe(n®-HMB), (HMB =
hexamethylbenzene). For this reason, A is assigned to Fe(#®-C H),. with the usual
sandwich structure. To our knowledge, the isomer shift of A. +1.23 mm/s, is the
most positive isomer shift ever reported for an iron(0) complex.

The more stable transition metal complexes usually conform to the 18 electron
rule [2]. The 20 electron complex, A, can achieve this in several ways. Loss of two
metal valence electrons would give the known complex, Fe(n®-C,H,),”". The
formation of this at 7 K by direct reaction would appear unlikely, especially in the
absence of any reasonable counterion. Furthermore, Mossbauer parameters of
Fe(n®-mesitylene), (BPh,), [14] and Fe(n®-HMB),(PF,), [13] are known: both sets
of parameters are very similar to each other (8= +0.59, A=1.95 mm/s and
§ = +0.56, A =2 mm/s, respectively) and very different from those of both A and
B. A second way to achieve an 18 electron complex would be for one of the
coordinated benzene ligands to distort, such that it is coordinated as an n*-diene. We
assign B to this product, Fe(n°-C H, }(7*-C,H,), with the structure shown in Fig. 2.

The product B, Fe(n®-C,H,)n*C H,), is an example of an unusual. but not
unprecedented type of complex. Iron forms a number of complexes of the type
(n®-arene) n*-diene)iron [15,16]. The congener of iron in the second row of the
transition metals, ruthenium, forms the very similar complexes, Ru(C,H), and
Ru(HMB), [17]. Proton NMR [18] and an X-ray structure determination [19],
respectively, have shown that in both of these complexes, the coordination is of the
form (n®-arene)(n*-arene)ruthenium. In particular, the benzene complex of Ru is an
exact analog of the structure proposed for B.

The complex Fe(n®-CyH, ) n*-C H;) is known [20]. This should be a very close
model for the proposed structure of product B. Accordingly, the complex was
prepared by the literature method {20], and the Mossbauer spectrum recorded. As is
typical of organometallic compounds, this gave a weak spectrum at room tempera-
ture. Excellent spectra were obtained at 77 and 7 K. The similarity of the Mdssbauer
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Fig. 2. Proposed structure of product B.
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TABLE 1
MOSSBAUER PARAMETERS “ OF Fe(n®-CyH}(#%-CHg)
T(K) ) A
7 +0.51 0.54
77 +0.49 0.92
298 +0.46 0.85

¢ Isomer shifts (8) and quadrupole splittings (A) are in mm/s.

parameters of Fe(n®-CH¢)(n*-C Hy) (see Table 1) to those of B is good evidence
for correctness of the assignment.

UV-vis studies [11] of the two products obtained in a cocondensation of iron with
MCH /toluene(10%) at 77 and 150 K have concluded that the more stable product
was (n°-toluene)(n*-toluene)iron. This lends further support to our proposed siruc-
ture for B since it is clearly the dominant product in our studies at the higher
deposition temperature of 77 K. However, we note that the UV-vis spectrum of
(n°-toluene)(n*-toluene)iron (300, 355 and 436 nm) differs from that of Fe(n®-
CoH)(7*-C4H,) (258 (g=17,300 M~ ! cm™ !, structured), 378(sh) and 410(sh) nm
in n-hexane). The reason for this discrepancy is not clear to us.

The identities of the products, C, D and E, are less certain. The most reasonable
assignment is to the reaction products of iron multimers with benzene, Fe (CiHy),
(¥>2,2z3>1). In view of the many possible modes of bonding of benzene to metal
clusters and surfaces [1], no attempt has been made to further characterize these
products. The Maossbauer parameters for all the products obtained are given in
Table 2.

Experimental

Detailed descriptions of the matrix isolation Mdssbauer apparatus and proce-
dures have been previously published [21,22]. Mossbauer spectra were obtained with
a conventional constant acceleration spectrometer using a >’Co in Rh source, and are
computer fit to a sum of quadrupole doublets. The pairs of peaks were constrained
to have equal amplitudes and full widths at half maximum with Lorentzian line
shapes. The standard statistical tests X? and MISFIT were used as quantitative

TABLE 2

MOSSBAUER PARAMETERS “ FOR THE SPECIES OBSERVED IN THE IRON-BENZENE SYS-
TEM

Species T (K) 8 A Assignment

A 7 +1.22 1.84 Fe(7°-C¢Hyg),

B 7 +0.64 1.04 Fe(15-CgH X 4*-CHg)

C 7 +0.10 2.10 Fe, (CsHg),y (n 22, m>1)
D 7 -0.14 3.77 Fe,(CeHg), (P22, 921)
E 77 +0.88 0.68 Fe (CeHy), (r22,521)
F 7 +0.45 1.20 Fe(C Hg)

“ Isomer shifts (8) and quadrupole splittings (A) are in mm/s.
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measures of the quality of the fit. All isomer shifts are reported relative to a-Fe
metal at room temperature.

Benzene (Mallinckrodt) was dried over CaH, and distilled under vacuum. It was
subjected to several freeze-pump-thaw degas cycles immediately prior to use. It
should be noted that omission of either or both of the first two steps had no effect
on the resulting spectra. (n°-benzene)(n*-1,2.3,4-cyclohexa-1,3-diene)iron, [Fe(n®-
C,H X n*-C,Hy)] was prepared by the method of Fischer and Muller [20]. Infrared,
"H NMR and mass spectral data were in agreement with literature values [15,20].
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