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Summary

Ligand exchange reactions of ferrocene and substituted ferrocenes (1,1'-di-
methylferrocene, 1,2,3,4,1°,2',38",4"-octamethylferrocene and 1,1"-diacetylferro-
cene) with coronene have been investigated. While octa_methylferrocene and
diacetylferrocene gave no exchange reactions, ferrocene and 1,1’ -dimethylferro-

cene yielded m-coronene-m-cyclopentadienyliron and ﬂ-coronene-w-methylcyclo-
pentadienyliron cations, which were isolated as hexafluorophosphate salts.
NMR studies revealed that the CpFe moiety is not coordinated to the inner ring
but to an outer ring of coronene. There is also evidence that coronene. may be
coordinated to more than one CpFe group.

Iterative Extended Hiickel Model calculations of the energy contents, bond
orders, and charge distributions of four different positions of CpFe-coordination
confirm that the CpFe unit is only coordinated to an outer ring.

Introduction

Since the first reports by Nesmeyanov et al. in 1963 [1] many studies have .
been devoted to ligand-exchange reactions between ferrocene (Cp.Fe) and
arenes in the presence of AlCl; and Al powder to yield w-arene-w-cyclopenta-
dienyliron cations. It has been demonstrated that not only benzene but also
polynuclear aromatic hydrocarbons such as biphenyl, naphthalene or fluorene
can be used in these reactions [2].

Further investigations with polynuclear aromatic compounds showed that
under suitable conditions more than one aromatic ring of the substrate can
coordinate with a CpFe moiety. Thus, fluorene, biphenyl [3], 3,3",4,4 -tetra-



L:methyl lphenyl, d.lphenylmethane, tnphenylmethane, p-terphenyl B—phenyl- )
"naphthalene, 1,21 4,5-dibenzo-1,4-cycloheptadien, 9 ,10-dihydroanthracene,
-anthracernie; phenantze'le ‘chrysene and 1,2 : 5,6-dibenzanthracene [4] afforded
T arenebls(n—cyclopentadlenyhron) dications. However, attempts to trisubstitute
_polynuclear aromatic hydrocarbons, such as triphenylmethane, triphenylene
“and 1,2 : 5,6-dibenzanthracene have been unsuccessful [4]). Only with tetra-
phenylporphme were products with more than two CpFe groups obtained [4].
One of the most interesting polynuclear aromatic hydrocarbons, coronene, has
not prewously been used in ligand exchange reactions. In view of its “superaro-
maticity’” it was of great interest to see how coronene would behave in such
reactions. We, therefore, investigated ligand exchange reactions of ferrocene
and substituted ferrocenes with coronene.

Results and discussion

Following a procedure commonly used for ligand exchange reactions of ferro-
cenes with arenes [5], coronene and ferrocene were brought into reaction for 5 h
in boiling methylcyclohexane in the presence of AIClL, and Al powder. The molar
ratios of coronene, ferrocene, AICl; and Al were 1:3:6 : 3. After the usual
work-up of the deep-red reaction mixture, dark red crystals were obtained by
precipitation with KPF,. The elemental analysis confirmed the composition

. Cy9H;;F.FeP, indicating that only one CpFe group was coordinated to coronene.

Reduction of the hexafluorophosphate salt with sodium amalgam in THF [6]

gave coronene, fen'ocene, and iron-containing compounds.

ngHnFéFeP N—aﬂ;g——é coronene + Cp,Fe + [Fe]

ThlS reactlon conﬁrmed that w-coronene-n-cyclopentadienyliron hexafluoro-
phosphate had been formed via ligand exchange reaction of ferrocene with coro-
nene.

1 ) : 1}

The question arose whether the CpFe group was symmetrically coordinated to
the inner ring (structure I), or unsymmetrically to an outer ring of coronene
(structure Ii). From the 'H NMR spectrum which showed more than one signal
for the aromatic protons structure I could be excluded: As shown in Fig. 1 the
aromatic protons gave a set of signals indicating two A. and two AB systeins, as
expected for structure II. The chemlcal shifts and the couphng constants are
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Structure - ‘ Protons & (ppm) J (Hz)

a 6.96
b d 7.98
or Jpe 91
c e 8.32
d b 8.34
or Jge 8.4
e ¢ 8.52
f 8.35
H Hg g 3.17

2 90 MHz spectrum; solvent: CD3CN.

E

o
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{ppm]} i

Fig. 1. 1H NMR spectrum of w-coronene-r-cyclopentadienyliron hexafluorophosphate. The inset is the
spectrum calculated by the Laokoon program.
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;gwen in Table 1. The mset in 1’*‘1g 1 1s a calculated spectrum usmg the Laokoon

' ;-program

ot 1 NMR data conﬁrmed structure IL The resonances listed in Table 2 were
. ass:gned by companson with the '3C resonances of the uncomplexed coronene
 (Table 2), on the basis of the calculated charge distribution in structure II (see
~ Fig. 4b) and by analogy with literature data {4].
" -The coordination of the CpFe group with an outer nng and not with the
inaer ring of coronene is evidently due to the fact that these ring systems differ
- mgmﬁcantly in electron density. E.g. it has been calculated that the ratio of
‘aromatic ring current intensity is 1.460 for ring A and 1.038 for ring B (see struc-
ture IIT) compared with 1.000 for benzene {7]. Similar differences were found in
calculations of the degree of benzene character of the rings A and B. Table 3
shows the results of calculations based on different definitions. Irrespective of
the method used, the aromatic character is always greater for the outer rings A
than for the inner ring B. '
Evidenily the coordination of CpFe to coronene occurs at the place of
_greatest aromaticity.
To study the possibility that the complexed iron could migrate around the
various outer rings, which is feasible in view of the ‘“‘superaromaticity’’ of the

TABLE 2

CARBON-13 MAGNETIC RESONANCE DATA FOR CORONENE AND m-CORONENE-7-CYCLOPEN—
TADIENYLIRON CATION

Compound’ & (ppm) ¢ Peak assignment

125.3 Cc-3
129.0 C-1
129.4 c-2

75.1 CsHs Lig.

82.2 C-1.2

89.6 C-19.20

§9.9. C-13,14
124.8 C-15,18,21,24
126.8 C-16,17,22,23
128.8 C-5—C-10
131.5 C-4,11
133.4 c-3.12

@ Solvent: acetonitrile; internal standard: TMS; 67.88 MHz,
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TABLE3
BENZENE CHARACTER OF RING SYSTEMS IN CORONENE {8}

Mode of Calculation Benzene charactex

Ring A Ring B
Resonance theory 0.500 0.200
Hiickel MO theory 0.837 0.753
Topological index 0.871 0.834

1H

outer ring system, we tried to carry out temperature dependent 'H NMR mea-
surements but these failed because of thermal decomposition of the complex.
We thus tried to estimate the rotation barrier by calculations, which were also
aimed at determining the stabilities of structures I and II. For this purpose four
different coordinations of the CpFe moiety to the coronene molecule were con-
sidered, and the Iterative Extended Hiickel Model (IEHM) [9] * was used. The
system under consideration is a positively charged ion, and the iron atom can
be assumed to bear a net positive charge; therefore, the atomic orbitals of Fe*

¢ 0 ¢ ¢ 2
P D@
b & & &

I Ia 11 IIa

were used in the calculations. The starting configuration was chosen as dSs.

For this configuration the starting VOIP’s (Valence Orbital Ionisation Poten-
tials) of the s, p and d orbitals at the iron atom were calculated using the equa-
tion of Mango and Schachtschneider [9] with values of Basch, Viste and Gray
{10}:

* The IEHT program was written by us and checked against results in the literature.



s

AVVVOIP (s) —7i04ev -
VOIP (p) =3.781eV -
'VOIP (d) =8.195€V

- For the iron atom the approxunatlon of the atomic orbitals of the s-, p- and
d-type was camed out by hnear combinations of STO’s (Slater Type Orbltals)
[11,12]. ,

‘The atomic functions for the C and H atoms Were chosen according to the
literature [13,14]. '

X(Hls) =1.0 (1’0:1'2)

%(Ca,) = 1.0 (2,0,1.625)

X(C:,) = 1.0 (2,1,1.625)

x{Fesz) = 0.5505 (3,2,5.35) + 0.6260 (3,2,2.0)

x{Fe,,) = —0.02078 (1,0,25.38) + 0.07052 (2,0,9.75) —0.1744 (3,0,4.48) +
1.0125 (4,0,1.40)

x(Fesp) = 0.04091 (2,1,10.60) — 0.14364 (3,1,4.17) + 1.00932 (4,1,1.25)

In thése expressions (n, /, £) stands for an STO. r is the main quantum number,
{ the sub-quantum number and £ the Slater exponent. The non-diagonal ele-
ments of the Hamilton matrix were calculated from the equation of Wolfsberg
and Helmholtz [15]. For the constant K the value of 1.8 was chosen [9].

The calculations of the coordinates of the system [coronene—Fe—Cp]* were
based on the following structural parameters: 1.07 A was taken for all C—H
distances, 1.40 & for all C—C distances (c.f. [16]) and 1.65 A for the distance
between Fe and the ring plane of coronene as well as for the distance between
Fe and the Cp plane. The coronene molecule was assumed to be planar, and to be
parallei to the plane of the Cp ring.

The celculations of the energies of the structures I, Ia, II and IIa allow the
conclusion that structure II is the most stable one (Table 4), its energy,
corrected according to Schuster [17], being 0.226 eV lower than that of L.

This explains why CpFe coordinates with an outer ring and not with the
inner ring of coronene. It can also be seen from Table 4 that the position of
CpFe in Il must be fixed, because rotation along the outer rings has to overcome
an energy ‘barrier of about 1.7 eV (AEy51.). Transition from 11 to I should need
an energy of about 1.5 eV.

These considerations are supported by the bond-order analysis of the different
structures. The bond orders between the iron atom and the carbon and hydro-

(continued on p. 323)

TABLE 4
ENERGY CONTENTS OF DIFFERENT [coronene—Fe—Cpl* STRUCTURES

Structure Energy (eV)
~ Calculated with Caleculated with IEHM and corrected
IEHM according [17]}
I - —2245.905 —2244.116
Ia —2244.515 —2242.873
44 . —2245.872 . —2244.342

IIa —2244.337 —2242.626
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TABLE 5
OVER-ALL BOND ORDERS

Stmct\:lre Fe—coronene Fe—Cp
1 0.1224 0.248
Ia 0.0630 0.267
II 0.1394 0.242
Ila 0.0547 0.273

gen atoms, calculated by Mulliken population analysis [18], are given in Fig.

2a to 5a, and show that the highest bond orders exist between the iron atom
and the carbon atoms of that six-membered ring under which the iron atom is
located. Negative values at atoms which are far from the iron atom mean that
there is an antibonding interaction between this atom and the iron atom. The
sum of the bond orders between the iron atom and all C atoms of coronene and
all C atoms of the cyclopentadienyl! ring are listed in Table 5. The values demon-
strate again that the iron atom has the strongest bonding to the coronene system
in structure II.

The charge distribution in all structures are given in Fig. 2b to 5b. In all cases
the net charge at the iron atom calculated according to Lowdin [19] is positive
(Table 6).

From the values in Table 6 the electrostatic interaction energies can be calcu-
lated according to the equation

- q: X g;

i<j Tij

Eelectrost.

The results of these calculations are listed in Table 7 and demonstrate that the
lowest electrostatic interaction energies are calculated for structure II.

The final configurations of the iron atom in the four calculated structures are
given in Table 8.

The numerical values of the calculations reported in this paper, which could
possibly be improved by optimisation of structural parameters, e.g. the distan-
ces between the iron atom and both ring systems, confirm that structure 11
should have the greatest stability, thus supporting the spectroscopical results.

To investigate the influence of substituents at ferrocene in this reaction, we
treatec 1,1'-dimethyl-ferrocene, 1,2,3,4,1',2',8’,4"-octamethyiferrocene and 1,1"-
diacetylferrocene with coronene in methylcyclohexane in the presence of AlCl;

TABLE 6
CHARGE DISTRIBUTIONS IN THE DIFFERENT [coronéne—Fe—Cp]* STRUCTURES

Structure Charge at

Coronene Fe Cp
1 0.3744 . 0.5080 0.1176
Ia 0.2995 0.4759 0.2246
31 0.3925 0.5085 0.09%0

Ia 0.2985 0.4666 0.2349
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TABLE 7
ELECTROSTATIC INTERACTION ENERGIES

Structure o Eelectrost.

aa eV
I 0.09427 2.565
Ia ’ 0.1011€ 2.752
II 0.09262 2,520
IIa 0.10231 2.783
TABLE 8

CONFIGURATION OF THE IRON ATOM IN THE DIFFERENT [coronene—Fe—Cpl* STRUCTURES

Structure Fe configuration

d s j:]
I 7.4833 0.0002 0.0084
Ia . 7.4153 0.1094 0.0003
11 7.4069 0.0082 0.0002
IIa - 7.4026 0.1305 0.0003

and Al. Using 1,1"-dimethylferrocene we obtained a 10% yield of w-coronene-7-
methylcyelopentadienyliron hexafluorophosphate. Octamethylferrocene and
1,1'-diacetylferrocene did not react at all. Thus the effect of substituents at
ferrocene on ligand exchange reactions with coronene show great similarities to
the corresponding reactions with benzene [20].

We also tried to coordinate more than one CpFe group to coronene by further
Iigand exchange. Reactions of [coronene—Fe—Cp]PF, with an excess of ferro-
cene in the presence of AICI; and Al powder were unsuccessfull. Neither altera-
tion of the molar ratios of the reactants nor variations in reaction temperature
(50—190°C), solvent (cyclohexane, methylcyclohexane, decaline) or reaction
time (up to S0 h) yielded products with more than one CpFe group per mole-
cule. However, using the method described for the preparation of [coronene—
Fc—Cp]", but with a prolonged reaction time (16 h), the work-up with KPF,
gave an orange product. The '"H NMR showed two different signals for Cp and a
different pattern of aromatic proton resonances. Fractional precipitation by
adding ether to an acetonitrile solution revealed the presence of at least two
species. Unfortunately the products could not be isolated analytically pure.
Further attempts to poly-coordinate coronene with CpFe-moieties are in pro-
gress.

Experimental

'H NMR spectra were recorded on a Varian EM 290 spectrometer, while '>C
NMR spectra were recorded on a Bruker WH 270 spectrometer. Coronene * was
recrystalled twice from toluene (99.5% purity as analyzed by GLC). Ferrocene,

* The coronene was available in the institute. We will be glad to provide small quantities to other
research workers.
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aluminium chloride and aluminium powder were used as purchased. 1,1’-dimeth-
yliferrocene, 1,2,3,4,1',2',3',4"-octamethylferrocene and 1,1'-diacetylferrocene
we prepared as described in the literature [21—23]. Solvents such as cyclochexane,
methylecyclohexane and decaline were dried and distilled from sodium under
argon just before use.

w-Coronene-w-cyclopentadienyliron hexafluorophosphate. Coronene (3.0 g,
10 mmol), ferrocene (5.6 g, 30 mmol) AlCl; (0.8 g, 60 mmol) and Al powder
(0.81 g, 30 mmol) were refluxed under argon in methylcyclohexane (100 ml)
for 5 h. The mixture was cooled and ice (25 g) added. The organic layer was
separated and extracted with water (3 X 100 ml). The combined aqueous phase
was washed with cyclohexane (2 X 30 ml) and then filtered into a concentrated
solution of potassium hexafluorophosphate. The precipitated hexafluorophos-
phate salt (2.8 g, 49%) was recrystalled from acetone/ether as dark-red needles,
m.p. 120°C (dec.). (Found: C, 61.40; H, 3.11; Fe 9.75. C,oH,,F,FeP calcd.: C,
61.51; H, 3.03; Fe, 9.86%.) It is soluble in acetone, THF, HMPT and acetonitrile,
and slightly soluble in nitrobenzene and ethy! acetate; the solutions are highly
light-sensitive.

w-Coronene-n-methylcyclopentadienyliron hexafluorophosphate. The prepara-
tion was performed as described above. The yield of the hexafluorophosphate
salt (red needles) was 0.58 g (10%), m.p. 124°C (dec.). (Found: C, 62.27; H,
3.42; Fe, 9.50. C;oH,;F,FeP calcd.: C, 62.09; H, 3.30; Fe, 9.62%.)
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