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SUMMARY 

Complex ferricinium salts, some not yet described in the literature, have 
been prepared by the oxidation of ferrocene. An m study of these salts allowed the 
still dubious structure of the ferricinium cation to be unequivocally revealed. In 
the spectral region4000 to 500 cm-l, all these compounds have but four intense 
bands, and it the&fore follows that their cyclopentadienyl rings CO~~OIXI to a 
D,, symmetry and that there is no coupling of vibrations between them. This, and 
their chemical composition, support the view that the valencies of the central iron 
atom are directed tetrahedrally and therefore, in contradistinction to ferrocene, 
the planes of the cyclopentadienyl rings are not parallel. 

INTRODUCTION 

In the nineteen-fifties, Winter et al,’ and Lippincott and Nelson2-4 elucidat- 
ed the structures of several cyclopentadienyl-metal compounds from their IR and 
Raman spectra. On the basis of the spectral data it was shown that the central_ 
metal atom joins, by a sandwich bonding, two cyclopentadienyl rings to give a 
structure with D,, symmetry in which the metal atom assumes a krypton-like elec- 
tron configuration. In accordance with this structure, the fundamental vibrations 
are divided as follows*: 

r = 4 a&R, ia) +2 a,,(t, ia) + a&, ia) + 4 azu(t, IR) + 5e1,(R, ia) + 6 el,(t, IR) 
+ 6 e&X, ia) + 6 ezu(t, ia) 

Thus the emergence of ten active IR fundamentals was predictable and these 
have been recorded (Table I). There are fifteen Raman-active vibrations. 

An important representative of this group of compounds is ferrocene, which 
can be oxidised to a ferricinium cation. Though the preparation, and the study of 

* R = Raman active, ia = IR inactive, t = Raman inactive, IR = IR active. 
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TAiW 1 

FREQT.EE;fCm OF TH33 NQRhML IR-ACl-I%% VIBRATIONS OF FERROCENE 

the structure of f~~r~~~nium salts has been the subject of many ~ornrnu~i~~~~ons, no 
consensus of opinion about their structure obtains as yet.To elucidate this problem, 

we have prepared several of these eompourzds and studied their ER spectra. 

Keafy and Parrson’ discovered ferrocene and found that in concentrated 
~u~p~ur~~ acid it dissolved to give a blue colonr.. Wi~iuson et al.” explained this 
phenomenon as being the consequence of the oxidation of ferrocene, since the 
ferricinium cation thus produced has au unpaired electron which is easily brought 
into an excited state. 

Generally, ferricinium salts have a complex structure characterized by the 
empirical formula ~~C~H~)~~~)~ MX4, where n = 1 or 2, hit is a metal (e-g- Fe, 
Ga, Go, Hg) and X is a univalent anion. Among the salts formed with inorganic 
acids only ferricinium chloride (I), syuthesised in 1965 by SEIesmeyanov et aL7 has 
been reported in the literature, and it was nor; considered to have a complex struc- 
ture. 

However, this compound was prepared by oxidation of ferrocene with 
quinone in the presence of hydrochforic acid. While showing the bands said by 
Pavfik and Khkorkaa to be characteristic of the ferricinium cation, the IR. spectrum 
points to a substantiaf con~m~atiu~ by hydroqui~one. OEI-bands appear in the 
spectrum, and also the bands characteristic of para-disubstituted aromatic rings, 
~a~ytic~l results support the view that hydr~quinone is present, while they also 
show a chlorine content near to theory but far fess iron is found than the calculated 
amount, fu the ~ite~~re~ only the chorine content of the supposed ferricinium 
chloride is given’. ‘Bms, by its apparent agreement with the calculated composition, 
these workers were obviously misled. Aecord.ing to Nesmeyanov et aL7, the crude 
saft Cannot be recrystaihzed without decomposition, so we used repeated extrac- 
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tion with ether to purify it. The analysis of the residue, however, suggested it to be 
ferricinium tetrachloroferrate (II), known in the literature7*g-“, and was identi- 
fied with it on the basis of its spectrum. 

(CsH&Fe& 
(II), X = Cl; (III), X = Br; (IV), X = I; (V), X = ) SO,‘-; (VI), 4X = 2 HSO,’ 

+ so,+ 
Since there was the likelihood that this complex salt was the result of some 
decomposition that occurred during the repeated treatment with ether, we at- 
tempted the synthesis of ferricinium chloride by a different route. Ferrocene was 
dissolved in cont. H,SO,*, then the diluted solution was treated with BaCl, 
equivalent to the H2S04 present. However, the analyses of the ferricinium chloride 
thus obtained (and of the bromide, and iodide prepared similarly) again suggested 
a composition in agreement only with the respective complex salt, (II), (IN) or 
(IV). Among the three salts, ferricinium tetraiodoferrate (IV), not yet described in 
the literature, is very sparingly soluble in cold water, so it could be obtained by 
treating a solution of ferricinium sulphate with potassium iodide. This latter ob- 
servation allows the conclusion to be drawn that, in the course of oxidation by 
sulphuric acid, a complex salt (V) is also formed directly. In a careful processing 
of the oxidation mixture an amorphous substance was obtained, the analysis of 
which points to structure (VI). 

For further studies we prepared the known ferricinium tetraiodomercurate 
(VII) besides the tetrachloro- and tetrabromomercurates, (VIII) and (IX), not 
yet described in the literature. 

((C5H&Fe),HgXG 

(VII), X = I; (VIII), X = Cl; (IX), X = Br. 

SPECTROSCOPIC STUDIES 

Pavlik et a1.‘*12 draw from the IR spectra of ferrocene and ferricinium salts 
- according to them analogous - the conclusion that the molecular symmetry 
remains the same, i.e. that ferricinium salts are characterized by the structure 
shown in Fig. 1. 

Fig. 1 
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Contrary to this, Fritz and Schgfer13 aver that the spectrum of ferrocene and 

that of the compound later on proven to be ferricinium tetrachloroferrate, are 
essentially different. On this basis, and without giving detailed reasons, they also 

suppose that the structures are different, that ferricinium tetrachloroferrate is a 
dimer (Fig. 2) and that, in consequence, the arrangement according to Fig. 1, 

with X = FeC14-, cannot exist. Furthermore, they find that the intensity of the 
band at 1114 cm-’ is significantly lower when compared to the maximum at 1108 
cm- ’ in the spectrum of ferrocene, and from this they deduce, without giving the 

Fig. 2 

reason why or giving an assignment for this band (which incidentally is a skeleton 

stretching vibration), that the covalent character of the ring-iron (Ir,-Fe) bonding 
is relegated to the background when compared to ferrocene and to the hypothe- 
tical ferriciuium cation of the structure shown in Fig. 1. According to them, the 

assignment of the band at 379 cm-l is not certain, and might be attributed to 

v(FeC1) or v(Fe7c,) vibrations or to a superposition of these two. 
A year later, Maitlis and Brown14 suggested another structure (Fig. 3) based 

on their ligand exchange studies, and on the fact that reduction of ferricinium 
tetrachloroferrate with sodium borohydride yields ferrocene quantitatively. Both 

sets of results were incompatible with the structure shown in Fig. 2. 

‘Fe -Cl-FeCl3 

Fig. 3 

The loss of intensity in the band at 1114 cm-‘, plus the shift towards lower 

frequencies of the bands at 492 and 479 cm-’ in the ferrocene spectra, led them to 
conclude, again without reason, that the cyclopentadienyl rings cannot be parallel 

as in ferrocene, but that the planes of the two rings intersect at a given angle. We 

may note in passing, that they erroneously assign the maxima at 492 and 479 cm- ’ 
equaily to v(Fen,) vibrations whiIe the latter belongs to the a&symmetric tilt-vi- 

brations of the two rings’. 

Our idea is that because of the angle formed by the Fe-n, bonds in the case 
of the ferricinium salts studied by us, the coupling of the vibrations of the cyclo- 
pentadienyl rings ceases and the rings become, from a point of view of vibrations, 

independent units within the molecule. 

J. Mol. Srruct~cre, 3 (1969) 359-368 
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The cyclopentadienyl ring, with D sh symmetry, has 14 fundamental frequen- 
cies and since 10 of these are doubly degenerate, the number of normal vibrations 
is 24. These have been illustrated by Fritz2’: 

2a,’ fOal”+ la,‘+ la,” +3e,‘-i- le,“i-4ezff2e,” 

Since only species az” and el’ are active in the IR, the emergence of only 4 
bands can be expected in the IR spectrum (the number of Raman bands is 7). 

Fritz and Schafer have studied the IR spectra of several metal salts of the 
cyclopentadienyl anion fC5Hs]“Mf, where M = alkali metal. According to 
their datal’, the number of relatively intense bands is considerably higher than 
four. The theoretical frequency values given by Billes’6 are in good agreement 
with experimental results. We think that the cause for this may be that, in the 
crystal aggregates, a polymer-chain association by sandwich bonds (Fig. 4) deve- 

Fig. 4 

lops, and that in this association the vibrations of two $yclopentadienyl rings 
arranged in parallel become coupled. Similar coupling within associated chains 
has been observed” in other cases whereas such association structures have been 
postulated for imidazole and pyrazole derivatives in order to explain the diffuse 
structure and the low frequency of the v(NH) band”. 

According to our supposition, for ferricinium salts a tetragonal structure 
(Fig. 5a) exists, and this structure may become more or less deformed, as a func- 
tion of the electronegativity and of space filling of the anions, so as to approach 
the planar arrangement shown in Fig. Sb. 

Fig. 5 

The structure shown in Fig. 5b has DSd symmetry, thus the emergence of 10 IR 
bands* would be in accord. There is no coupling between vibrations of the cyclo- 
pentadienyl rings in a structure such as Fig. 5a; thus here, with .D,, symmetry, 

* These conclusions are not affected by the theoretical possibility of ferrocene forming a structure 
with Dsh symmetry because of the low energy barrier to internal rotation, since in this case 10 
m-active vibrations would also appear. 

.T. Mol. Strmture, 3 (1969) 359-368 
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4 IR bands would be produced. Vibrations of the Fe-n6 and Fe-X bonds absorb in 
a region below 500 cm -I. Among these, the frequencies of v,,(Fez6) and v,(Fen,), 
and of u,,(FeX) and v,(FeX), have nearly the same value while those of G(Fen,) 
and G(FeX) fall outside the measurable spectral domainThus when a structure such 
as Fig. 5a obtains, the emergence of only four IR bands can be expected in the re- 
gion between 4000 and 500 cm- ‘. 

Our suppositions concerning the formation of the structure shown in Fig. 5a 
are definitely supported by the xn spectra of the ferricinium salts obtained by us, in 
so far as 4 intense bands emerge between 4000 and 500 cm-l, the frequencies of 
which correspond to the v4-v7 type2’ vibrations expected to be active in the IR on 
the basis of a DSb symmetry. To the v4- v7 vibrations (viz. to y(CH), v(CH), 
/3(CH) and v(CC), in this sequence) the bands at 850,3100,1010 and 1420 cm-’ 
can be assigned. 

t -- 
500 250 500 250 500 250 

a b c 

Fig. 6. Spectra of ferricinium tetrabalogenoferrates between 500 and 250 cm-l. (a) chloro, (b) 
bromo, (c) iodo compound. 

At 380 cm-’ and at 290 cm-‘, respectively, in the spectra of ferricinium 
tetrachforoferrate ((IT.), Fig, 6a) and of the tetrabromoferrate ((III), Fig. 6b) the 
v(FeX) vibration is manifested by a highly intense band. The v(Fe1) band of ferri- 
cinium tetraiodoferrate ((IV), Fig. 6c) lies outside the measurable 4000 to 250 cm-’ 
domain. For (III) and (Iv), the weak and diffuse v(Fens) band could also be iden- 
tified between 450 and 300 cm’ 1 but for compound (II) this band coalesces with 
v(FeC1) (Fig. 6). That the v(Fenb) frequency is lower than that in ferrocene, where 

it is 478 cm-l , is in good agreement with the contraction of the zz6 angle. 
The deviations of the spectrum of structure 5a from the spectra of ferrocene 

and ferricinium salts therefore have a theoretical interpretation and, on this basis, 
the correctness of structure 5a cannot only be assumed, but can be said to be 
~eq~vocally Froven in opposition to structures I and 5b. As far a sthe structure of 
Maitlis and BrownI is concerned (Fig. 3) the arrangement of the cyclopenta- 
dienyl rings is similar to 5a and differs from it in the configuration of the iron 
atoms only. Since the configuration in Fe”‘-compounds is known to be tetrahedral, 
structure 3 is improbable a11 the more, because the differences in the spectra men- 
tioned above, could not be interpreted by this structure. 

3. Mol. S~~cture, 3 (1969) 359-368 
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The structure of Fig. 2 can be disregarded on the basis of the preparative 

studies described earlier14. However, if spectroscopic evidence is considered ex- 

clusively, only the appearance of the v,,(Fen,), v,(Fen,) pair- of bands would 

speak against it. But, since no splitting occurs in ferricinium tetrachloromercurates 

where it is certain that two cyclopentadienyl rings are linked to the same iron atom, 
the absence of splitting can never be regarded as an indication that would exclude 

structure 5a. 

When structure 5a is distorted into structure 5b, some of the plus-bands for- 

bidden in structure 5a but allowed in 5b may appear with low intensities due to 

perturbation effects. These bands corresponding to forbidden transitions are the 
more intense the stronger the perturbation effects become, i.e. the nearer structure 

5a becomes structure 5b. 

The stronger the repulsion between atoms X in the (C5H5)2Fe2X4 molecule, 

the wider the XG and the zsrr, angle will become, thus the more structure 

5a will be distorted. 

In conformity with this, is the fact that the inte-isity of “forbidden bands” 

increases in the X = Cl, Br, I order within the (II)- series. In the spectrum of 

(II) and of (III), the relative intensity of the bands in question show mimina at 
1110, and 1055 cm-l, respectively, while these intensities are commensurable 

with those of the other bands in the case of ferricinium tetraiodoferrate (IV). 

In ferricinium tetrahalomercurates, (VII)-(IX), a mercury atom is substitut- 
ed for one of the iron atoms. As far as perturbation effects are concerned, in these 

compounds the differences between chloro-, bromo-, and iodo-compounds are 

smaller; this is shown by the fact that scarcely any change of intensity of “forbidden 
bands” is perceivable. Therefore, in a comparison of haloferrates with halomercu- 
rates, the most conspicious deviation appears for the iodo-compounds since, re- 
ferred to the corresponding iodoferrates, iodomercurates show a far lower intensity 
in their “forbidden bands”. 

Since in all the spectra of the ferricinium salts* studied by us the four ru-ac- 

tive normal vibrations (in accordance with the D,, symmetry of cyclopentadienyl 
rings) appear at the same frequency and relative intensity, we think it justified to 

assume that all these salts have the structure shown in Fig. 5a. 

EXPEFUMENTAL 

Ferrocene 

FeSO, - 4 Hz0 (50 g) is dehydrated on a bath (200”) under reduced pressure 

(20 torr) in a nitrogen gas stream until nearly all of the water is removed. The 

* On the basis of data in the Iiterature, besides those discussed, we have prepared other ferricinium 
salts, e.g. picrate, molybdenate, reineckate, and the spectra of these were without exception of an 
analogous pattern. 
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366 P. SOHAR, J. KUSZMANN 

temperature of the bath is then raised to 260” for 15 minutes. After cooling, the 
almost white residue is stirred with cyclopentadiene (42 ml) while cooled with ice, 
and then triethylamine (100 ml) is added. The suspension is stirred for 24 hours 
at room temperature, then processed as described in the literaturelg. Yield of 
ferrocene is 31.5 g or 68 %. M.p. 172-174”. LitZo m.p. 173-174”. 

Ferricinium tetrachloroferrate (II) 

1. “Ferricinium chloride”7 (talc. for C,OH,OFeCl: Fe 25.2, Cl 16.1 %; 
found: Fe 16.0, Cl 14.6 %) ’ b ‘1 d 1s 01 e on a water bath with dry ether; then the solvent 
is decanted without cooling. After six repetitions of this treatment 0.3 g substance 
remains from the 1 g originally taken. Calc. for CloH,,Fe2CI,: Fe 29.11, Cl 36.96 
%; found: Fe 28.10, Cl 35.31 %. 

2. Through the dark blue solution of ferrocene (0.95 g) in cont. sulphuric 
acid (2.5 ml) a stream of oxygen is bubbled for 2 hours at steam bath temperature. 
After cooling, the reaction mixture is diluted to 50 ml with water, and the sulphate 
is removed with a 5 N solution of barium chloride. The filtrate is evaporated in 
vacua at 30”: the solid residue is suspended in isopropanol, and washed with 
isopropanol and ether. The final residue is a grey-green powder (0.45 g). Found: 
Fe 26.4 % and Ci 33.3 %. 

The crude chloroferrate (II) is recrystallized from ethanol (50 ml) to yield 
dark blue crystals. Found: Fe 28.35 % and CI 36.62 %. 

Ferricinium tetrabromoferrate (III) 

As in the preceding sulphuric acid oxidation but with barium bromide 
treatment, 0.7 g crude bromoferrate (III) is obtained which, after recrystallization 
from ethanol, yields a brown powder. Calc. lor CroHroFe,Br,: Fe 19.89, Br 
56.93 %; found: Fe 19.72, Br 56.14 %. 

Ferricinium tetraiodoferrate (IV) 

1. The oxidation mixture described above is treated in a similar way with a 
5 N solution of barium iodide. The iodoferrate salt (IV) precipitates together with 
barium sulphate in the form of a light grey powder. This is collected by filtration, 
washed with water, then boiled in a 1 N solution of hydrogen iodide (50 ml) and 
filtered while hot. On cooling, a crystalline substance (0.1 g) separates from the 
filtrate. This is the same substance as prepared by methods 2 and 3. 

2. To the dilute sulphuric acid solution, potassium iodide (10 g) dissolved 
in water (20 ml) is added, the precipitate is filtered off and washed with water, 
ethanol, and ether. The grey powder (0.8 g), when recrystallized from ethanol, 
yields violet needles. Calc. for C1OH1OFeJ~: Fe 14.9,167.73 %; found: Fe 14.45, 
168.19 %. 
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3. To ferrocene (1.9 g) dissolved in carbon tetrachloride (75 ml), iodine 
(7 g) is added and the mixture is boiled for one hour on a water bath. The precipi- 
tate is filtered from the still hot solution, then washed with carbon tetrachloride, 
ethanol, and ether. The crude iodoferrate (IV) is boiled in ethanol (200 ml), cool- 
ed, filtered and washed with ethanol and ether. A blue-grey substance (2.5 g) is 
obtained in which 14.67 % Fe and 67.50 oA I is found. Nesmeyanov et al.’ prepared 
a fe~icinium salt containing 67.19 ok iodine, but attributed a “tri-iodide “structure, 
CrOHLOFe13, to it. 

Feririciniunz sulphate (VI) 

The reaction mixture obtained in the sulphuric acid oxidation of ferrocene 
(0.95 g) is diluted, while cooled, with ethanol (110 ml) and then with ether (400 
ml). The solvent is decanted off the oil that separates, the residue is redissolved in 
ethanol and again admixed with ether. The syrup, Ieft after decanting the solvent, 
solidifies when stirred with isopropanol. After filtration, and washing with iso- 
propanol and ether, a light blue-grey substance (0.3 g) is obtained. Calc. for 
ClOHlOFeSO, - 2 HSO,: C 22.55, H 2.27, S 18.08, Fe 20.95 %; found: C 22.12, 
H 2.38, S 17.20, Fe 20.40 %. 

Ferrocene (0.95 g) oxidized in sulphuric acid is diluted, while cooled, to 
20 ml with water, then a mixture of HgClz (1.35 g) dissolved in water (20 ml) and 
of KC1 (0.8 g) dissolved in water (10 ml) is added. The precipitate, washed with 
water, ethanol, and ether, is a violet-blue salt (2.4g), (VIII), which is recrystallized 
from ethanol (250 g). The pure tetrachloromercurate salt separated in the form of 
dark blue needIes (0.8 g). Gale. for C1,H,oFeHgCl,t Fe 15.67, Cl 19.84 %; 
found: Fe 15.33, Cl 19.42 %. 

With HgClz (1.35 g) and KBr (2.4 g) the complex salt is precipitated like 
the tetraiodomercurate (VIII). The crude tetrabromomercurate (3.7 g), (IX), 
recrystallized from ethanol (500 ml), gives a dark blue, powdery crystalline sub- 
stance (0.8 g). Calc. for C1eH1eFeHgBr4: Fe 12.57, Br 35.81 %; found: Fe 12.10, 
Br 35.02 %. 

IR spectra were recorded of samples in KBr pellets and in suspension in nujoi. 
The records obtained were the same. Between 4000 and 400 cm- ‘, spectra were 
recorded with a Zeiss IJR-10 (Jena) spectrometer, while between 400 and 250 cm-’ 
a Perkin-Elmer 457 instrument was employed. 

J. MoL Structure, 3 (1969) 359-368 
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