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Abstract

The mixed-valence 1�,1���-bis((R)-2-phenylbutyl)-, 1�,1���-bis((S)-2-phenylbutyl)- and 1�-((R)-2-phenylbutyl)-1���-((S)-2-phenyl-
butyl)-1,1��-biferrocenium salts were investigated to reveal the importance of cation symmetry on the mixed-valence states. (R,R)
and (S,S) samples never showed the perfect valence detrapping, while (R,S) sample showed the detrapped-valence state at room
temperature. © 2001 Published by Elsevier Science B.V.
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1. Introduction

The nature of electron transfer between well-sepa-
rated metal sites has been discussed in superconductive
materials and biological systems [1,2]. The study of
mixed-valencey was advanced by the discovery of
mixed-valence binuclear ferrocenes [3]. Binuclear fer-
rocenes have an advantage because of the ease of
synthetic design and of various selectivities for counter
anions. From investigations for many mixed-valence
biferrocenium derivatives, it was shown that the effects
of cation symmetry and its packing play an important
role on the mixed-valence state [2,4–8]. To discuss the
two effects separately, we started to study the mixed-va-
lence state of binuclear ferrocenes having an asymmet-
ric carbon in the substituent. Because the (R,S) sample
has an inversion center, while (R,R) and (S,S) samples
cannot. And we can control the intermolecular interac-
tion by the construction of crystal using (R,R), (S,S)
and (R,S) isomers as a building block.

In the present study, we synthesized 1�,1���-bis((R)-2-
phenylbutyl)-, 1�,1���-bis((S)-2-phenylbutyl)- and 1�-((R)-
2 - phenylbutyl) - 1��� - ((S) - 2 - phenylbutyl) - 1,1��-biferro-
cenium salts and investigated the mixed-valence state
by means of 57Fe Mössbauer spectroscopy in order to
reveal the role of cation symmetry.

2. Experimental

2.1. Syntheses

1�,1���-bis((R)-2-phenylbutyl)- and 1�,1���-bis((S)-2-
phenylbutyl)-1,1��-biferrocenes were synthesized accord-
ing to the method reported for a series of ferrocene
derivatives with alkyl substituents [9]. In the acylation,
(S)-(+ )- and (R)-(− )-2-phenylbutyryl chlorides were
used. The products were isolated by column chro-
matography on alumina.

1�-((R)-2-phenylbutyl)-1���-((S)-2-phenylbutyl)-1,1��-
biferrocene was synthesized by using the equimolar
mixture of 1�-(R)-2-phenylbutyl-1-bromoferrocene and
1�-(R)-2-phenylbutyryl-1-bromoferrocene in the Ullman
coupling reaction [10], which is shown in Scheme 1.
After extraction by dichloromethane, the mixture was
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isolated by column chromatography on alumina. The
first and second bands were (R)-2-phenylbutylferrocene
and 1�,1���-bis((R)-2-phenylbutyl)-1,1��-biferrocene eluted
with hexane, respectively. The third band was (R)-2-
phenylbutyrylferrocene eluted with hexane/benzene
(7:3). The forth band was 1�-((R)-2-phenylbutyl)-1���-
((R)-2-phenylbutyryl)-1,1��-biferrocene eluted with ben-
zene. The fifth band was 1�,1���-bis((R)-2-phenyl-
butyryl)-1,1��-biferrocene eluted with dichloromethane.
Then, 1�-((R)-2-phenylbutyl)-1���-((R)-2-phenylbutyryl)-
1,1��-biferrocene was reduced by lithium aluminum hy-
dride with aluminum chloride.

These 1�,1���-bis(2-phenylbutyl)-1,1��-biferrocenes were
oxidized by adding I2 dissolved in hexane to a hexane

solution of neutral complex. But, the triiodide salts
were not obtained in these biferrocene derivatives al-
though a stoichiometric amount (3/2 times) of I2 was
added. Moreover, by adding 5/2 times amount of I2, the
perfect pentaiodide salt was never obtained. About
one-half of each sample was recrystallized from a
dichloromethane solution under a hexane atmosphere
at 0 °C.

2.2. X-ray crystallography

All powder X-ray diffraction patterns were measured
at room temperature by a Rigaku Rad-B system, using
graphite-monochromated Cu–K� radiation.

2.3. 57Fe Mössbauer spectroscopic measurements

A 57Co(Rh) source moving in a constant-acceleration
mode was used for 57Fe Mössbauer spectroscopic mea-
surements. Variable-temperature 57Fe Mössbauer spec-
tra were obtained by using a Toyo-Research spectro-
meter and a continuous-flow cryostat. The 57Fe Möss-
bauer parameters were obtained by least-squares fitting
to Lorentzian peaks. The isomer shift values are re-
ferred to metallic iron.

3. Results and discussion

3.1. Powder X-ray diffraction patterns

1�,1���-bis((R)-2-phenylbutyl)-, 1�,1���-bis((S)-2-phenyl-
butyl)- and 1�-((R)-2-phenylbutyl)-1���-((S)-2-phenyl-
butyl)-1,1��-biferrocenium salts are abbreviated to the
(R,R), (S,S) and (R,S) samples, respectively. Fig. 1
shows the powder X-ray diffraction patterns of the
(R,R), (S,S) and (R,S) samples from dichloromethane
at room temperature. Diffraction patterns of all sam-
ples show no remarkable change by the recrystalliza-
tion. The (R,R) and (S,S) samples show the same
diffraction peak positions. There is no critical difference
between them as is expected for both enantiomers.
They may show the same mixed-valence state.

On the other hand, the powder X-ray diffraction
pattern of the (R,S) sample is similar to those of (R,R)
and (S,S) samples although some diffraction peaks are
vanished. This suggests that each sample has the same
crystal structure basically, but crystal symmetry is
raised by the effect of cation symmetry. Moreover, the
diffraction pattern is similar to that of the DL sample.

3.2. 57Fe Mössbauer spectra

Fig. 2 shows the variable-temperature 57Fe Möss-
bauer spectra of (R,R) sample from hexane. The ob-
served spectra consist of outer and inner doublets at all

Scheme 1. Synthesis of 1�-((R)-2-phenylbutyl)-1���-((S)-2-phenylbutyl)-
1,1��-biferrocene.

Fig. 1. Powder X-ray diffraction patterns at room temperature.
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Fig. 2. Variable-temperature 57Fe Mössbauer spectra of 1�,1���-bis((R)-
2-phenylbutyl)-1,1��-biferrocenium salt from hexane.

Fig. 3. Variable-temperature 57Fe Mössbauer spectra of 1�-((R)-2-
phenylbutyl)-1���-((S)-2-phenylbutyl)-1,1��-biferrocenium salt from
hexane.

using chiral substituent. We revealed the role of cation
symmetry for mixed-valence state in the present study.
We continue the study to know whether the packing
effect overcome the effect of cation symmetry or not.

4. Supplementary material

The table of 57Fe Mössbauer spectral fitting parame-
ters is available from the corresponding author.
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temperatures. They have typical trapped-valence
quadrupole splitting values (�EQ=1.84(2), 0.65(2) mm
s−1 in the sample from hexane) at 80 K. Although they
approach to each other with increasing temperature,
they never fuse into one doublet even at 300 K. This
temperature dependence of quadrupole splitting is simi-
lar to that of 1�,1���-bis(2-methylbutyl)-1,1��-biferroce-
nium triiodide from hexane [11], suggesting that the
(R,R) sample will be kept in a close trapped-valence
state above 300 K.

The (R,R) sample shows no significant difference in
temperature dependence of 57Fe Mössbauer spectra be-
tween samples from hexane and dichloromethane. This
finding is different from that of 1�,1���-bis(2-methyl-
butyl)-1,1��-biferrocenium triiodide. We believe that
phenyl rings prevent to produce rotational isomers,
because it is huge and solid. The temperature depen-
dence of quadrupole splitting of the (S,S) sample was
similar to that of the (R,R) sample as we expected for
both enantiomers.

Fig. 3 shows the 57Fe Mössbauer spectra of the (R,S)
sample. Three quadrupole splitting doublets are ob-
served at 90 K, which are assigned to the trapped-va-
lence (�EQ=1.75(3) and 0.73(3) mm s−1) and
detrapped-valence state doublets (�EQ=1.23(3) mm
s−1). The relative area ratio for the detrapped-valence
state is increased with increasing temperature, thus a
perfect detrapped-valence state is observed at room
temperature.

It was shown that we can control the symmetry of
binuclear ferrocene and then the mixed-valence state by


