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Ferrocene, 1,1,”-biferrocene and 1,1” : 1’1" terferrocene derivatives involving a (cycopentadiene)Fe(CO); moiety
were synthesized; the v(CO) peak frequency shifts during their redox processes were monitored by the IRAS technique.
All the complexes give two v(CO) peaks, which shift to higher wavenumbers (12—18 cm™") by the oxidation from
the most reduced (all Fe’s are Fe(I)) to the most oxidized (all Fe’s are Fe(Ill)) forms. The biferrocene derivative in the
monocationic form gives peaks at wavenumbers between those for neutral and dicationic forms, probably because the rate
of electron-transfer affording two electronic isomers, Red—Ox—[FeCO] and Ox—Red—{FeCO], where Red, Ox, and [FeCO]
refer to reduced and oxidized forms of a ferrocene unit, and a [(7]4—cyclopentadiene)Fe(CO)3] moiety, respectively, is
slower than or comparable to the time scale of IR (10"'—10'% s71). The terferrocene derivative shows ¥(CO) frequency
changes corresponding to the three-step le™ oxidation processes. The shift is most significant in the second oxidation step,
implying that the largest change in charge is that of the ferrocene unit nearest to Fe(CO)3. This is in principle consistent
with the elucidation of the oxidation process via thermodynamically favorable electronic isomers based on the interaction

energy between neighboring oxidized and reduced sites:

Red-Red-Red-[FeCO] — Red—Ox—Red-[FeCO] — Ox—Red-Ox—[FeCO] — Ox—0x—Ox~[FeCO].

Polymers with a linear sequence of cooperating redox
centers are of great interest in view of providing electron-
ically and magnetically functional materials.” Oligo(1,1’-
ferrocenylene) can be a model of such linear redox combi-
nation with inter-nuclei electronic communication,? but the
unsubstituted one loses considerable solubility with the in-
crease in the number of nuclei. Their electrochemistry has
been investigated up to the tetramer and a low molecular-
weight polymer.>#

We have recently synthesized soluble oligoferrocenylene
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derivatives, 1a—5a and 1b—7b,>® (Scheme 1) that can be
used for the analysis of redox potential dependencies on the
number of nuclei using a theory based on the neighboring
site interaction energy between oxidized (Ox) and reduced
(Red) sites, ugg, that between Ox and Ox, upo, and that be-
tween Red and Red, uggr, demonstrated by Aoki and Chen.”
In this theory, the oligomer is assumed to be a sequence of
Red and Ox and the thermodynamically most favorable elec-
tronic isomers in the mixed valence states are determined
mainly by the total uggr value. For example, a redox trimer

Scheme 1.
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gives two possible electronic isomers in its two mixed va-
lence states, and the theory indicates that Red-Ox—Red is
thermodynamically more favorable than Ox—Red—Red, and
also Ox—Red—Ox is more favorable than Ox—Ox—Red.

Analysis for the redox potentials of oligo(dihexyl-
ferrocenylene) has proved that their dependencies on the
number of nuclei can not be interpreted with only the neigh-
boring site interaction energies, while addition of the second
neighboring site interaction energy, uoxr reproduces the ex-
perimental results.5® However, the magnitude of uoxg, is
small, —3.8 kI mol~! and about one-forth of ugg,” suggest-
ing that the positive charge in the molecule is considerably
localized on the “Ox” sites. This is in accordance with our
primary assumption that each oxidation state of the oligomer
can be expressed as a combination of Red and Ox.

Electron delocalization between Red and Ox for mono-
cation of 1,1”-biferrocene and its derivatives has been in-
vestigated using several methods such as near-IR, IR, far-
IR, Mossbauer and ESR spectroscopy in addition to the
elecrochemical measurements.>*!%2Y As for infrared spec-
troscopy, the bands of perpendicular C—H bending mode
show the oxidation state of ferrocene units.'®*=>» The analysis
~ of this band is a powerful tool to examine the electron-trans-
fer rate against the IR time scale, but cannot inform about the
electronic structure of the favorable electronic isomers in the
mixed valence states of 1,1” : 1"”,1""" -terferrocene as noted
above.

In the present study we synthesized forrocene, biferrocene
and terferrocene derivatives, 1c—3c, involving an iron tri-

carbonyl moiety which senses the oxidation state of the fer-

rocene unit attached to the (cyclopentadiene)Fe(CO); moiety
([FeCO]) and we carried out the measurements of infrared
refraction absorption spectroscopy (IRAS) while controlling
the oxidation state of the molecule electrochemically. Re-
versible wavenumber shifts of v(CO) by changing the redox
state are clearly observed. The degree of the shifts thus ob-
tained for 2¢ and 3c¢ is discussed with the electronic structure
and charge balance among redox units in the mixed-valenece
state(s).

Experimental

Ferrocenes, la, 2a, and 3a were prepared as reported
previously.” Iron enneacarbonyl was prepared from Fe(CO)s
(Aldrich) according to the method in the literature.”® Anhy-
drous solvents were obtained from Kanto Chemicals. Tetrabutyl-
ammonium perchlorate was obtained from Tomiyama Chemicals as
lithium battery grade. Dichloromethane used for electrochemical
measurements was a HPLC grade chemical from Kanto Chemicals.
Infrared and "H NMR spectra were recorded with Shimadzu FT-IR
8100M and JEOL GX400 spectrometers, respectively. IRAS mea-
surements combined with an electrochemical setup were carried
out with a Bio-Rad FTS-454RD spectrometer, a Toho Technical
Research 2020 potentio/galvanostat and a 2230 function generator.

Preparation of [(57°-CsHyHex")Fe{5°-CsH;Hex"-(*-CsHy-
Hex")Fe(CO)s}] (1c). All the manipulations were carried out un-
der nitrogen or argon except when otherwise stated. A mixture of 1a
(115 mg, 0.23 mmol) and Fe,(CO)y (209 mg, 0.58 mmol) in 10 dm®
THF was stirred at 50 °C for 1 h. The solution was filtered through
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a 0.45 um membrane filter, and the filtrate was dried under vac-
uum. The rsidue was dissolved in toluene and separated with a JAI
LC908 recycling HPLC apparatus equipped with JAIGEL 2H and
3H columns to give a yellow component. This component was sep-
arated by TLC (Merck silica gel 60F,ss plates) with hexane—chlo-
roform (10: 1) as an eluent into two components with Rf =0.65 and
0.48. The former were found to be 1a and the objective compound
1c¢ was obtained from the latter component as yellow oil: Yield 20
mg, 14%. Found: C, 67.48; H, 7.84%. Calcd for CssHsoFe20s:
C, 67.30; H, 7.84%. IR (KBr) 2039, 1965 cm™" (vo); "HNMR
(CDCl3) 6 =5.43 (2H, m, CH of 7]4—hexylcyclopentadiene moiety),
4.1—3.7 (7H, m, CH of n°-hexylcyclopentadienyl moieties), 3.07
(2H, m, CH of 77*-hexylcyclopentadienyl moiety), 2.4—2.0 (6H, m,
terminal CH; of hexyl moieties), 1.6—1.0 (24H, m, CH> of hexyl
moieties), 1.0—0.8 (9H, m, CH3).

Preparation of [(77°-CsHsHex")Fe(s°- CsHsHex"- °- CsH;-
Hex")Fe{7°-CsH;Hex"-(1*-CsHsHex")Fe(CO)3}] (2¢) and [(17°-
CsH Hex")Fe(#°- CsH;Hex"- °- CsHsHex")Fe(s° - CsH;Hex"-
7°-CsHzHex")Fe{ i7°-CsHs;Hex"-(17*-CsHsHex")Fe(CO)3 }1 (3¢).
Biferrocene and terferrocene derivatives 2¢ and 3¢ were prepared
from 2a and 3a, respectively, in a manner similar to that described
for 1c. Their isolation by TLC was, however, incomplete because of
the Rr values for Fe(CO);-free and attached forms were very close,
so that sample were obtained as mixtures of 2a+2c with the mole
ratio of 2a/2¢=0.5 and 3a+3c with the mole ratio of 3a/3¢=1.1.

2a+2¢: IR (KBr) 2038, 1965 cm™" (vco); '"HNMR (CDCls)
8 =6.3 (1.3H, m, CH of end hexylcyclopentadiene moiety of 2a),
5.3—5.4 (1.3H, m, CH of 7*-hexylcyclopentadiene moiety of 2c),
4.2—3.5 (13H, m, CH of 7°-hexylcyclopentadienyl moieties), 3.04
(1.3H, m, CH of 7*-hexylcyclopentadienyl moiety of 2¢), 2.4—2.0
(10H, m, terminal CH; of hexyl moieties), 1.6—1.0 (40H, m, CH;
of hexyl moieties), 1.0—0.8 (15H, m, CH3).

3a+3c: IR (KBr) 2038, 1964 cm ™! (vco); "THNMR (CDCls)
4 =6.3 (2.1H, m, CH of end hexylcyclopentadiene moiety of 3a),
5.3—5.4 (1.0H, m, CH of 5*-hexylcyclopentadiene moiety of 3c),
4.1—3.6 (19H, m, CH of 7°-hexylcyclopentadienyl moieties), 3.02
(1.0H, m, CH of 77*-hexylcyclopentadienyl moiety of 3c), 2.4—2.0
(14H, m, terminal CH; of hexyl moieties), 1.6—1.0 (56H, m, CH;
of hexyl moieties), 1.0—0.8 (21H, m, CHs).

Cyclic Voltammetry. A glassy carbon (GC) rod (Tokai
Carbon GC-20, diameter: 5 mm) was embedded in Pyrex glass
and the cross section was used as a working electrode. Cyclic
voltammetry was carried out in a standard one-compartment cell
equipped with a Pt wire counter electrode and an Ag/Ag* (10
mmol dm™> AgClOy in 0.1 moldm™> n-BuyNCIOs~MeCN, E”
(ferrocenium//ferrocene) =0.21 V vs. Ag/Ag") reference electrode
with a BAS CV-50W voltammetric analyzer.

IR-Spectroelectrochemistry. The electrochemical cell for
IRAS measurements was similar to that reported previously by
Ito and his coworkers.” It was equipped with a Pt disk working
electrode, a Pt wire counter electrode and a Ag/Ag” reference elec-
trode. An IR spectrum first measured in a deaerated 0.1 mol dm™>
n-BusNC104—CH,Cl, solution was defined as the background spec-
trum; then a sample was added to the solution and cyclic voltam-
metry was carried out. IR spectra of the sample in a given oxidation
state were measured after the potential was applied and the current
decreased to the background level.

Results and Discussion

Synthesis and Redox Properties. Iron carbonyl com-
plexes of ferrocenes, 1c—3c, were synthesized by a re-
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action of free cyclopentadiene moieties in 1la—3a, with
Fe,(CO)o (Scheme 1), a regular method to prepare (7*-cy-
clopentadiene)Fe(CO)3.29 The ferrocene monomer 1¢ was
isolated using silica gel column chromatography, but the
dimer, 2¢ and the trimer, 3¢ could not be separated from iron
carbonyl-free ferrocenes, 2a and 3a, respectively, because
of the very close Ry values. The mol ratios of 2a/2¢ and
3a/3c used in this study were determined to be 0.5 and 1.1,
respectively, from their "HNMR spectra, where & values
for protons on the cyclopentadiene moiety shifts from 6.3
to 5.4—5.3 and 2.4—2.0 by coordinating to iron. Fortu-
nately, the contamination of iron carbonyl-free ferrocenes in
2¢ and 3¢ does not give any disadvantageous effect on in-
terpreting the results of the IR-spectroelectrochemical study
as described below (Scheme 2). Infrared spectra of 1e—3c
show two v(CO) absorption peaks typical to (77*-diene)Fe-
(CO)3 complexes: One is strong and sharp at ca. 2040 cm™!
(A’(1)) and the other is medium and broad at ca. 1965 cm™!
(AI(Z) and AII)_27,28)

Cyclic voltammograms of 1c, 2a+2¢, and 3a+3c in
0.1 moldm™3 n-BuyNClO4~CH,Cl, are given in Fig. 1.
Oxidation of the ferrocene moiety in 1¢ occurs at E” =0.04
V vs. Ag/Ag*, similar to that for 1a (E” =0.04 V), indi-
cating that the bonding to (cyclopentadiene)Fe(CO); does
not cause any significant effect on the electronic state of the
ferrocene moiety. This is in accordance with the chemical
structure without conjugation between ferrocene and (cyclo-
pentadiene)Fe(CO); moieties. An anodic peak is observed
at E,, =0.9 V, which can be attributed to irreversible oxi-
dation of the (cyclopentadiene)Fe(0)(CO); moiety, judging
from the reported oxidation reaction of (7*-diene)Fe(CO)s-
type complexes.”

The cyclic voltammogram of the mixtures of 2¢ and
2a given in Fig. 1b shows just two reversible waves at
EY = —0.06 and 0.34 V, ascribed to the ferrocene moiety
oxidation, in addition to an irreversible oxidation peak at
Ey=0.9 V due to (cyclopentadiene)Fe(CO)s3. This also im-
plies that the electronic effect of (cyclopentadiene)Fe(CO);
binding to ferrocene moieties is small, so that the redox po-
tentials of 2c are very close to those of 2a (E¥ = —0.07 and
0.33 V) and 2b (E” =—0.10 and 0.32 V).%

Similar consideration can be made for the cyclic voltam-
mogram of a mixture of 3¢ and 3a in Fig. 1c, which displays
three reversible oxidation waves at E* = —0.10, 0.12, and

1¢: Red-[FeCO] Ox-[FeCO]

2c: Red-Red-[FeCO]

3c:

-e
Red-Ox-Red-{FeCO]
+e

Red-Red-Red-[FeCO}

Ox-Red-{[FeCO] + Red-Ox-[FeCO]
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Fig. 1. Cyclic voltammetry of 1c (a), 2c+2a (b), and 3c+3a
(¢) at GC in 0.1 mol dm > n-BuyNCIO4—CH,Cl, at a scan
rate of 0.1 Vs,

0.51 V due to ferrocene moieties and an irreversible oxida-
tion wave at Ep, =0.9 V due to (cyclopentadiene)Fe(CO)3
(EY’s of 3a are —0.10, 0.12, and 0.51 V).> It should be
noted that all the oxidation potentials of ferrocene moieties
in 1c, 2¢, and 3¢ are more negative than those of (cyclo-
pentadiene)Fe(CO); moieties, ensuring that the changes in
the electronic structure of ferrocene units in the whole re-
dox process occur without oxidative decomposition of the
(cyclopentadiene)Fe(CO); moiety. This satisfies a condition
requisite for the present IR spectroelectrochemical study to
monitor the electronic structure of the ferrocene or oligofer-
rocenylene moiety by the change in the frequencies of CO
stretching vibration for the iron tricarbonyl moiety.
IR-Spectroelectrochemistry.  Infrared spectroelectro-
chemistry was carried out using a Pt disk working electrode

Ox-Ox-[FeCO]
+e

-e o
Ox-Red-Ox{FeCO] =—
+e +e

Ox-Ox-Ox-[FeCO]

Red = [Fe"(CsRs);], Ox = [Fe(CsRs),]" , [FeCO] = (cyclopentadiene)Fe(CO)s
Scheme 2.
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in a cell designed for IRAS measurements.” Cyclic voltam-
mograms of 1¢, 2¢, and 3¢ in this cell are similar to those at
GC given in Fig. 1, except for large peak-to-peak separation
(e.g., 180 mV for 1¢), because of the significant IR drop due
to a thin solution layer on the working electrode. Infrared
spectra of 1c at given potentials in n-BuyNCIO4—CH,Cl, are
shown in Fig. 2, where the potentials allude to the spectra
of reduced, oxidized and rereduced forms for a, b, and c, re-
spectively. Both v(CO) peaks shift to higher wavenumbers
by 12 and 15 cm™! by oxidation from 1¢° to 1¢* and the
change is reversible. This direction of wavenumber shift is
reasonable because the positively charged ferrocenium site
withdraw electrons from Fe(Il) in the (cyclopentadiene)Fe-
(CO); moiety, and consequently, back-donation from Fe to
CO must be lessened. Wolf and Wrighton have reported a
“similar phenomenon: that the v(CO) for a ruthenium carbon-
yl complex of poly(5,5'-di-2-thienyl-2,2’-bithiazole) shifts to
higher energy by 4—6 cm™' when the polythiophene back-
bone is oxidized.>”

Figure 3 displays successive changes in the spectrum of 1¢
with scanning the potential from 0 to 0.6 V vs. Ag/Ag*. Itis
clearly seen that two sets of paired v(CO) peaks appear in the
potential range around E¥ for the ferrocenium/ferrocene cou-
ple 1c¢*/1¢, denying the possibility that the observed species
is not a solute but an adsorbate and the wavenumber shift
by the effect of electric field, because in such a case a grad-
ual shift in wavenumbers should occur with the potential
change. It can thus be concluded that the v(CO) can sense
the oxidation state of ferrocene unit bound to the (cyclo-

E IV vs. AgiIAg®
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Fig. 2. IRAS spectra of 1c at a Pt disk at given potentials

in 0.1 mol dm™—* n-BusNCIO4~CH,Cl,. The measurement
was carried out in the alphabetic order.
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Fig. 3. IRAS spectra of 1c obtained with scanning the
potential from 0 to 0.6 V vs. Ag/Ag* in 0.1 moldm™>
n-BuyNCIO4—CH,Cl, at a scan rate of 0.1 Vs~!.

pentadiene)Fe(CO)s moiety.

Infrared spectra of 2¢ in three oxidation states are dis-
played in Fig. 4, showing a pair of peaks in each spectrum.
The wavenumber shift for the pair from the fully reduced
form at —0.60 V, 2¢°, to fully oxidized one at 0.62 V, 2¢**,
is 13 and 17 cm™! in the higher direction and is reversible,
similar to the case for the monomer, 1¢. In Fig. 4c, an ex-
tra broad peak appears around 2015 cm~!. This peak can
not be assigned to a signal of 22* and its origin is unclear
at this stage because of the difficulty in characterization of
the species in electrolyte solution in the present experimental
conditions. A possible candidate is a decomposition product
of 2¢?* because one can deduce that biferrocenium dication
is less stable than biferrocene, judging from the facts that
ferrocenium ion decomposes in a first order reaction in aque-
ous solution®*? and in a second order reaction in aprotic
media'33,34)

Two electronic isomers, Ox—Red—[FeCO] and Red—Ox—
[FeCO] can exist in the mixed-valence state, 2¢*. If the
electron-transfer rate between Red (Fe(I)) and Ox (Fe(II))
is slower than the time scale of IR, two sets of CO peaks
should appear at wavenumbers similar to those of 2¢° and
2¢2*. This is not the case in the spectrum of 2¢*, where a
pair of peaks exist at the intermediate position between the
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Transmittance / arb. unit

‘2038
| i I

2000 1950 1900

Wavenumber / cm™

Fig. 4. IRAS spectra of 2¢ (+2a) at a Pt disk at given poten-
tials in 0.1 mol dm—> n-BusNCIO4~CH,Cl,. The measure-
ment was carried out in the alphabetic order.

2100 2050

peaks for 2¢® and 2¢2*. It has been reported that the KBr-
pellet infrared spectra of mixed-valence cation of biferrocene
and its derivatives hitherto known gives the absorption bands
for perpendicular C-H bending mode attributable to both the
Red (Fe(I)) and Ox (Fe(1l)) parts of the mixed-valence ion at
room temperature, indicating that the electron-transfer rates
are less than ca. 10'2 s~1.18-20 The difference in electron-
transfer rate between these data and the present result should
be due to a discrepancy in the condition of samples in the
measurement; biferrocene is in solution in the present study
but in KBr pellets in the previous studies. Reorganization of
the matrix requisite for the thermal electron transfer is more
restricted in the latter case, which makes the slower electron-
transfer rate more significant.

Coexistence of both electronic isomers, Red—Ox—[FeCO]
and Ox—Red—{FeCO], irrespective of the asymmetrical struc-
ture is probable because the electronic effect of (cyclo-
pentadiene)Fe(CO); is slightly different from that of H, as
indicated by the similar redox potentials among 2a, 2b, and
2c as mentioned above.

It should be noted that the peak width at half peak height of
the 2047 cm~! band (15 cm™!) looks broader than that of 2¢
and 2¢** (8 cm™1), although the quality of the spectra is not
sufficient to insist on this difference strenuously. Recently Ito
etal. have reported the v(CO) peak broadening in the mixed-
valence pyrazine-bridged dimer of Ru trinuclear complex,
indicating that the electron-transfer rate is comparable to the
IR time scale, 1011—10'2 s—1.39 Thus, the result noted above
may suggest a similar time-scale effect.

Bull. Chem. Soc. Jpn., 71, No. 8 (1998) 1821

Infrared spectra for the trimer, 3c, are shown in Fig. 5,
showing reversible three-step changes for a pair of peaks,
corresponding to formation of two mixed-valence states; the
total wavenumber shifts from 3¢ to 3¢>* are 14 and 18 cm™!,
similar to those for the monomer and the dimer. Extra broad
peaks observed around 2150 cm~lin Figs. Sc, 5d, 5e, 5f, and
5g are probably due to a decomposition product of oxidized
forms of 3¢ (vide supra).

In case the electron transfer rate between Ox and Red
in the mixed-valence states of the trimer, 3¢* and 3¢?*
is faster than the IR time scale, and in case the thermo-
dynamic stability is also the same for the three electronic
isomers, Red—Ox—Red—[FeCO], Ox—Red—Red-[FeCO],
and Red-Red—-Ox—[FeCO] for 3c¢*, Ox—Red-Ox-[FeCO],
0x—0x—Red-[FeCO], and Red—Ox-Ox—[FeCO] for 3¢** so
that the population of the isomers is same, the wave number
shifts for the three oxidation steps should be one-third of the
total shift, (14—18)/3 =5—6 cm™~!. This is not consistent
with the results shown in Fig. 5, where the most significant
shifts, both 9 cm™!, are observed at the second oxidation
step.

The theory based on the neighboring site interaction indi-
cates that Red—Ox-Red and Ox-Red-Ox are thermodynami-
cally more favorable than Ox-Red-Red (=Red-Red—Ox) and
Red-Ox-Ox (= Ox—Ox-Red), respectively, for the mixed-
valence states of trimer.”® This situation is entirely differ-
ent from the dimer with two thermodynamically equivalent
electronic isomers Red—Ox and Ox-Red in the mixed-va-
lence state, as sketched in Fig. 6. Consequently, it can be

EIV vs. Ag/Ag*

-0.60

Transmittance / arb. unit

1964
2038
1.
2100 2050 2000 1950 1900
Wavenumber / cm’™
Fig. 5. IRAS spectra of 3¢ (+3a) at a Pt disk at given poten-

tials in 0.1 mol dm™> n-BuyNC104~CH,Cl,. The measure-
ment was carried out in the alphabetic order.
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Fig. 6. Schematic illustration of the energy diagram on the mixed-valence states of biferrocene (a) and terferrocene (b).

expected for 3c that the three-step oxidation pathway is com-
posed of Red—Red-Red-Fe(CO); — Red-Ox-Red-[FeCO]
— Ox~Red-O0x—[FeCO] — Ox—0x—Ox~[FeCO]; thus
(cyclopentadiene)Fe(CO)s-attached ferrocene site changes
from Red to Ox at the second electron transfer step from
monocation to dication. This prospect is roughly coincident
with the largest wavenumber shift at the second oxidation
step in Fig. 5.

One should recall that the IR result only indicates
that the ferrocene site adjacent to (cyclopentadiene)Fe-
(CO); is Red in monocation and Ox in dication, and
thus Ox—Red—Red-[FeCO] and Red-Ox—Ox—[FeCO] can
be the candidates as the forms of monocation and di-
cation, respectively. This possibility can not be denied
only by the spectral information, but the little difference
" in electronic effect between (cyclopentadiene)Fe(CO); and
H as noted above strongly supports the consideration that

Red-Ox—Red-[FeCO] and Ox—Red—Ox—[FeCO] are ther-

modynamically more favorable than Ox—Red-Red—[FeCO]
and Red-Ox—~Ox—-[FeCO], respectively.

Small wavenumber shifts are observed even at the first -

and third oxidation steps. As has been discussed above on
2¢, comparison of the IR time scale with the rate of electron

transfer between Ox and Red in the mixed-valence states .

of 3c is requisite primarily to elucidate the cause of these
shifts, but the thermodynamic situation of electronic isomers
in the mixed-valence states of 3¢ is different from that of 2¢
as illustrated in Fig. 6. The existence of an energy differ-
ence between the electronic isomers of 3¢* and 3¢2* indicates
that the thermodynamically favorable Red—Ox—Red—{FeCO]
of 3¢t and Ox—Red-Ox—[FeCO] of 3c¢?* exist domi-
nantly and transformation from Red—-Ox—Red-[FeCO] to
0Ox—Red-Red—{FeCO] or Red—Red-Ox—[FeCO] for 3¢*, and
that from Ox—Red-Ox—[FeCO] to Ox—Ox—Red—[FeCO] or
Red-Ox—Ox—[FeCO] for 3¢?* are much slower than that
between the electronic isomers of 2¢*, Red—Ox—[FeCO]
and Ox—Red—-[FeCO] with no energy difference. This
leads to a consideration that only Red—Ox—Red—-[FeCO] and

Table 1. Data of vco for (Cyclopentadiene)Fe(CO)3;-Bound
Ferrocene Derivatives

1

Complex Wavenumber/cm™" Awco/em™ A veco/EA veogon

1c° 2039 1965 - — 0
1c™ 2051 1980 12 15 1
2¢° 2038 1965 S —— 0
2 2047 1976 9 11 0.6—0.7
26+ 2051 1982 4 6 1
3¢ 2038 1964 - - 0
3cl* 2041 1970 3 6 0.2—0.3
3¢ 2050 1979 9 9 0.8—0.9
3¢ 2052 1982 2 3 1

Ox~Red-Ox—[FeCO] should be observed in the IR spectra
of 3¢* and 3¢?*, respectively. This is supported by the result
that only a pair of v(CO) peaks appear for 3¢* and 3c**,
respectively, and these peaks are as sharp as those of 3c? and
3c* in Fig. 5, while the peak of 2¢* looks broader than 2¢®
and 2¢* in Fig. 4 (vide supra).

We assume at this stage that the wavenumber shifts in the
first and third oxidation steps reflect partly the change in den-
sity on ferrocene sites binding to (cyclopentadiene)Fe(CO)s,
which should be caused by electron delocalization due to
neighboring site interaction between Red and Ox. For exam-
ple, the charge distribution in Red—Ox-Red is not (0)—(1)—0)
but (8)-(1— 6)~(d) (0 < d«k1). It is simply evaluated that
the shifts at the first and the third steps correspond to about
20 and 80% oxidation of the (cyclopentadiene)Fe(CO);-at-
tached ferrocene site if the total wavenumber shift (14 and
18 cm™!) corresponds to the full change in charge density of
the ferrocene site from O to +1 and the shift in wavenumbers
corresponds linearly to the change in charge (Table 1).

Conclusions

A pair of v(CO) peaks appear in the infrared spectra of
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1c, 2¢, and 3¢ in CH,Cl, and shift to higher wavenumbers
(12—18 cm™1) by the oxidation from the most reduced to
the most oxidized forms due to a decrease in the degree
of back-donation from Fe to CO. The v(CO) peaks for
the mixed-valence cation 2¢* locate halfway between those
for 2¢° and 2¢?*, suggesting that the rate of internuclear
electron-transfer is slower than or comparable to the time
scale of infrared spectra (10''—10'2 s—1). The terferrocene
derivative 3c shows v(CO) frequency changes corresponding
to the formation of two mixed-valence states. The shift is
most significant at the step from 3c* to 3¢**, supporting
the consideration based on the neighboring site interaction
that the oxidation process should be Red—Red-Red—[FeCO]
— Red-0x-Red-[FeCO] — Ox—Red-Ox—[FeCO] —
Ox-0x—O0x—[FeCO]. The partial wavenumber shifts in the
first and third oxidation steps are attributed to modest charge
delocalization in the mixed valence states.
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