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Ferrocene (Ci:HiFe: bis(n5 -cvclopentadienyiron:
Fe) is known as a good electron donor molecule
showing one reversible redox cycle.' This is one
of the reasons why ferrocene is widely used as the
main component of electronic, optical and biolo-
gicallv-active materials. Especially, multi-ferrocenyl
compounds are frequently studied in the research
field of intra-molecular electron-transfer processes.
Di-ferrocene compounds linked by a polyethylene
moiety (Fc(CH = CH)nFc: dFcE,,) are the typical
system studied by many researchers.” The number
and the geometry of ethylene linkage are the critical
factors which control the efficiency of electron-
transfer in this system. I[n this study, we prepared
and spectroscopically characterized a di-ferrocenyl
compound in which two ferrocenyl groups are
linked by an enone moiety (Fc-C(O)YCH = CH-Fc:
Fe-Fe). The electron-transfer behavior of this
compound was investigated electrochemically and
compared with that of l.2-diferrocenylethyvlene
(dEcE). This is a part of series of studies of ferroceny]
chalcones.”

EXPERIMENTAL

General Methods
Acetyviferrocene (ActFe). ferrocenecarboxaldelwde
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(FcAld) and HPLC-grade organic solvents were
commercially purchased (Aldrich) and used as
received.

The FT-IR spectra were recorded on a MIDAC
FT-IR spectrometer within the range of 4000 ~
400 em™. The UV-Vis spectra were measured on
an HP 8452A diode array spectrophotometer. The
"H NMR spectra were obtained on a Bruker Avance
500 using CDCl: as a solvent. The mass specira
were obtained on a JMS-700 Mstation by fast atom
bombardment (FAB). The electrochemical studies
were carried out at room temperature with a CHI
620A Electrochemical Analyzer (CHI Instrument
Inc.) under the following conditions: 1.0 mM sam-
ples in MeCN containing 0.1 M n-BusN-BF. using
a Pt-button (r = 1 nun) working electrode. Ag/AgCl
reference electrode and Pt-wire (¢ = 1 mum) coun-
ter electrode at a scan rate of 50 mV's™” . The poten-
tials were referenced to that of F¢/Fc (£~ =
+0.464 V vs. Ag/AgCl).

Preparation of Fe-Fc

A mixture of ActFe (1 mmol, 228 mg). FcAld (1
minol. 214 mg) and NaOH (5 mmol. 200 mg) was
ground with an agate mortar and a pestle. This
mixture was allowed to stand in a water bath (83
°C) for 30 min. The final product was extracted
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with CH:Cl: and (h¢ solution was dricd with
MgSQ,. After filtration. the solvent was removed
at reduced pressure and the linal product was scpa-
rated from the residue by column chromatography
(Si0=. CH:CL). Yield: 63% (267 mg). Wine-red
colored powder. Mp: 208~209°C. Elemental anal-
ysis: Cal. (Obs.) for CaaHFe-O: C. 65.14 (65.28):
H. 4.75 (4.75). FAB-MS(m 2. %) 424.1 (A£'. 100).
359, L (A -CSL L[ 1T). 3073 (A d-Fe(Cstlsy 4]
10). FT-IR (KBr. cm’'): 3089 (Cp C-H). 1664
1641 (C=0). 1574, 1448, 1290, 1248 (C=C). 826
(Cp C-H). 674 (C-H). 512. 481 (Cp-Fe). 'H NMR
(300 MH~. CDCIl;. ppm): 7.71 (1IH. CH. d. J =
154 Hz). 6,75 (IH.CH.d..J= 154 Hz). .88 (2H.
CsHy ..J=1.9Hz). 460 QH. CsH ../ = L8 Hx).
4536 2H. CsHi. t./=19Hz2). 447 2H. CsH.. t.J
= 1.8 Hz). 4.20 (3H. C:Hs. s). 4.19 (3H. CsHx. s).
UV-vis (nm): 314, 382. 492 (MeCN): 250. 316.
386, 300 (CHCl:): 320, 386, 510 (EtOH): 322.
394, 488. 512 (MeOH).

Preparation of dFcE

[.2-Diferrocenylethvlene (dFcE) was sy nthe-
sized by the McMurry coupling method' using
FcAld and a low-valence titanium compound pre-
parcd in a TiCls and Zn powder mixture. as de-
scribed in a previous nepon.'; This compound was
characterized spectroscopically and confinmed to
be identical with (hat prepared before.”

RESULTS AND DISCUSSION

Synthesis and Characterization

Fe-Fc was svnthesized by solvent-frec aldol
condensation using ActFe and FeAld with NaOH
as a basc calalvst. The putification ol Fe-Fe was
casily achicved by column chromatography using
CH:Cl; as the clucnt. giving risc to a moderaic
vield (63%0). In this reaction. using stoichiometric
amounts of the reactants is important to reduce the
amount of sidc products. For example. (he product
{Fc-Fc) can react further with an excess of the ace-
tvl reactant to produce L.5-pentadione derivatives
via Michael addition reaction.” The purified prod-
uct was charactcrized by clemental analysis to-

] o]
@)\ OHC\@ NaOH @)\/\@
Fe + Fe —> Fe Fe
<L < L <
ActFc FeAld Fc-Fe
CHO Fe

%/ TiCly/Zn N
—_—
@ Fe
FcAld dFcE

Scheme |- Syntheses of Fe-Fe and dFcE.

gether with (he FAB-mass. FT-IR. "H-NMR and
UV-Vis spectroscopic methods. The FAB-MS da-
ta show the mother peak (1/ ) at 424.1 for Fe-Fe¢
with 100% intensity and the successive loss of the
Cp and FeCp moieties at m/z = 359.1 and 307.3.
respectively. The v(C=0) of ActFc was observed
at 1663 cm”. which shifts to a lower frequency
(1641 ¢cm™) for Fe-Fe. This is due to the delocali-
zation of the w-clectrons on the carbonyland cthyl-
cne moictics in the ¢cnon linkage. The NMR spec-
tra measured at room temperature show two dou-
blets at 7.71 ppm (/= 154 Hz) and 6.75 ppin (J =
15.4 Hz) together with other peaks from the lerro-
ceny| moieties. indicating that the ethylene moiety
in the enon linkage is in the trans-conformation.
Statistically. four isomers (two s-¢is and two
s-trany conformational isomcrs) arc possible as
the reaction product. among which the minimized
energy stnichures of Fe-Fe with the s-cis con-
formation® arc shown in F7ig. 1. This may be one of
the rcasons why the Fe-Fe compound was pre-
cipitated as a reddish-brown powder. rather (han
being grown as single crvstals. when it was re-
crystallized in many appropriatc solvent pairs such
as CH-Cl-/n-Hx. CH:Cl-/ether. CH:CI/EIOH. cic.
Furthermore. the techniques of electrochemical

Iig. 1. Energy-minimized structures ol Fe-Fe with s-cis
contormation calculated by using DMol3 method.
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oxidation using an n-BuyN-PF,, electrolyte and
chemical oxidation with [;, TCNQ or F,TCNQ were
not effective to obtain a single crystal of the Fe-Fe
charge-transfer salt, for the same reason.

Electrochemical Study

The cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) results for Fe-Fe and
dFeE are shown in Fig. 2 and 3, respectively. The
clectrochemical parameters are listed and com-
pared with those of the reactants in 7uble 1. Both
complexes show two reversible and reproducible
cycles on a repeated scan between 0~1.3 V, irre-
spective of the working electrodes (Pt, Au or glassy
carbon), corresponding to the two redox processes
of the ferrocenyl moieties (F¢© <> Fc). The first

Current / pA
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Fig. 2. The cyelic voltammogram (('V)s‘(,.inncd 10 times
repeatedly between 0V and 11.3 V and corresponding

differential pulse vollammograms (DPV: inset) of the
Fe-Fe compound {(vs. Ag/AgCl).

halt-wave potential of dF¢E (F1a' = 0,404 VY is
smaller than that of Fe-Fe (E12' = 0.581 V) and
even smaller than those of ActFe (15|_.-3l =0.712 V)
and FcAld (51;3' =0.752 V). Based on the results
of the MO calculation’ on the simplified com-
pounds (Fig. 4), in which the ferrocenyl moieties
were replaced with cyclopentadienyl rings. the
electrons in the HOMO are mainly located on the
Cp-C(O)CH-CLI- part of Cp-C(O)CI-CIHI-Cp.
while they are on the Cp part of Cp-CH-CIH-Cp.
It can be inferred from this result that the £ val-
ue ot dFcE is smaller than that of Fe-Fe. On the
contrary, the difference between Fi2' and £,2” for
dFcE (A1F = 173 mV) is slightly larger than that
for Fe-Fe {165 mV). As the 4£° value is closely re-
lated to the measure of repulsive energy between

Current / pA
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Fig. 3. The cyelic voltammogram (CV) scanned 3
times repeatedly between 0 V and 11.0 V and corre-
sponding differential pulse voltammograms (1DPV; in-
set) of the dFeE compound (vs. AgiAgCl).

Table 1. The cyclic voltammetry parameters for Fe-Fe. dFeE and (heir reactants.”
Anodic Cathodic o »
Compound , 3 5 5 Ei> JE™
Eua Epa Enc Epe
ActFe 0.745 0.679 0.712
FeAld 0.787 0.717 0.752
Fe-Fe 0611 0.5351 0.381 0.163
0.781 0.711 0.746
dFcE 0.456 0.351 0.404 0.173
0.621 0.332 0.577

“The samplcs are dissolved in MeCN u)mamm" (1.1 M n-BuwN-BF; electroly lc and the potentials {in voly) are referenced o
Fe/Fe' (Fia=+0. 463 V w5, Ag/AaCly, "Fia= (/“,“+l' N2 AR = Eir - Fra
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Fig. 4. HOMO of {A) Cp-C(O)CH=CH-Cp (N = 34, -11.920 V) and (B) Cp-CH=CH-Cp (N = 29, -12.408 V).
These are the model compounds m which the ferrocenyl moieties in Fe-Fe and dFeE are replaced with cvelo-
pentadienyl rmgs for the simplification of the calculation.

Table 2. The comparison of -IE” (mV) and X values of the diterrocenyl compounds.

Compound No. C(sp®) ZIE” (mV) Solvent K7 ref
2 173 CH:CN 841 This work
dFcE  Fo(CH=CH)tc ’

& - 2 170 CHCl: 748 2
Fe-Fc  FcCO(CH=CH)tc 3 165 CH:CN 616 This work
dFcE;  Fc(CH=CH):Fc 4 129 CH:Cl; 151 2b
dFcE;  Fe(CH=CH)Fc 6 100 CH:Cl; 49 2b

2E° = (RT-F) In K = (25.69) In &, at 298K.

the two charged centers (that is. the Coulomb re-
pulsion energy). it can be expressed by the com-
proportionation constant (&) of the successive re-
dox processes of the di-ferrocenyl system. as de-

scribed below:'®

[Fe(ID)-Fe(ID)) %a- [Fe(ID)-Fe(III)]
!

%» [Fe(III)-Fe(IID)]

At equilibrium.
[Fe(ID)-Fe(ID)] + [Fe(I1I)-Fe(1II)]
Ko o D[Fean)-Fedln)]
K. =exp[JE’my v F/ RT]

where ny = n== 1, JF” = E-E” and K. = exp[JE"/
25.69] at 298K. This gives K. = exp(165/25.69) =
616 for Fe-Fe and A. = exp(173/25.69) = 841 for
dFcE. These A values are compared with those of
dFcE, (m = 1. 2 and 3):" in Table 2. The results
clearly show that the number of sp~ carbon atoms

between the redox active ferrocenyl centers of the
dEcE,, system is inversely proportional to the K.
value. It is noteworthy that the &, value for Fe-Fe
(No. C(sp:) =3) is closer to that of dFcE (No. C (Sp: )=
2). than that of dFcE; (No. C(sp”) = 4). even though
the enone bridge contains an additional ketone
moiety. In other words, we can surmise that the
additional antibonding w-orbital on the ketone moi-
ety does not significantly inhibit the intramolecular
electron-transfer process. Moreover. it should
also be pointed out that the solvents used in the
CV measurement (CH;CN and CH-Cl-) do not af-
fect the results seriously enough to cause a devia-
tion from this trend.

In conclusion. it is demonstrated herein that the
enone is as effective a bridging group as the ethyl-
ene moiety. in terms of its accommaodation of elec-
tronic communication between the two redox ac-
tive ferrocenyl groups.
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