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Ferrocenyl-Capped p-Phenylenediamine as a Redox-Switching System
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Terminal redox-active ferrocenyl groups were introduced
into the redox-active p-phenylenediamine bridging spacer,
which can be oxidized to the p-quinonediimine, to provide a
redox-switching system with electronic communication be-
tween the ferrocenyl groups through the redox-active π-con-
jugated bridging spacer. The communication was controlled
by redox interconversion between the p-phenylenediamine

Introduction

Bimetallic complexes composed of terminal redox-active
transition metals and π-conjugated bridging spacers have
received much attention as functional materials, in which
interest has been focused on the electronic communication
through the π-conjugated spacers.[1] Control of the com-
munication between the terminal redox-active transition
metals through the π-conjugated spacer is required to apply
to a wide variety of molecular devices.[2] Redox switching
for electronic communication by changing the redox states
of the π-conjugated spacer in the conjugated bimetallic
complex has been investigated.[2a–2c,2f,2g,2l,2o] The phen-
ylenediamine, the redox-active π-conjugated unit of poly-
anilines, exists in three redox forms: the neutral phenylene-
diamine, the partially oxidized phenylenediamine radical
cation, and the oxidized quinonediimine. In the bimetallic
[M–L–M] complex with a phenylenediamine bridging
spacer, the delocalization of the oxidized [M+–L–M] species
by hole transfer ([M+–L–M] = [M–L+–M] = [M–L–M+])
would be possible through the phenylenediamine bridging
spacer, which is considered to be able to accommodate a
hole with ease on the basis of the redox-active properties of
the phenylenediamine. In contrast, further oxidation of the
bridging spacer is not possible in the case of the oxidized
quinonediimine bridging spacer. Also, the oxidation process
of the phenylenediamine is irreversibile, which involves loss
of two H+. Once oxidized, the ligand cannot be rereduced
easily without two H+ being added. Thus, the oxidized qui-
nonediimine becomes kinetically stabilized. From this point
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and p-quinonediimine spacers. Furthermore, two palladium
complexes were demonstrated to be introduced to the oxid-
ized quinonediimine moiety, affording the multimetallic com-
plex, in which the complexed quinonediimine serves as an
electron sink.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

of view, redox switching for the electronic communication
between terminal redox-active transition metals is envi-
sioned to be achieved by the redox state of the redox-active
phenylenediamine bridging spacer. In contrast, two nitro-
gen atoms of the p-quinonediimines have been revealed to
be capable of participating in the complexation to afford
the conjugated complexes.[3,4] In a previous paper, con-
trolled complexation with the oxidized quinonediimine unit
was demonstrated to afford the conjugated polymeric com-
plex, the conjugated trimetallic macrocycle, or the conju-
gated bimetallic complex, depending on the coordination
modes.[4] The complexation of the quinonediimine deriva-
tives with transition metals is expected to afford the redox-
active conjugated multimetallic complexes, in which the re-
dox properties of the quinonediimine moiety would be
modulated. In this context, we embarked upon the intro-
duction of terminal redox-active transition metals into the
redox-active p-phenylenediamine bridging spacer to provide
a new class of redox-switching system for electronic com-
munication through the π-conjugated bridging spacer, and
the redox-active conjugated multimetallic complex based on
the introduction of the palladium(II) complexes into the ox-
idized quinonediimine moiety.

Results and Discussion

p-Phenylenediamine 1 bearing terminal ferrocene moie-
ties was synthesized by Pd2(dba)3/(�)-BINAP catalyzed
amination of 4-bromophenylferrocene with p-phenylene-
diamine in 26% yield. The X-ray crystal structure of 1 re-
veals a twist conformation of the p-phenylenediamine
spacer as shown in Figure 1. Selected bond lengths and
angles are listed in Table 1. π-Conjugation of 1 would re-
quire the orientation of each phenylene ring within a lim-
ited range of locations parallel to the Cp ring. Steric inter-
actions, however, rotate each phenylene ring away from this
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Figure 1. Molecular structure of 1 (hydrogen atoms are omitted for clarity). Two independent molecules exist in an asymmetric unit.

orientation, resulting in a twisted conformation to set an
observed dihedral angle of 27.3(3)° between the phenylene
and Cp planes and 31.3(4)° between the phenylene and cen-
tral phenylene planes. Furthermore, two independent mole-
cules exist in an asymmetric unit to adopt the opposite twist
conformation. Another molecule showed a dihedral angle
of 18.0(4)° between the phenylene and Cp planes, and
23.5(4)° between the phenylene and central phenylene
planes.

p-Phenylenediamine 1 was readily oxidized with PhIO to
give p-quinonediimine 2 (Scheme 1). In the 1H NMR spec-
trum of 2, two sets of peaks attributable to the syn- and
anti-quinonediimine isomers (1:1 ratio) were observed at
298 K in CD2Cl2. In contrast, 2 was quantitatively reduced
to 1 with NH2NH2·H2O.

The redox properties of 1 and 2 were investigated by cy-
clic voltammetry. p-Phenylenediamine derivative 1 in
dichloromethane exhibited four one-electron redox waves
(E1/2 = –0.13, –0.03, 0.16, 0.49 V vs. Fc/Fc+) as shown Fig-
ure 2a. The waves at –0.13 and –0.03 V are assigned to the
successive one-electron oxidation processes of the ferrocene
moieties, and the waves at 0.16 and 0.49 V are assignable to
the successive one-electron oxidation of the phenylenediam-
ine moiety. The electronic communication was observed
through the p-phenylenediamine bridging spacer. The ex-
tent of the ferrocenyl–ferrocenyl interaction is estimated
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Table 1. Selected bond lengths [Å] and angles [°] for 1 and 4anti.

1[a,b] 4anti[a,b]

Bond lengths

N1–C14 1.41(1) 1.38(2) 1.43(1) 1.44(1)
N1–C17 1.40(1) 1.40(2) 1.29(1) 1.33(2)
C17–C18 1.399(10) 1.39(1) 1.44(2) 1.44(2)
C17–C19 – 1.38(2) 1.47(1) 1.42(1)
C17–C19* 1.38(1) – – –
C18–C19 1.38(1) – – –
C18–C19* – 1.36(2) 1.36(2) 1.35(2)
Pd1–N1 – – 2.045(8) 2.059(8)
Pd1–N2 – – 1.925(9) 1.939(9)
Pd1–N3 – – 2.027(9) 1.99(1)
Pd1–N4 – – 2.008(9) 2.03(1)

Bond angles

C14–N1–C17 125.9(6) 125.6(8) 120.6(8) 122.6(9)
N1–Pd1–N2 – – 177.2(4) 179.0(4)
N1–Pd1–N3 – – 98.3(4) 99.3(4)
N1–Pd1–N4 – – 101.2(3) 98.3(4)
N2–Pd1–N3 – – 79.7(4) 80.8(5)
N2–Pd1–N4 – – 80.9(4) 81.5(5)
N3–Pd1–N4 – – 160.6(4) 162.4(5)
Pd1–N1–C14 – – 116.2(6) 115.1(7)
Pd1–N1–C17 – – 123.1(7) 122.0(7)

[a] The molecule sits on an inversion center. [b] Two independent
molecules exist in the asymmetric unit.

from the wave splitting, ∆E1/2 = 0.10 V. The corresponding
equilibrium constant (Kc) for the comproportionation reac-
tion ([Fc–Fc] + [Fc+–Fc+] = 2 [Fc+–Fc]) is 49, indicating
that the partially oxidized 1+ could be classified as a Class
II mixed-valence species according to the Robin–Day classi-
fication.[5] According to the cyclic voltammogram of 1,
phenylenediamine-based oxidation occurs after the two Fc/
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Scheme 1. Redox interconversion between 1 and 2.

Fc+ oxidations. However, the chemical oxidation of com-
pound 1 results in phenylenediamine-based oxidation, but
not metal-based oxidation. It is likely to be related to the
irreversibility of the phenylenediamine-based oxidation pro-
cess accompanied with loss of two H+. Once oxidized, rere-
duction of the ligand cannot occur easily without two H+

being added, which are not available from an organic sol-
vent. Thus, the kinetically stabilized quinonediimine might
be formed. The result of 1 is in sharp contrast to the redox
behavior of 2 in dichloromethane, in which the redox cou-
ples of the quinonediimine and ferrocene moieties were ob-
served as an irreversible reduction wave at –1.66 V and a
simultaneous oxidation wave of two ferrocenyl moieties at
0.005 V, respectively (Figure 2b). In the case of oxidized
form 2, the electronic communication between the terminal
ferrocene moieties was suppressed. These findings indicate
that the redox switching for the electronic communication is
achieved by the redox-active p-phenylenediamine bridging
spacer. This phenomenon is likely to depend on the mecha-
nism of intervalence charge transfer. Oxidized species 1+

([Fc+–L–Fc]) generated by oxidation of 1 would be delocal-
ized by hole transfer ([Fc+–L–Fc] = [Fc–L+–Fc] = [Fc–L–
Fc+]) through the p-phenylenediamine bridging spacer,
which could accommodate a hole with ease. This delocaliza-
tion depends on the redox properties of the p-phenylene-
diamine moiety. The p-phenylenediamine is well known to
be readily oxidized to the partially oxidized phenylene-
diamine radical cation and then to the quinonediimine. In
contrast, further oxidation of the bridging spacer is not
possible in the case of the p-quinonediimine bridging
spacer, and the delocalization by hole transfer is restricted.

Complexation of 2 with the palladium(II) complex [(L1)-
Pd(MeCN)] (3) bearing one interchangeable coordination
site, which was prepared by treatment of Pd(OAc)2 with the
N-heterocyclic tridentate podand ligand N,N�-bis(2-phenyl-
ethyl)-2,6-pyridinedicarboxamide (L1H2),[4a,6] led to the for-
mation of the conjugated palladium homobimetallic com-
plex [(L1)Pd(2)Pd(L1)] (4). The X-ray crystal structure of
1:2 complex 4 indicates that it is present as 4anti with an
anti configuration in a crystal state with the two [(L1)Pd]
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Figure 2. Cyclic voltammograms of (a) 1, (b) 2, and (c) 4 in dichlo-
romethane (5.0�10–4 ) containing 0.1  Bu4NBF4 at a glassy car-
bon working electrode with scan rate 100 mVs–1 under an atmo-
sphere of Ar.

units bridged by the quinonediimine spacer as shown in
Figure 3. Selected bond lengths and angles are listed in
Table 1. The twist conformation is verified by a dihedral
angle of 15.8(5)° between the phenylene and Cp planes and
an angle of 21.9(4)° between the phenylene and quinonedi-
imine planes. Two independent molecules exist in an asym-
metric unit. Another molecule showed a dihedral angle of
5.2(5)° between the phenylene and Cp planes, and 43.1(4)°
between the phenylene and central phenylene planes. Two
independent molecules showed different orientations of the
terminal ferrocenyl groups probably due to packing interac-
tions.
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Figure 3. Molecular structure of 4anti (the phenylethyl moieties and hydrogen atoms are omitted for clarity). Two independent molecules
exist in an asymmetric unit.

The cyclic voltammogram of conjugated complex 4 in
dichloromethane exhibited three separate redox waves at
E1/2 = –1.25, –0.57, 0.07 V vs. Fc/Fc+ as shown in Figure 2c.
The waves at –1.25 and –0.57 V are assignable to the suc-
cessive one-electron reduction of the quinonediimine moi-
ety. The redox wave of the ferrocene moieties was observed
as one wave at 0.07 V, indicating no electronic communica-
tion between the terminal ferrocene moieties. The ESR
spectrum of 4·– in dichloromethane showed signals centered
at g = 2.006 with hyperfine coupling (AN = 6.2 G; AH =
1.2 G; APd = 3.2 G). The unpaired electron appears to be
located mostly on the quinonediimine moiety, although
some delocalization onto the metals is suggested by the
weak satellite lines due to 105Pd coupling.

Conclusions

Terminal redox-active ferrocenyl groups were introduced
into a redox-active p-phenylenediamine bridging spacer,
which could be oxidized to a p-quinonediimine. The redox-
switching for electronic communication between the ferro-
cenyl groups was achieved, and it depends on the irrevers-
ibility of the phenylenediamine-based oxidation process
concomitant with the loss of two H+ and the kinetically
stabilized quinonediimine. The present switching system
utilizing the redox properties of the π-conjugated bridging
ligands is considered to provide a useful approach to molec-
ular switching materials. Furthermore, the two palladium
complexes were introduced to the oxidized quinonediimine
moiety to afford a multimetallic complex, in which the in-
corporated metals play an important role as metallic dop-
ants and the complexed quinonediimine serves as an elec-
tron sink. Generally, the radical anion generated by re-
duction of the quinonediimine moiety appears to be un-
stable, although this depends on the availability of a proton

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 3877–38823880

source.[7] In the complexed quinonediimine, the added elec-
trons are considered to be delocalized over the PdII–qui-
nonediimine d–π* system. The redox-active conjugated
complexes composed of the redox-active conjugated spacers
are envisioned to provide not only functional electronic ma-
terials, but also redox catalysts.

Experimental Section
General: p-Phenylenediamine was obtained from Wako Pure Chem-
ical Co., Ltd and purified by recrystallization from absolute etha-
nol. Pd2(dba)3, (�)-BINAP, and tBuONa were purchased from
Aldrich. PhIO was obtained from Tokyo Chemical Industry Co.,
Ltd. 4-Bromophenylferrocene was prepared according to the litera-
ture.[8] Toluene and dichloromethane used as solvents were purified
and dried by standard methods.[9] N,N�-Bis(2-phenylethyl)-2,6-pyr-
idinedicarboxamide (L1H2) and the palladium(II) complex [(L1)-
Pd(MeCN)] (3) were prepared according to the method reported
in a previous paper.[4a,6] Melting points were determined with a
Yanagimoto Micromelting Point Apparatus and are uncorrected.
Infrared spectra were obtained with a JASCO FT/IR-480 Plus
spectrometer. 1H NMR spectra were recorded with Varian
MERCURY 300 (300 MHz) and JEOL JNM-ECP400 (400 MHz)
spectrometers with tetramethylsilane as an internal standard. Mass
spectra were run with a JEOL JMS-700 mass spectrometer.

Synthesis of 1 Bearing the Terminal Ferrocenyl Groups: 4-Bro-
mophenylferrocene (102.3 mg, 0.30 mmol), p-phenylenediamine
(16.2 mg, 0.15 mmol), Pd2(dba)3 (27.4 mg, 0.03 mmol), (�)-BINAP
(37.2 mg, 0.06 mmol), and tBuONa (40.3 mg, 0.42 mmol) were
mixed in toluene (8.0 mL). The reaction mixture was heated at re-
fluxed under an atmosphere of Ar for 24 h. The reaction mixture
was then cooled to room temperature, diluted with dichlorometh-
ane, and washed with water. The aqueous layer was then extracted
with dichloromethane, and the combined organic layer was dried
with Na2SO4. The solvent was evaporated in vacuo, and the residue
was chromatographed on alumina column (30% of ethyl acetate/
hexane). p-Phenylenediamine 1 was isolated in 26% as an orange
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platelet crystal by recrystallization from dichloromethane/hexane.
M.p. 175–176 °C (decomp.). IR (KBr): ν̃ = 3384, 3081, 3039, 1610,
1529, 1508, 1452 cm–1. 1H NMR (300 MHz, CD2Cl2): δ = 7.37 (d,
J = 8.7 Hz, 4 H), 7.08 (s, 4 H), 6.94 (d, J = 8.7 Hz, 4 H), 5.69 (br.
s, 2 H), 4.58 (t, J = 1.8 Hz, 4 H), 4.26 (t, J = 1.8 Hz, 4 H), 4.04
(s, 10 H) ppm. MS (FAB): m/z = 628 [M+]. C38H32Fe2N2·0.5H2O
(637.37): calcd. C 71.61, H 5.22, N 4.39; found C 71.88, H 5.07, N
4.47.

Synthesis of 2 Bearing the Terminal Ferrocenyl Groups: A mixture
of phenylenediamine 1 (12.6 mg, 0.02 mmol) and PhIO (4.4 mg,
0.02 mmol) in dichloromethane (5.0 mL) was stirred under an at-
mosphere of Ar at room temperature for 1 h. The resulting mixture
was filtered, and the filtrate was evaporated in vacuo. Quinonedi-
imine 2 was isolated quantitatively as a violet solid by washing the
residue with acetonitrile. M.p. 138–140 °C (decomp.). IR (KBr): ν̃
= 3079, 3055, 2923, 2853, 1594, 1575, 1559, 1508, 1474, 1441 cm–1.
1H NMR (400 MHz, CD2Cl2, 298 K, syn:anti = 1:1.2): δ = 7.53 (d,
J = 8.7 Hz, 4 H, anti), 7.50 (d, J = 8.7 Hz, 4 H, syn), 7.12–7.11 (m,
2 H, syn), 7.05–6.98 (m, 4 H, anti), 6.90–6.89 (m, 2 H, syn), 6.88
(d, J = 8.7 Hz, 4 H, anti), 6.86 (d, J = 8.7 Hz, 4 H, syn), 4.70 (t, J
= 1.9 Hz, 4 H, anti), 4.67 (t, J = 1.9 Hz, 4 H, syn), 4.37 (t, J =
1.9 Hz, 4 H, anti), 4.35 (t, J = 1.9 Hz, 4 H, syn), 4.06 (s, 10 H, anti),
4.06 (s, 10 H, syn) ppm. HRMS (FAB) calcd. for C38H30N2Fe2

[M]+ 626.1108; found 626.1117.

Preparation of the Conjugated Palladium Homobimetallic Complex
[(L1)Pd(2)Pd(L1)] (4): A mixture of quinonediimine 2 (6.26 mg,
0.01 mmol) and [(L1)Pd(MeCN)] (3; 10.4 mg, 0.02 mmol) was
stirred in dichloromethane (2.0 mL) under an atmosphere of Ar at
room temperature for 2 h. After evaporation of the solvent, the
homobimetallic complex 4 was isolated quantitatively as a dark-
blue solid. M.p. 187–189 °C (decomp.). IR (KBr): ν̃ = 3082, 3057,
3023, 2923, 2853, 1592, 1577, 1559, 1507, 1462 cm–1. 1H NMR
(400 MHz, CD2Cl2, 298 K, syn:anti = 1:1.6): δ = 9.19 (s, 2 H, syn),
8.98 (dd, J = 10.3, 2.2 Hz, 2 H, anti), 8.09 (t, J = 8.1 Hz, 2 H, anti),
8.07 (t, J = 8.1 Hz, 2 H, syn), 7.74 (d, J = 8.0 Hz, 4 H, anti), 7.73
(d, J = 8.0 Hz, 4 H, syn), 7.71 (d, J = 8.8 Hz, 4 H, anti), 7.67 (d,
J = 8.8 Hz, 4 H, syn), 7.62 (dd, J = 10.3, 2.2 Hz, 2 H, anti), 7.58
(d, J = 8.8 Hz, 4 H, anti), 7.56 (d, J = 8.8 Hz, 4 H, syn), 7.33 (s, 2
H, syn), 7.08 (t, J = 7.0 Hz, 16 H, syn and anti), 7.01 (t, J = 7.0 Hz,
8 H, syn and anti), 6.92 (d, J = 7.0 Hz, 8 H, syn), 6.87 (d, J =
7.0 Hz, 8 H, anti), 4.80 (t, J = 1.8 Hz, 4 H, syn), 4.76 (t, J = 1.8 Hz,
4 H, anti), 4.56 (t, J = 1.8 Hz, 4 H, syn), 4.53 (t, J = 1.8 Hz, 4 H,
anti), 4.04 (s, 5 H, syn), 4.00 (s, 5 H, anti), 3.31–3.16 (m, 8 H, syn
and anti), 2.93–2.86 (m, 8 H, syn and anti), 2.66–2.53 (m, 8 H, syn
and anti), 2.44–2.34 (m, 8 H, syn and anti) ppm. HRMS (FAB)
calcd. for C84H72N8O4Fe2Pd2 [M]+ 1582.2488; found 1582.2506.
C84H72Fe2N8O4Pd2·0.5CH2Cl2 (1624.52): calcd. C 62.47, H 4.53,
N 6.90; found C 62.82, H 4.55, N 6.72.

Electrochemical Experiments: Cyclic voltammetry was performed
with a BAS CV-50W voltammetry analyzer in deaerated dichloro-
methane containing 0.1  Bu4NBF4 as a supporting electrolyte un-
der an atmosphere of Ar at 298 K with a three-electrode system
consisting of a platinum working electrode (BAS), a platinum auxil-
iary electrode (BAS), and an Ag/AgCl (0.01 ) reference electrode
(BAS) at 100 mVs–1 scan rate. Redox potentials are given vs.
Fc/Fc+.

ESR Spectrum Measurement: All glassware was flame dried prior
to measurement and cooled under an atmosphere of Ar. Solvents
were purified by the standard methods and deaerated with Ar or
freeze–pump–thaw degassed prior to use. ESR spectrum was taken
under an atmosphere of Ar at 286 K by using a Bruker ESP 300
spectrometer. For spectroscopic purposes, 4·– was generated by
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treatment of 4 with 1 equiv. of cobaltocene in dichloromethane un-
der an atmosphere of Ar at room temperature. The g value was
calibrated by using an Mn2+ marker.

X-ray Structural Analysis: All measurements for 1 and 4anti were
made with a Rigaku RAXIS-RAPID Imaging Plate diffractometer
with graphite monochromated Mo-Kα radiation. The structure of
1 was solved by direct methods and expanded by using Fourier
techniques. Non-hydrogen atoms were refined anisotropically. The
H atoms were placed in idealized positions and allowed to ride
with the C atoms to which each was bonded. The structure of 4anti
was solved by heavy-atom Patterson methods and expanded by
using Fourier techniques. Non-hydrogen atoms excluding the C30–
34, C39–43, C80–81, C84, and C87–93 carbon atoms were refined
anisotropically. Dichloromethane solvent molecule was treated iso-
tropically. Some carbon atoms of the main complex were tried for
modeling the disorder. However, a good result was not obtained
probably due to the data quality. In this context, the C30–34, C39–
43, C80–81, C84, and C87–93 carbon atoms were refined iso-
tropically. The H atoms were placed in idealized positions and al-
lowed to ride with the C atoms to which each was bonded. Crystal-
lographic details are summarized in Table 2. CCDC-633394
(for 1) and -633395 (for 4anti) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Table 2. Crystallographic data for 1 and 4anti.

1 4anti

Empirical formula C38H32N2Fe2 C84H72N8O4Fe2Pd2·0.5CH2Cl2
Formula weight 628.36 1624.52
Crystal system triclinic monoclinic
Space group P1̄ (No. 2) C2/c (No. 15)
a [Å] 8.0682(3) 22.921(1)
b [Å] 13.2113(7) 25.069(1)
c [Å] 14.1620(5) 29.802(1)
α [°] 70.863(3)
β [°] 89.589(1) 100.015(1)
γ [°] 89.607(3)
V [Å3] 1426.1(1) 16863(1)
Z 2 8
Dcalcd. [g cm–3] 1.463 1.280
µ(Mo-Kα) [cm–1] 10.48 8.39
T [°C] 4 4
λ(Mo-Kα) [Å] 0.71069 0.71069
R1

[a] 0.081 0.108
wR2

[b] 0.226 0.294

[a] R1 = Σ||Fo| – |Fc||/Σ||Fo|. [b] wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2.

Supporting Information (see footnote on the first page of this
article): ESR spectrum of 4·–.
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