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Abstract

Thiols functionalized with N-aryl[3]azaferrocenophane formulated as HS-(CH2)n-N(CH2Cp)2Fe (1: n = 6, 2: n = 8, 3: n = 10, 4:
n = 12) and disulfide obtained by oxidation of 4 (5) were synthesized via three or four steps reactions starting from 1,1 0-ferrocenedimeth-
anol, 4-aminophenol, and a,x-aklanedithiol. Self-assembled monolayers (SAMs) of these thiols and disulfide on gold electrode were pre-
pared by immersing the electrode in MeCN solutions of the compounds. Cyclic voltammograms of the SAM of 1 (n = 6) exhibited
reversible redox of the Fe center at E1/2 = 0.26 V (vs. Ag+/Ag) in the presence of Et4NBF4 in MeCN and at E1/2 = 0.40 V (vs. AgCl/
Ag) in the presence of NaClO4 in H2O. Addition of HClO4 to the solutions shifted the redox peaks to higher potentials,
E1/2 = 0.51 V (vs. Ag+/Ag) in MeCN and E1/2 = 0.48 V (vs. AgCl/Ag) in H2O, respectively, which was ascribed to positive charge of
tertiary ammonium group formed by protonation of the amino group of the azaferrocenophane. E1/2 of SAM of 1 in H2O solution varies
depending on the anion contained in the electrolyte, NaClO4 (0.40 V), NaBF4 (0.46 V), Na2SO4 (0.53 V), and NaCl (0.55 V). Kinetic data
of electron transfer between the Fe center and the gold surface of the SAM of 2–4 were obtained with variable scanning rate. Laviron’s
analysis provided tunneling constant b, 0.05 Å�1, suggesting that the structural changes in the SAMs on oxidation/reduction undergoes
the insignificant change of the kinetic constants of the electron transfer depending on the range of the spacer length. In the acidic aqueous
media, the kinetic parameters indicated that the imbalanced electron transfer between oxidized and reduced states of the Fe center was
caused by the protonation of bridged amine group of azaferrocenophane.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Alkanethiols form stable self-assembled monolayers
(SAMs) on surface of gold, which provides attractive two
dimensional aggregates of the compounds [1,2]. SAMs of
ferrocene-containing thiols [3] have widely been investi-
gated because they contain redox active ferrocene moiety
in addition to the long alkyl [4] or p-conjugated [5] car-
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rier-tunneling chain and a mercapto group that fixes the
organic molecule on the metal electrode surface. Introduc-
tion of various functional groups to the cyclopentadienyl
(Cp) ligand changes electronic state of the ferrocenyl group
and electrochemical response of the SAM electrodes that
contain ferrocenyl groups [6]. Previous studies on kinetics
[7,8] and thermodynamics of electron transfer of the SAMs
have revealed that the redox potential between neutral
Fe(II) state and cationic Fe(III) state is tuned by changing
the structures of the functionalized organic or organome-
tallic [9] compounds.

We reported recently Ru catalyzed condensation [10] of
1,1 0-bis(hydroxymethyl)ferrocene with primary amines to
produce N-aryl (or alkyl)-2-aza[3]ferrocenophanes [11].
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The 2-aza[3]ferrocenophanes show multi-step redox, which
includes oxidation and reduction of Fe center, rapid and
reversible electron transfer between the Fe and N atoms
at the oxidized state, and further oxidation of the one elec-
tron oxidized species, as shown in Scheme 1. This electronic
communication between the Fe center and nitrogen atom
of the ligand accelerates the thermal isomerization of cis-
azobenzene group to trans-structure in the ligand [12], or
induces formal protonation of the amino group in the pres-
ence of a hydrogen radical source [13].

Fixation of 2-aza[3]ferrocenophanes on the metal sur-
face will provide the electrode functionalized by the orga-
nometallic group which exhibits the multi-step redox or
oxidation of the organic group induced by redox of the
Fe center. In this paper, we report preparation of a new
type of 2-aza[3]ferrocenophanes formulated as HS-
(CH2)n-N(CH2Cp)2Fe (1: n = 6, 2: n = 8, 3: n = 10, 4:
n = 12) and disulfide of 4 (5) and the electrochemical prop-
erties of their SAMs formed on gold surface.

2. Results and discussion

2.1. Synthesis and characterization of azaferrocenophanes

Scheme 2 summarizes the synthesis of alkanethiol and
functionalized by 2-aza[3]ferrocenophane dialkyldisulfide.
Reactions of N-(4-hydroxyphenyl)-2-aza[3]ferrocenophane
with a,x-dibromoalkane, Br(CH2)nBr (n = 6,8,10,12), in
Fe N OH

Br CH2NaH,

S

H2N

4

Fe N CH2 SH
12
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Scheme 2. Synthesis of 2-aza[3]ferrocenophan
the presence of NaH produce the corresponding bromoalk-
oxy-2-aza[3]ferrocenophanes in 45–69% yields. The prod-
ucts react with thiourea to give the corresponding
mercaptoalkoxy-2-aza[3]ferrocenophanes 1–4 in 56–68%
yields. Oxidation of 4 under air affords the corresponding
disulfide 5. The 1H NMR spectra of 1–4 exhibit the signals
of –CH2SH group at d 2.53–2.55 (–CH2–) and 1.34–1.37 (–
SH), while the signal of –CH2SS– hydrogen of 5 is observed
at d 2.69 (Fig. 1).

2.2. Electrochemical properties of SAMs of
azaferrocenophanes

The SAMs on gold surface were prepared by immersion
of gold electrode in a MeCN solution containing 1–4

(0.10 mM) and 5 (0.05 mM), respectively, for 12 h, and
rinsing with absolute MeCN and then with distilled water.
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Fig. 2a shows cyclic voltammogram of SAM of 1 in
MeCN solution of Et4NBF4 (0.10 M) with a scan rate of
0.10 V s�1. A reversible redox peak pair of Fe(III)/Fe(II)
of the azaferrocenophane group is observed at
Epa = 0.27 V and Epc = 0.24 V (vs. Ag+/Ag). The peak sep-
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Fig. 1. 1H NMR spectra of (a) 4 and (b) 5 in CDCl3.
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aration of SAM of 1, DE = Epa � Epc = 0.03 V, is smaller
than that of 1 (DE = 0.08 V) and N-(4-hydroxyphenyl)-2-
aza[3]ferrocenophane (DE = 0.07 V) [11] measured in their
MeCN solutions, suggesting that electron transfer in
Fig. 2a takes place within the SAM. Fig. 2b depicts the cyc-
lic voltammogram of SAM of 1 in MeCN solution of a
mixture of Et4NBF4 and HClO4. The redox peaks are
shifted to higher potentials, Epa = 0.53 V and Epc = 0.48 V
than those without addition of HClO4. Fig. 3 shows change
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Fig. 2. Cyclic voltammograms of 1 deposited on gold electrode (a) in
MeCN containing 0.10 M Et4NBF4 (Epa = 0.27 V and Epc = 0.24 V) and
(b) in MeCN containing 0.10 M Et4NBF4 and HClO4 (Epa = 0.53 V and
Epc = 0.48 V) at 25 �C. Scan rate: 0.10 V s�1.
of the redox potential caused by change of pH of the solu-
tion. Both Epa and Epc of SAM of 1 increases to a great
extent by decrease of the pH value in the region with
pH < 3.3, while, in the solution with pH > 3.3, the change
of E1/2 caused by pH change is less significant. This pH
dependence of the redox potential is reversible and can
be reproduced even after immersing the electrode in acidic
and basic aqueous solutions alternatively. Bordwell and co-
workers reported acidities of protonated nitrogen com-
pounds, such as N,N-dimethyl-4-methoxyanilinium salt
(pKa = 3.6) [14]. These results can be ascribed to proton-
ation of the amine nitrogen of the azaferrocenophane in
the low pH region. Addition of HClO4 to the solution
causes protonation of the amine nitrogen of the 2-aza[3]fer-
rocenophane group (Scheme 3), and positive charge of the
produced trisubstituted ammonium renders the redox
potential of the ferrocene group higher than that without
the protonation. Secondary and tertiary amine groups in
the aminomethylferrocene were also reported to change the
redox potentials upon protonation or alkylation of the
nitrogen atom [11–13].

Kaifer and co-workers investigated electrochemical
properties of the dendrimers containing two ferrocenyl
groups bridged by the aminomethyl group and observed
inhibition of electron transfer between the ferrocenyl
groups caused by protonation of the nitrogen atom [15].
The ferrocenyl groups of the dendrimer generate mixed
valent species upon electrochemical oxidation, while pro-
tonation of the bridged aminomethyl group inhibits the
electrochemical communication.

Fig. 4a and b shows the cyclic voltammograms of SAM
of 4 in 0.10 M NaClO4 aqueous solution and in the solu-
tion of NaClO4 and HClO4, respectively. Reversible redox
peaks of Fe(III)/Fe(II) of the azaferrocenophane group are
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Fig. 3. pH dependence of peak position in SAM of 1 in contact with
solutions of a mixture of NaClO4 and HClO4 at 25 �C. The potentials were
referenced with AgCl/Ag. Scan rate: 0.1 V s�1.
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Scheme 3. The protonation of the amine nitrogen of the azaferrocenophane.
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observed at Epa = 0.48 V and Epc = 0.42 V (vs. Ag+/Ag) at
scan rate of 0.10 V s�1 in the neutral solution, while the
oxidation peak in the solution containing HClO4 is
observed at higher potentials at Epa = 0.56 V. The shift
of the oxidation potential is ascribed to protonation of
the amine group of the azaferrocenophane. The peak cur-
rents are expressed as Eq. (1), according to Langmuir iso-
therm equation on electrode surface [16]

ip ¼ n2F 2Ctm=ð4RT Þ ð1Þ
in which, n, Ct, and m, denote the number of electron, total
concentration of immobilized molecules, and scan rate,
respectively. Fig. 5a and b plots intensities of the anodic
and cathodic peaks of SAM of 4 in the solutions of Na-
ClO4 and of NaClO4 and HClO4, respectively. The former
solution shows linear relationship between peak currents Ia
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Fig. 4. Cyclic voltammograms of 4 deposited on gold electrode (a) in
aqueous media containing 0.10 M NaClO4 (Epa = 0.48 V and
Epc = 0.42 V) and (b) in acidic aqueous media containing 0.10 M HClO4

(Epa = 0.56 V and Epc = 0.42 V) at 25 �C. Scan rate: 0.10 V s�1.
or Ic and scan rate m in the range of the scan rate from 0.02
to 12 V s�1. The electron transfer between the electrode
and the ferrocenyl group takes place reversibly with the
scan rate up to 12 V s�1. On the basis of integration of
the voltammetric peak, the density of the electrochemically
active ferrocenophane-containing thiol molecules on the
surface of the electrode is approximately 9.8 · 10�11

mol cm�2, which corresponds to coverage rates C/Cmax =
0.21 [4b,17,18]. Fig. 5b exhibits linear relationship of the
intensities of the anodic and cathodic peaks with the scan
rate in the range below 5 V s�1. The peaks become broad
with increasing scan rate above 5 V s�1. These results indi-
cate the structural change in the SAM in the acidic media.
Our previous report shows that the structural change of the
azaferrocenophane with the protonation of the nitrogen
atom [19]. The variety of the surface structures are pro-
vided by the protonation of the nitrogen atom of the aza-
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Fig. 5. Dependence on scan rate of Ip of cyclic voltammogram in SAM of
4 (a) in contact with aqueous solution of 0.10 M NaClO4 and (b) with
acidic aqueous solution containing 0.10 M HClO4. Anodic peak Ipa and
cathodic peak Ipc are shown.
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Fig. 6. Cyclic voltammograms of 5 deposited on gold electrode (a) in
aqueous media containing 0.10 M NaClO4 (Epa = 0.41 V, 0.49 V and
Epc = 0.33 V) and (b) in acidic aqueous media containing 0.10 M HClO4

(Epa = 0.48 V and Epc = 0.42 V) at 25 �C. Scan rate: 0.10 V s�1.
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Fig. 7. Cyclic voltammograms of mixed SAM of (a) 4 (Epa = 0.21 V and
Epc = 0.08 V) and (b) 5 (Epa = 0.22 V and Epc = 0.04 V) in aqueous media
containing 0.10 M NaClO4 at 25 �C. Scan rate: 0.10 V s�1.
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ferrocenophane because of the fixation of the azaferroceno-
phane on the gold surface.

Disulfide 5 contains the two azaferrocenophane groups
tethered by (CH2)12–S–S–(CH2)12 chain. As shown in
Fig. 6a, the cyclic voltammogram of SAM exhibits the
two anodic peaks at Epa = 0.41, 0.49 V and a cathodic peak
at Epc = 0.33 V in the neutral aqueous media, and the
peaks of the voltammogram in acidic aqueous media are
observed at Epa = 0.48 V and Epc = 0.42 V, as shown in
Fig. 6b. The multiple oxidation peaks may suggest the pres-
ence of Fe centers which are close positions to each other
and undergo electrochemical interaction between them,
although irregular absorption of the disulfide on the metal
surface might also cause such disorder of the electrochem-
ical behavior [20]. The intermolecular interaction of 5 is
small in SAM, because the coverage of SAM of 5 (C/
Cmax = 0.074) is smaller than SAM of 4 (C/Cmax = 0.21).
We prepared mixed SAMs of 4 and of 5 with dodecanethiol
on gold electrode in order to compare the electrochemical
properties with SAMs composed of the ferrocenophane-
containing thiols or disulfide only. Dodecanethiol is
expected to form the mixed SAMs suitable for this study
because it has sufficient length of the oligo-methylene chain
to make stable SAM and to prevent the thiol with 2-
aza[3]ferrocenophane group from intermolecular electro-
chemical interaction. The mixed SAM of 4 with dodeca-
nethiol is constructed by dipping the Au electrode in a
MeCN solution of a mixture of 4 (0.10 mM) and dodeca-
nethiol (0.10 mM). As shown in Fig. 7a, the cyclic voltam-
mogram of mixed SAM prepared from 4 and
dodecanethiol in H2O exhibits a pair of the sharp peaks
at Epa = 0.21 V and Epc = 0.08 V; the full width at half
maximum (FWHM) values are estimated to be 0.024 V
for anodic and to be 0.038 V for cathodic, respectively.
These results show formation of the mixed SAM without
irregularities of the assembly of the molecules on gold sur-
face. Uosaki and co-workers reported the cyclic voltammo-
gram of the gold electrode modified with a monolayer of
6-ferrocenylhexanethiol, which showed very sharp redox
peaks (FWHM = 21 mV) [21]. They attributed the spikes
to the quality of the monolayer. Large peak-to-peak sepa-
ration (DE = Epc � Epa = 0.13 V) suggests a slower elec-
tron transfer reaction between the Fe center and the gold
surface than the SAMs composed of 4 and 5 only (Figs.
4a and 6a). The mixed SAMs of the mercaptooctylhydro-
quinone with alkanethiols was reported to show similar
large peak separation because dense alignment of alkan-
ethiols blocks the direct electron transfer between the redox
active hydroquinone or quinine sites and metal surface [22].
As shown in Fig. 7b, the voltammogram of the mixed SAM
prepared from disulfide 5 and dodecanethiol shows a sim-
ilar redox to the mixed SAM of 4 with a small potential
width, and its FWHM is estimated to 0.015 V for anodic
peak and 0.032 V for cathodic. Thus, the two oxidation



Table 1
Electrochemical data of SAMsa

Thiol (mM) Media HClO4 (M) Epa (V) Epc (V) E1/2 (V)b C · 10�10 (mol cm�2) C/Cmax
c

1 (0.10) MeCN 0 0.27d 0.24d 0.26 (0.03)d 0.68 0.15
1 (0.10) MeCN 0.10 0.53d 0.48d 0.51 (0.05)d 0.68 0.15
1 (0.10) H2O 0 0.46 0.34 0.40 (0.12) 1.5 0.33
1 (0.10) H2O 0.10 0.55 0.41 0.48 (0.14) 1.5 0.33
2 (0.10) H2O 0 0.48 0.40 0.44 (0.08) 0.60 0.13
2 (0.10) H2O 0.10 0.52 0.41 0.47 (0.11) 0.60 0.13
3 (0.10) H2O 0 0.49 0.41 0.45 (0.08) 0.82 0.18
3 (0.10) H2O 0.10 0.54 0.44 0.49 (0.10) 0.82 0.18
4 (0.10) H2O 0 0.48 0.42 0.45 (0.06) 0.98 0.21
4 (0.10) H2O 0.10 0.56 0.42 0.49 (0.14) 0.98 0.21
4 (0.10)e H2O 0 0.21 0.08 0.15 (0.13) 0.017 0.0037
5 (0.05) H2O 0 0.41, 0.49 0.33 0.37 (0.08) 0.34 0.074
5 (0.05) H2O 0.10 0.48 0.42 0.45 (0.06) 0.34 0.074
5 (0.05)e H2O 0 0.22 0.04 0.13 (0.18) 0.18 0.039
5 (0.05)f H2O 0 0.24 0.00 0.12 (0.24) 0.020 0.0043

a All measurements were performed at 25 �C. Each solution contains 0.10 M Et4NBF4 (in CH3CN) or 0.10 M NaClO4 (in H2O) as the electrolyte. The
potentials were recorded to AgCl/Ag.

b DE (Epa � Epc, V) is shown in parentheses.
c Maximum coverage of ferrocene, Cmax = 4.6 · 10�10 mol cm�2 reported on previous literature [4b,17,18].
d The potentials were recorded to Ag+/Ag in MeCN solution.
e The electrodes modified mixed SAM were prepared by immersing of gold electrode into the solution of the mixture of the azaferrocenophanes and

n-C12H25SH (0.10 M).
f Analogous method of e, however, n-C12H25SH (1.0 M).

Table 2
Summary of redox potentials of SAM of 1 in various solutionsa

Electrolyte Epa (V) Epc (V) E1/2 (V) FWHM (V)b

NaClO4 0.46 0.34 0.40 0.08
NaBF4 0.50 0.41 0.46 0.12
NaCl 0.61 0.49 0.55 0.13
Na2SO4 0.69 0.37 0.53 0.22
HClO4 0.55 0.42 0.49 0.12

a All measurements were performed in H2O containing 0.2 M of elec-
trolyte at 25 �C. The potentials were recorded to AgCl/Ag. Scan rate:
0.10 V s�1.

b Full width at half maximum (FWHM) observed for cathodic peak.
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peaks in SAM of 5 (Fig. 6a) is ascribed to the presence of
ferrocenophane groups with different circumstances rather
than to the electrochemical interaction between the ferroc-
enophane groups situated at close positions to each other.

Table 1 summarizes the electrochemical data of SAMs
of 1–5 and the mixed SAMs with dodecanethiol. All SAMs
show the redox pair of azaferrocenophane moiety, and C/
Cmax are estimated to 0.13–0.33 (SAMs 1–4) and 0.074
(SAM 5), while the mixed SAMs with dodecanethiol pro-
vide much smaller C/Cmax (0.0037 for 4 and 0.0043 for
5). In the neutral aqueous media, E1/2 increases with
increase of the carbon number of the alkylene chain spacer.
The electrochemical oxidation of the azaferrocenophane-
containing thiol with longer alkylene spacer occurs at
higher potential in the neutral media. On the other hand,
in the acidic media, the redox potentials of the azaferroce-
nophane moiety of all SAMs shift to higher potentials
(SAM 1–4; E1/2 = 0.47–0.49 V) by protonation of the
amine part of the azaferrocenophanes, and the potentials
do not vary depending on the length of the alkyl chain
spacer. Thus, it is suggested that the length of alkylene
chain spacer governs the electron transfer between the aza-
ferrocenophane moiety and gold surface in the neutral
media, while the trialkyl ammonium group formed by pro-
tonation forms a significant barrier for the electron transfer
in the acidic media.

Table 2 summarizes the redox potentials of SAM of 1
measured in aqueous solutions that contain various elec-
trolytes. Position of the anodic peak potentials, Epa, varies
depending on the kind of anions of the electrolyte. Epa val-
ues are shifted to higher potential in the order of the
anions; ClO�4 (0.46 V vs. AgCl/Ag), BF�4 (0.50 V), Cl�

(0.61 V), and SO2�
4 (0.69 V). Such a behavior was observed
also in the former studies on ferrocene-terminated SAMs,
and the results are attributed to degree of hydrophilicity
of the anions, in the order of ClO�4 > BF�4 > Cl� > SO2�

4

[23]. Table 2 lists FWHM of the electrochemical reaction
which increases by the anions in the order of
ClO�4 < BF�4 < Cl� < SO2�

4 . The hydrophobic ClO�4 anion
easily penetrates into the redox active surface to produce a
strong ion pair with the ferrocenium cation during the oxi-
dation, and the produced ion pair stabilizes the redox
active surface without lateral repulsion of the ferrocene
moiety and decreases the FWHM. On the other hand,
the most hydrophilic SO2�

4 anion and small Cl� anion tend
to be located outside the SAM with increasing lateral
repulsive interactions between the redox active moieties
to increase FWHM [23c].

2.3. Kinetic data of SAMs of azaferrocenophanes

Kinetic data of electron transfer between the Fe center
and the gold surface of the SAM of 2–4 are obtained with
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scan rate in the range, 0.02 to 12 V s�1. The SAM of 2

shows quasi-reversible behavior with the scan rate of 0.1–
1.0 V s�1, and the peak potential separation significantly
increases above 1.0 V s�1. These parameters of the separa-
tion are employed to estimate the electron transfer coeffi-
cients and the symmetry factors by using Laviron’s
procedure [7–9]. Fig. 8a shows plots of Epa and Epc vs.
log (scan rate/V s�1) for SAM of 2 obtained in neutral
aqueous media. From the slope of the plots at high poten-
tial regions, the transfer coefficients a and 1 � a were calcu-
lated as 0.16 and 0.20. They are deviated from 0.5 due to
defect of the orientation of the azaferrocenophane-contain-
ing molecules on the electrode surface [9,24]. The k values
for the anodic and cathodic processes are estimated to 17
and 18 s�1, respectively, and the values are in reasonable
agreement with those in the previous reports which showed
the rate coefficients in the electron transfer between the
electrode and SAM surface through the alkyl spacer [4].

Since dependence of the peak potentials and currents on
the scan rate differs between the neutral and acidic media,
the kinetic parameters in the acidic media are expected to
differ from that in the neutral media. Fig. 8b plots Epa

and Epc vs. log of scan rate for SAM of 2 in acidic aqueous
media. Separation of the potential is obviously unsymmet-
rical between anodic and cathodic due to imbalanced mass
transfer abilities of cation and anion included in the elec-
trolyte. The transfer coefficients are estimated to
a = 0.052 and 1 � a = 0.29, respectively, and the transfer
coefficients are too low to be appropriate for the Laviron
procedure. One possible explanation is that the SAMs con-
sist of ferrocene groups having a continuum of rate con-
stants. The anodic peak potentials are influenced by scan
rate more significantly than the cathodic ones. The anodic
electron transfer rate constant ka expects to be smaller than
the cathodic kc in the acidic media, while ka (17 s�1) and kc

(18 s�1) in the neutral media are similar to each other. The
stable ion pair composed of the ammonium cation and
ClO�4 is formed in the acidic media and it inhibits further
smooth penetration of ClO�4 into the SAM caused by elec-
trostatic and steric repulsion. It has been reported that the
ferrocene-containing SAM forms the stable surface struc-
tures by filling the free space with the bulky ClO�4 anion
which has low mass transfer ability [23,25].

Fig. 9 depicts the plots of lnk vs. length of the calculated
spacer between Fe center and gold surface, d, which length
were estimated by the ideal molecular models of the azafer-
rocenophanes, in the neutral aqueous media. The slope of
the plots in the neutral media leads to the tunneling con-
stant, b = 0.05 Å�1, approximately. The electron transfer
rate constant of SAM of 2 is decrease with increase of
the length of polymethylene spacers. The b calculated from
SAMs of 2–4 is smaller than that of previous reports (0.5–
1.4 Å�1) [4,5,9,22], suggesting that the structural changes in
the SAMs on oxidation/reduction undergoes the insignifi-
cant change of the kinetic constants of the electron transfer
depending on the range of the spacer length (d = 20.6–
26.2 Å).

Scheme 4 depicts the schematic illustration to account
for the electrochemical reactions of the SAM of 2-aza[2]fer-
rocenophane-containing alkyl thiol. In the neutral media,
the electron transfer between the Fe center and the gold
surface takes place smoothly, and the rate-determining step
consists in the electron-tunneling through the polymethyl-
ene spacer of the thiol. On the other hand, in the acidic



Au electrodeAu electrode

excess HClO4

C
om

m
unication

E
le

ct
ro

st
at

ic
 a

nd
 s

te
ric

 r
ep

ul
si

onFe

N

O

S

Fe

N

O

S

Fe

N

O

S

Fe

N

O

S

H H
ClO4

- ClO4
-

-HClO4

Scheme 4. Schematic illustration of SAM of 4.

5942 M. Horie et al. / Journal of Organometallic Chemistry 691 (2006) 5935–5945
media, protonation of bridged amine of azaferrocenophane
shifts the redox peaks to higher potentials than that of neu-
tral media, probably because the produced ammonium cat-
ion inhibits smooth electron transfer between the Fe center
and the nitrogen atom [11–13]. The imbalanced redox
responses of the peak potentials are observed in the acidic
media, because of the slow penetration and fast dissocia-
tion of ClO�4 anion due to the electrostatic and steric repul-
sion between the anions in the redox process.

3. Experimental

3.1. General remarks

All the manipulations of the air-unstable complexes
were carried out under nitrogen or argon using standard
Schlenk techniques. N-(4-Hydroxyphenyl)-2-aza[3]ferroce-
nophane was prepared according to the literature method
[11]. 1H and 13C{1H} NMR spectra were recorded on
JEOL EX-400 spectrometers where the chemical shifts
were referenced with respect to CHCl3 (d 7.24) for 1H
and CDCl3 (d 77.0) for 13C as internal standards. Elemen-
tal analyses were carried out with a Yanaco MT-5 CHN
autorecorder. Cyclic voltammetry (CV) was measured in
MeCN containing 0.10 M Et4NBF4 or in H2O containing
0.10 M NaClO4 with ALS Electrochemical Analyzer
Model-600A. The measurement was carried out in a stan-
dard one-compartment three-electrode cell (10 cm3) under
inert gas equipped with Ag+/Ag (in nonaqueous media)
or AgCl/Ag (in aqueous media) reference electrode, a plat-
inum-wire counter electrode, and a gold-disk working elec-
trode (ID: 1.6 mm). The real surface area of the working
electrode was estimated from the integration of the gold
surface reduction charge of 8.32 lC at 0.78 V vs. AgCl/
Ag. The effective area of the working electrode was esti-
mated to 0.0173 cm2, which was given by multiple the
reduction charge by theoretical charge of 482 lC cm�2

[17]. Buffers titrisol were purchased from Kanto Chemical
Co., Inc.: pH 1.0; glycine/hydrochloric acid, pH 2.0–4.0;
citrate/hydrochloric acid, pH 5.0–6.0; citrate/sodium
hydroxide, pH 7.0; phosphate, pH 8.0; borate/hydrochloric
acid, pH 9.0–11.0; boric acid/potassium chloride/sodium
hydroxide. TOA Corporation HM-40V pH meter was used
for pH measurements.

3.2. Synthesis of N-{4-(6-bromohexyloxy)phenyl}-2-

aza[3]ferrocenophane

NaH (0.045 g, 1.88 mmol) was added to a dimethyl-
formamide solution (10 mL) of N-(4-hydroxyphenyl)-
2-aza[3]ferrocenophane [11] (0.50 g, 1.57 mmol). After
stirring at 25 �C for 1 h, 1,6-dibromohexane (3,61 g,
15.7 mmol) was added and the solution was stirred at
50 �C for 24 h. To the reaction mixture was added water,
and the product was extracted with chloroform. After the
organic layer was dried over Na2SO4, the solvent was
removed by evaporation to give a yellow powder, which
was purified by silica gel column chromatography (elu-
ent = hexane). The solvent was removed by evaporation
and the resulting powder was dried in vacuo to give N-
{4-(6-bromohexyloxy)phenyl}-2-aza[3]ferrocenophane as
a yellow solid (0.36 g, 47%). 1H NMR (400 MHz, CDCl3,
25 �C) d 6.97, 6.85 (d, 4 H, Ph, J = 9 Hz), 4.18, 4.08 (d,
8 H, Cp), 3.94 (t, 2H, OCH2, J = 6 Hz), 3.69 (s, 4H, N-
CH2), 3.43 (t, 2H, BrCH2, J = 7 Hz), 1.91 (quintet, 2H,
OCH2CH2, J = 7 Hz), 1.79 (quintet, 2H, BrCH2CH2,
J = 7 Hz), 1.51–1.58 (4H, –(CH2)–).

Other 2-aza[3]ferrocenophanes having bromoalkyl chain
were prepared analogously and their data are shown below.

3.3. N-{4-(8-Bromooctyloxy)phenyl}-2-

aza[3]ferrocenophane

Yellow powder (0.38 g, 47%). 1H NMR (400 MHz,
CDCl3, 25 �C) d 6.96, 6.86 (d, 4H, Ph, J = 9 Hz), 4.18,
4.08 (d, 8H, Cp), 3.93 (t, 2H, OCH2, J = 6 Hz), 3.69 (s,
4H, N-CH2), 3.42 (t, 2H, BrCH2, J = 7 Hz), 1.88 (quintet,
2H, OCH2CH2, J = 7 Hz), 1.78 (quintet, 2H, BrCH2CH2,
J = 7 Hz), 1.26–1.56 (8H, –(CH2)–). 13C{1H} NMR
(100 MHz, in CDCl3 at 25 �C) d 152.4 (ipso, C6H4OCH2),
145.1 (ipso, C6H4N), 117.6 (meta, C6H4OCH2), 115.5
(ortho, C6H4OCH2), 84.4 (N-CH2), 69.9, 69.2 (Cp), 68.5
(C6H4OCH2), 48.7 (Cp-CH2-N), 33.9 (C6H4OCH2CH2),
32.8 (CH2Br), 29.4, 29.2, 28.7, 28.1, 26.0. Anal. Calc. for
C26H32BrFeNO: C, 61.20; H, 6.32; N, 2.74; Br, 15.66.
Found: C, 60.70; H, 6.17; N, 2.57; Br, 15.99%.

3.4. N-{4-(10-Bromodecyloxy)phenyl}-2-
aza[3]ferrocenophane

Yellow powder (0.38 g, 45%). 1H NMR (400 MHz,
CDCl3, 25 �C) d 6.97, 6.85 (d, 4H, Ph, J = 9 Hz), 4.18,
4.08 (d, 8H, Cp), 3.93 (t, 2H, OCH2, J = 6 Hz), 3.69 (s,
4H, N-CH2), 3.41 (t, 2H, BrCH2, J = 7 Hz), 1.86 (quintet,
2H, OCH2CH2, J = 7 Hz), 1.77 (quintet, 2H, BrCH2CH2,
J = 7 Hz), 1.21–1.50 (12H, –(CH2)–). 13C{1H} NMR
(100 MHz, in CDCl3 at 25 �C) d 152.3 (ipso, C6H4OCH2),
144.9 (ipso, C6H4N), 117.5 (meta, C6H4OCH2), 115.4
(ortho, C6H4OCH2), 84.4 (N-CH2), 69.9, 69.1 (Cp), 68.5
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(C6H4OCH2), 48.6 (Cp-CH2-N), 34.1 (C6H4OCH2CH2),
32.8 (CH2Br), 29.5–29.2, 28.7, 28.2, 26.1. Anal. Calc. for
C28H36BrFeNO: C, 62.47; H, 6.74; N, 2.60; Br, 14.84.
Found: C, 62.64; H, 6.43; N, 2.55; Br, 14.87%.

3.5. N-{4-(12-Bromododecyloxy)phenyl}-2-
aza[3]ferrocenophane

Yellow powder (0.62 g, 69%). 1H NMR (400 MHz,
CDCl3, 25 �C) d 6.96, 6.87 (d, 4H, Ph, J = 9 Hz), 4.18,
4.08 (d, 8H, Cp), 3.93 (t, 2H, OCH2, J = 6 Hz), 3.69 (s,
4H, N-CH2), 3.41 (t, 2H, BrCH2, J = 7 Hz), 1.88 (quintet,
2H, OCH2CH2, J = 7 Hz), 1.76 (quintet, 2H, BrCH2CH2,
J = 7 Hz), 1.25–1.50 (16H, –(CH2)–). 13C{1H} NMR
(100 MHz, in CDCl3 at 25 �C) d 152.4 (ipso, C6H4OCH2),
145.0 (ipso, C6H4N), 117.6 (meta, C6H4OCH2), 115.5
(ortho, C6H4OCH2), 84.4 (N-CH2), 69.9, 69.1 (Cp), 68.6
(C6H4OCH2), 48.7 (Cp-CH2-N), 33.9 (C6H4OCH2CH2),
32.8 (CH2Br), 29.5–29.4, 28.7, 28.5, 28.2, 26.1. Anal. Calc.
for C30H40BrFeNO: C, 63.62; H, 7.12; N, 2.47; Br, 14.11.
Found: C, 63.30; H, 7.20; N, 2.31; Br, 14.45%.

3.6. Synthesis of N-{4-(6-mercaptohexyloxy)phenyl}-2-

aza[3]ferrocenophane (1)

Thiourea (0.054 g, 0.73 mmol) was added to a dimethyl-
sulfoxide solution (10 mL) of N-{4-(6-bromohexyl-
oxy)phenyl}-2-aza[3]ferrocenophane (0.35 g, 0.73 mmol)
and the solution was stirred at 60 �C for 24 h. A aqueous
NaOH solution (3 M) was added and the mixture was stir-
red at 60 �C for 30 min. To the reaction mixture was added
HCl aqueous solution, and the product was extracted with
Et2O. After drying the organic layer over Na2SO4, the sol-
vent was removed by evaporation to give a yellow powder,
which was purified by silica gel column chromatography
(eluent = ethyl acetate: hexane = 1:1). Removal of the sol-
vent by evaporation gave 1 as an orange solid (0.22 g,
68%). 1H NMR (400 MHz, CDCl3, 25 �C) d 6.96, 6.84 (d,
4H, Ph, J = 9 Hz), 4.18, 4.08 (d, 8H, Cp), 3.93 (t, 2H,
OCH2, J = 6 Hz), 3.69 (s, 4H, N-CH2), 2.55 (q, 2H,
CH2SH, J = 7 Hz), 1.77 (quintet, 2H, OCH2CH2,
J = 7 Hz), 1.66 (quintet, 2H, CH2CH2SH, J = 7 Hz), 1.37
(t, 1H, SH, J = 7 Hz), 1.40–1.53 (4H, –(CH2)–). Anal. Calc.
for C24H29FeNOS: C, 66.20; H, 6.71; N, 3.22; S, 7.36.
Found: C, 65.53; H, 6.88; N, 2.93; Br, 6.21%.

Other 2-aza[3]ferrocenophanes tethered to the alkaneth-
iol 2–4 were prepared analogously and their data are
shown below.

3.7. N-{4-(8-Mercaptooctyloxy)phenyl}-2-

aza[3]ferrocenophane (2)

Yellow powder (0.21 g, 68%). 1H NMR (400 MHz,
CDCl3, 25 �C) d 6.97, 6.85 (d, 4H, Ph, J = 9 Hz), 4.18,
4.08 (d, 8H, Cp), 3.93 (t, 2H, OCH2, J = 6 Hz), 3.69 (s,
4H, N-CH2), 2.53 (q, 2H, CH2SH, J = 7 Hz), 1.75 (quintet,
2H, OCH2CH2, J = 7 Hz), 1.62 (quintet, 2H, CH2CH2SH,
J = 7 Hz), 1.34 (t, 1H, SH, J = 7 Hz), 1.30–1.53 (8H, –
(CH2)–). 13C{1H} NMR (100 MHz, in CDCl3 at 25 �C) d
152.4 (ipso, C6H4OCH2), 145.0 (ipso, C6H4N), 117.6 (meta,
C6H4OCH2), 115.3 (ortho, C6H4OCH2), 84.4 (N-CH2),
69.9, 68.5 (Cp), 68.5 (C6H4OCH2), 48.7 (Cp-CH2-N),
34.0 (C6H4OCH2CH2), 29.4, 29.3, 29.0, 28.3, 26.0, 24.6
(CH2SH). Anal. Calc. for C26H33FeNOS: C, 67.38; H,
7.18; N, 3.02; S, 6.92. Found: C, 67.65; H, 7.24; N, 2.91;
S, 6.25%.

3.8. N-{4-(10-Mercaptodecyloxy)phenyl}-2-

aza[3]ferrocenophane (3)

Yellow powder (0.21 g, 58%). 1H NMR (400 MHz,
CDCl3, 25 �C) d 6.97, 6.85 (d, 4H, Ph, J = 9 Hz), 4.18,
4.08 (d, 8H, Cp), 3.93 (t, 2H, OCH2, J = 6 Hz), 3.69 (s,
4H, N-CH2), 2.53 (q, 2H, CH2SH, J = 7 Hz), 1.75 (quintet,
2H, OCH2CH2, J = 7 Hz), 1.62 (quintet, 2H, CH2CH2SH,
J = 7 Hz), 1.34 (t, 1H, SH, J = 7 Hz), 1.30–1.53 (12H,
–(CH2)–). 13C{1H} NMR (100 MHz, in CDCl3 at 25 �C)
d 152.4 (ipso, C6H4OCH2), 145.0 (ipso, C6H4N), 117.6
(meta, C6H4OCH2), 115.5 (ortho, C6H4OCH2), 84.4 (N-
CH2), 69.9, 68.5 (Cp), 68.5 (C6H4OCH2), 48.7 (Cp-CH2-
N), 34.0 (C6H4OCH2CH2), 29.4, 29.3, 29.0, 28.3, 26.0,
24.6 (CH2SH). Anal. Calc. for C28H37FeNOS: C, 68.42;
H, 7.59; N, 2.85; S, 6.52. Found: C, 67.89; H, 7.72; N,
2.55; S, 6.92%.

3.9. N-{4-(12-Mercaptododecyloxy)phenyl}-2-

aza[3]ferrocenophane (4)

Yellow powder (0.21 g, 56%). 1H NMR (400 MHz,
CDCl3, 25 �C) d 6.97, 6.85 (d, 4H, Ph, J = 9 Hz), 4.18,
4.08 (d, 8H, Cp), 3.93 (t, 2H, OCH2, J = 6 Hz), 3.69 (s,
4H, N-CH2), 2.53 (q, 2H, CH2SH, J = 7 Hz), 1.76 (quintet,
2H, OCH2CH2, J = 7 Hz), 1.62 (quintet, 2H, CH2CH2SH,
J = 7 Hz), 1.34 (t, 1H, SH, J = 7 Hz), 1.30–1.53 (16H,
–(CH2)–). 13C{1H} NMR (100 MHz, in CDCl3 at 25 �C)
d 152.4 (ipso, C6H4OCH2), 145.0 (ipso, C6H4N), 117.6
(meta, C6H4OCH2), 115.5 (ortho, C6H4OCH2), 84.4 (N-
CH2), 69.9, 69.1 (Cp), 68.6 (C6H4OCH2), 48.7 (Cp-CH2-
N), 33.9 (C6H4OCH2CH2), 32.8, 29.4–29.5, 28.7, 28.5,
28.2, 26.1, 24.6 (CH2SH). Anal. Calc. for C30H41FeNOS:
C, 69.35; H, 7.95; N, 2.70; S, 6.17. Found: C, 69.20; H,
7.94; N, 2.56; S, 5.92%.

3.10. N-{4-(12-Dodecyloxy)phenyl}-2-

aza[3]ferrocenophane disulfide (5)

10 wt% of KHCO3 aqueous solution (3 mL) was added
to a dichloromethane solution (2 mL) of 4. After stirring
at room temperature for 10 min under atmosphere, the
product was extracted with ether. After the organic layer
was dried over Na2SO4, the solvent was removed by evap-
oration to give a yellow powder, which was purified by
recrystallization from dichloromethane and methanol to
give 5 as a yellow powder (0.047 g, 47%). 1H NMR
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(400 MHz, CDCl3, 25 �C) d 6.96, 6.85 (d, 4H, Ph,
J = 9 Hz), 4.18, 4.08 (d, 8H, Cp), 3.93 (t, 2H, OCH2,
J = 6 Hz), 3.69 (s, 4H, N-CH2), 2.69 (t, 2H, CH2S-S,
J = 7 Hz), 1.78 (quintet, 2H, OCH2CH2, J = 7 Hz), 1.68
(quintet, 2H, CH2CH2S-S, J = 7 Hz), 1.25–1.50 (br, 16H,
–(CH2)–). 13C{1H} NMR (100 MHz, in CDCl3 at 25 �C)
d 152.5 (ipso, C6H4OCH2), 145.1 (ipso, C6H4N), 117.7
(meta, C6H4OCH2), 115.5 (ortho, C6H4OCH2), 84.4 (N-
CH2), 69.9, 69.2 (Cp), 68.6 (C6H4OCH2), 48.7 (Cp-CH2-
N), 39.3 (CH2S-S), 29.6 (C6H4OCH2CH2), 29.5, 29.4,
29.2, 28.5, 26.1.

3.11. Preparation of Au electrodes and SAMs

All experiments involved the following sequence of
steps: (a) mechanical polishing and electrochemical etching
[17] of a gold electrode; (b) immersion of the electrode in a
MeCN solution containing 2-aza[3]ferrocenophane teth-
ered to alkanethiol 1–4 (0.10 mM) or its disulfide 5

(0.05 mM) for 12 h; (c) rinsing with absolute MeCN fol-
lowed by distilled water; (d) characterization by cyclic vol-
tammetry in nonaqueous or aqueous electrolyte solutions.
In the case of preparation of mixed SAMs, the step (b)
applied as follows: (b 0) immersion in a MeCN solution con-
taining 4 (0.10 mM) or 5 (0.05 mM) and an n-dodecaneth-
iol (0.10 or 1.0 mM) for 12 h. The coverages of the
azaferrocenophanes were optimized by changing immer-
sion time of the gold electrode into the MeCN solution
of azaferrocenophanes. The immersion of gold electrode
into the MeCN solution of 2 for 4 h provided the SAM
which coverage was 5.0 · 10�11 mol cm�2. The coverage
of 2 was saturated by immersion of the gold electrode for
12 h to provide the SAM which coverage was
6.0 · 10�11 mol cm�2. The immersion time was applied
for 12 h for the preparation of SAMs.

3.12. Electron transfer rate constant

Kinetic data of electron transfer between the Fe center
and the gold surface of the SAM of 2–4 were obtained with
variable scanning rate from 0.02 to 12 V s�1. As the scan
rate is increased from 0.1 to 1.0 mV s�1, these electrodes
indicate quasi-reversible behavior, and the peak potential
separation significantly increases above 1.0 V s�1. The
parameters of the separation are used to estimation of elec-
tron transfer coefficients and the symmetry factors by using
Laviron’s procedure [7–9], which involve following
equations:

Epa ¼ E0
a � ðRT =anF Þ lnðRTka=anF maÞ; ð2Þ

Epc ¼ E0
c � ðRT =ð1� aÞnF Þ lnðRTkc=ð1� aÞnF mcÞ: ð3Þ

Here, ma and mc denote critical scan rates which are ob-
tained from extrapolating the linear portion of the Ep vs.
logm plots to the formal anodic and cathodic potentials
E0

a and E0
c which observed at slow scan rate. The slopes

of the linear portions of the Ep vs. logm curves are
�2.3RT/anF for the anodic branch and 2.3RT/(1 � a)nFmc

for the cathodic process. The rate constants ka and kc are
given by anFma/RT for the anodic process and
(1 � a)nFmc/RT for the cathodic process, respectively.
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