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Abstract

(h6-C6H6)(h6-[3n ]Cyclophane)Ru(II) [BF4]2 and corresponding Os(II) [PF6]2, as well as bis(h5-C5H5)(h6,h6-
[3n ]cyclophane)Fe(II)Fe(II) [PF6]2 ([3n ]cyclophane= [32](1,4)cyclophane 2, [33](1,3,5)cyclophane 3, [34](1,2,3,5)cyclophane 4,
[34](1,2,4,5)cyclophane 5) have been synthesized and characterized. The complexation shifts of the 1H-NMR signals of the
metal-bound aromatic protons (Hb) are ca. 0.5–0.7 and 0.1–0.4 ppm for Fe(II) and Ru(II) complexes, respectively, whereas those
of Os(II) complexes are ca. −0.2–0.1 ppm. The complexation shifts of the 13C-NMR signals of the tertiary aromatic carbons of
the metal-bound benzene ring are ca. 39–42 and 45–50 ppm for Ru(II) and Os(II) complexes, respectively. Thus the 1H- and
13C-NMR chemical shifts of the metal-bound aromatic hydrogens and carbons are strongly influenced by the anisotropy effect of
the metal. The Ru(II) complexes showed electrochemically reversible responses. In the case of Os(II) complexes, a well-defined
cathodic peak was also observed, but the rising portion of the corresponding anodic peak was somewhat deviated from the
ordinary CV profile. In both cases, the redox process was attributed to the two-electron one-step mechanism, M(II) X M(0)
(M=Ru and Os). An analysis of the redox properties of the Ru(II) and Os(II) complexes suggested that the
Os(II)[34](1,2,4,5)cyclophane complex would be the most suitable subunit of an anticipated one-dimensional organometallic
polymer. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

[m.n ]Cyclophane (cyclophane=CP) with two short
–(CH2)m– and –(CH2)n– bridges (m=2, 3; n=2, 3)
has strong p-electron donating ability due to the
transannular p–p interaction of the facing aromatic
rings. Thus the cyclophane can serve as either a
monodentate or bidentate p-ligand for transition metals

[1] and lanthanides [2]. In [m.n ]CP, the [3.3]system has
stronger p-electron donating ability than the [2.2] and
[2.3]systems, as was demonstrated by the charge trans-
fer (CT) interaction of intra- [3] and intermolecular CT
complexes of [m.n ]CP [4]. The [3.3]system also has an
advantage that it is less strained than the corresponding
[2.2]- and [2.3]systems [5]. Our recent study revealed
that [3n ]CP (n=2–6) exhibits much stronger CT inter-
action than the corresponding [2n ]homolog (n=2–6)
[6] mainly because of the effective hyperconjugation
between the benzyl hydrogens and the benzene rings
due to the conformation favorable for p–s interaction
in the former [7]. The bending of the benzylic methylene
groups out of the plane of the attached benzene ring
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was expected to be 3.4° for [36]CP 1 [8] but 20° (20° by
the X-ray structural analysis [6b]) for the corresponding
[26]homolog by the semiempirical AM1 calculations [9].
Therefore the [3n ]CP is expected to be more suitable
ligand than the corresponding [2n ]homolog. A large
number of the complexes of Fe(II)- and Ru(II)-[2n ]CP
have been synthesized so far [2], but few reports on the
p-arene metal complexes of [3n ]CP have been appeared
because of the much easier availability of [2n ]CP, espe-
cially of [22](1,4)CP which is commercially available,
than the corresponding [3n ]homolog. Now [3n ]CP be-
comes much more readily available by the progress made
in their synthesis [7,10].

In the pioneering work of the p-arene metal complexes
of cyclophane, Boekelheide et al. extensively studied the
synthesis, structure, and electrochemical properties of
various mono- and dinuclear Ru(II) complexes of [2n ]CP
(n=2–6) as subunits of electrically conducting polymer
[11]. As an important step toward this goal, they synthe-
sized and characterized the mixed-valence ion of bis(h6-
C6Me6)[h4,h6-[24](l,2,4,5)CP]Ru(0)Ru(II) [BF4]2 (C6-
Me6=hexamethylbenzene) [11g]. The Fe(II)-[22](1,3)-
and [22](1,4)CP complexes were prepared by Boekelheide
et al. [12], Koray [13] and Rosenblum et al. [14]. In
contrast to Ru–CP complexes, a limited number of Os
complexes have been known; Tocher et al. synthesized
and studied the structure of mononuclear Os(II) com-
plexes, [Os(h6-C6H6)(h6-[22](1,4)CP][BF4]2, and trinu-
clear complexes, [(h6-C6H6)Os(h6,h6-[22](1,4)CP)Ru(h6,
h6-[22](1,4)CP)Os(C6H6)][BF4]6 [15]. Bandy et al. re-
ported the synthesis and structure of Os(0) complexes,
represented by [Os(h6-C6H6)(h4-C6H6)] [16]. However,
no electrochemical study of the Os–cyclophane com-
plexes has been reported so far.

Here we describe the first synthesis of the Ru(II),
Os(II) and Fe(II) complexes of [3n ]CP ([3n ]CP=
[32](1,4)CP 2, [33](1,3,5)CP 3, [34](1,2,3,5)CP 4,
[34](1,2,4,5)CP 5), and electrochemical properties of
Ru(II) and Os(II) complexes. A final goal of this funda-
mental study is directed toward the development of new
electrically conducting and magnetic materials first pro-
posed by Boekelheide [1, 11b].

2. Results and discussion

2.1. Synthesis

Gill and Mann developed a general synthetic method
of cyclopentadienyl (cp) capped (h6-arene)Fe(II) com-
plexes by the visible-light irradiation of (h5-cp)(h6-p-
xylene)Fe(II) cations in the presence of suitable ligands
[17a], and they demonstrated that this method was
applicable to the synthesis of the (h5-cp)(h6-
[22](1,4)CP)Fe(II) complex [17b]. Alternatively, the
AlCl3 catalyzed ligand exchange between arenes and
ferrocene, first described by Nesmeynov et al. [18] and
later elaborated by Sutherland et al. [19], has been used
to prepare a wide range of complexes of the type
[(h5-cp)(h6-arene)Fe(II)]X−, where X is PF6 or BF4.
The use of [2n ]CP as a ligand in the photolysis allowed
the preparation of mono-cp capped complexes such as
[22](1,3) [12a] and [22](1,4)CP complexes [12b], whereas
di-cp capped complexes of [22](1,3) [12a] and
[22](1.4)CP [12b, 13] were predominantly formed when
more than 2 M equivalents of ferrocene were used in
the ligand exchange. Relatively unstable bis(h6-
[22](1,4)CP)Fe(I) complexes were synthesized in a simi-
lar way [14]. An application of this ligand exchange to
[3n ]CP 2–4 afforded bis(h5-cp)(h6,h6-[3n ]CP)Fe(II)-
Fe(II) [PF6] 8–10 as tan crystals in good yields (Scheme
1).

Bennett et al. developed a general synthetic method
of (h6-arene1)(h6-arene2)Ru(II) complexes by treatment
of [RuCl2(h6-arene1)]2 with acetone and AgBF4, fol-
lowed by CF3COOH and arene2 [20]. Applying the
method to [2n ]CP ligands, Boekelheide et al. prepared
various Ru(II) complexes of [2n ]CP of the type (h6-
C6Me6)(h6-[2n ]CP)Ru(II) [11a,b,d,e,f] and bis(h6-
C6Me6)(h6,h6-[2n ]CP)Ru(II)Ru(II) [11c,g,h,i,j]. The
corresponding [3n ]CP complexes of the former type,
[(h6-C6H6)(h6-[3n ]CP)Ru(II)] [BF4

−]2 13–16, were pre-
pared by the reaction of [(h6-C6H6)Ru(II)(acetone)3],
which was derived from [(h6-C6H6)RuCl2]2 12 and ace-
tone, and the corresponding [3n ]CP (Scheme 2). The
bis(h6-[32](1,4)CP)Ru(II) complex 19 was also prepared
in a similar way via dinuclear Ru(II) complex 18
(Scheme 3).

In principle, the (h6-C6H6)(h6-arene)Os(II) complexes
can be prepared by the reaction of [(h6-
C6H6)Os(II)(acetone)3]2+ with arenes in CF3COOH as
was reported by Mann et al. [21]. Tocher et al. synthe-
sized [(h6-C6H6)(h6-[22](1,4)CP)Os(II)][BF4]2 from [(h6-
C6H6)OsCl2]2 via the acetone solvate [15] according to
the Bennet procedure [20]. They also prepared trinu-
clear heterometallic complex [(h6-C6H6)Os(h6,h6-
[22](l,4)CP)Ru(h6,h6-[22](1,4)-CP)Os(h6-C6H6)] [BF4]6
by a similar procedure [15a]). The Os(II) complexes of
[3n ]CP 21–24 were prepared as PF6

− salts according to
the Mann procedure [21] by the reaction of (h6-
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Scheme 1. Synthesis of Fe(II) complexes of [3n ]cyclophanes 8–10 and their 1H-NMR data of the aromatic protons (270 MHz, [D6]acetone). The
1H-NMR data of 11 are also shown as a reference. The Dd shows the complexation shift [Dd=d (free ligand in [D6]acetone)−d (complex in
[D6]acetone).

C6H6)Os(CH3CN)3Cl2 20, which was derived from
(NH4)2OsCl6 [22], with acetone followed by the corre-
sponding [3n ]CP (Scheme 4). All Fe(II), Ru(II) and
Os(II) complexes thus prepared were air-stable in the
solid state, but the Fe(II) complexes underwent slow
decomposition on exposure to air in solution.

2.2. Spectral properties

The chemical shifts of the aromatic proton signals of
the Fe(II) complexes 8–10 in [D6]acetone, Ru(II) com-
plexes 13–16 and 19 in CD3CN and Os(II) complexes
21–24 in CD3CN are shown in Schemes 1–4, respec-
tively. The Dd denotes the complexation shift [23]:
Dd=d (free cyclophane)−d (complex) where the d

values of a free cyclophane and its complex are mea-
sured in the same solvent. The Dd was 0.46–0.66 ppm
(8, 0.66; 9, 0.46; 10, 0.50 ppm) for the Fe(II)-bound
aromatic protons Hb of the di-cp capped Fe(II) com-
plexes 8–10, and the largest Dd value (0.66) was ob-
served in the complex with the least bridge 8, and the
value was comparable to that of the corresponding
[2.2]homolog 11. Similar higher field shifts of the metal-
bound aromatic protons Hb were observed in the 1H-
NMR spectra of the Ru(II) complexes (13, Dd=0.36;
14, 0.08; 15, 0.15; 16, 0.32 ppm), but no correlation
between the magnitude and the number of the bridges
was observed. The compound 17 showed larger Dd

values for both Hb and Hc protons than its higher
homolog 13. The dicyclophane capped complex 19
showed the largest Dd value (0.71 ppm) and this was

attributed to an enhanced diamagnetic ring current of
the facing cyclophanes. The aromatic proton signals Hc

of the Ruunbound deck shifted downfield but the mag-
nitude was almost the same (13, Dd= −0.31; 14, −
0.36; 15, −0.32; 16, −0.20 ppm). Similarly the Ha

proton signals of 13–17 appeared at similar positions
and no appreciable difference was observed.

In sharp contrast to the 1H-NMR properties of the
Ru(II) complexes, complexation of the Os(II) metal
caused the metal-bound Hb protons to shift slightly
downfield except for 21 where the effect was almost
zero (21, Dd=0.08; 22, −0.20; 23, −0.13; 24, −0.05
ppm). The Os(II)-unbound aromatic protons Hc

showed further down field shifts (21, Dd= −0.39; 22,
−0.41; 23, −0.39; 24, −0.30 ppm). A similar trend
was also observed in the Ha proton signals. Thus the
shielding effect of the Ru(II) metal was more significant
than that of the Os(II) metal [21a].

The 13C-NMR data of the Ru(II) and Os(II) com-
plexes are shown in Scheme 5. Binding of the metal(II)
ions to cyclophane greatly enhances upfield shifts of the
metal-bound aromatic tertiary (Ct) and quaternary (Cq)
carbon signals, whereas metal-unbound aromatic car-
bon signals shift to slightly down field as compared
with the corresponding carbon signals of the free cy-
clophane ligand. The complexation shifts [Dd=d (free
cyclophane in CDCl3)−d (complex in CD3CN) of the
tertiary and quaternary aromatic carbons are ca. 39–42
and 16–24 ppm for the Ru(II) complexes, respectively,
whereas they are ca. 45–50 and 21–28 ppm for the
Os(II) complexes. The magnitude of the complexation
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Scheme 2. Synthesis of Ru(II) complexes of [3n ]cyclophanes 13–16 and their 1H-NMR data of the aromatic protons (270 MHz, CD3CN). The
1H-NMR data of 17 are also shown as a reference. The Dd shows the complexation shift [Dd=d (free ligand in CD3CN)−d (complex in
CD3CN).

shifts is almost independent on the number of the
bridges but slightly dependent on the metal; the shift is
more significant in the Os(II) complexes than in the
corresponding Ru(II) complexes. Thus both 1H- and
13C-NMR data suggested that the chemical shifts of the
aromatic protons and carbons of the complexes were
influenced by the anisotropy effect of the metal.

For the determination of the molecular weight of the
metal complexes, FAB MS in m-nitrobenzyl alcohol as
a matrix proved to be very useful, and the M–[BF4

−]
peaks for the Ru(II) complexes as well as M–[PF6

−]
peaks for the Fe(II) and Os(II) complexes were clearly
observed in each case. In the IR spectra (KBr) of the
Ru(II) and Os(II) complexes, new bands with medium
intensities appeared in the region of 3030–3100 cm−1

and these bands may be assigned to the C–H stretching
frequencies of the metal-bound benzene rings.

2.3. Electrochemical properties

Fig. 1 shows the cyclic voltammograms (CVs) of the
Ru(II) complexes 13 (n=2), 14 (n=3), 15 (n=4) and
16 (n=4) in CH3CN/0.1 M Bu4NClO4 solution at the
potential scan rate of 0.l V s−1. The cathodic peak Pc

appeared at −1.07, −1.16, −1.19, and −1.12 V (vs.
Ag � AgNO3) for 13–16, respectively. The correspond-
ing anodic peak Pa was very small at this potential scan
rate, but the peak current of Pa, Ipa, gradually increased
with increasing potential scan rate (Fig. 2) and the
Ipa/Ipc ratio approached unity at higher scan rates for

the CVs of 13–15 (Fig. 3). Fig. 4 denotes the CVs at
the potential scan rate of 6.4 V s−1. The redox poten-
tials E1/2 obtained as the mid-point potential of the
cathodic and anodic potentials were −1.04, −1.13,
−1.15 and −1.08 V for 13–16, respectively.

In the CVs of a series of (h6-C6Me6)(h6-[2n ]CP)Ru(II)
complexes ([2n ]CP= [26](1,2,3,4,5,6)CP, [24](1,2,3,5)CP,
[24](1,2,4,5)CP) [11d], Boekelheide et al. reported that
the Ru(II) was reduced to Ru(0) with the two-electron
one-step mechanism at potential range from −0.5 to
−1.0 V (vs. Ag � AgNO3) [11d,f,g]. Even in the case of
a consecutive one-electron twostep reduction mecha-
nism (Ru(II)�Ru(I) and Ru(I)�Ru(0)), the two re-
duction peaks were reported to appear in a close
proximity [24] as in the case of the [(h6-C6Me6)(h6-
[24](1,2,3,5)CP)Ru(II) complex [11d]. Therefore we at-
tributed the cathodic peak Pc and the corresponding
anodic peak Pa to the reduction of Ru(II) to Ru(0) and
to the reoxidation of Ru(0) to Ru(II), respectively as
shown in Scheme 6.

As discussed by Nicholson and Shain [25], the change
in peak current ratio, Ipa/Ipc, is characteristic of the
reversible electrochemical reaction followed by irre-
versible chemical reaction (ErCi mechanism) which pro-
duces an electrochemically inactive final product P.

Ru(II)+2e−�Ru(0) (Electrochemical process) (1)

Ru(0)�
kf

P (Chemical process) (2)

By adapting this mechanism to the present case, we
expected that the Ru(0) species was not so stable and
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Scheme 3. Synthesis of Ru(II) complex 19 and its 1H-NMR data of the aromatic protons (270 MHz, CD3CN). The Dd shows the complexation
shift [Dd=d (free ligand in CD3CN)−d (complex in CD3CN).

gradually converted into the electrochemically inactive
form. Such a mechanism incorporating the chemical
process was consistent with the reported mechanism for
the similar Ru(II) complexes [11d,h]. Based on the
analysis of Nicholson and Shain [25], we estimated the
rate constants (kf) of the chemical process in Eq. (2) to
be 3.4, 1.2, 1.6 and 0.15 s−1 for 13–16, respectively
(Fig. 5) [26,27]. This result indicated that the decompo-
sition rate of the Ru(0) to P was much faster at 13 than
at 14 and 15, and was much slower at 16 than at 14 and
15. The CVs of the CH3CN solutions of the Ru(II) free
ligands 2–5 did not show any redox peak in the poten-
tial range from +1.0 to −2.0 V.

The Os(II) complexes 21 (n=2), 22 (n=3), 23 (n=
4) and 24 (n=4) showed similar CV responses to the
Ru(II) complexes in CH3CN/0.1 M Bu4NClO4 solution
at the potential scan rate of 0.1 V s−1. The rising
portion of the anodic peak was somewhat deviated
from the ordinary CV profiles and the peak shifted to
the anodic side (Fig. 6). Although this shift made it
difficult to analyze quantitatively the redox potential
E1/2 and the decomposition rate constant kf of the
Os(II) complexes, the cathodic peak potential Epc ap-
peared at −1.15, −1.26, −1.32 and −1.13 V (vs.
Ag � AgNO3) for 21–24, respectively. Fig. 7 denotes the
CVs at the potential scan rate of 6.4 V s−1. The Ipa/Ipc

ratio of the Os(II) complexes was larger than that of the
corresponding Ru(II) complexes at a given scan rate.
This result indicated that the Os(0) state was more
stable to the chemical decomposition than the corre-
sponding Ru(0) state. The Epc values suggested that
[32](1,4)CP and [34](1,2,4,5)CP moieties in 13 and 16,
respectively, could take boat-shaped geometries re-
quired for h4-bonding more easily than [33](1,3,5)CP
and [34](1,2,4,5)CP moieties in 14 and 15, respectively,
since the benzene ring of [32](1,4)CP 2 has a boat-
shaped geometry with the distortion angles being 6.4°
[5b] as shown in Scheme 6, and [34](1,2,4,5)CP 5 has a
preformed, near-optimum boat-shaped geometry to
bind h4 [28]. A similar phenomenon was reported in the
CVs of the Ru(II) complexes of a series of
[2n ]cyclophanes [11d]. The boat-type deformation is

favorable for the formation of the h4-M(0) state from
the h6-M(II) state, and this geometrical change is re-
ported to be the controlling factor affecting the reduc-
tion potential of Ru(II) to Ru(0) state [11d]. The
two-electron one-step mechanism and the geometrical
change accompanying the reduction of Ru(II) to Ru(0)
were well established [29], and some Ru(0) complexes
were isolated and characterized [11f, 29]. Smaller Epc

values of 16 and 24, both of which contained
[34](1,2,4,5)CP 5 as the ligand, and the slowest decom-
position rate of Ru(0) state in 16, as well as slower
decomposition rate of the Os(0) state than the corre-
sponding Ru(0) state suggested that the best metal-lig-
and combination was the Os(II) and [34](1,2,4,5)CP 5
for the subunit of anticipated metal polymer.

The Epc value may be affected not only by the
molecular geometry of the ligand but by electron do-
nating ability of the ligand; the benzene ring with
preformed boat-shaped geometry for h4-bonding of
M(0) state shifts the Epc to more positive potentials,
whereas the strong electron donating ligand may stabi-
lizes the M(II) state more strongly than the M(0) state
and, therefore, shifts the Epc to more negative poten-
tials. The Epc values of parent (h6-C6H6)(h6-
C6H6)Ru(II) [BF4]2 25 (−1.02 V), 13 (−1.07 V) and
19 (−1.19 V vs. Ag/AgNO3), shown in Fig. 8, sug-
gested that the DEpc (−0.12 V) between 19 and 13 was
ascribed to the much enhanced p-electron donating
ability of [32](1,4)CP than benzene itself, whereas the
DEpc (0.05 V) between 13 and 25 was ascribed to the
combined effect of the enhanced p-electron donating
ability of [32](1,4)CP in 13 and its preformed boat-
shaped geometry for h4-bonding (Scheme 6).

On the second redox peaks P c% and Pa% observed in the
CVs of 13 and 21, the increase of the I %pa/I %pc ratio with
decreasing scan rates (Fig. 2) was an indication of the
participation of the product of the irreversible chemical
process such as an ErCiEr mechanism. However, we
have no clear explanation of the possible species in this
process at the present stage. In the case of the Fe(II)
complexes 8–10, no clear redox peak was observed at
the potential range between −1.0 and +1.25 V.
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Scheme 4. Synthesis of Os(II) complexes of [3n ]cyclophanes 21–24 and their 1H-NMR data of the aromatic protons (270 MHz, CD3CN). The Dd

shows the complexation shift [Dd=d (free ligand in CD3CN)−d (complex in CD3CN).

3. Summary

The first Fe(II), Ru(II) and Os(II) complexes of
[3n ]CP were synthesized and characterized. Both of the
1H and 13C-NMR data of these complexes suggested
that the chemical shifts of the aromatic protons and
carbons of the complexes were more strongly influenced
by the anisotropy effect of the metal than by the ring
current effects of the aromatic rings. The shift of the
Epc value of the Ru(II) complex 13–16 to more nega-
tive potentials than that of the corresponding
[2n ]homolog indicated the much stronger p-electron
donating ability and less deformed benzene ring of the
[3n ]CP than the corresponding [2n ]CP. An analysis of
the redox properties of the Ru(II) and Os(II) complexes
of [3n ]CP suggested that the Os(II)[34](1,2,4,5)CP com-
plex would be the most suitable subunit of an antici-
pated one-dimensional organometallic polymer. The
synthetic and electrochemical study of Ru(II)Ru(II)
and Os(II)Os(II) complexes of [34](1,2,4,5)CP 5 is in
progress and will be reported elsewhere.

4. Experimental details

4.1. General

1H-NMR spectra were recorded on JEOL JNM-EX
270 and 400, and measured in CDCl3, CD3CN, or
DMSO-d6 with Me4Si as an internal standard. 13C-
NMR spectra were recorded on JEOL JNM-EX 270
and 400, and measured in CDCl3 or CD3CN with

Me4Si as an internal standard. FAB MS were taken
with a JEOL JMS-SX/SX 102A tandem mass spectrom-
eter using m-nitrobenzyl alcohol as matrix. IR spectra
were measured with HITACHI I-5040 FT-IR spectrom-
eter. Elemental analyses were performed by the Service
Centre of the Elementary Analysis of Organic Com-
pounds affiliated with the Faculty of Science, Kyushu
University.

The compounds [(h6-C6H6)RuCl2]2 11 and [(h6-
C6H6)Os(CH3CN)Cl2] 20 were prepared according to
the Bennett [20] and the Mann [21] procedure, respec-
tively. [22](1,4)CP was purchased from Tokyo Kasei
Kogyo Co., Ltd. The Fe(II) and Ru(II) complexes 11
[12b] and 17 [11a] were prepared according to the
literature procedures. [32](1,4)CP 2 [10d], [33](1,3,5)CP 3
[7b, 10c], [34](1,2,3,5)CP 4 [7b], [34](1,2,4,5)CP 5 [10e]
were prepared by the reported procedures.

Cyclic voltammograms were recorded by a Fuso
Model 311 polarographic analyzer, a Model 321B po-
tential-sweep unit, and a Yokogawa Model 3655 digital
recorder. A glassy carbon (GC) disk-electrode (Bioana-
lytical Systems Inc., 3 mm diameter), an Ag/0.01 M
AgNO3/0.1 M Bu4NClO4 (CH3CN) electrode and a
platinum wire were used as the working electrode, the
reference electrode and the counter electrode, respec-
tively. All potential values were reported versus the
reference electrode. The measurements were done in
deoxygenated CH3CN solution containing 1 mM (1
M=1 mol dm−3) complex as the redox species and 0.1
M Bu4NClO4 as the supporting electrode. All the mea-
surements were done at 2590.1°C.



T. Satou et al. / Journal of Organometallic Chemistry 577 (1999) 58–68T. Satou et al. / Journal of Organometallic Chemistry 577 (1999) 58–6864

Scheme 5. 13C-NMR data of aromatic carbons of the Ru(II) and Os(II) complexes 14–16, 19, 21–24 (68 or 100 MHz, CD3CN) as well as the
free cyclophanes 2–5 in CDCl3. The Dd shows the complexation shift [Dd=d(free ligand in CDCl3)−d (complex in CD3CN).

4.2. Synthesis of Fe(II) complexes, 8–10

Bis(h5 - cyclopentadienyl)(h6,h6 - [32](1,4)CP)diiron-
(II,II) bis(hexafluorophosphate) 8. A mixture of
[32](1,4)cyclophane 2 (204 mg, 0.864 mmol), ferrocene
(820 mg, 4.40 mmol), AlCl3 (1.64 g, 12.3 mmol), A1
powder (31 mg, 1.15 mmol), and dry decalin (20 ml)
was heated at 160°C for 2 h under an Ar atmosphere.
The dark green reaction mixture was cooled in an ice

bath before dropwise addition of distilled water (20 ml).
The content of the flask was transferred to a separatory
funnel with water (40 ml) and Et2O (40 ml). The
aqueous layer was separated, washed with Et2O (2×20
ml), and filtered. To the filtrate was added a solution of
NH4PF6 (1.8 g, 11.0 mmol) in water (3 ml). The precip-
itate was collected by filtration and dried in vacuo at

Fig. 2. Cyclic voltammograms of 1 mM 13 in CH3CN/0.1 M
Bu4NClO4 observed at a GC electrode and various potential scan
rates (0.1–6.4 V s−1). In this Figure, the cathodic peak currents at
0.1, 0.4 and 1.6 V s−1 were normalized to that of 6.4 V s−1.

Fig. 1. Cyclic voltammograms of 1 mM 13–16 in CH3CN/0.1 M
Bu4NClO4 observed at a GC electrode and potential scan rate is 0.1
V s−1.
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Fig. 3. Plots of the peak current ratio of Pa to Pc, Ipa/Ipc% as a
function of a potential scan rate for 13–15.

–CH2CH2CH2–); 4.73 (s, 10H, Cp); 6.12 (s, 4H, ArH).
FAB MS: m/z : 703 [M+ –PF6

−]. Found: C, 49.05; H,
4.78. Calc. for C34H38F12Fe2P2·C6H6O (acetone)
(906.4): C, 49.03; H, 4.89.

4.3. Synthesis of Ru(II) complexes, 13–16

(h6 - Benzene)[h6 - [32](1,4)cyclophane]ruthenium(II)
bis(tetrafluoroborate) 13: [(h6-Benzene)RuCl2]2 12 (195
mg, 0.391 mmol), AgBF4 (335 mg, 1.72 mmol), and
acetone (8 ml) were stirred at r.t. for 35 min under N2.
The precipitated AgCl was removed by filtration and
washed with acetone (ca. 4 ml). To the filtrate was
added [32](1,4)cyclophane 2 (173 mg, 0.732 mmol) and
CF3COOH (10 ml), and the mixture was refluxed for 35
min under N2. The cooled reaction mixture was diluted
with Et2O (50 ml), and the resulting precipitate was
collected by filtration, washed with Et2O, and dried in
vacuo at r.t. overnight to afford 13 (275 mg, 64%),
faintly greenish yellow crystals (CH3CN–Et2O). 1H-
NMR (400 MHz, CD3CN): d=2.24–2.83 (m, 12H,
–CH2CH2CH2–); 6.32 (s, 4H, Hb); 6.50 (s, 6H, Ha);
6.99 (s, 4H, Hc). 13C-NMR (68 MHz, CD3CN): d=
141.8; 132.3; 122.1; 95.0; 91.0; 34.7; 33.7; 31.6. IR
(KBr) ñ (cm−1) 3042 (CH). FAB MS: m/z : 503 [M+ –
BF4

−]. Found: C, 48.01; H, 4.35. Calc. for
C24H26B2F8Ru·0.5H2O (598.1): C, 48.19; H, 4.55.

(h6-Benzene)(h6-[33](1,3,5)cyclophane)ruthenium(II)
bis(tetrafluoroborate) 14: Yield 183 mg (79%), faintly
greenish yellow crystals (CH3CN–Et2O). 1H-NMR
(400 MHz, CD3CN): d =2.30–2.84 (m, 18H,
–CH2CH2CH2–); 6.43 (s, 3H, Hb); 6.45 (s, 6H, Ha);
6.91 (s, 3H, Hc). 13C-NMR (68 MHz, CD3CN): d=
144.3; 132.7; 117.6; 94.8; 90.3; 35.1; 33.8; 30.7. IR
(KBr) ñ (cm−1) 3088 (CH). FAB MS: m/z : 543 [M+ –
BF4

−]. Found: C, 51.69; H, 4.79. Calc. for
C27H30B2F8Ru (629.2): C, 51.54; H, 4.81.

(h6 - Benzene)(h6 - [34](1,2,3,5)cyclophane)ruthenium-
(II) bis(tetrafluoroborate) 15: Yield 151 mg (71%),
faintly greenish yellow crystals (CH3CN–Et2O). 1H-
NMR (400 MHz, CD3CN): d=2.2–3.5 (m, 24H, –
CH2CH2CH2–); 6.36 (s, 4H, Ha); 6.42 (s, 2H, Hb); 6.95
(s, 3H, Hc). 13C-NMR (100 MHz, CD3CN): d=143.3;
142.4; 139.3; 133.7; 120.1; 114.1; 109.0; 94.9; 89.6; 34.7;
33.2; 31.4; 31.2; 31.1; 30.3; 28.3; 26.6; 24.6. IR (KBr) ñ

(cm−1) 3032 (CH). FAB MS: m/z : 583 [M+ –BF4
−].

Found: C, 54.00; H, 5.13. Calc. for C30H34B2F8Ru
(669.3): C, 53.84; H, 5.12.

(h6-Benzene)(h6-[34](1,2,4,5)cyclophane)ruthenium (II)
bis(tetrafluoroborate) 16: Yield 54.8 mg (54%), yellow
powder (CH3CN–Et2O). 1H-NMR (270 MHz,
CD3CN): d=2.2–3.5 (m, 24H, –CH2CH2CH2–); 6.35
(s, 6H, Ha); 6.58 (s, 2H, Hb); 7.10 (s, 2H, Hc). 13C-
NMR (68 MHz, CD3CN): d=140.9; 134.4; 115.0; 94.8;
90.6; 31.9; 30.0; 29.6. IR (KBr) ñ (cm−1) 3083 (CH).

room temperature (r.t.) to give 8 as tan powder (554
ma, 85%). 1H-NMR (270 MHz, [D6]acetone): d=2.31
(m, 4H, –CH2CH2CH2–); 2.91 (m, 8H, –
CH2CH2CH2–); 4.88 (s, 10H, Cp); 6.13 (s, 8H, ArH).
FAB MS: m/z 623 [M+ –PF6

−]. Found: C, 45.08; H
4.16. Calc. for C25H30F12Fe2P2·C6H6O (acetone): C,
45.06; H, 4.16.

Bis(h5-cyclopentadienyl)(h6,h6-[33](1,3,5)cyclophane)-
diiron(II,II) bis(hexafluorophosphate) 9: Yield 601 mg
(99%), tan crystals (acetone-pentane). 1H-NMR (270
MHz, [D6]acetone): d=2.2–3.2 (m, 18H, –
CH2CH2CH2–); 4.81 (s, 10H, Cp); 6.09 (s, 6H, ArH).
FAB MS: m/z : 663 [M+ –PF6

−]. Found: C, 47.12; H,
4.71. Calc. for C31H34F12Fe2P2·C6H6O (acetone)
(866.3): C, 47.14; H, 4.65.

Bis(h5 - cyclopentadienyl)(h6,h6 - [34](1,2,3,5)cyclo-
phane)diiron(II,II) bis(hexafluorophosphate) 10. Yield
227 mg (84%), tan crystals (acetone–pentane). 1H-
NMR (270 MHz, [D6]acetone): d=2.3–3.4 (m, 24H,

Fig. 4. Cyclic voltammograms of 1 mM 13–16 in CH3CN/0.1 M
Bu4NClO4 observed at a GC electrode and potential scan rate of 6.4
V s−1.
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Scheme 6. Reversible redox process, Ru(II) X Ru(0), of 25 and 13. The geometrical change is accompanied by the reduction of Ru(II) to Ru(0).

FAB MS: m/z : 583 [M+ –BF4
−].Found: C, 53.74; H,

5.17. Calc. for C30H34B2F8Ru (669.3): C. 53.84; H, 5.12.

4.4. Synthesis of Ru(II) complex, 19

[(h6-[32](l,4)Cyclophane)RuCl2]2 18: Yield 247 mg,
(76%), red crystals. 1H-NMR (270 MHz, DMSO[D6]):
d=2.1–2.7 (m, 24H, –CH2CH2CH2–); 5.33 (s, 8H,
ArH); 6.90 (s, 8H, ArH). FAB MS: m/z : 781 [M+ –
Cl−] Found: C, 53.08; H, 5.06. Calc. for C36H40C4Ru2

(816.7): C, 52.95; H, 4.94.
Bis(h6-[32](1,4)cyclophane)ruthenium(II) bis(tetra-

fluoroborate) 19: Yield 322 mg (85%), faintly greenish
yellow powder (CH3NO2–Et2O). 1H-NMR (270 MHz,
CD3CN): d=2.1–2.3 (m, 8H, –CH2CH2CH2–); 2.4–
2.5 (m, 8H, –CH2CH2CH2–); 2.7–2.8 (m, 8H, –
CH2CH2CH2–); 5.97 (s, 8H, ArH); 6.91 (s, 8H, ArH).
13C-NMR (68 MHz, CD3CN): d=141.6; 132.1; 119.3;
90.3; 34.6; 32.9; 31.4. IR (KBr) ñ (cm−1) 3056 (CH).
FAB MS: m/z : 661 [M+ –BF4

−]. Found: C, 57.35; H,
5.37. Calc. for C36H40B2F8Ru·0.5H2O (756.4): C, 57.17;
H, 5.46.

4.5. Synthesis of Os(II) complexes, 21–24

(h6-Benzene)[h6-[32](1,4)cyclophane]osmium(II) bis-
(hexafluorophosphate) 21: [(h6 benzene)Os(II)(CH3-

CN)Cl2] 20 (54.6 mg, 0.14 mmol), AgPF6 (80 mg, 0.32
mmol), and acetone (15 ml) were stirred at r.t. for 20
min. The precipitated AgCl was removed by filtration
and washed with acetone (ca. 4 ml). The acetone was
removed by rotary evaporation, then [32](1,4)cy-
clophane 2 (62.7 mg, 0.26 mmol) and CF3COOH (5 ml)
were added and the mixture was refluxed for 2.5 h
under N2. The cooled reaction mixture was filtered into
an aqueous solution of NH4PF6 to give a white precip-
itate. The product was collected by filtration, and re-
crystallized from acetone–diethyl ether to yield 21 (96.9
mg, 84%) as a white solid. 1H-NMR (270 MHz,
CD3CN): d=2.26–2.91 (m, 12H, –CH2CH2CH2–);
6.60 (s, 4H, Hb); 6.68 (s, 6H, Ha); 7.07 (s, 4H, Hc).
13C-NMR (68 MHz, CD3CN): d=141.4; 132.5; 117.5;
88.2; 85.2; 34.6; 33.6; 30.7. IR (KBr) ñ (cm−1) 3092
(CH). FAB MS: m/z : 651 [M+ –PF6

−]. Found: C,
36.31; H, 3.36. Calc. for C24H26F12OsP2 (794.6): C,
36.28; H, 3.30.

(h6-Benzene)(h6-[33](1,3,5)cyclophane)osmium(II)
bis(hexafluorophosphate) 22: Yield 74.6 mg (64%),
white solid (acetone–Et2O). 1H-NMR (270 MHz,
CD3CN): d=2.31–2.91 (m, 18H, –CH2CH2CH2–);
6.75 (s, 3H, Hb); 6.59 (s, 6H, Ha); 6.96 (s, 3H, Hc).
13C-NMR (l00 MHz, CD3CN): d=144.1; 132.8; 112.9;
88.0; 85.4; 35.1; 33.7; 30.0. IR (KBr) ñ (cm−1) 3092
(CH). FAB MS: m/z : 691 [M+ –PF6

−]. Found: C,

Fig. 5. The theoretical plot of the peak current ratio of Pa to Pc,
Ipa/Ipc, as a function of Log kft, in which t is the time in seconds
between E1/2 and the switching potential. The best fitted Ipa/Ipc curve
is obtained at the kf values of 3.4, 1.2, 1.6 and 0.15 s−1 for 13–16,
respectively.

Fig. 6. Cyclic voltammograms of 1 mM 21–24 in CH3CN/0.1 M
Bu4NClO4 observed at a GC electrode and potential scan rate of 0.1
V s−1.
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Fig. 7. Cyclic voltammograms of 1 mM 21–24 in CH3CN/0.1 M
Bu4NClO4 observed at a GC electrode and potential scan rate of 6.4
V s−1.

PF6
−]. Found: C, 41.21; H, 3.96. Calc. for

C30H34F12OsP2 (874.7): C, 41.19; H, 3.92.

5. Supplementary material available

Part of the electrochemical data of the Ru(II) com-
plexes, Figs. 2, 3, 5 and 8 are available as supplemen-
tary material.
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