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Abstract—The spiro-acridan/acridinium-based dynamic redox pair (1/22+) transduces the electrochemical input into UV–vis and
fluorescence spectra, whereas the 2,2 0-bipyridine units in 1 works as a bidentate ligand for metal ions. X-ray structural analyses
of this redox pair and the corresponding Zn-complexes [1-ZnI2/22+-Zn2+(OTf�)4] demonstrate drastic structural changes upon elec-
tron-transfer, thus metal binding properties are modified by redox reactions.
� 2007 Elsevier Ltd. All rights reserved.
2,2 0-Bipyridine is the representative nitrogen-based
ligand to afford a plethora of metal complexes.1 To real-
ize bidentate binding, two pyridine nuclei adopt syn ori-
entation (I) whereas the anti-form (II) with C–H� � �N
hydrogen bonds2 is energetically favored for the metal-
free state due to lack of dipole/electrostatic repulsion
(Scheme 1).3 When the syn/anti equilibrium is biased
to prefer, or even fixed, to adopt one state by applying
external stimuli, metal-binding properties could be mod-
ified to induce controllable binding/release of the metal
ion (Mn+). On the other hand, when Mn+ is strongly
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bound to these molecules, sensitivity toward the external
stimuli might be modified by the presence/absence of
Mn+.

We previously reported the electrochromic behavior of
dihydrophenanthrene-biphenyl-type redox pair (IIIa/
IVa, X = CH) (Scheme 2),4 which undergoes drastic
structural changes upon electron transfer accompanied
by C–C bond formation/breaking (‘dynamic redox
properties’).5 When the 2,2 0-bipyridine skeleton is
replaced for the biphenyl unit, the newly designed redox
pair (IIIb/IVb, X = N) would exhibit syn/anti geometri-
cal switching by electric potential: the neutral donor IIIb
must adopt syn-orientation due to the ethano-bridge
whereas the dication IVb strongly prefers anti-form
by coordination of pyridine lone pairs to the cationic
centers.
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We have succeeded in constructing the title 2,2 0-bipyri-
dine-based redox pair (1/22+) with spiro-acridan/acridi-
nium chromophores6 shown in Scheme 3, that exhibits
UV–vis and fluorescence spectral changes upon electron
transfer (two-way-output response systems). Since the
spectral properties would be also modified upon the
addition of Mn+, the present molecules can serve as
two-way-input response systems. Here we report prepa-
ration, properties, and X-ray structures of the redox pair
as well as their metal complexes (1-Mn+/22+-Mn+).

3,3 0-Dilithio-2,2 0-bipyridine was generated by the reac-
tion of 2,2 0-bipyridine with lithium 2,2,6,6-tetrame-
thylpiperidide (LTMP),7 which was then reacted with
N-methoxyethoxymethyl (MEM)-9-acridone.8 Acidic
workup induced removal of MEM groups and succes-
sive dehydration to give 2,2 0-bipyridine-3,3 0-diylbis(9-
acridine) 3 in 33% yield (Scheme 4). Careful treatment
of 3 with methyl trifluoromethanesulfonate (MeOTf,
2.1 equiv)9 gave the desired dication 22+ along with
monocationic species, in which only one acridine unit
is quaternized. The orange salt of 22+(OTf�)2 was iso-
lated in 43% yield, yet it is more convenient to use the
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cationic mixture directly for the next step, and reduc-
tion by Zn powder produced colorless crystals of
dihydrophenanthroline derivative 1, which was iso-
lated in 16% yield after chromatographic separation
(Al2O3/CHCl3).

According to the X-ray analysis,10 two acridine moieties
in precursor 3 are aligned in parallel with the syn-
arrangement of the bipyridine unit [<N–C–C–N
57.9(3)�, Fig. S1]. Thus, the presence of two bulky gro-
ups at 3,3’-positions is not enough to bias the syn/anti
equilibrium to prefer the anti-form. In contrast,
the torsion angle of N–C–C–N in 22+(OTf�)2 is
180.0�, the ultimate value for the anti-form (Fig. 1b).
Slight deformation of the acridinium units into butter-
fly-shape is indicative of coordination of the pyridine
lone pairs to the cationic centers (C9).11 On the other
hand, the bipyridine unit in neutral donor 1 is fixed to
syn-form [<N–C–C–N 6.9(9)�, Fig. 1a] by forming a
C–C bond of 1.629(9) Å between C9 carbons upon
Figure 1. ORTEP drawings of (a) 1 and (b) 22+(OTf�)2 determined by
the low-temperature X-ray analyses.



Figure 2. Cyclic voltammograms of (a) 1 and (b)1-ZnI2 complex
measured in MeCN containing 0.1 mol dm�3 Et4NClO4 as a support-
ing electrolyte.

Figure 3. Changes in (a) UV–vis and (b) fluorescence spectra upon
constant-current electrochemical oxidation (30 lA, every 5 min) of 1

(3.5 mL, 2.3 · 10�5 mol dm�3) to 22+ in MeCN containing
0.05 mol dm�3 n-Bu4NBF4 as a supporting electrolyte. UV–vis
changes are accompanied by several isosbestic points (292 and
322 nm).
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reduction. These results indicate that the present redox
pair (1/22+) undergoes dynamic structural changes,
and the syn/anti-preference of the bipyridine unit could
be switched by electric potential.

As shown by the large separation of redox potentials
(Fig. 2a), this redox pair exhibits electrochemical bista-
bility. The oxidation potential of 1 (+0.30 V vs SCE in
MeCN) and the reduction potential of 22+ (�0.23 V)
are close to those of dihydrophenanthrene-biphenyl ana-
logue studied previously (+0.18 and �0.27 V, respec-
tively).4a Electrochemical oxidation of colorless donor
1 caused orange coloration with continuous changes of
UV–vis spectrum to that of 22+ with several isosbestic
points. Although the fluorescence of dication 22+ is
not strong,12 donor 1 is completely non-fluorescent.
Thus, the electrolysis induced gradual emerge of green
emission around 500 nm. In this way, two-way-output
response of the present redox system was demonstrated
(Fig. 3), thanks to the chromophoric interconversion
between spiro-acridans and acridiniums.4a

In accord with the clean electrochemical response, pre-
parative scale interconversion proceeded quantitatively:
oxidation of 1 with iodine (3 equiv) gave 22+(I�3 Þ2 in
98% yield, and reduction of 22+(I�3 Þ2 with Zn gave 1 in
100% yield. In the latter reaction, donor 1 was isolated
by column chromatography of the crude reduction
product. Noteworthy is the differences between the 1H
NMR spectra of the reduction product before and after
the chromatographic separation (Fig. S2). It is most
probable that the initial reduction product is the zinc
complex of donor 1, which lost the metal ion during
chromatography.

In fact, purification by recrystallization enabled us to
isolate 1-ZnI2 complex, in which bipyridine unit of
syn-form [<N–C–C–N 8(1)�] binds with a zinc atom
[Zn–N, 2.056(8) and 2.074(8) Å], as determined by the
X-ray structural analysis (Fig. 4a). As shown in Figure
5, the UV–vis spectrum of isolated 1 changed gradually
upon the addition of Zn2+(OTf�)2 with isosbestic
points. In this way, donor 1 was proven to exhibit metal
binding properties even in the diluted solution of
10�5 mol dm�3. On the other hand, UV–vis and fluores-
cence spectra of 22+ showed only negligible changes
upon the addition of Zn2+(OTf�)2, suggesting that com-
plexation is reluctant or even prohibited in dication 22+

due to anti-geometrical preference as well as repulsion
between positive charges. Fortunately, we could obtain
the single crystal of Zn2+ complex of dication 22+ by
air-oxidation of 1-Zn2+(OTf�)2 complex generated in
chloroform. The X-ray structure shown in Figure 4b
clearly shows that the bipyridine unit in 22+-
Zn2+(OTf�)4 complex adopts syn-orientation [<N–C–
C–N 32(1)�], and the two acridinium units are forced
to overlap each other. The steric and electrostatic repul-
sion must be the major reason for instability of 22+-
Mn+, and voltammetric analysis indicates release of zinc
ion15 upon two-electron oxidation of 1-ZnI2 complex in
MeCN (Fig. 2b).16 In this way, it is shown that the
metal-binding properties could be modified by electro-
chemical input.

In summary, we have constructed a novel dynamic
redox pair containing 2,2 0-bipyridine skeleton (1/22+),
which transduces electrochemical input into two-kinds



Figure 4. ORTEP drawings of (a) 1-ZnI2 and (b) 22+-Zn2+(OH2)4-
(OTf�)4Æ4H2O determined by the low-temperature X-ray analyses.
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of spectral outputs (UV–vis and fluorescence). Due to
the drastic change of geometry upon electron transfer,
Figure 5. Changes in UV–vis spectrum of 1 (red line, 3.5 mL,
3.3 · 10�5 mol dm�3) upon addition of Zn(OTf�)2 (0.25, 0.50, 0.74,
1.0, and 2.0 equiv) in CH2Cl2/MeCN = 1:1, which are accompanied by
several isosbestic points (229, 250, 290, 320, and 355 nm).
syn/anti-preference of the bipyridine moiety could be
also switched, thus modifying the metal binding proper-
ties. On the other hand, metal-ion addition induces spec-
tral change of the donor, showing that the present pair
could also serve as a prototype of multi-input response
system through metal-ion sensing.
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1.479 g cm�3, T = 153 K, l = 5.28 cm�1. The final R value
is 0.121 for 3950 independent reflections and 449 para-
meters. Refinement with the space group of P2/c did not
converge. CCDC 637945. 1-ZnI2: C38H28I2N4Zn,
M 859.85, triclinic P�1, a = 7.362(4), b = 13.775(8), c =
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