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The orange [Ru'l(HsL)](C10,),-3H,0 (1) complex was synthe-
sized from cis-[RuCl,(dmso),] and HiL, where HsL (tris{[2-
{(imidazol-4-yl)methylidene}amino]ethyl}jamine) is a tripodal
ligand obtained by condensation of tris(2-aminoethyl)-
amine and 4-formylimidazole in a 1:3 mol ratio. The X-ray
crystal structure analysis revealed that the complex has an
octahedral structure coordinated by three imidazole nitrogen
atoms and three Schiff base (imine) nitrogen atoms. The un-
coordinated NH groups of the imidazole moieties of 1 are
easily deprotonated by the action of a base. The effect of

deprotonation on the Ru™/Ru' redox potential was studied
by cyclic voltammetry in methanol containing 0.1 M LiClO,.
Complete deprotonation shifts the Ru/Ru' potential to a
much more negative value from -0.18 to -0.72 V vs. Ag/Ag™,
making it easier to oxidize. The bluish-purple Ru complex,
[Ru™(H;L)]3*, was formed by controlled-potential electrolysis
of 1, and the electronic spectrum is reported.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Ruthenium complexes containing imidazole and its de-
rivatives have attracted great attention in recent years since
several of them serve as antitumor drugs.! For example,
(H,im)[Ru™Cl,(Him)(dmso)] (Him = imidazole) and
(H,ind)[Ru™Cly(Hind)(dmso)] (Hind = indazole) are on
clinical trials, the first as an antimetastatic drug and the
second as an anticancer agent against primary tumors and
metastases and, in particular, colon carcinomas. As a mode
of antitumor action of the Ru complexes, the “activation
by reduction” hypothesis was proposed. The Ru'™ com-
plexes were suggested to serve as prodrugs that are activated
by reduction to Ru'! in order to coordinate more rapidly to
biomolecules.'Y In other words, the Ru'™ complexes should
possess biologically accessible reduction potentials to be
active in vivo.

Recently, we reported the structures and properties of
Fe!! and Fe™ complexes with a tripodal ligand containing
three imidazole groups, HiL; HiL (tris{[2-{(imidazol-4-
yl)methylidene}amino]ethyl}amine) is a potentially hepta-
dentate Schiff-base ligand derived from 1:3 condensation
of tris(2-aminoethyl)amine and 4-formylimidazole (Fig-
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ure 1).21 The X-ray crystal structure analysis of
[Fe"(H;L)](BF4),-3H,O revealed that the Fe! ion is sur-
rounded by three Schiff base (imine) nitrogen and three
imidazole nitrogen atoms in an octahedral fashion, where
the tertiary amine nitrogen atom is uncoordinated. The un-
coordinated imidazole NH hydrogen atoms of [Fe'-
(H;L)]?* are easily deprotonated; upon addition of up to
three equiv. of NaOH, [Fe''(H;L)]** in methanol under aer-
obic conditions shows a drastic color change from yellow-
ish-orange, through reddish-orange and green, to deep
blue.[*?! Fe!! species are oxidized to Fe''' by air under basic
conditions, and from the final blue solution, we obtained
the iron(IIT) complex, [Fe''(L)], containing the deproton-
ated ligand L3. Deprotonation of [Fe(H;L)]** induces
oxidation of the metal center to generate the [Fe™(L)]° spe-
cies. Thus, this reaction is an example of a proton-coupled
electron-transfer (PCET) reaction.’l If we study a ruthe-
nium complex with a ligand containing several imidazole
groups such as H;L, we should be able to control the redox
potential by adjusting the pH of the solution because the
complex will have several different pK, values. PCET is the
basic mechanism of bioenergetic conversion. Small-mole-
cule activation, redox-driven proton pumps, and hydrogen
atom abstraction reactions of a wide variety of oxidases and
reductases all involve the coupling of electrons to pro-
tons.l'4 Thus, [Ru''(H5L)]?* should be an ideal system to
study the pH-dependent metal-based couples as models for
PCET reactions because deprotonation should affect the
stability of the oxidation state of the Ru complex.

We report here the synthesis, structure, and properties
of a Ru'" complex with a tripodal ligand containing three
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Figure 1. Synthetic procedures for the tripodal H;L ligand and [Ru(H5L)]?>* (1), and the A and A configurations of complex 1.

imidazole groups, [Ru(H;L)](ClO,), (Figure 1), with em-
phasis being placed on the effect of deprotonation on the
cyclic voltammogram (CV) and on the electronic spectrum.

Results and Discussion

Synthesis and Characterization

The tripodal H;L ligand was prepared by the condensa-
tion reaction of tris(2-aminoethyl)amine and 4-formylimid-
azole in a 1:3 mol ratio in methanol (Figure 1). The HiL
ligand was not isolated and a solution containing this li-
gand was used for the synthesis of [Ru(H5L)](ClO4),:3H,0
(1). Orange [Ru(H;L)]*>* was prepared by mixing the ligand
and cis-[RuCly(dmso),]* in a 10:1 mol ratio. It should be
noted that the ligand/[RuCl,(dmso),] ratio is not 1.0, but
10. We tried to prepare the complex in different ligand/Ru
ratios. A large excess of the ligand seems to be necessary to
yield the desired complex. At present, we cannot explain
why complex 1 does not form under the equivalent mol ra-
tio (ligand/Ru = 1.0).

The IR spectrum of complex 1 (4d°, t,,°) shows an in-
tense band assignable to the CI-O vibration of the perchlo-
rate ion at 1088-1143 cm™! and an intense characteristic ab-
sorption at 1607 cm ! assignable to the C=N stretching vi-
bration of the tripodal Schiff-base ligand. The position of
the C=N stretching band is close to that of [Fe''(H;L)]-
(BF4)»*3H,0 (1610 cm™) in the low-spin state (3d°, t,,°).[*]
It has been reported that the position of the C=N stretching
band is sensitive to the electronic state of the complex. For
example, [Fe''(H;L)](BF,),:3H,0 exhibits a spin crossover
behavior and the high-spin species (t,,*e,”) shows the C=N
stretching vibration in the Raman spectrum at a higher en-
ergy (1638cm™!, T > 200K) than the low-spin one
(1610 cm™', T < 100 K).2T Complex 1 in D,O shows a very
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simple '"H NMR spectrum, and it conforms to the high
symmetry (C3) of the complex confirmed by X-ray crystal-
lography.

Crystal Structure

The crystal structure consists of a ruthenium(II) complex
cation, [Ru(H;L)]**, and two perchlorate ions as the
counteranions. Figure 2 shows an ORTEP drawing of the
cation of complex 1 with the atom numbering scheme. Se-
lected distances and angles, with their estimated standard
deviations in parentheses, are listed in Table 1. A rutheni-
um(II) ion with the 4dS, t,,° electron configuration assumes
an octahedral coordination environment with the Ng donor
set of the tripodal ligand including three imidazole and
three Schiff base nitrogen atoms. The tertiary amine nitro-
gen atom (N1) is not coordinated, the Ru-+*N1 distance be-
ing 3.161(6) A. The lengths of the six Ru-N bonds are
2.151(7)-2.232(8) A, and are in the expected range for the
given coordination number and donor atoms. The corre-
sponding M—N bond lengths for [Co™(H;L)](ClO,4);-H,0O
(3dS, t5,°%) and [Fe'(H;L)](BF4),'3H,0 (3dS, t,,°) are as fol-
lows: Co™ 1.88(1)-1.98(1) A% Fe' 1.981(3)-1.989(4) A.[21
Ionic radii (Shannon) for six-coordinate Co™ and Fe! are
reported to be 0.69 and 0.75 A, respectively.l®! The ionic
radius (Shannon) for Ru! is not available. However, on the
basis of the above M—N bond lengths, we can estimate the
jonic radius for Ru! to be ca. 0.95 A, assuming the nature
of the bonding is similar for each one of the three com-
plexes.

The crystal consists of a dimeric unit. Two adjacent com-
plex cations with the opposite absolute configurations (A
and A) are connected in a tail-to-tail fashion by
N-H--O(ClO4 )*H-N hydrogen bonds through two
counter-ClO4  anions, with N(imidazole)---O(ClO, ") dis-
3237
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Figure 2. ORTEP drawing of the cation of [Ru(H3;L)](ClOy), (1)
with atom numbering scheme showing the 50% probability ellip-
soids.

tances of 3.01(1) and 2.96(1) A and the N(imidazole)-
O(ClOy4 )N(imidazole) angle of 102.0(3)° (Figure 3,
Table 2). Each of the other two flanking ClO4 ions in
Figure 3 (part a) are hydrogen-bonded with only one com-
plex cation.

(a)

Figure 3. X-ray crystal structure of [Ru(H;L)](ClOy), (1). (a) Two
ClO,4 ions connect the two adjacent complex cations through hy-
drogen bonding, while the other two flanking ClO,4 ions are hydro-
gen bonded with only one complex cation. (b) Crystal packing
showing that the two complex cations in the same color are con-
nected by hydrogen bonding.

3238

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. Selected distances [A] and angles [°] for [Ru(H;L)](ClOy),
(1)

Bond lengths

Ru(1)-N(2) 2.172(8) Ru(1)-N(3) 2.190(7)
Ru(1)-N(5) 2.194(7) Ru(1)-N(6) 2.190(8)
Ru(1)-N(8) 2.151(7) Ru(1)-N(9) 2.232(8)
Interatomic distances

Ru(1)-N(1) 3.161(6) Ru(1)-*Ru(1)" 7.646(1)
Ru(1)"++Ru(1)? 7.453(1) Ru(1)"+Ru(1)? 10.197(1)
Bond angles

N@B)-Ru(1)-N(2) 77.6(3) N()-Ru(1)-N(2) 96.7(3)
N(6)-Ru(1)-N(2) 92.6(3) N(8)-Ru(1)-N(2) 102.6(3)
N©O)-Ru(1)-N(2) 173.0(3) N()-Ru(1)-N(3) 162.5(3)
N(6)-Ru(1)-N(3) 86.7(3) N(8)-Ru(1)-N(3) 100.5(3)
N©O)-Ru(1)-N(3) 95.6(3) N(6)-Ru(1)-N(5) 77.0(3)
N(8)-Ru(1)-N(5) 96.9(3) N©O)-Ru(1)-N(5) 90.3(3)
N(©O)-Ru(1)-N(6) 88.8(3) N©O)-Ru(1)-N(8) 76.6(3)

[a] Symmetry operators: (1) 1/2—x, 12+y, 1/2-z+1; (2) 12+x,
124y, +z; (3) +x, —p+1, 1/2+z-1.

Table 2. Intermolecular hydrogen bond lengths [A] and angles [°]
for [Ru(H;L)](ClOy), (1).

D H A D+~A DH H-A D-H-A
N@)  H@)  0o3)d 3.011) 0951) 2.13(1) 154(1)
N(10)  H@23) 03P 296(1) 0951) 2.12(1) 147(1)
N(7)  H@15) OG)e  3.01(1)  0.95009) 2.07(1) 167.1(8)

[a] 12—x, 12+y, 3/2—z. [b] +x, -y, 1/2+z. [c] +x, -1+, z.

Electronic and CD Spectra

The electronic spectrum of complex 1 in methanol is
shown in Figure 4. The complex is fairly stable in methanol
under aerobic conditions and the spectrum stays unchanged
for at least five hours. The complex shows an intense band
attributable to a metal-to-ligand charge transfer (MLCT)
transition in the visible region at 424 nm (13900 M 'cm™),
which obscures the weak d—d bands. The MLCT band is
unsymmetrical, which may be related to the less than octa-
hedral local symmetry (C3) of the complex that leads to loss
of the degeneracy of the MLCT transitions. The bands in
the UV region are mainly due to intraligand transitions.
The electronic spectrum of the H;L ligand in methanol is
also shown in Figure 4. Comparison of the two spectra in-
dicates that the shoulder around 330 nm of 1 is attributable
to the Schiff base n—n* transition and that the intense band
at 248 nm is mainly due to the imidazole moiety.

The uncoordinated NH groups of the imidazole moieties
of 1 can be deprotonated by the action of a base. With the
addition of NaOCHj; to [Ru(H;L)]?>* in methanol, a slight
color change from yellow to yellowish-orange was ob-
served: aliquots of the methanolic NaOCHj; solution were
added up to three equiv. to [Ru(H;L)]** in methanol, and
the reaction was followed spectrophotometrically (Fig-
ure 5). Although isosbestic points were observed at 375 and
440 nm, the latter is not sharp. This behavior can be ex-
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Figure 4. Electronic spectra of [Ru(H3;L)](ClO4),:3H,0 (1, ——) and the H;L ligand (- - -) in methanol.
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Figure 5. Electronic spectral changes of [Ru(H;L)](ClO,4),-3H,O (1) upon addition of NaOCH;. NaOCHj; in methanol was added stepwise

to a methanol solution of 1 (3.4x 107 M) up to 3.0 equiv.

plained as follows : The pK, values for [Ru(H;L)**,
[Ru(H,L)]*, and [Ru(HL)] are similar to each other, and
many species ([Ru'(H;L)]**, [Ru(H,L)]*, [Ru(HL)]°, and
[Ru(L)]") exist in equilibrium to obscure the isosbestic
points [Equation (1)].

+H" +H +H"
[Ru'(H;1)] % S [Ru'(HL)]' S [RUHL)S [RuL) D
-H' -H' -H'

In order to examine the stability of the deprotonated spe-
cies under aerobic conditions, we measured the spectral
change with the passage of time. After the addition of
one equiv. of NaOCHj;, the spectrum stayed almost un-
changed for at least 90 min. However, with the addition of
two equiv. of NaOCHj;, a slight spectral change was ob-
served after 90 min. This spectral change may be due to
oxidation of Ru" to Ru. This behavior is in agreement

Eur. J. Inorg. Chem. 2006, 3236-3243
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with the cyclic voltammetry results described later. Thus,
the above deprotonation reaction was carried out under an
inert atmosphere. The reaction is reversible: protonation of
[Ru(L)]” in methanol takes place upon sequential addition
of HCIO, in methanol, and the complex is finally converted
to [Ru'(H5L)]*>* [Equation (1)].

[Ru(H;L)]>* is chiral because of a spiral coordination ar-
rangement of the achiral H;L ligand around the Ru' ion.
Optical resolution was carried out by column chromatog-
raphy on SP-Sephadex, with 0.15 M sodium (+)-tartrate be-
ing used as the eluent.l”l The eluate was collected fraction-
ally. The first and last fractions show CD patterns that are
enantiomeric to each other, as shown in Figure 6. A strong
CD band around 330 nm is attributable to the Schiff base
n-n* transition. Recently, we have reported that the Fe!!
complex containing the HiL ligand, [Fe'(H;L)](BF,),:
3H,O0, is spontaneously resolved, and X-ray crystallography
revealed that the complex showing negative CD around
320 nm, attributable to the Schiff base n—n* transition, has
the A absolute configuration.” We have also resolved
3239
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Figure 6. Circular dichroism (CD) spectra of [Ru'(H;L)]** (1) resolved by SP-Sephadex column chromatography [eluent: 0.15 M Na(+)-

tart], the first (

[Co"™(H,L)]>** by fractional crystallization of the dia-
stereomeric salt with [Sb,{(+)-tart},]> [tart = tartrate(4)
ion] and have determined the absolute configuration by X-
ray crystallography.®] The less soluble diastereomeric salt,
[Co™(H,L)][Sb,{(+)-tart},]-4H>O, has the A configuration
and exhibits positive CD around 320 nm. From these re-
sults, we conclude that the faster-eluted enantiomer of
[Ru(H5L)]** showing negative CD around 330 nm has the
A absolute configuration. Exciton theory has been applied
to tris(chelate)- or cis-bis(chelate)-type metal complexes,
where chelate denotes such ligands as 2,2-bipyridine, 1,10-
phenanthroline, or Schiff-base ligands, and the relationship
between the CD pattern in the ligand n—n* transition region
and the absolute configuration around the metal ion has
been established.l) The conclusion described above for the
present complex is in agreement with the assignment based
on exciton theory.

Electrochemistry

The electrochemical properties of [Ru"(H;L)]** and its
deprotonated forms, [Ru(H,L)]*, [Ru'(HL)]°, and
[Ru(L)]", were studied by cyclic voltammetry (CV). The
measurements were performed under nitrogen using meth-
anol solutions containing LiClO,4 (0.1 M) as the supporting
electrolyte. The redox couple of [Ru(H;L)]** appears at
—0.18 V (E,. =021V, E,, = -0.15V) vs. Ag/Ag™ irrespec-
tive of the scan rate (10 = v = 200 mVs™!), the peak current
ratio ip,/i,e was found to be 1.0, (i, or ip)/v!/? was indepen-
dent of v, and the peak separation (AE,) was 0.060 V (Fig-
ure 7). These results are consistent with an electrochemi-
cally reversible one-electron redox process, see Equation (2).

[Ru"(ILL) + e 5 [Ru"(ILL)Y @)

3240
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) and the last (- - -) fraction showing patterns that are enantiomeric to each other.
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Figure 7. Cyclic voltammograms of [Ru(H;L)](ClO4),:3H,O (1,
0.2 mm) in methanol containing 0.1 M LiClO,4 at a glassy carbon
electrode at sweep rates of (1) 10, (2) 20, (3) 50, (4) 100, and (5)
200 mVs'.

The bluish-purple Ru™ complex, [Ru(H;L)]*, was
formed by controlled-potential electrolysis of [Ru''(H;L)]**
at 0.0V vs. Ag/Ag" in methanol containing 0.1 M (n-
C4Ho)4sNBF,. The progress of the oxidation reaction was
monitored spectrophotometrically (Figure 8). The band at
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424 nm decreased while two bands appeared at 320 and
580 nm, and isosbestic points were observed at 370 and
480 nm. The broad moderately intense band at 580 nm can
be assigned as an LMCT band.!'!

[Ru(H5L)]** in methanol undergoes reversible depro-
tonation and protonation upon addition of a base and an
acid, respectively, as described above (deprotonation—pro-
tonation is associated with the imidazole moieties). Figure 9
shows the progress of the deprotonation reaction as moni-
tored by cyclic voltammetry. Upon addition of one equiv.
of NaOCHj5 to [Ru(H;5L)J>* in methanol (Figure 9, b), the
current intensity of the initial redox couple at —0.18 V (£,
=021V, E,, = -0.15V; Figure 9, a) diminishes and the
couple shifts slightly to a more negative potential (£, =
-0.29V, E,, = -0.18 V), and a new redox couple attribut-
able to [Ru""(H,L)]*** appears at —0.67 V (E,. = -0.72'V,
E,, = -0.61 V). Upon addition of one more equiv. of Na-
OCHj; (Figure 9, ¢), the second redox couple shifts to a
more negative potential (E,. = -0.75V, E, = -0.62 V) and
grows at the expense of the first redox couple, and the initial
redox couple shifts to a more negative potential (E,
-035V, E,, = -0.24 V). Full deprotonation at the imid-
azolate nitrogen moieties is achieved by adding three equiv.
of base to produce [Ru(L)]" (see part d in Figure 9, E¥
=-0.72V, E,. = -0.77V, E,, = -0.66 V). Complete depro-
tonation of the ligand shifts the Ru™/Ru'' redox potential
to a more negative value from -0.18V to -0.72V, i.e.
180 mV per proton. Carina et al.l''l reported that deproton-
ation of the uncoordinated NH groups of the imidazole
moieties switches the redox potential of iron by as much as
345 mV per proton. A series of reverse reactions was ob-
served when an acid (HCI) was added to [Ru'(L)]". These
results are consistent with the acid-base equilibrium [Equa-
tion (1)]. Analysis of the CVs in Figure 9 (a—d), suggests
that each [Ru(H;_,L)]®>"* (n = 0-3) species is charac-
terized by a different potential of the redox couple although
the redox couple for [Ru™(HL)]*® was not clearly ob-
served; as the degree of deprotonation increases, the redox

potential becomes more negative (i.e. the compound be-
comes easier to oxidize). These results are in accordance
with the instability of the deprotonated species under aero-
bic conditions, as observed by electronic spectroscopy. It is
worth noting that, for a metal complex with a ligand exhib-
iting acid-base properties in aqueous solution, the redox
potential value is pH dependent; usually, however, each spe-
cies (fully deprotonated, monodeprotonated, etc.) does not
show an independent redox couple, but only an averaged
couple is observed.'?! The [Ru'(L)]" species exhibits an-
other redox couple at +0.12 V (Figure 9d, E,. = +0.08 V,

@ ®) /,

[Ru(HaL)?*

04 -1.0 +03 0 04 -1.0

E/V (vs. Ag/ Ag") E/V (vs. Ag/ Agh)

Figure 9. Progress of the deprotonation of [Ru(H;L)](ClO4),-3H,0
as monitored by cyclic voltammetry. (a)-(d): stepwise addition (0,
1, 2, and 3equiv.) of NaOCH; in methanol to 0.2 mMm
[Ru(H;L)](ClO4),°3H,0 in methanol containing LiClO, (0.1 m).
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Figure 8. Electronic spectral changes accompanied by the progress of controlled-potential electrolysis (oxidation) of [Ru(H;L)]** in meth-

anol containing 0.1 M (n-C4Hy)4,NBF, at 0.0 V vs. Ag/Ag*.
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E,, = +0.16 V), and this couple may be assigned as the
Ru'YM process.[1V]
We have demonstrated that the uncoordinated NH

groups of the imidazole moieties of 1 can easily be depro-
tonated by the action of a base, and that deprotonation

stabilizes the oxidized form, Ru!'l.

Experimental Section

Caution! Perchlorate salts of metal complexes are potentially ex-
plosive. Only small quantities of material should be prepared, and
the samples should be handled with care.

Materials: All reagents and solvents in the syntheses were of rea-
gent grade and were used without further purification. cis-
[RuCly(dmso),] was prepared according to the literature pro-
cedure.

[Ru(H;L)](C104),:3H,0 (1): A methanol solution (20 cm?) contain-
ing tris(2-aminoethyl)amine (0.73 g, 5 mmol) and 4-formylimid-
azole (1.44 g, 15 mmol) was heated under reflux for 20 min to give
a yellow-orange solution. This methanol solution contains the HsL
ligand, and the solution was used for the preparation of the Ru
complex. Nitrogen (or argon) gas was bubbled through the solution
for 15min to remove oxygen (Solution A). cis-[RuCl,(dmso),]
(0.242 g, 0.5mmol) was dissolved in oxygen-free methanol
(20 cm?®), and the ligand solution (Solution A) was added to this
solution by a syringe. The mixture was heated under reflux for 6 h.
The color of the solution changed from orange to dark brown. The
solution was cooled to room temperature, and a methanol solution
(50 cm?) of NH4BF, (1.6 g, 15 mmol) was added to give a brown
precipitate, which was collected by filtration. This product is not
soluble in common organic solvents, and it is not the desired com-
pound, but seems to be an oligomer. The filtrate was diluted with
0.01 M HCI (300 cm?). The solution was passed through a column
(2.7 cm I.D. %X 15 cm) of SP-Sephadex C-25. The adsorbed cationic
species were eluted with 0.2 M NaCl/0.01 m HCI. The eluate con-
taining the fastest eluted orange-red band was collected, and mixed
with an aqueous solution (5 cm?®) of NaClO, (0.2 g). The orange
crystals that deposited were collected by filtration. They were
recrystallized from water under nitrogen. Yield 15mg.
CgH30CLLN O Ru; = [Ru(H;L)](ClO,),:3H,0: caled. C 29.44, H
4.11, N 19.07; found C 29.34, H 3.74, N 18.88. 'H NMR (D,0,
ref. DSS): 6 = 2.8-3.5 (m, 4 H, CH,), 7.25 (s, 1 H), 7.80 (s, 1 H),
8.52 (s, 1 H)ppm. IR (KBr pellet): ¥ = ve=n(Schiff base),
1607 cm™; vey o(ClOy7), 1088, 1115, 1143 cm™!. UV/Vis (CH;0H):
A (g) =424 nm (13900 M ! cm™'), 248 nm (34800 M ! cm™!). Crystals
suitable for X-ray analysis were obtained by adding a diethyl ether
layer to an acetonitrile solution of the complex.

Optical Resolution: An aqueous solution (20cm?®) of
[Ru(H;L)J(ClO4),:3H,0 (3 mg) was adsorbed onto SP-Sephadex
(1 cm?) and the SP-Sephadex was placed on top of an SP-Sephadex
column (1 cm IDx30cm). The complex was eluted with 0.15 M
sodium (+)-tartrate, and the eluate was fractionally collected.”)

Physical Measurements: UV/Vis absorption spectra were recorded
with a JASCO Ubest-550 spectrophotometer. Infrared spectra were
measured on a JASCO FT/IR-550 spectrophotometer. CD spectra
were recorded with a JASCO J-720 spectropolarimeter. '"H NMR
spectra were recorded with a Varian Mercury 300 spectrometer ('H
at 300 MHz) at ambient temperature. Cyclic voltammetry measure-
ments were performed under nitrogen using a Fuso HECS 321B
potential sweep unit with methanol solutions containing LiClO,
(0.1 M) as the supporting electrolyte. The electrochemical cell was
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a three-electrode system consisting of a glassy-carbon working elec-
trode, a platinum wire auxiliary electrode, and an Ag/Ag* (Ag/
0.01 M AgNOs) reference electrode. As an external standard, the
Fc/Fc* (Fc = ferrocene) couple was observed at —-0.170 V vs. Ag/
Ag"* under the same conditions. Controlled-potential electrolysis
experiments were carried out with a platinum-gauze working elec-
trode, with the use of a Fuso HECS 312B DC-pulse polarograph
and a Model 1109 integrator. The reference electrode was the same
Ag/Ag* (Ag/0.01 M AgNOs) electrode used for the cyclic voltam-
metric experiments, and the auxiliary electrode was a platinum wire
separated from the test solution by a salt bridge.

X-ray Data Collection, Reduction, and Structure Determination: An
orange crystal of 1, with the approximate dimensions
0.5%0.2x0.1 mm, was mounted by a loop method, and the X-ray
data were collected with a Rigaku R-AXIS RAPID II imaging
plate area detector using graphite-monochromated Mo-K, radia-
tion (4 = 0.71073 A). The crystallographic data are summarized in
Table 3. The structure was solved by direct methods, and was re-
fined using full-matrix least-squares procedures with the Crystal-
Structure crystallographic software package.l'3! There are two pos-
sible space groups, C2/c (No.15) and Cc (No.9). We tried to solve
the structure in both space groups. Only the space group C2/c gave
rational results.

Table 3. X-ray crystallographic data for [Ru(H;L)](ClO,), (1).

Formula CsH2,CLLN(OgRu
Formula mass [g mol™!] 680.43

Crystal system monoclinic

Space group C2/c¢ (No.15)

a[A] 25.758(8)

b [A] 10.772(4)

¢ [A] 18.933(5)

a[°] 90

AN 101.57(1)

y[° 90

V [A3] 5146(2)

VA 8

Dcalcd [g cm—}] 1.756

4 [em™ 8.82

R [T > 2.00(D)] 0.082

wR,! [all data] 0.243

T [°C] -180

[a] Ry = X|F| — |Fll / ZIF| [b] wRy = {Z[w(F,®> — F2))
EW(FOZ)Z} 1/2'

CCDC-298967 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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