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Two new dinuclear Ru(lll) complexes containing naphthalene moieties, K[Ru,(dhpta)(«-O,CCH,-1-naph),] (1) and
K[Ruz(dhpta)(u-0,CCH,-2-naph)] (2) (Hsdhpta = 1,3-diamino-2-hydroxypropane-N,N,N',N'-tetraacetic acid, naph-
1-CH,CO,H = 1-naphthylacetic acid, naph-2-CH,CO,H = 2-naphthylacetic acid), were synthesized. Complex 2
crystallized as an orthorhombic system having a space group of Pbca with unit cell parameters a = 10.6200(5) A,
b = 20.270(1) A, ¢ = 35.530(2) A, and Z = 8. EXAFS analysis of 1 and 2 in the solid states and in solution
clarified that the dinuclear structures of 1 and 2 were kept in DMSO solutions. Variable-temperature magnetic
susceptibility data indicated that the two Ru(lll) centers are strongly antiferromagnetically coupled as shown by the
large coupling constants, J = =581 cm~* (1) and =378 cm™! (2). In the cyclic voltammograms of 1 and 2, one
oxidation peak and two reduction peaks which were assigned to the redox reaction of the ruthenium moieties were
observed in DMF. The large conproportionation constants estimated from the reduction potentials of Ru"Ru" and
Ru"Ru" indicated the great stability of the mixed-valent state. The mixed-valent species [Ru"Ru'(dhpta)(u-O-
CCH,—-R)3>~ (R = 1-naph (6) and R = 2-naph (7)) were prepared by controlled potential electrolysis of 1 and 2
in DMF. The electronic absorption spectra of 6 and 7 were similar to that of [Ru"Ru" (dhpta)(«-O,CCH3),]*~ which
is a typical Class Il type mixed-valent complex. The fluorescence decay of 1 and 2 indicated that there are two
quenching processes which come from the excimer and monomer states. The short excimer lifetimes of 1 and 2
were ascribed to the energy transfer from the naphthyl moieties to the Ru centers. The different excimer ratio
between 1 and 2 suggested that the excimer formation is affected by the conformation of the naphthyl moieties in
the diruthenium(lll) complexes.

Introduction ment of these systems may enable the absorption of sunlight
and the conversion of the solar energy to useful and storable

Molecular- and supramolecular-based systems have at-, g .ol energy forms. To convert solar energy to chemical
tracted much attention because the construction and develop- gy ' 9y
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energy in these systems, it is important to construct efficient well expected that the introduction of photofunctional
photoinduced electron- and energy-transfer processes. Sincenoieties to model diiron complexes for these diiron proteins
photoinduced electron-transfer involves an electron-transferwill lead to the development of new artificial solar energy
process from an electron-donating species to an electron-harvesting systems. Considering the presumed high barriers

accepting specié<, many efforts have been made for the

synthesis and characterization of electron-donors (e. g.

porphyrin derivative$, naphthalené, and pyreng® and
electron-acceptors (e. g., quinolifiiyllerene’ 1% and metal
complexe$19).

Recently, many proteins involving multiiron centers, such
as ferredoxirt® hemerythrintt~1° ribonucleotide reductas-
esi617.20 and methane monooxygenadést 2° have been

in controlling the electronic states of diiron centers, we have

,chosen diruthenium complexes ligated by photofunctional

moieties as probable new systems. Ruthenium, which is not
involved in the active sites of metalloproteins, belongs to
the same group as iron, and the diruthenium centers have
the potential to provide redox chemistry in a manner similar
to that of diiron. Compared with diiron complexes, diruthe-
nium complexes are expected to exhibit stabilized mixed-

shown to play key roles for the elaborate electron transfer valent states, which are advantageous for the catalytic redox
in the biological systems. Since the diiron complexes have reaction. Some examples of mixed-valent ruthenium com-
the ability of electron donors to act as an electron pool, it is plexes have been reported (e.g., [(MN) CNRU" (NH3)s] ~,%°
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[(NH3)sRU'LRU"L']" (L = pyrazine, L. = EDTA),3! and
[(bpy)RU" (L-SP-L)RU'(decbpy)]®* (bpy = 2,2-bipyridine,
decbpy= 4,4-diethoxycarbonyl-2,2bipyridine, L = 2-(2-
pyridyl)benzimidazolyl, SP= —(CH,),—),*?> which were
studied on the basis of their photochemical properties and
electron or energy transfer. Furthermore, dinuclear com-
plexes, RH (dcb)-(BL)-Ru'(dmp) and RH' (dcb)-(BL)-Ru'"-
(bpy), (dcb = 4,4-dicarboxy-2,2-bipyridine, dmp= 4,7-
dimethyl-1,10-phenanthroline, BE 1,2-bis[4-(4-methyl-
2,2-bipyridyl)]ethane), have been shown to exhibit faster
(1¢-1° s Y and more efficient ¥95%) photoinduced
electron transfer than the mononuclear compleX,(&eb)-
(dmb) (dmb= 4,4-dimethyl-2,2-bipyridine)33

Recently, we synthesized and characterized K{&hpta)-
(u-O2CCHs);] (3) (Hsdhpta= 1,3-diamino-2-hydroxypro-
paneN,N,N,N'-tetraacetic acidj* We have found that
K[Ruy(dhpta)-O.CCeHs)2] (4) can be synthesized by
replacing the acetate moieties ®fwith benzoaté® Using
this ligand substitution reaction, we synthesized KfRu
(dhpta)ft-O.C-p-ZnTPP}] (5) (ZnTPPp-COH = zinc 5-(4-
carboxylphenyl)-10,15,20-triphenylporphyrdfo introduce
two bridging porphyrin moieties into the diruthenium
complex, in which two porphyrin moieties are expected to
be effective for photoinduced charge separation as porphyrin
dimers. In the photosynthesis, two bacteriochlorophylls play
key roles as the special pair for light absorption, charge
separation, and electron transfer to two bacteriopheophytins
and two quinolined® By mimicking this special pair, many
dimers of porphyrins and derivatives thereof have been
studied so faf’-*8Kobuke et al. synthesized a cofacial dimer
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of imidazolyl-substituted zinc porphyritf.Compared with dhpta (0.345 g, 1.071 mmol), and the mixture was heated at 80
the monomeric porphyrin, the dimer formation accelerated °C. While the pH was maintained at 5 by the addition of aqueous
the charge separation rate and decelerated the charglOH, the reaction mixture was stirredrf6 h at 80°C. A MeOH-
recombination rate, resulting in the prolonged charge separa—""a;eg 952'”“0“0(30 m'-’d‘(’j/"; tll 1& of 1.-ntaphthylgcltetlc aC"t{' (0514?80
tion state of porphyrin. For comple®, however, no 9 439> MMoj)was added to In€ mixiure, ana it was stirred a
elongation of the charge separation state by the interaction C for 2 days. A MeOH water solution (30 mL, viv= 1/1) of

) . 1-naphthylacetic acid (0.419 g, 2.250 mmol) was added to the
between the two porphyrins was found, while an electron

/ : 22 mixture, and it was stirred fob h at 80°C. The dark red solution
transfer between ruthenium centers and porphyrin moieties, g concentrated in vacuo, and the precipitates were filtered off.
was observed’

The precipitates were dissolved in MeOH and purified by gel

Since the discovery of the excimer emission of pyrene by permeation chromatography (Sephadex LH#2& 3 cm, h= 70
Forster and Kasper in 1954, excimer fluorescences have cm, eluted by MeOH). The dark red band was collected and
been observed for a large number of aromatic hydrocarfons. concentrated to yield a dark red powder. Yield: 178 mg (9.2%).
Naphthalene and its derivatives are sometimes used ag\nal- Calcd for GsHasKN2OwRw, (K[Rua(dhpta)f-O,CCH;-1-
fluorescence prob&sand metal ion sensdrs* by taking “aph)]'HZO)- C, 44.39; "_"msl-51' N, 2.96; Found: C‘|43'3f0' H,
advantage of the excimer emission. With this connection, 3:64 N. 2.98. ESI MS: mz 891.2 [M — K]~ (calcd for

. . . . CzsH31N,O13R Wy, 8910) U\V-vis (C = 0.242 mM, dlmethyl

the excimer-mediated photoinduced energy transfer, which , : : T

| . lei id foh hemi dsquOX|de (DMSO), light path lengtls 1 cm): 4, nm , M~1cm™?)
plays an important role in wide areas of photochemistry and ,gg (5 oy 10%), 381 (2.37x 10%), 491 (2.66x 10%). IH NMR in
photobiology including light harvestlng a_nd energy storage pyso.ds (300.07 MHz): 6 61.9 (br, 1H, 2-dhpte), 9.00 (br, 1H,
processe$*” has been extensively studied. However, the Hg-naphthyl), 7.78-7.70 (3H, m, H6, H7, H9-naphthyl), 7.53 (d,

essential conformational dynamics in the field of intramo- 1H, 3J = 8.1 Hz, H4-naphthyl), 7.387.11 (m, 6H, H2, H3, H3
lecular excimer formation are not clear yet. The relationship H4', H8, H8-naphthyl), 6.77 (dd, 1H3J = 7.2 and 8.1 Hz, H7
between a metal cluster and a naphthyl excimer has beemaphthyl), 5.49 (s, 2H~CH'-naphthyl), 5.06 (d, 1H3J = 8.1

studied by Picraux et at®who synthesized a diiron complex,
[Fex(O)(u-O.,CCH,-2-naph)(TACN-Mej3);]?" (TACN-Me; =

1,4,7-trimethyl-1,4,7-triazacyclonane), and reported that the
energy transfer occurs from the naphthyl moieties to the iron
centers via an excimer state. This important result encourage

Hz, HZ2-naphthyl), 4.32 (d, 1H, H6-naphthyl), 3.95 (br, 2H, 1,3-
dhptaH), —0.99 (d, 2H2J = 17.4 Hz,—N—CH,—C0,), —1.69 (s,
2H, —CHy-naphthyl), —2.84 (d, 2H,2J = 18.0 Hz, —N—CH,—
CO,), —6.04 (d, 2H,2J = 11.1 Hz, 1,3-dhptd’), —6.69 (d, 2H,
2J=11.1 Hz, N-CH,-CO;), —6.85 (d, 2H2J = 16.2 Hz, N-CH,'-
0y). IR (KBr, cm™1): 3425, 2361, 2341, 1663, 1564, 1508, 1391,

us to examine the possibility of photoinduced energy transfer 1348, 1308.

between a ruthenium cluster and naphthyl moieties in the

diruthenium complexes, K[R(dhpta){-O,CCH,-1-naph)]
(1) and K[Ruw(dhpta)(-O.,CCH,-2-naph)] (2).

Experimental Section

General Procedures.All reagents were commercial products
and were used without further purification. RgCIMSO),*° and
K[Ruy(dhpta)(-O,CCHg),] (3)3* were prepared according to the
previous paper.

K[Ru »(dhpta)(u-O,CCH,-1-naph),] (1). RuCL(DMSOQO), (1.008
g, 2.080 mmol) was added to an aqueous solution (pH 5)sf H
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K[Ru (dhpta)(u-O,CCH,-2-naph),] (2). 2-Naphthylacetic acid
(806 mg, 4.328 mmol) was added to the MeOH solution (200 mL)
of K[Ruy(dhpta)-O,CCHg),] (202 mg, 0.297 mmol), and the
mixture was refluxed for 3 days. The mixture was concentrated in
vacuo and purified by gel permeation chromatography (Sephadex
LH-20 ¢ = 3 cm, h= 70 cm, eluted by MeOH). The dark red
band was collected and concentrated to yield red crystals. Yield,
64.8 mg (23.4%). Anal. Calcd forggHssKN ,01R W, (K[Rux(dhpta)fe-
0,CCH,-2-naph)]-CH3;OH): C, 45.00; H, 3.67; N, 2.92. Found:
C, 44.56; H, 3.38; N, 3.05. ESI-MSm/z 891.0 [M — K]~ (calcd
for CssH31N2013R W, 891.0). UV-vis (¢ = 0.256 mM, DMSO, light
path length= 1 cm): 1, nm (¢, M~t cm™1) 261 (1.92x 10%, 272
(2.01 x 10%, 278 (2.01x 10%, 381 (2.56x 10°), 491 (2.92x
10°). '"H NMR in DMSO-ds (300.07 MHz): 6 58.4 (Br, 1H,
2-dhptad), 8.21 (s, 1H, H1-naphthyl), 7.95 (d, 2F] = 8.8 Hz,
H4-naphthyl), 7.79-7.71 (m, 2H, H9, H6-naphthyl), 7.70 (d, 1H,
3J = 8.8 Hz, H3-naphthyl) 7.587.53 (m, 1H, H8-naphthyl), 7.45
7.39 (m, 3H, H7, HG HY-naphthyl), 7.4%-7.28 (m, 2H, H7, H8-
naphthyl), 7.09 (d, 1H3J = 8.8 Hz, H4-naphthyl), 5.35 (s, 2H,
—CHa-naphthyl), 5.21 (s, 1H, Hinaphthyl), 4.62 (d, 1H,

3] = 8.8 Hz, H3-naphthyl), 4.41 (br, 2H, 1,3-dhpth, —1.06 (d,
2H, 2 = 17.7 Hz, —N—CH,—CGQ,), —2.03 (s, 2H,—CH;'-
naphthyl),—2.89 (d, 2H,2J = 18.3 Hz,—N—CH'-CO,), —6.10
(d, 2H,2J = 10.8 Hz, 1,3-dhptd’), —6.42 (d, 2H,2] = 15.0 Hz,
N—CH;-C0Oy), —6.73 (d, 2H,2J = 15.3 Hz, N-CH;-CO,). IR
(KBr, cm™1): 3244, 2361, 1670, 1566, 1508, 1369, 1346, 1286.

Physical MeasurementsElectrospray ionization mass spectra
(ESI-MS) were recorded on a JEOL JMS-T100LC. Elemental
analyses were carried out using a Perkin-Elmer PE2400 Series Il
CHNS/O Analyzer (Nara Institute of Science and Technology). IR
spectra were recorded on a JASCO FT/IR 89@3 KBr disks.

UV —visible (UV—vis) spectra were recorded on a JASCO V-570
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Table 1. Crystallographic and Experimental Data @r

the full-matrix least-squares technigleninimizing SwW(|Fo| —
|Fc))2, wherew = 1/(6%(F,)). The final refinement with anisotropic

formula C36H35KN2014RU2 )
fw 960.92 thermal parameters for all non-hydrogen atoms was converged with
cryst syst orthorhombic R=0.052 andR, = 0.122. The largest peak in the final differential
space group Phca(No. 61) Fourier map was 0.96 e &
un';?f\l)l 10.6200 (5) EXAFS Analysis. Extended X-ray absorption fine structure
b (A) 20270 (1) (EXAFS) measurements were performed at beam line 10B of the
c(R) 35.530 (2) Photon Factory of the High Energy Acceleration Research Orga-
V(A3 7648.5 (7) nization (KEK-PF), Tsukuba, Japan. Measurements of spectra of
$(°C) 280_0 the DMSO solutions (0.5 mL) dof (45 mg) and2 (50 mg) in bags
Deatca (g-cm~3) 1.669 and analyses of the spectral data were performed in the same manner
u(Mo Ka) (em™?) 9.69 as reported previousff.Spectral analyses were performed by using
trans factor 0.8610.986 REX2000, version 2.0.7 (Rigaku Co.).
no. of unique data 8689 ¢ 20 (1)) Preparation of [Ru'! Ru'(dhpta)(u-O,CCH2-R),]>~ (R =
no. obsd data 59400 .
no. variables 501 1-naph (6) and R= 2-naph (7)) by the Controlled Potential
Ra 0.052 Electrolysis of 1 and 2.Complexesl and2 and degassed DMF
EWSF (11122 were placed in a cell with a carbon working electrode, a platinum

3R = 3 [|Fol — IFcll/Y|Fol; Ry = [SW(IFo| — |Fe)?IWIFol?]Y2 w =

Lo*(Fy).

UV/VIS/NIR spectrometer at room temperature. Static fluorescence

spectra were measured at 77 K (liquid nitrogenpil cmquartz

wire counter electrode, and an Ag/AgPFeference electrode.

Electrolysis was carried out at1.50 V versus Ag/AgPg&under

Ar until the current flow ceased. The formation 6fand 7 was

confirmed by their characteristic bands in electronic spectra.
Fluorescence Decay Measurementluorescence decay was

measured by the time-correlated single-photon-counting method.

cell with a fluorescence spectrophotometer (Hitachi, F-4500) in The excitation light source was third harmonic pulses (295 nm)
EtOH/MeOH = 4/1 (v/v) and corrected for the spectral response generated from a mode-locked Ti:sapphire laser (Spectra Physics,
of the instrumentH NMR (300.07 MHz) spectra were recorded  Tsunami 3950) that was pumped by antAaser (Spectra Physics,

on a Varian GEMINI 2000 spectrometer. Cyclic voltammograms BeamLok 2060). The fluorescence emission was detected with a
were recorded on a BAS CV-50W voltammetric analyzer by using photomultiplier tube (PMT; Hamamatsu Photonics, R3234) through
a conventional three-electrode system, a glassy carbon and platinuma monochromator (Ritus MC-10N) with two cutoff filters (UV-31)
wire working electrode, a platinum wire counter electrode, and an for the excitation light. The details of this apparatus have been

Ag/AgPF; (in N,N-dimethylformamide, DMF, and C{N) refer-
ence electrode. All spectra were scanned at 100 mVSince the
Ag/AgPFR; reference electrode had a potentiakd.04 V (in CHs-

CN) or—0.09 V (in DMF) versus the ferrocenium/ferrocene{(fc

described in the literatuf®.The total instrument response function
has an fwhm (full width at half-maximum) of ca. 750 ps at the
excitation wavelength. The decay data were fitted with the sums
of exponential functions that were convoluted with the instrument

couple as an external standard, potentials reported here wereresponse function by the nonlinear least-squares method.

corrected to those versus by adding either-0.04V or—0.09
V to the potential values estimated versus the"Aglectrode.

Controlled potential electrolysis was carried out with a Nichiakesoku

NP-IR 1000 potentiostat. Magnetic susceptibilityer) at room

temperature was obtained by the Gouy method. The diamagnetic
corrections were calculated from a table of Pascal’s constants. The

Results and Discussion

Preparation and Structures of Complexes 1 and 2.
K[Ruz(dhpta)f:-O.CCH,-1-naphy] (1) was synthesized by
the direct method? and K[Rw(dhpta)f:-O,CCH,-2-naphj]

temperature dependence of the magnetic susceptibility was mea{2) Was synthesized by a SUpStitUtion readm shown in
sured on a Quantum Design MPMS-5S SQUID susceptometer Scheme 1. For the synthesis bf the reaction of RuGt

operating at a magnetic field of 0.5 T at 4.300 K. All data were
fitted to the BleaneyBowers equation, taking into account the
small amount of mononuclear Ruimpurity and temperature-
independent paramagnetisido() as shown in eq 1

NGug’r 1 23] -2 Ngug”
” ——{1+§e p(—k—T)} (1= p) + P+ 2Nt (1)

whereN, ug, k, andp are Avogadro’s number, the Bohr magnetron,
Boltzmann'’s constant, and the extent of mononucledt iRpurity,
respectively.

X-ray Crystallography . Experimental data are summarized in
Table 1. A dark red crystal df was mounted on a glass fiber and

cooled in a stream of cold nitrogen gas. All data sets were collected
on a Rigaku Mercury instrument by using graphite-monochromate

Mo Ka radiation with a maximum @ value of 55.0. All data sets

were corrected for Lorentz polarization effects and for absorption.

The structure o2 was solved by Patterson methods (DIRDIR-

(DMSOQ), in aqueous solution is preferable to that in MeOH
since the latter makes it hard to purify the complex by
column chromatography. On the other hands, the synthesis
of 2 by the ligand substitution reaction gave a higher yield
compared with that of the direct method by using RuCl
(DMSOQ), in aqueous solution. Complexdsand 2 were
found to be soluble in methanol, ethanol, £, DMF, and
DMSO. ESI MS spectra df and2 gave [M— K]~ peaks at
891.2 and 891.0, respectively, consistent with the proposed
structures.

The structure of2 was determined by X-ray crystal-
lography. The unit cell involved the complex anion

d (50) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de

Gelder, R.; Israel, R.; Smits, J. M. Mlhe DIRDIR-94 Program
SystemTechnical Report of the Crystallography Laboratory; Univer-
sity of Nijimegen: Nijimegen, The Netherlands, 1994.

(51) Sheldrick, G. MProgram for the Refinement of Crystal Structyres
University of Gdtingen: Gitingen, Germany, 1997.

94%9) and expanded by using Fourier techniques. Hydrogen atoms (s2) ohkita, H.; Ito, S.; Masahide, Y.; Yasuo, T.; Tani, K.Phys. Chem.

were added but not refined. The structure2ofvas refined with

A. 2002 106, 2140.
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Scheme 1. Synthetic Procedures df and 22
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/~o\(

H:C CH;

aConditions: (a) addition of ktlhpta, adjust pH at 5 wit1 M KOH,;
(b) addition of 1-naphthylacetic acid, keep at-85 °C for 3 days; (c)

N

addition of 2-naphthylacetic acid, reflux for 3 days.

Figure 1. ORTEP drawing o2 showing 50% probability ellipsoids. The
hydrogen atoms, K countercation, and one MeOH molecule have been

omitted for clarity.

Table 2. Selected Bond Lengths (&) and Angles (deg) Zowith
Estimated Standard Deviations in Parentheses

Ru(1)-Ru(2) 3.438(6)
Ru(1)-0(3) 1.989(3)
Ru(1)-0(10) 2.052(3)
Ru(1)-N(1) 2.026(3)
Ru(2)-0(7) 1.955(3)
Ru(2-0(11) 2.051(3)
Ru(2-N(2) 2.032(4)

Ru(1}-O(1)-Ru(2)  122.7(1)
O(1)~Ru(1)-0(12) 97.0(1)
O(1)-Ru(2)-0(11) 87.8(1)
O(11-Ru(2-0(13)  89.2(1)

[Ruyx(dhpta)f:-O.CCH,-2-naph)] ~, one potassium cation, and
one MeOH molecule. The ORTEP plot of [Rdhpta)f:-

Ru(£y0(1)
Ru(1yO(5)
Ru(B0(12)
Ru(2)0(1)
Ru(2y0(9)
Ru(2)0(13)

O(1Ru(1)-0(10)
O(10yRu(1)-0(12)
O(1)Ru(2)-0(13)

1.956(3)
2.041(3)
2.093(3)
1.962(3)
2.026(3)
2.092(3)

87.6(1)
90.3(1)
99.1(1)

Nakai et al.

Table 3. Structural Parameters Derived from EXAFS Analysis for
Complexesl—3

EXAFS X-ray crystallography
complex shell rr(A) N° o R(%) r(A) N

1 Ru-O/N 2.05 5.3 0.047 21
(solid) Ru-C 2.89 6.8 0.080
Ru—Ru 346 0.6 0

2 Ru—O/N 2.05 55 0.044 33 2.023
(solid) Ru-C 2.86 6.8 0.091 2.833
Ru—Ru 346 04 0 3.438 1.0

1 Ru-O/N 205 57 0051 3.7

(DMSO) Ru-C  2.83 7.4 0.103
Ru-Ru 348 05 0

2 Ru-O/N 206 59 0056 1.9

(DMSO) Ru-C  2.87 7.1 0.085
Ru-Ru 347 04 0

3 Ru—O/N 2.04 6°
(solid) Ru-C 284 ¢6°
Ru—Ru 3.44 1° 3.433 1.0¢

aEstimated errors are- 0.01 A.? Estimated errors are- 0.7.¢ Data
from ref 34.

dhpta and two coordinated naphthyl acetate ligands to give
a cofacial bioctahedral structure. The distances of RQand
Ru—N are 1.955(3)2.093(3) A, and the distance of
Ru(1)y+-Ru(2) is 3.438(6) A. The angle of Ru@p(1)—
Ru(2) is 122.7(1). These bond distances and angle are
similar to those of3. The bond angles of O(18)Ru(1)-
0(12) and O(11yRu(2)-0(13) are 90.3 and 8% 2which
are lager than those 8f The planes of the naphthyl moieties
(deviation from planarity 0.0702 and 0.0661 A) are nearly
perpendicular to each other (72 3This angle is similar to
that of [Fe(O)(u-0,CCH,-2-naph)(TACN-Mes),]2+ (72.£).48

The structures ofl and 2 in the solid state and in the
DMSO solution were studied by EXAFS. In the Fourier
transforms of the EXAFS oscillation dfand2 in the solid
states and in DMSO (Figure S1), three peaks were found at
1.6, 2.3, 3.0 A (before phase-shift correction), and these were
assigned to the backscattering contribution of the nitrogen
and oxygen atoms (N/O) coordinated to ruthenium, the
carbon atoms (C) including the five-membered chelate rings,
and the ruthenium atom (Ru), respectively. The Fourier-
filtered technique was applied in the curve fitting of each
peak with three term&3y (K)nio, k3 (k)c, andk3y(K)r, under
the assumption df3y (k) = k3 (K)no + k3¢ (K)c + K3y (K)ru-
Resultingk®y(K)caca andk3y(K)onsavalues are shown in Figure
S1, and the structural parameters (i.e., diatomic distance
coordination numbeN, and the DebyeWaller factor, o)
are listed in Table 3. The values forl and2 in the solid
state and in the DMSO solution are similar to thos&.3¢
These results indicated thatind2 have a hemerythrin-like
coordination frame similar to that & even in the DMSO
solution. The'H NMR data ofl and?2 also suggest that the
dinuclear structures maintain in DMSO. Th¢ NMR spectra
of 1 and2 showed sharp signals in the range-Gf~62 ppm.
The peaks at 61.9 and 58.4 ppm are assigned to methine
protons because the signals of the methine protons of K[Ru
(dhpta)ft-O,C-R)] (R = CHjs (3), CeHs (4), and ZnTPPR))

0,CCH,-2-naph)]~ is shown in Figure 1, and selected bond are known to appear at 56:86.9 ppmE*3Three methylene
lengths and angles are listed in Table 2. The structure of theand naphthyl moieties exhibited two sets of peaks because

complex anion of2 is similar to that of33* with two

of the Cs symmetry ofl and 2. Noticeably, the signals of

ruthenium atoms symmetrically bridged by the alkoxide of the acetate functions of the naphthyl moieties were split into

3052 Inorganic Chemistry, Vol. 45, No. 7, 2006
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Table 4. Physical Properties of and?2

formal redox potentidl intervalence charge-transfer band
magnetic propertiés (V vs Fc'0) (band 1)
-J Na process Vmax Avip €max Had
complex g (cm™b p  (x1Femumoll) (i) (i) (iii) (iv) (x1CcmY) (x10fcm™) (x1M1tcml) (x103cm™d)
1 2.1 581 0.003 435 129 063 —-1.05 -—-1.36 5.8 3.7 0.70 0.73
(0.53) (—1.27) (—1.73)
2 21 378 0.026 176 1.30 064 —-1.05 -1.34 5.8 3.7 0.69 0.72

(0.54) (—1.28) (—1.71)

aMagnetic parameters derived from the fitting to temperature-dependent molar susceptibility. Determined in tie .dohdl.[n-BusN]PFs; glassy
carbon working electrode; Ag/AgRFeference electrode. Determined in €HN (and in DMF). Potentials were corrected to those v§Hay adding either
—0.04 V (in CHCN) or —0.09 V (in DMF) to the potential values estimated vs the"Aglectrode* Determined in DMF.

(i) IlouA

(i)

(@ band II

—
A
T

—

e/10°M'em!

0.5r

E/V vs Fc/Fc* 0.I5 le 1I.5
Figure 2. Cyclic voltammograms of (a) and (b)2 in DMF at scan rate v/10% cm’!

of 100 mV s, Figure 3. Electronic absorption spectra of (8)and (b)7 in DMF and
fitting data as the intervalence charge-transfer bands (band | and band II)
two signals (i.e., at-1.69 and 5.49 ppm witth and at—2.03 of 6 and7 (observed spectra-) and fitting data (- -)).

and 5.35 ppm with2) indicating that the two naphthyl

moieties are located in magnetically distinct environments. peaks, and all of these peaks corresponded to ruthenium
Magnetic Properties. Complexesl and2 are paramag- ~ Moieties Ei,") at 0.53 () and 0.54 V @) and were assigned

netic at room temperature with a magnetic momei)(of to the oxidation of RURU" to RUVRU". The one-electron

1.20 and 1.19 per RU! ion. These values are significantly ~reduction peaksH,™ andEy ") at—1.27 (1) and—1.28

lower than that expected for a low spifi complex (1.73 V(2 and at—1.73 (I) and —1.71 V (2) were assigned to

ug), indicating a strong antiferromagnetic interaction between the reductions of RURU" to RU'RU" and of RURU" to

the two RUl' ions. The temperature dependence of the molar RU'RU', respectively. The peaks assigned to the naphthalene

magnetic susceptibilityy{) of 1 and 2 in the temperature moieties were not observed in the potential range studied.

range of 4.5-300 K (Figure S2) was fitted to the Bleaney When the cyclic voltammograms dfand2 were recorded

Bowers equatiofi3 by taking into account of the small N CHsCN, the irreversible peaks were observed at 119 (

amount of a mononuclear Bucomplex present as an and 1.30 V ), and they were assigned to the oxidation of

|mpur|ty and temperature_independent paramagnem ( naphthyl mOietieS. The Ial’ge potential differences between

based on the Heisenberg model= —2JSS,. Theg value E1 andEy ™ suggest that and2 are in the stable mixed-

was fixed to 2.1, and the diruthenium system was treated asvalent state. The conproportionation constaktg ¢f 1 and

a ground-state singlet with a low-lying triplet state. The 2 calculated according to eq 2 were 1.8710" and 8.60x

magnetic parameters dfand?2 are listed in Table 4. The 10, respectively, indicating the significant stability of the

large antiferromagnetic coupling constant values)(of 1 mixed-valent species [RRU" (dhtpa)fi-O,CCH,-1-naphy]*~

and 2 indicate a significant interaction between unpaired (6) and [RURu" (dhtpa)f-O,CCH-2-naph)]*~ (7).

electrons of the two RiI ions through theu-alkoxo and

u-carboxylato bridges. The significant shakbNMR signals Ru",L,]” + [Ru”zLZ]S’«L—C 2[RU'RU" L)%

of 1 and 2 also suggested the participation of a strong _

antiferromagnetic interaction between the two Ru atoms. FEE,," — E;,™)
Electrochemical Properties As shown in Figure 2, the Ko =ex RT )

cyclic voltammograms of and2 recorded in DMF showed

one reversible oxidation peak and two reversible reduction The mixed-valent specie§,and7, were prepared by the
controlled potential electrolysis df and?2, respectively, at
(53) Bleaney, B.; Bowers, KProc. R. Soc. London, Ser.1®52 214, 451. —1.50 V vs Ag/AgPFkin DMF. Figure 3 shows the electronic
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Figure 4. Electronic absorption spectra &f(—) and2 (- -) in DMSO.

absorption spectra &and?7 in the near-IR regions, in which
each concentration was determined on the basis of the Ru
complexes restored. These two bands (band | and Il) may

be assigned to intervalence charge-transfer bands because

these two bands are absent in the electronic specttandl

2. At the moment, the analysis of band Il is not sufficient
because alternative assignment to LMCT bands is not
thoroughly ruled out. The lower-energy IT band (band I)
was analyzed by Gaussian curve fitting to determine the
energy of the band maximumya, the maximum extinction
coefficient,emax and the half-height widthAvy, (Table 4).
The electron exchange integrél,g which is a good index
for the magnitude of interaction between the metal centers,
was estimated to be 64@70 cni! by calculation according

to the Hush’s theory (eq 3¥:5°

The Ru-Ru interatomic distances)(used in the calculation
were derived from EXAFS analyses. The valuesHyyf
indicate weak metalmetal interactions and are comparable
to those of3 and4 which were reported as Class II-tye
mixed-valent diruthenium complexes.

Photochemical Properties. The electronic absorption
spectra ofl and2 were measured in DMSO, EtOH/MeOH
(4/1, viv), and CHCN at room temperature (Figure 4 and
Table S1). In the DMSO solution, two peaks were observed
at 381 and 491 nm with values similar to those & and4.

The peaks at 381 and 491 nm are assigned to LMCT from
the bridge ligands to Ru atom&The peaks at 256350 nm

are assigned to the—sa* transition in the naphthalene
moieties?®

Static emission spectra of 1-naphthylacetic acid, 2-naph-
thylacetic acid,1, and2 were observed at 77 K in EtOH/
MeOH 4/1 (viv) with exciting at 295 nm. These
compounds exhibited both fluorescence (3@00 nmy+48
and phosphorescence (48850 nm)% Figure 5 shows the

Vmax
r

max

®)

H,q= 2.05x 102(6 AVl’z)l/2

max

fluorescence spectra after subtracting phosphorescence spe?ﬁe

tra. The fluorescence spectrabfind2 were broadened in
the low energy portion of the emission envelope and their
intensities were significantly lower than those of 1- and

(54) Creutz, CProg. Inorg. Chem1983 30, 1.

(55) Hush, N. SProg. Inorg. Chem1967, 8, 391.

(56) Robin, M. B.; Day, PAdv. Chem. Radiochen1976 10, 247.

(57) Sasaki, Y.; Suzuki, M.; Tokiwa, A.; Ebihara, M.; Yamaguchi, T;
Kabuto, C.; Ito, T.J. Am. Chem. S0d.988 110, 6251.
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Figure 5. Static fluorescence spectra of (a) 1-naphthylacetic acid (- -) and
1 (—) and (b) 2-naphthylacetic acid (- -) arl(—) at 77 K in EtOH/
MeOH = 4/1 (V/V). Aex = 295 nm.

2-naphthylacetic acids. The compléxshowed also the
decrease in the fluorescence intensity but not the broadening.
Since the static fluorescence spectrum ob(E§u-O,CCH,-
2-naph)(TACN-Mes),]?* was reported to become broadened
because of the formation of the excintérthe broadened
fluorescence spectra df and 2 suggest the formation of
excimer in these complexes. To clarify the reason the
spectroscopic feature of the complexes having naphthyl
moieties ( and?2) is so different from that of the complex
having porphyrin moietiessj, the emissions froni and 2
were examined in more detail.

The fluorescence lifetimes df and 2 were expected to
be very short compared with those of naphthalene because
those ofs were much shortét (36 ps and 540 fs) than those
of porphyrin (1 ns and 2 psy.The fluorescence decays of
1 and 2, together with 1- and 2-naphthylacetic acids for
reference, were measured at 77 K in EtOH/Me&H4/1
(v/v) because the fluorescence lifetime is known to increase
with decreasing temperature. All samples were excited at
295 nm. The monitor wavelength of the fluorescence decays
was 340 nm (Figure 6). The fluorescence decays afid2
were well fitted with the sums of three exponential functions
as shown in eq 4 by the nonleast-squares method

I(t) = G, exp(—t/t)) + G, exp(—t/t,) + G;exp(—ti/ty) (4)

whereG is the relative amplitude of the fluorescence decay
component with lifetimer.

The fluorescence decay tfwas fitted by three lifetimes
with 71 = 78 ns,7, = 2.2 ns, andr; = 1.0 ns. The value,
71 = 78 ns, obtained by this deconvolution is very close to
S — S transition of free 1-naphthylacetic acid (80 ns
at 77 K in EtOH/MeOH glassy solid), indicating the presence
of 1-naphthylacetic acid as an impurity. The lifetimes,
andts, are significantly shorter than and not characteristic
of naphthalene molecules in a glassy solid. These two
remarkably short lifetimes suggest the presence of two
guenching processes in the fluorescence decdy dhese

(58) Kuijt, J.; Ariese, F.; Brinkman, U. A. T.; Gooijer, G\nal. Chim.
Acta 2003 488 135.
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108 385.
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Figure 6. Fluorescence decay of (d) and (b)2 at 77 K in EtOH/
MeOH = 4/1 (viv): fitting data ) and pulse data (- -Mlex = 295 nm;
Aem = 340 nm.

Table 5. Fluorescence Decay Parameterslafnd 22

monitored 71 (NS) 72 (NS) 73 (NS)

complex wavelength (nm)  (Gy) (Gy) (G3) ¥2P

1 340 77.9 2.2 1.0 1.12
(0.296) (0.401) (0.666)

2 340 14.6 2.3 0.8 1.35
(0.041) (0.787) (0.570)

2 400 9.6 1.6 0.7 1.36

(0.018) (1.152) (0.510)

aThe fluorescence decalt), was fitted with sums of three exponential
functions as in te equatiori(t) = G; exp(-t/t1) + G, exp(t/r;) +
Gz exp(—t/z3), whereG is the relative amplitude of the fluorescence decay
component with lifetime. All samples were measured at 77 'Kg-squared
value.

two processes were also observed withwhich exhibited
three exponential fluorescence decays with lifetimes of
71 = 14 ns,t, = 2.3 ns, andr; = 0.8 ns (Table 5). The

5.2/1. The decrease in the relative value gf£30n the other
hands, suggests that the component corresponds to
monomer.

In the photochemical procedure, two types of quenching
process (i.e., inter- and intramolecular processes) should be
considered. Since the emission lifetimesloand 2 were
not affected by the concentration of the complexes at around
108 M, a bimolecular quenching process can be ignored.
Alternatively, intramolecular quenching via energy or elec-
tron transfer from the naphthalene to the Ru centers accounts
for 7, and 73. As for the 7, quenching process from the
excimer, the result that the emission and LMCT take place
in the same wavelength region suggests the energy transfer
guenching process from the excimer state of naphthalene
moieties to the Ru centers. The LMCT bandd.@&nd2 are
observed at 381 nm, but the peak positions of the excimer
should be estimated since the static fluorescence spectra of
complexesl and2 do not show two split bands. Since the
excimer emission of naphthalene is observed at-41ED
nmj*%2the excimers ol and2 which are conformationally
less stable than naphthalene are presumed to exhibit a band
at <400 nmé364 Considering that the peak positions of the
excimer is generally greater than those of the monomer and
that the peak positions of the monomerloédnd?2 are 327
and 338 nm, the emissions of the excimer of complekes
and 2 are estimated to take place at 3400 nm, which
overlaps with LMCT. This facilitates the efficient”Faer
energy transfer from the naphthalene to the Ru-alkoxo core,
since LMCT likely reabsorbs some of the excimer emission
from the naphthyl moieties irl and 2. As for the 3
guenching process from the monomer, the electron transfer
from the monomer state of naphthalene moiety to the Ru
centers seems to be probable because the free energy change
for the charge separation, which can be estimated to1h66
eV from the CV, UV and the fluorescence spectral data
(Figure S3§40 suggest that the;State of naphthalene, but
not porphyrin, has enough energy to reduce the ruthenium
centers.

On the basis of the fact that the excimer of naphthalene is

71 = 14 ns lifetime suggests presence of some unknown the most stable in the cofacial conformatfSi§éthe excimer

impurity other than 2-naphthylacetic acid. Since the excimer of 2, in which the angle of the two naphthalene planes is
formation was suggested from the broadened static fluores-74°, is presumed to be less stable. Compared wdth

cence spectra df and 2, these short quenching processes
with 7, and 73 may reflect the electron or energy transfer

[Fex(O)(u-O,CCHy-2-naph)}(TACN-Mez),]2" in which the
angle of the two naphthalene planes is 72ig more stable

from the excimer and monomer states of naphthalene to Ruand shows only excimer emission. Since there are no

centers.

Considering that the £,/Gsts ratio, which reflects the
intensity ratio of ther, and r3 components on the static
fluorescence spectf@Stis ca. 1.3/1 {) and 4.0/1 2) and
that the static fluorescence spectrun2a$ more broadened
than that ofl, the component for, (2.0 + 0.4 ns) can be

assigned to the excimer. This is supported by the result that

the 7, component increases with increasing monitor wave-
length. Thus, by varying the monitor wavelength from 340
to 400 nm, the Gr,/Gsts ratio of 2 changed from 4.0/1 to

(60) Amano, F.; Tanaka, T.; Funabiki, J. Mol. Catal. A2004 221, 89.
(61) Kato, Y.; Yoshida, H.; Hattori, TPhys. Chem. Chem. Phyz00Q 2,
4231.

remarkable difference betwedrand?2 in redox potentials,

UV spectra, and fluorescence spectra, the result that the
relative excimer component is larger ththan it is in 1
suggests an important effect of the structural conformation
on the excimer emission process. Considering that the
structural difference betweett and 2 comes from the

(62) Melo, J. S. D.; Pina, J.; Pina, F.; Lodeiro, C.; Parola, A. J.; Lima, J.
C.; Albelda, M. T.; Clares, M. P.; Garcia-Espana,JEPhys. Chem.
A 2003 107, 11307.

(63) Yanagitate, M.; Takayama, K.; Takeuchi, M.; Nishimura, J.; Shizula,
H. J. Phys. Chem1993 97, 8881.

(64) Ohkita, H.; Ito, S.; Yamamoto, Y.; Tohda, Y.; Tani, K.Phys. Chem.
A 2002 106 2140.

(65) Hirayama, FJ. Chem. Phys1965 42, 3163.

(66) Terazima, M.; Cai, J.; Lim, E. Q. Phys. Chem. 200Q 104, 1662.
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naphthyl moieties, it is probable that the excimer emission excimer emission is different betweé&rand?2 suggests that

is sensitive to the conformation of the naphthyl moieties, the excimer formation depends on the interaction between
especially to the static interaction of two naphthyl moieties. the two naphthyl moieties and, therefore, on the conformation
The importance of the static interaction of the photofunctional of naphthyl moieties in the diruthenium complexes. Com-
groups explains why there is no interaction between the pared with diiron complexes, the diruthenium complexes
porphyrin moieties in comple, in which the angle of the  having photofunctional naphthyl moieties, and their ana-
two porphyrin planes is almost 90Considering that the  logues are advantageous for formation of stable mixed-valent
photofunctional groups and the carboxylate group are boundstates and are expected to be developed for efficient
through the CHgroup inl and2 but not in5, it is probable photofunctional complexes and photocatalysts.

that the CH group plays a role for changing the angle of

the naphthyl planes. This suggests that further efficient ~Acknowledgment. This work was supported by Grants-
interactions between not only the naphthalene analogues butn-Aid for Scientific Research on Priority Areas (417, 434),
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characterized. These complexes keep their dinuclear struc-
tures both in the solid state and in DMSO solution. Different
from those of the other diruthenium complexes without of 1 and 2 (Figure S1), temperature dependence of the molar

naphthyl moieties3—5, the broadened static fluorescence magnetic susceptibilities and effective magnetic momentsawfd

spectra ofl and2 suggest the fprmation of an excimer. The , (Figure S2), energy diagrams of (a)and2 and (b)5 (Figure
fluorescence decays dfandz2 indicate that there are two  g3) and UV and fluorescence spectral datd ahd2 (Table S1).

quenching processes which result from the excimer and This material is available free of charge via the Internet at
monomer states. The short excimer lifetimedl@ind2 are http://pubs.acs.org.

the result of the energy transfer from the naphthyl moieties

to the Ru centers. The observation that the ratio of the 1C051582U

Supporting Information Available: X-ray crystallographic file
of 2 in CIF format, Fourier transforms of the EXAFS oscillation
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