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Chemical oxidation of [Ru,%*(3,6-DTBCat),J?>~ affords [n-BusN][Ru,(3,6-DTBDiox)4]-acetone (2-acetone). The oxidized
species was characterized by X-ray crystallographic analysis and EPR, and the delocalization of the unpaired
electron over the entire molecule was indicated. This example showed that the utilization of redox-active ligands
into a Ru, complex expanded the degree of freedom in the electronic structure. DFT calculations support this view,
and the spin population was estimated to be approximately 18% and 82% for the Ru, core and the four dioxolene

ligands, respectively.

Introduction

Diruthenium complexes with a direct RiRu bond (Ry

triruthenium cored,extended Ra-Ru bonds in nanowires,
and assembled Ruwore$ have been synthesized in the
development of functional materials with novel electron

complexes) have received considerable attention, and aconfigurations.

number of Ry complexes have been synthesized in the last

half century! One of the fascinating aspects of Rtom-
plexes is the variation in formal oxidation state of the;Ru
core, and multi-redox activity of the Rucore has been
frequently reportedin previous studies, several multinuclear
Ru complexes equipped with heterometal dinuélear
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On the other hand, the utilization of the redox-active ligand
into a dinuclear complex is another approach to expand the
degree of freedom in the electronic structure of a dinuclear
complex. Several Rucomplexes with redox-active ligands
such as porphyrifcorrole® and dioxolene (DioX) 2 have
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Characterization of a Dirutheniumo-Dioxolene Complex

been synthesized. Nevertheless, the formal oxidation stateTable 1. Crystallographic Data foic-Acetone and-Acetone

of the ligand is maintained for isolated dinuclear complexes
in successive redox steps.

However, dioxolene is a noninnocent ligand that shows
three forms: catecholate (Catsemiquinonate (SQ), and
o-benzoquinone (BQ). It has been reported that the local
energy levels of the dioxolene and transition metal lie close
together, and the charge distribution in a dioxolene complex

depends on the relative energy levels and the degree of Z (deg)

overlap of the dioxolene and metal orbit&td#In particular,
the small relative energy gap between the orbitals of the Ru
ion and the orbitals of the dioxolene ligand and the sufficient

overlap of these orbitals sometimes lead to an extensive (Mo Ka), cmt

delocalization of the electronic structuet®

To investigate the advantage of utilizing redox-active
ligands in Ry complexes, the ARu*"(R,Cat)] (AT =Li",
Na", K, Rb", andn-Bus;N*; Ry = F4, Cls, Brs, Hy, 3,5-
DTB, and 3,6-DTB; DTB = di-tert-butyl) family was
synthesized’ '° and the oxidation state of the ligands in

lc-acetone 2-acetone

formula GrsHi2NNaGR W, CrsH122NOgR Wy
fw 1406.87 1383.88
cryst syst monoclinic tetragonal
space group Cc(No.9) P4,22 (No. 91)
color of cryst violet violet
a, 15.740(3) 13.0100(5)
b, A 21.911(4)

22.556(4) 45.730(2)

97.912(2)
V, A 7705(2) 7740.3(5)
T, K 223.2 223.2

4 4
Dcalca grecm ™3 1.213 1.188

4.49 4.41
no. of refins ( > 3.00(l)) 11 656 7579
no. of params 794 395
GOF 0.94 1.09
Rint 0.022 0.024
Ra 0.032 0.032
R 0.040 0.043
Flack parameter 0.01(2) 0.00(2)

AR = J||Fo| — [Fell/Y|Fol. ® Ry = [SW(IFo| — |Fc)2/3W|Fo|?]V2

these complexes was characterized as being the fully reduced

catecholate form. In electrochemical studies, the voltammo-
grams of A[Ru®*(3,6-DTBCat)] (AT = Na" (1a)'” and
n-BuyN* (1b)!®) showed that a reversible one-electron
oxidation readily occurs (potentiat —0.74 V vs Fc/Ft).

The Ry core and dioxolene ligands are redox active, and
several types of charge distribution (metal-localized, ligand-
localized, and delocalized) can occur in the oxidized species.
In this work, we report on the isolation and the crystal-
lographic and spectroscopic characterization reBsN]-
[Rux(3,6-DTBDiox)] (2).

Experimental Section

Materials and Methods. [Na(THF),];[Ru,(3,6-DTBCat)] (1a:
4THF) was synthesized by the literature methods. The other
chemicals were purchased from Aldrich Co. (silver tetrafluoroborate
(AgBF,) and acetonek) and Tokyo Chemical Industry Co., Ltd.
(tetran-butylammonium bromidentBus,NBr)). All of the solvents
(tetrahydrofuran (THF)p-hexane (Hex), acetone, and toluene) were
distilled by standard methods under a dinitrogen atmosphere. All

Synthetic Procedure. h-BusN][{Na(acetone){Ruy(3,6-DT-
BCat)4}] (1c-Acetone).A THF solution (10 mL) ofla-4THF (567
mg, 0.40 mmol) and a THF solution (5 mL) ofBu;NBr (129
mg, 0.40 mmol) were combined and stirred for 3 days at room
temperature. In this time, a byproduct of this reaction precipitated.
The filtrate was dried in vacuo and then recrystallized by layering
Hex on the acetone solution Gt to obtain single crystals dfc
acetone. Yield: 496 mg, 88%. Anal. Calcd fofs8;,NNaGRU,
(1c-acetone): C, 64.03; H, 8.74; N, 1.00. Found: C, 64.43; H, 8.68;
N, 1.02. UV-vis—NIR (Ama/nm (e/M~-cm™1) in THF): 298
(24 300), 512 (15 100), 650 (sh).

[n-BusN][Ru»(3,6-DTBDiox), -acetone (2Acetone).The com-
pound2-acetone can be synthesized by method A or method B.
Method A. A THF solution (5 mL) oflc-acetone (281 mg, 0.20

mmol) and a THF solution (30 mL) of AgBK39 mg, 0.20 mmol)
were combined and stirred for 1 day. The precipitate of a mixture
of Ag metal and NaBFwas removed by filtration with a mixed
solvent (THF/Hex= 1:3). The filtrate was dried in vacuo and then
recrystallized by layering Hex on the acetone solutiof tuf obtain
single crystals oR-acetone.

synthetic operations and measurements were performed under Method B. A THF solution (5 mL) ofla:4THF (709 mg, 0.50

dinitrogen atmosphere by using Schlenk line techniques.
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mmol) and a THF solution (30 mL) of AgBK97 mg, 0.50 mmol)
were combined and then stirred for 1 day. The precipitate of a
mixture of Ag metal and NaBfwas removed by filtration with a
mixed solvent (THF/Hex= 1:3). Drying of the filtrate afforded a
violet solid. Cation exchange reaction of this violet solid with
n-BuyNBr (161 mg, 0.50 mmol) was performed in THF by stirring
for 3 days, and then precipitates of NaBr were filtered. Recrystal-
lization by layering Hex on the acetone solutior2adfforded single
crystals of2-acetone. After extraction with a mixed solvent (THF/
Hex= 1:3), the product was purified by repetitive recrystallization
under the same condition. Yield: 393 mg, 40%. Anal. Calcd for
CrsH12NOgRW, (2-acetone): C, 65.09; H, 8.89; N, 1.01. Found:
C, 65.25; H, 8.91; N, 1.15. UMVis—NIR (Ama/nm (e/M~1:cm?)

in THF): 303 (25 600), 405 (10 700), 512 (13 200), 650 (sh), 1340
(2100), 2240 (2600).

Crystallographic Data Collection. All crystallographic mea-
surements were performed on a RIGAKU mercury diffractometer
with a CCD two-dimensional detector with Mo oK radiation
employing a graphite monochromatdr € 0.7107 A). The sizes
of the unit cells were calculated from the reflections collected on
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Scheme 1. Synthetic Scheme for Diruthenium Complexes with Ligand-UnsupportedRRuBonds
o
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the setting angles of seven frames by changingy 15° for each
frame. Intensity data were collected in 720 or 2400 frames with
scan widths of 0.5 or 0?under the two or four different settings

for 1c-acetone or2-acetone, respectively. Numerical absorption
corrections were performed. All of the crystallographic data are

summarized in Table 1. The structures were solved by the Patter-
son method and expanded using Fourier techniques (PATTY,

DIRDIF94)2° The non-hydrogen atoms were refined anisotropically,

Oy
t+Bu
2

core potential of Hay and Waét.For the other elements, the
6-31G basis sets were selected. The contribution of each basis
function in each molecular orbital was estimated in the Mulliken
population-analysis schem&The idealized, geometry of model
compound3 was generated by omitting theBu substituents from

2 and using the geometry parameters obtained by averaging the
crystal-structure data df-acetone.

Physical MeasurementsAbsorption spectra were recorded on

'\(-&o/
t-Bu

whereas the hydrogen atoms were introduced as fixed contributors.a Hitachi U-3500 spectrophotometer over the range-3290 nm

The final cycles of the full-matrix least-squares refinements were
based on the observed reflectiohs(30(1)). All calculations were

at 296 K. EPR spectra at 77 K were recorded with a JEOL JES-
RE2X spectrometer operating at X-band. The resonance frequency

performed using the teXsan crystallographic software package of was measured on an ADVANTEST R5372 microwave frequency

Molecular Structure CorporatictThere is a highly disordereeBu
group, C(26)-C(28), in1c-acetone.

DFT Calculation. The electronic structure of a model compound,
[Rux(H4Diox)4]~ (3), was calculated with the DFT method using
the B3LYP functiona? with the Gaussian 03 program pack&ge.
For Ru, the LANL2DZ basis set was used together with the effective
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Nijmegen: The Netherlands, 1994.
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counter. The magnetic field sweep was calibrated with the resonance
of a JEOL Mr#*/MgO reference sample. For the single-crystal EPR
study, the orientation of the crystal was determined after the
collections of 637 reflections on a RIGAKU mercury diffractometer
with a CCD two-dimensional detector with Mo oKradiation
employing a graphite monochromator. The oriented single crystal
was mounted on the quartz stick, embedded in silicon grease, to
have it well fixed. The quartz stick with the single crystal was stuck
into a quartz tube filled with B gas to protect it from the
surrounding atmosphere. EPR spectra were recorded everyr 15
30° over a 150 rotation of the magnetic field in thibc- and ab-
planes. The angles of°Care defined as the orientations of the
magnetic field to thes- or a-axis for the rotations in théc- and
ab-planes. The orientation was first estimated visually and then
corrected based on the crystallographic symmetrical property for
the measurement in thoe-plane. This correction to the visual setting
was 8.8. For the measurement in tlad-plane, no correction was
applied since no appreciable angular dependence was observed.

Results and Discussions

Synthesis and Molecular Structures. Compound 2,
[n-BusN][Ru»(3,6-DTBDiox)], was synthesized fronia
using a two-step reaction process (cation exchange and

(24) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 299.
(25) Hehre, W. J.; Ditchfie, R.; Pople, J. &.Chem. Physl972 56, 2257.
(26) Mulliken, R. S.J. Chem. Phys1955 23, 1841.



Characterization of a Dirutheniumo-Dioxolene Complex

Table 2. Representative Structural ParametersifadTHF, 1b-Hex,
1lc-Acetone, an®-Acetone

la4dTHR  1b-Hex® lc-acetone 2-acetone
Ru—Ru/A 2.140(2) 2.1449(7) 2.1538(4) 2.1864(4)

Ru(1)-O(1)/A 1.99(1) 1.967(3) 1.995(2) 1.957(2)
Ru(1)-0(2)/A 1.96(2) 1.971(3)  1.948(2) 1.954(2)

Ru(1-O(3)/A 1.98(2) 1.971(3)  1.991(3) 1.965(2)
Ru(1)-0(4)/A 1.94(1) 1.971(3)  1.946(2) 1.966(2)
Ru(1)-O(5)/A 1.990(2)

Ru(2-0(6)/A 1.958(2)

Ru(2-0O(7)/A 1.961(2)

Ru(2)-0(8)/A 1.946(2)

C(1)-O(1)/A 1.38(3) 1.364(4)  1.380(4) 1.349(3)
C(6)—-0(2)/A 1.40(2) 1.357(5)  1.364(4) 1.347(3)
C(15)-0(3)/A 1.33(2) 1.352(5)  1.368(4) 1.343(4)
C(20)-0(4)/A 1.39(3) 1.356(5)  1.356(4) 1.357(5)
C(29)-0O(5)/A 1.376(4)

C(34)-0(6)/A 1.361(4)

C(43-0O(7)/A 1.370(4)

C(48)-0O(8)/A 1.369(5)
deviation,d/deg®  0.509(5)  0.506(2)  0.495(7), 0.438(1)

0.498(7)

Ru-Ru-O(1)/deg 107.3(5)  106.01(7) 105.42(8)  102.43(6)
Ru-Ru-O(2)/deg 103.8(4)  102.21(8) 103.86(8)  104.79(6)
Ru-Ru-O(3)/deg 103.2(5)  103.54(8) 100.29(7)  103.10(6)
Ru-Ru-O(4)/deg 106.4(3)  107.73(8) 108.82(9)  101.14(6)

Ru—Ru—0O(5)/deg 102.88(7)
Ru—Ru—0O(6)/deg 103.91(7)
Ru—Ru—0O(7)/deg 107.46(8)
Ru—Ru—0(8)/deg 104.49(8)
twist angle f/deg  50.8 48.9 51.5 49.2

aReference 172 Reference 18 See Chart 3 in ref 17.

angle along the RuRu bond axis is 515and 49.2 for
lc-acetone and2-acetone, respectively. These values are
comparable to those dfa-4THF andlb-Hex.

The averaged structural parameters ofy[Bi6-DTBCat)]?>~
in 1c-acetone are comparable to thoselef4THF andlb-
Hex1718The Ru-Ru bond distance (2.1538(4) A), average
Ru—0 bond distance (1.967(2) A), and average@bond
distance (1.368(4) A) inc-acetone are comparable to those
of 1a-4THF and 1b-Hex. This indicates that the charge
distribution of1c-acetone is similar to that iha-4THF and
Figure 1. Molecular structures of (a, b) [N&u,(3,6-DTBDiox)}] ~ anion 1b-Hex containing a Ri* core and four 3,6-DTBCat
in lcacetone and (c, d) [R(B,6-DTBDiox)]~ anion in 2-acetone. ligands. A comparison of each R® bond distance idc
Hydrogen atom§ are omi.tted for clarity. The color code is as follows: Ru, acetone shows that RuﬂD(l), Ru(l)—O(3), and RU(Z}
green; Na, blue: C’_gray_' O, red ) ~0O(5) bonds are longer than other R bonds. The crystal
one-electron oxidation) according to route A and route B in gty ,cture oflc-acetone shows a Naation located at a site
Scheme 1. Recrystallization by layering Hex onto the acetone gse to the O(1), O(3), and O(5) atoms; therefore, the
solution of2 afforded single crystals d-acetone. In route presence of strong NeO interactions would serve to
A, an intermediate product was isolated as single CryStalslengthen the RttO bonds. Similar elongation has been
formulated asri-BuiN][{Na(acetong) Rux(3,6-DTBCat)} ] observed in some other dioxolene comple¥&<.
(1c-acetone). On the other hand®-acetone contains only omeBusN*

The molecular structures dfc-acetone ([N@Ruy(3,6- countercation, meaning that the one-electron oxidatidkcof
DTBCat)}]") and 2-acetone ([Ry(3,6-DTBDioxy]") are  (or 1a) successfully proceeded. The diruthenium moiety in

shown in Figure 1, and their structural parameters are .,cetone, [Ry(3,6-DTBDiox)] ", has a cation-free structure
summarized in Table 2. The structurelafacetone is similar — yh4¢ js similar to the structure of [Rt(3,6-DTBCat)]> in

to that of2-acetone in appearance, except for the coordination 1 p. ey sincen-Bu,N* cation has no binding ability. The
of oxygen atoms of the dioxolene ligands to a'Na&tion ifferences in the structural parameters betw2eetone
(Figure 1). Each Ru atom is coordinated by o 3.6- ang 1h-Hex would accurately reflect the effect of one-
DTBDiox molecules in a square-planar arrangement, and aglectron oxidation on the molecular structure. The-Ru
direct Ru-Ru bond connects two [Ru(3,6-DTBDigkunits. bond distance of2-acetone, 2.1864(4) A, is longer by

Both of the Ru atoms in these complexes have no Iigandso_042(1) A than the RuRu bond distance oflb-Hex
or solvent molecules on the apical position, showing a
distorted square-pyramidal coordination geometry. The twist (27) Pierpont, C. Glnorg. Chem2001, 40, 5727.

Inorganic Chemistry, Vol. 45, No. 10, 2006 3993



Figure 2. Geometrical model of the [R(B,6-DTBDiox)] ~ anion showing
the coordinate system used for thegensors. Hydrogen atoms amdBu
substituents are omitted for clarity.

(2.1449(7) A). The elongation of the RiRu bond distance

Mochizuki et al.

P4,22. Thea- andb-axes of the unit cell are crystallographi-
cally equivalent. Figure 3 shows projections of the molecules
in the crystal. Each molecule is classified as either molecule
| or molecule Il depending on the angle between the
molecular axis and the crystallographic axis (Table 3). The
x-axis in each molecule is parallel to the or b-axis of the
unit cell, and the RtRu vector y-axis) is at an angle of
approximately 75to thec-axis and is orthogonal to the

or a-axis. The adjacent molecules indicated as molecules |
and Il in Figure 3 are crystallographically equivalent and
are related by a 4-fold helical symmetry along thexis.
The z-axis of each molecule tilts by an angle of ap-
proximately 15 from the c-axis.

EPR Study. Axially symmetric EPR spectra & (Figure
4) were observed at 77 K in a toluene frozen solutigi=
2.077 andgp = 1.976) and pulverized crystalg,(= 2.073
andgn = 1.977) of2-acetone (Table 4), although the EPR
signal of2 was too broad to be detected at room temperature
in the toluene solution and the solid state. Hyperfine splitting
due tol = %, %°Ru (12.72% natural abundance) ang %/
101Ru (17.07% natural abundance) or other nuclei was not
resolved. The similarity of the@-tensors of2 observed for
the frozen solution and for the pulverized crystals shows that

decreases the repulsion between the ligands, and thereby thgven in the crystalline state, the electron spins are practically

average Rt-Ru—0 bond angle ir2-acetone (102.87(8) is
smaller than that ofb-Hex (104.87(8)). The average €0
bond distance of-acetone (1.349(4) A) is comparable to
that of 1b-Hex (1.357(5) A), but there is a trend that the
C—0 bond distance d?-acetone is slightly shorter than that
of 1b-Hex.

Molecular Packing in the Crystal of 2-Acetone. The
[Ruy(3,6-DTBDiox)]~ moiety in 2-acetone has a pseudo-

Isolated in the EPR energy- and time-scales. Otherwise, an
averaging of the principad values that is characteristic of
the mutual arrangement of the diruthenium complexes in the
crystal would result in a nonequivalence of tipgensors for
the frozen solution and the solid state.

Single-crystal EPR studies will help to determine the
relationship between the principal axes of tireensor and
the molecular axes ¢t and help the characterization of its

D, geometry and possesses three orthogonal pseudo-2-folcgsingly occupied molecular orbital (SOMO). The plots shown

axes. The-axis is defined to be parallel to the RRu bond,

and thex- and z-axes are defined to the other two pseudo-

in Figure 5 show the angular dependence of ghealue
observed during rotation of the magnetic field in thee and

2-fold axes as shown in Figure 2. The crystal structure of ab-planes. A comparison of the angular dependence with the
2-acetone was determined to be tetragonal with space groupcrystal packing diagram (Figure 3) and the EPR spectrum

kY | AN

Yot
i |
., I %‘
L

a) H;{f-: b) 11_)1(/ IIJ-{ C)
;o . ‘I zx L

Figure 3. Packing of molecules in crystallineacetone. Molecule | and molecule Il are shown in the figures (I, Il). Hydrogen atsBis substituents,

n-BusN™ cation, and interstitial solvent molecules are omitted for clarity.
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Characterization of a Dirutheniumo-Dioxolene Complex

Table 3. Angles (deg) between Molecular Axes(y-, andz-Axes) and Crystallographic Axes-{ b-, andc-Axes) of Diruthenium Complexes in
Crystalline2-Acetone

x-axis y-axis z-axis
cryst axis molecule | molecule Il molecule | molecule Il molecule | molecule Il
a-axis 0 90 90 15.6 90 74.4
b-axis 90 0 15.6 90 74.4 90
c-axis 90 90 74.4 74.4 15.6 15.6
Table 4. Principalg Values of2, Rt Complexes, and NfRu,*"(R4Cat)] (R = F, CI, Br, and H)
complex o1 02 03 conditions ref
[n-BusN][Rux(3,6-DTBDiox)] 2.077 @) 1.976 gn)? toluene/77 K tw
2.073 @) 1.977 gn)? pulverized crystal/77 K t
Nag[Ru"* (u-OMe)(ClsCaty]® 2.54 2.01 1.80 powder/77 K 12
[PhyP][Nao{ Rib""(u-OEt)(ClsCat)} ]9 2.43 2.04 1.86 powder/77 K 12
[Ruz"(dtne)u-O)a(u-COs)][PFe]® 2.33 212 1.97 powder/10 K 28
Nag[Ruz>*(F4Cat)] 2.13 1.73 1.50 THF/77 K 17
Nag[Ru*+(ClsCat)] 2.19 1.82 1.53 THF/77 K 17
Nag[Ruz>+(BraCat)] 221 1.86 1.56 THF/77 K 17
Nag[Ru®+ (HaCaty] 2.01 1.93 1.79 DMF/77 K 17

aThe principal valuesgx and g;, are accidentally equivalent (see te¥tjw = this work.¢ Nag[Ru,’"(u-OMe)(Cl,Cat)y] = [Na(benzo-15-crown-
5)1[{ (Na(MeOH}} o{ Ruy(ClsCaty(u-OMe)}]. 9 [PhyP][Nax{ Ru,""(u-OEt)(ClsCatl}] = [PhyP][{ Na(EtOH)} »{ Ry’ (ClsCaty(u-OEt)}]. ¢dtne = 1,2-
bis(1,4,7-triazacyclononan-1-yl)ethane.

g, =1.976 Table 5. Relative Energy Levels of the Low-Lying Doublet States3of

spin population (%) and character of SOMO

electronic relative energy

state (kJ/mol) metal ligands

2A 63.35 ~0 ~100 L
ZB]_ 0 18.2 tWiStedftRuRu 81.8 T
2B, 83.98 ~0 ~100 L
283 51.45 7.8 tWiSted[RuRu 92.2 m

acetone at 77 K. The solid lines shown in Figure 5 show the

g values calculated based on these assignments. The angular
dependence of the calculatgdralues agrees satisfactorily
with the observed angular dependence, supporting the current

300 310 320 330 340 350 360

B/mT

Figure 4. X-band EPR spectra at 77 K: (&) frozen toluene solutio of
and (b) pulverized crystals &-acetone.

assignment of the principalaxes.

DFT Calculation. DFT calculations were performed on
a model structure 08 with a D, geometry. This dinuclear
structure was modeled based on the average values of the

2.08 — : : : : :
structural parameters &f-acetone. The electronic ground
L . state of this diruthenium structure was found to 3.
Energies of low-lying excited state¥) ?B,, and?B3) were
2.04f ] calculated for the same geometry and listed in Table 5. The
SOMO of the?B; state shown in Figure 6 indicates an
> r ol extensive mixing of the diruthenium,drbitals with the
2.00fF / .
r O [u] T T T gu] T
1.96— . T T T

T
-30 0 30 60 90 120
rotation angle / °

Figure 5. Angular dependence of the single-crystal EPR spectra: of
acetone at 77 K. The rotations of field direction in tieeplane @) and in

theab-plane () are shown. The solid lines are angular dependence of the

g values calculated with the principglvalues for pulverized crystals.

of pulverized crystals (Figure 4) leads to the assignment of

the g-axis as the molecular-axis (Figure 2) and thep-
axes as the molecula¢ andy-axes (Figure 2). Thus, the
principal g values related to the molecular axes agg: =
Oy = On = 1.977, andg,; = g, = 2.073 in crystalline2:

Shape of the SOMO a3.

Figure 6.
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Figure 7. Energy level diagram foB. SOMO and other MOs with significant Re@ore components are drawn in the figure.

dioxolene frontierst orbitals. The spin population was The SOMO of3 is calculated as the MO129;hwhich is
estimated to be approximately 18% and 82% for the Ru formed by the extensive mixing of the R&Ru s-type orbital
core and the ligands, respectively. Figure 7 shows the energyand ther HOMOSs of the Cat ligands. This is consistent with
level diagram of the SOMO and high-lying doubly occupied the “medium-range” shifts of the principglvalues of2 from

and low-lying unoccupied MOs having a considerable g.. The shape of the SOMO in Figure 6 indicates that it has
contribution of the Rptcore components. This diagram the & antibonding character of the €O bonds. This is
should be considered in the analysis of thtensor in the consistent with the trend that the—© bond distance
following section. decreases with oxidation.

Formal Oxidation States of Diruthenium Core and Further qualitative analysis of the shift igrtensor is
Dioxolene in [Ru(3,6-DTBDiox),] ~. The starting materials,  required to examine the SOMO of the current species based
laorlc, possess [R1(3,6-DTBCat)f™ dinuclear moieties,  on the DFT results calculated for the model com@BeXhe
making three models conceivable for the electronic structure shifts in principalg values fromge are induced by the spin
of 2. The first model is [Re/"(3,6-DTBCat)]~ formed by orbit coupling of the unpaired electréh.In the simple
the metal-centered oxidation, the second model iSTRu molecular orbital theory scheme, the shift in the principal
(3,6-DTBCat}(3,6-DTBSQ)J formed by the ligand-based value fromge is given by?°
oxidation, and the third model is [R{3,6-DTBDiox),] ~ with
a delocalized electronic structure, the resonance hybrid (i.e.,A9;,= 9,,~ e =
mixture) of the first and the second models. =p

As mentioned above, the appreciable shifts in principal ZZ @p|Zlkﬂq)lm)/{lzéklkﬂq)pmep —e) "t ()
values of theg-tensor of2 from the free-electron valuey{
= 2.002) lead to the conclusion that the SOMO has a Ru whereg ande are the MO and its orbital energy, respectively,

core component. The observed shifts are smaller than those . ; : ]
o . o with the subscripts p andl denoting the unpaired-electron
of Ru°>" complexes having similar molecular structdremd

Rw™ complexe®?possessing ruthenium-centered SOMOs orbital and another orbital, respectively. The tefpadenotes

(Table 4). However, they are obviously larger than the shifts one electron sp-rﬂorbn cpuplmg constant for thith atom.|c
) orbital, and the integration of ttecomponent of the orbital
of g values of the mononuclear dioxolene complexes of Ru .
. 29 angular momentum around the nucleus of kie atomic
possessing SQ-centered SOMQ@sy(~ 0.00)?° Thus, the . .
. L . orbital, I,?, is to be performed only for the one-center type.
unpaired electron i2 is suggested to be delocalized over

the Ry core and dioxolene ligands, as discussed for the EPRThe valence-shell orbltal'spuc'rbr[ couphn%lmz s much
larger for the Ru 4d atomic orbital (878 cA)! than for the
spectra of some mononuclear compouttdEherefore, the

most probable SOMO fa is a linear combination of the atomic orbitals of the other elements (the second largest

X ) . . 1
HOMOS f e Ca lgands and ne RRu rype oot 3917 O COUPING onstant 4 150 e’ o e per
We note that the latter orbital is the only Rarbital that is P ' '

symmetry-allowed to extensively mix with the catecholate (30) (a) Stone, A. JProc. R. Soc. Londohi963 A271 424. (b) Stone, A.

7 MOs. J. Mol. Phys.1963 6, 509.
(31) Goodman, B. A.; Raynor, J. Bdv. Inorg. Chem. Radiocheri97Q
(28) Geilenkirchen, A.; Neubold, P.; Schneider, R.; Wieghardt, K.; Florke, 13, 135.
U.; Haupt, H. J.; Nuber, BJ. Chem. Soc., Dalton Tran$994 457. (32) Carrington, A.; McLachlan, A. DOntroduction to Magnetic Resonance;
(29) Sugimoto, H.; Tanaka, Kl. Organomet. Chen2001, 622 280. Harper & Row: New York, 1967.
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Characterization of a Dirutheniumo-Dioxolene Complex

qualitative analysis of thg-tensor, we can focus on the Ru
4d component of the SOMO and the other molecular orbitals
and neglect all the other components of this equation
calculating the shift irg-tensor.

We qualitatively estimated the shifts in princigabalues
based on our DFT results fa (Figures 6 and 7) and
compared the data with the observed shiftg walues of2.
SincelX, IY, andl? in D, symmetry belong to 4 b,, and R,
respectively, then the shifts in principgwaluesAgy, Agyy,
andAg,, for 3 having a ground state 8B, are induced by
the mixing of the doubly occupied or unoccupieglitg, and
a orbitals, respectively, into the BOMO by the spir-orbit
coupling term in eq 1. Since the numerators in eq 1 are
positive, then the high-lying doubly occupied MOs with a
large Ru character induce a positive shiftgnvzalues and
low-lying unoccupied MOs induce a negative shift gn
values. A straightforward estimation @fgy is difficult,
because Figure 7 shows that the MOs with theyimmetry
appear in the low-lying unoccupied level (MO132da,rJ")
and the high-lying doubly occupied level (MO124dx.r)
giving mutually opposing contributions to th&g,. The
doubly occupied MO125-8x,r/" orbital induces a positive
shift in g, and the unoccupied MO13Lhrur, Orbital
induces a negative shift ig,,. This quantitative analysis is
consistent with the observed shifts gnvalues for2 and
supports our current assignment of the SOMQ.of

As shown in Figure 8, electronic absorption spectrum of
2 with a [Ru(3,6-DTBDiox)]~ moiety shows two charac-
teristic broad bands in the near-IR region, whergasvith
a [Rw(3,6-DTBCat)]?>~ moiety has no absorption bands in

this region. The band at 2240 nm could be assigned to

anintervalence charge-transfer band of Cat SQ}*3
indicating the ligands i”2 have SQ character, and the other
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Figure 8. Near-IR spectra otb (---) and2 (—). Spikes in the 2400 and
2700 nm regions are due to the unbalanced cancellation of solvent
absorptions.

band at 1340 nm is presumably attributable to the charge
transfer of Ry — SQ.

R
1000 1500 3000

Concluding Remarks

The one-electron oxidation dfa or 1c with a [Rw®"(3,6-
DTBCat)]>~ moiety affords 2 possessing a [R(B,6-
DTBDiox)4]~ moiety, and the SOMO d is best explained
by the extensive mixing of the diruthenium drbitals with
the dioxolene frontietr orbitals. This is an example of a
Ruw, complex where the utilization of redox-active ligands
into a dinuclear complex expanded the degree of freedom
in the electronic structure.
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